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Abstract In NwW Europe, the late Carboniferous Variscan collision between the Laurussia and the
Armorica-Gondwana continental blocks led to the development of a crustal-scale north-verging thrust
system along the southern Laurussian margin. In northern France, the 3-D geometry and kinematics

of the Variscan deformation front have been investigated on the basis of reprocessing and interpreting
532 km of industry-level seismic reflection profiles. This extensive seismic imaging provides new
constraints on the structural and kinematic features of the orogenic front. It particularly emphasizes the
localization of displacement along the main frontal thrust zone that accommodated more than 50 km

of total displacement of the allochthonous units above the foreland. It also highlights the induced large
underthrusting of the foreland basin below the frontal thrust zone, and its truncation in a general out-
of-sequence mode of thrust propagation. We built structural maps that led to better delineating a major
NW-SE lateral ramp along the main frontal thrust. The Mid-Upper Devonian series within the flexured
foreland were deformed at depth by N060-080° trending and N110-130° trending syn-sedimentary normal
faults that led to their south-to southwestward thickening. These pre-existing structures along the margin
have exerted a primary control on the ensuing dynamics and geometry of the Northern Variscan Front by
localizing both the frontal and lateral ramps during thrust wedge growth.

1. Introduction

Mountain fronts and foreland basins have been extensively studied in the past 50 years (e.g., Nemcok
et al., 2005; Lacombe et al., 2007; Poblet & Lisle, 2011; Hammerstein et al., 2020 and references herein).
They provide a record of the kinematic history of thrust propagation into the foreland, as well as of the
orogenic relief erosion (e.g., Allen et al., 1986; Vann et al., 1986; DeCelles & Giles, 1996; Ziegler et al., 2002;
Ford, 2004; Ortner et al., 2015). The dynamics of mountain-belt formation has been investigated in the
frame of the accretionary wedge model that compares (for good mechanical reasons) the formation of a
mountain belt with a pile of gravels pushed by a moving bulldozer (Chapple, 1978; Dahlen et al., 1984; Davis
et al., 1983). Additionally, the style of deformation propagation of the thrust front within the foreland has
been often investigated either in a first-order thin-skinned or a thick-skinned mode (e.g., Bally et al., 1966;
Dahlstrom, 1969; Boyer & Elliott, 1982; Butler, 1987; Lacombe & Mouthereau, 2002), depending on the
effect of basement structure on the deformed cover in the orogenic wedge.

One of the main parameters controlling the structural diversity of a foldbelt front is the rheology of the
foreland rocks. Changes in the mechanical coupling between the propagating thrust wedge and its foreland
sequence, along with regional structural inheritance (pre-existing basement faults and 3-D configuration of
décollements) exert a primary control on the evolution of mountain-belts (e.g., Butler, 1989; Moore, 1989;
Huigqi et al., 1992; Gutscher et al., 1996; Kley et al., 1999; Ziegler et al., 2002; Lacquement et al., 2005;
Butler et al., 2006; Ravaglia et al., 2006). The importance of mechanical stratigraphy and structural inher-
itance has been demonstrated in numerous mountains fronts (e.g., Fitz-Diaz et al., 2011; Butler et al., 2018;
Legeay et al., 2020) and by different analog and numerical modeling approaches (e.g., Ravaglia et al., 2006;
Graveleau et al., 2012; Hughes, 2020). Surface processes (erosion and sedimentation) are also important
factors controlling the structural evolution of mountain belts (Fillon et al., 2013; Konstantinovskaya &
Malavieille, 2005; Malavieille, 2010; Storti & McClay, 1995) because they determine the sedimentary fluxes
between the hinterland and the foreland. As a result of these heterogeneities in foreland rheological prop-
erties and changes in erosion and sedimentation rates, a large diversity of 3-D geometries and kinematics

LAURENT ET AL.

10f 33


https://orcid.org/0000-0002-1849-5326
https://orcid.org/0000-0002-8480-1176
https://orcid.org/0000-0003-2132-1738
https://orcid.org/0000-0002-9225-9364
https://orcid.org/0000-0001-9824-6487
https://orcid.org/0000-0001-6300-4154
https://doi.org/10.1029/2020TC006642
https://doi.org/10.1029/2020TC006642
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020TC006642&domain=pdf&date_stamp=2021-07-14

Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006642

can be observed in fold-and-thrust belts. It includes for examples triangle zones, buried thrust fronts, in-se-
quence versus out-of-sequence thrusting, duplexes, fore-versus back-thrusting, folding versus faulting, etc
(e.g., Jones, 1982; Banks & Warburton, 1986; Price, 1986; Vann et al., 1986; Morley, 1986, 1988; Averbuch
et al., 1995; Tozer et al., 2006; Ortner et al., 2015; Von Hagke & Malz, 2018).

Mountain fronts represent also a very privileged target for the exploration and exploitation of natural re-
sources because subsidence of the foreland basin associated to the combined effects of thrusting and syn-
orogenic sedimentation, have allowed the development, migration and trapping of hydrocarbons (Lacombe
et al., 2007; McClay, 2004; Needham et al., 2004; Nemcok et al., 2005). Recently, studies of foreland basin
geology found also some additional applications for renewable energy and particularly geothermal energy.
Thus, high temperature waters have been investigated and drilled in reservoirs buried a few kilometers in
foreland basins. This is the case in the Alps, where temperatures reach about 80-140°C under the molassic
foreland basin in Germany (Farquharson et al., 2016), or along the fossil Variscan belt of northern Europe,
where warm waters around 60-70°C are exploited in southern Belgium (Delmer et al., 1982; Licour, 2012).

In order to gain insights on foreland fold-and-thrust belt dynamics, we investigated the geometry and kine-
matics of the Northern Variscan Front in northern France. This mountain front is an ancient, deeply eroded
fold-and-thrust belt that was active 300 Ma ago. Our study is based on the interpretation of 532 km of repro-
cessed seismic reflection profiles covering a 5,130 km? area. The various orientations of the seismic profiles
allow to intersect the main regional structural features and to build for the first time a comprehensive 3-D
view of this portion of the Northern Variscan thrust front. Results highlight the geometry of a major lateral
ramp segmenting the main frontal thrust. They also emphasize the control of structural inheritance (nor-
mal faults) of the underthrust margin on the deformation pattern of the thrust wedge.

2. Geological Setting
2.1. Outline of the Devonian-Carboniferous Geodynamic Evolution in Northern France

The late Paleozoic geodynamics of northern France was controlled by the growth of the Variscan mountain
belt, a major orogenic system that extends across several thousands of kilometers across Europe (Figure 1).
The Variscan orogen resulted from a polyphased collisional process between the Laurussia and Gondwana
paleocontinents from Mid-Devonian (ca 380 Ma) to late Carboniferous times (ca 305 Ma). This accounted
for the progressive closure of a complex set of interacting oceanic basins and the accretion of microconti-
nents (e.g., Matte, 2001; Franke, 2006; Ballévre et al., 2009). The northern deformation front corresponds to
the inverted southern Laurussian margin (Figure 1).

The latter was primarily structured during a major rifting phase from Early (Lochkovian) to Middle De-
vonian (Eifelian) that resulted in the opening of a relatively narrow oceanic realm called the Rheno-Her-
cynian Ocean (Franke, 1992, 2000; Franke et al., 1995; Meilliez et al., 1991; Oncken et al., 2000; Shail &
Leveridge, 2009). The Rheno-Hercynian oceanic basin is considered to have formed in a back-arc tectonic
setting above the north-verging subducting slab of the South Armorican-Moldanubian Ocean (Averbuch &
Piromallo, 2012; Cobert et al., 2018; Franke, 1992; Franke et al., 1995; Golonka, 2020; Oncken et al., 1999;
Shail & Leveridge, 2009; Ziegler, 1989).

Extensional deformation, although of lesser importance than during the rifting stage, persisted until the
end of the Devonian (Famennian) as demonstrated by tectono-sedimentary studies in the Belgian Ardennes
(Préat & Boulvain, 1988; Thorez & Dreesen, 1986) and in southern England (Leveridge, 2011; Shail & Lev-
eridge, 2009). The southern Laurussian margin was dissected by a series of N50-70° and N110-130° strik-
ing normal faults that delimited the Dutch-Belgian Brabant continental high along its south-eastern and
south-western borders (Meilliez et al., 1991; Smit et al., 2018; Van Hulten, 2012). During the syn-rift sub-
sidence, thick Lower Devonian siliciclastics sediments were deposited in the distal part of the Laurussian
margin (Ardennes, Rhenish Slate belt) (Figure 2). During the post-rift phase that lasted from Mid-Late De-
vonian to early Carboniferous times, a large-scale transgressive carbonate platform formed above the slowly
subsiding Laurussian margin and Brabant basement high (Figure 2).

During the Late Devonian and Mississippian, a general N-S convergence caused the gradual closure of the
Rheno-Hercynian Ocean by southward subduction beneath the Armorican-Saxothuringian block (Averbuch
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Figure 1. (a) Simplified geological map of northern France-southern Belgium (modified from the geological map of France, scale 1:1,000,000, Chantraine

et al., 2003). The black frame corresponds to the location of Figure 4. (b) Structural map of the Variscan basement in northern France-southern Belgium

(modified from C.F.P. et al., 1965 and Averbuch et al., 2004). This map is based on outcrop, well and geophysical data. The location of the Northern Variscan
Front is based on previous studies. Borehole legend: ANN: Annappes; CAL: Calais; CES: Condé-sur-1’Escaut; DV: Douvrain; EPY: Epinoy; FOC: Focant; FRE:
Frevillers; GHL: Ghlin; GZT: Gouzeaucourt; HAV: Havelange; JEU: Jeumont; LZ: Leuze; MTY: Montigny-en-Cambrésis; ROS: Rosiéres; SGH: Saint-Ghislain;

TOU: Tournai; WEP: Wépion. c. Sketch map of the Variscan orogenic system in NW Europe (modified from Guillot et al., 2020). NVF: Northern Variscan

deformation front; MS: Moldanubian suture; RHS: Rhenohercynian suture; SAS: South Armorican suture; AM: Armorican Massif; Ard.: Ardennes; BF: Black

Forest; BM: Bohemian Massif; Bra. Brabant Massif; MC: Massif Central; Vos.: Vosges.
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_ _ 1V Brabant gess & Gayer, 2000; Oncken et al., 2000; Plesch & Oncken, 1999; Tanner
Givetian // // FRISHEE o et al., 2011) and is likely to extend eastward to SE Poland (Lublin basin
Miadle o / area) through a major bend along the Teisseyre-Tornquist zone (Krzywiec
elian
§ - i et al., 2017; Mazur et al., 2020) (Figure 1c). In northern France and south-
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@R’I;?Slir%r;estone sylvanian (Namurian-Westphalian 325-305 Ma) (Becq-Giraudon, 1983;
Pragi =2 Dolostone . i
- ragian Breodia Bouroz, 1969; Delmer et al., 2001) (Figure 2).
Conglomerate
Sandstone
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) I Coal 2.2. Basic Structural Features of the Northern Variscan Thrust
Lochkovian Basement .
225 Unconformity Front in Northern France
s Main décollement
Ko 'g;;'fndary In northern France, the Northern Variscan Front is almost never visible
BASEMENT —_décollemént levels

Figure 2. Synthetic lithostratigraphic logs of the Ardennes Allochthonous
Unit and the Brabant Para-autochthonous Unit in northern France-
southern Belgium. The thicknesses are based on data from deep boreholes

in the region (see Figure 1).

at the surface because it is covered by 100-to-200 meters of unconform-
able Mid-Cretaceous to Eocene sedimentary layers (Figure 1a). Apart
from scarce outcrops of Paleozoic rocks exhumed in the Boulonnais and
Artois hills resulting from Tertiary uplift (Mansy et al., 2003; Minguely
et al., 2010), the most prominent outcrops of Paleozoic substratum are
found in the Ardennes Massif and the Avesnois region. The Northern
Variscan Front was discovered and extensively studied during the 19
20™ centuries during the intensive coal-mining activity. These first ex-
ploration data allowed to draw a general map of the thrust front at depth showing that its strike varies
progressively from WNW-ESE (N110-120°) in the Boulonnais and Artois regions to ENE-WSW (N60-70°)
in the Avesnois region and the Ardennes Massif (i.e., the classical V-shape of the Variscan belt) (Figures 1b
and 1c). Some second-order trend changes have been defined in this general structural framework, such as
the reentrant to the south of Douai and Valenciennes in the French coal-basin district.

The deep structure of the thrust wedge remained poorly known until new geophysical data (mainly seismic
reflection profiles) and exploration wells were acquired during the 1980's by the ECORS program and hy-
drocarbons exploration (Cazes et al., 1985; Le Gall, 1992; Raoult, 1986, 1988; Raoult & Meilliez, 1987). These
data considerably improved the knowledge on the deep structure of this orogenic front and showed the
first-order geometry of the fold-thrust system. More recently, reprocessing and interpretation of a selected
seismic profile (M146) along the French-Belgian border (Averbuch et al., 2018; Lacquement, 2001; Lacque-
ment et al., 1999; Mansy et al., 1997) allowed to better define these first observations and better characterize
the current structural model of the thrust front, as illustrated in Figures 1b and 3.

The structure of the thrust front in northern France and southern Belgium is classically subdivided into
four major tectonic units (Figures 1b and 3a). In the following parts of our text, and essentially based on
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Figure 3. (a) Balanced cross-section along the M146 seismic profile in the area of Valenciennes (location in Figure 1b) illustrating the main structural features
of the thrust front. 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, OTSBT: Overturned Thrust Sheets Basal Thrust. (b) Balanced and restored
cross-section of the interpreted seismic profile showing the southern Laurussian margin before the Variscan shortening event (modified from Averbuch

et al., 2018). Numbers 1, 2 and 3 correspond to the order of activity of the different thrust faults.

French terminology, we will follow this classical structural nomenclature to ensure a comprehensive link
with previous works in this region. From north to south, these units are the Brabant Massif, the Brabant
Para-autochthonous Unit, the Overturned Thrust Sheets complex (OTS) and the Ardennes Allochthonous
Unit (Belanger et al., 2012; Lacquement et al., 1999; Mansy et al., 1997; Meilliez & Mansy, 1990).

The Brabant Massif is part of the Anglo-Brabant deformation belt (Pharaoh, 2018) that was deformed dur-
ing a late Caledonian orogenic event from Late Silurian to possibly Early Devonian as a result of tectonic
inversion of an old Cambro-Ordovician basin (Debacker et al., 2005; Sintubin et al., 2009). It consists of
a predominantly silico-clastic sedimentary sequence (sandstone, siltites, pelites) of Cambro-Silurian age,
intruded by numerous deep syn-sedimentary magmatic intrusions (Legrand, 1968; Verniers et al., 2001).
The lower Paleozoic substratum is unconformably overlaid to the south by a transgressive Mid-Devonian to
lower Carboniferous carbonate platform sequence (Eifelian-Visean, ca. 400-330 Ma) (Bultynck et al., 1991;
Mansy et al., 1999; Ziegler, 1990).

The upper Carboniferous Nord-Pas-de-Calais (NPC) coal-bearing basin overlies the Brabant lower Paleozo-
ic basement and the Mid-Devonian to lower Carboniferous platform sequences (Figure 2). All these units
constitute the foreland of the Northern Variscan thrust system. The NPC coal basin and its Devonian-low-
er Carboniferous substratum constitute the slightly deformed part of the Laurussian continental margin,
which is classically referred to as the Brabant Para-autochthonous Unit (Figure 2a) (Hance et al., 1999;
Mansy et al., 1997, 1999; Mansy & Meilliez, 1993; Meilliez & Mansy, 1990). In France, the NPC coal basin
extends across 85 km E-W from the Belgian border to the Artois region and 15 km N-S from the Brabant
foreland to the frontal thrust zone. Toward the east, it extends in Belgium to the Hainaut and Namur basins
(Figure 1). Its stratigraphy includes an Upper Mississippian - Middle Pennsylvanian (formerly Namuri-
an-Westphalian, ca. 320-305 Ma) synorogenic sedimentary sequence (Figure 2). Fluvio-deltaic and paralic
deposits consist of a succession of alternating layers of coal, sandstones and shales, having a total thickness
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of up to 3.5 kilometers (Bouroz, 1969). In the south of the study area, the upper Carboniferous sequence
and its underlying substratum form a large monocline dipping gently towards the south (5-10°). It is largely
underthrust below the Ardennes thrust wedge, which is generally referred to as the Ardennes Allochtho-
nous Unit (Figure 3a). To the north, the Brabant Para-autochthonous Unit shows a clear localized flexure at
the footwall of the frontal thrust zone, which allows the lower Paleozoic basement to be directly exhumed
below the Cretaceous-Tertiary cover. This is the Orchies basement high located north of the NPC basin
(Figure 1b). This feature has recorded the relative uplift of the Brabant foreland, that likely was coeval with
the northward propagation of the thrust front (Minguely et al., 2008).

Some thrust sheets, characterized by particularly complex geometries and an overall overturned attitude of
the sedimentary layers have often been observed between the Brabant Para-autochthonous Unit and the Ar-
dennes Allochthonous Unit (Figure 3a) (Bouroz, 1969; Bouroz et al., 1961; Delmer, 1997, 2003; Lacquement
et al., 1999, 2005; Mansy et al., 1997). The so-called “Overturned Thrust Sheets” are made of folded Siluri-
an to upper Carboniferous sedimentary layers. These are frequently deformed by second-order, low-angle
curved normal faults (Bouroz, 1950; Le Gall, 1994; Meilliez, 2019). The occurrence and kinematics of these
faults have been observed in the coal mines (Bouroz, 1950). The OTS is a largely underconstrained body
affected by a series of NNW-vergent thrust faults that hardly connect laterally. The extent of the thrust sur-
face at the base of the OTS complex is defined here as the OTS basal thrust (OTSBT). In France, this OTS
complex decreases or even vanishes west of Douai (Figure 1b).

To the south, the OTS and the Brabant Para-autochthonous Unit are overthrust by the Ardennes Allochtho-
nous Unit along a major crustal-scale thrust fault (Figure 3a) that extends along more than 120 km to the
south (Cazes et al., 1985; Mansy & Meilliez, 1993; Meilliez & Mansy, 1990; Raoult, 1986, 1988). This major
thrust is named there the Allochton Main Basal Thrust (AMBT). Its shallow part is frequently referred to
as the “Midi Fault” due to its recurrent position at the southern border of the coal basin (“Midi” meaning
“South” in French, e.g., Meilliez, 2019). Unlike the OTS and Brabant units, the Ardennes Allochthonous
Unit comprises a thick Lower Devonian sequence that was deposited in the distal rifted part of the southern
Laurussian margin (Figure 2). In the Avesnois and Ardennes regions, this Lower Devonian to Dinantian
sequence was intensely faulted and folded with an overall E-W to ENE-WSW strike (Khatir et al., 1988;
Lacquement et al., 2005; Mansy & Lacquement, 2006; Mansy & Meilliez, 1993; Meilliez & Mansy, 1990;
Moulouel, 2008). It is unconformably lying on a lower Paleozoic (Cambrian-Ordovician) slightly metamor-
phosed sedimentary basement that locally crops out along the frontal thrust zone. The basement crops out
more substantially further south within the cores of several major thrust-related anticlinal highs such as the
Rocroi, Serpont and Stavelot massifs (Figure 1b).

2.3. Current Views on the Kinematics of the Northern Variscan Front in Northern France

Restorations of geological sections and seismic profiles within the Northern Variscan thrust wedge have
estimated an amount of shortening of at least 60-70 kilometers both in the Ardennes Massif (Le Gall, 1992)
and at the French-Belgian border (Averbuch et al., 2018; Houchen, 1988; Lacquement, 2001; Lacquement
et al., 1999; Mansy et al., 1999) (Figure 3b). A large part of the shortening is related to the major thrust zone
at the base of the allochthonous unit (AMBT).

The kinematics of the AMBT has been recently documented from the interpretation and restoration of the
M146 seismic profile in the Valenciennes region (Figure 3b) (Averbuch et al., 2018). The section restoration
illustrates the control of the rift-related geometry of the Laurussian margin upon the Northern Variscan
thrust wedge (Figure 1b and 3a). Particularly, the Devonian normal faults that formed during rifting of the
Laurussian margin are likely to have localized deformation during the Variscan compression (Figure 3b)
(Lacquement et al., 2005). The main border fault zone, which limits the Lower Devonian depositional area
and forms a major vertical step-over in the margin geometry, is considered to have localized the main frontal
ramp of the AMBT. The propagation of thrusting onto the AMBT would have induced the dissection of the
crest of the related footwall block and formation of a footwall short-cut thereby inducing the transport of
slices of basement and reduced Devonian-Carboniferous cover at the sole of the propagating thrust (i.e., the
future OTS). The hangingwall unit (the future Ardennes Allochthonous Unit), detached on the thick basal
Lower Devonian shales series, would have been displaced over the Brabant Para-autochthonous Unit form-
ing a major thrust-related anticline, sequentially crosscut by out-of-sequence forelimb thrusts. This process
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is considered to have induced the progressive shearing and overturn of the thrust-sheets involved in the
initial forelimb of this major anticline. The last out-of-sequence thrust would correspond to the emergence
of the AMBT along the “Midi fault zone.” This propagation of thrusting along the AMBT is shown by the
thrust sequence 1, 2, 3 in the restored section (Figure 3b).

The geometry and kinematics of deformation within the Northern Variscan thrust front were strongly gov-
erned by the rheological contrasts within the Paleozoic sequence. The mechanical stratigraphy within the
thrust wedge is illustrated in Figure 2. As defined by structural field studies in the Ardennes-Avesnois fold-
and-thrust belt (e.g., Khatir et al., 1992; Lacquement, 2001; Lacquement et al., 2005; Moulouel, 2008), three
major décollements are present (Figure 2). The basal one is the weak Lochkovian shales located at the base
of the syn-rift sequence. The middle one is the weak Famennian shales, resting above the more resistant
Frasnian limestone unit. The upper one is located at the transition between the Dinantian carbonates and
the overlying Namurian shales at the base of the synorogenic sequence. Some second-order décollements
have also been described adding locally some complexity to the primary structural fold-thrust pattern.
These are located within (Figure 2): (a) the shaly intervals of the Lower Devonian silicoclastic sequence;
(b) the Middle Devonian shales, alternating with limestones; and (c) the numerous layers of shales of the
syn-orogenic Namurian-Westphalian coal-bearing succession. It is worth noting that décollements may also
exist within the carbonate-dominated Dinantian, especially in the Visean evaporitic intervals (e.g., Rouchy
et al., 1986, 1987; De Putter, 1995) and in the lower part of the Tournaisian that includes shale formations,
such as the homogeneous Pont d’Arcole Formation (e.g., Mortelmans and Bourguignon, 1954; Coen-Aubert
et al., 1980; Poty et al., 2001; Hance and Poty, 2006).

3. Seismic and Well Data

During the 1960's and the 1980's, northern France was a target of significant onshore oil exploration by vari-
ous oil and gas companies. These exploration surveys led to the acquisition of 189 seismic reflection profiles
with a total length of 2,613 km. These data are essential to image the 3-D structure of the Northern Variscan
Front buried under the Mesozoic-Cenozoic cover.

Our study is based on the reprocessing of 21 seismic reflection profiles acquired in the 1980's of a total
length of 532 km (Figure 4). These seismic profiles were selected based on their location, their orientation,
the availability and the quality of the seismic data. The selected profiles cover an approximate surface of
5,130 km* (95 km long by 54 km wide). They extend over the southern allochthonous and northern pa-
ra-autochthonous units of the Northern Variscan Front from the cities of Arras and Lens to the west to the
Belgian border to the east. They intersect the study area with various orientations, and therefore provide the
opportunity to crosscut the main regional structures and to image their lateral variations. Given the acqui-
sition parameters used in these exploration surveys, mainly the frequency bandwidth of the seismic source
and the recording length (up to 5 s), the estimated depth of investigation is around 7-8 km, with a vertical
resolution of approximately 25-30 meters.

Seismic reprocessing of the selected lines used modern signal-processing algorithms in order to significant-
ly improve the quality of the images obtained in the 1980's. Efforts were focused on three key steps, repeated
several times throughout the processing sequence: (a) computing primary and residual static corrections
in order to remove the topographic and velocity effects of the superficial rock layer, strongly impacting
the seismic signal; (b) detailed velocity analysis; and (c) various methods of organized and random noise
attenuation. Pre-stack time migration enhanced the details of structural features and completed this repro-
cessing sequence before stacking the data.

In addition to the seismic data, three deep exploration wells have been selected and included into the data-
base in order to provide geological information at depth along the seismic profiles. These are the Epinoy-1,
Gouzeaucourt-101 and Jeumont-1 wells (Figure 4). They were selected based on their proximity to the seis-
mic lines (less than 1 km), their depth, and the availability of well log data.
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Figure 4. Simplified geological map of northern France extracted from the geological map of France (Chantraine et al., 2003) showing the location of
reprocessed seismic profiles and available deep boreholes in the study area. The outline of the Northern Variscan Front corresponds to that defined before this
study was conducted.

4. Seismic-Well Tie and Description of the Seismic Facies

Major stratigraphic and structural surfaces have been selected and interpreted to accurately decipher the
structural framework of the thrust front. Thus, we preferentially picked the Top Paleozoic Unconformity
(TPU), the AMBT, the tops of the Dinantian (T-Din), Famennian (T-Fam), Frasnian (T-Fra), Eifelian-Give-
tian (T-Giv) and, finally, the top of the lower Paleozoic basement (T-Sil) (Figure 5). The interpretation of the
seismic data was carried out using the IHS Kingdom Software.

4.1. Seismic-Well Tie

The first step in this process was to calibrate and tie the targeted seismic markers to their corresponding
geological surfaces. Two exploration wells were selected to produce synthetic seismograms: Epinoy-1 (EPY)
and Jeumont-1 (JEU) (Figure 4). A synthetic seismogram is a theoretical seismic trace that models the
changes in acoustic impedance in the different rock layers along a given borehole. It is generated by con-
volving the reflective coefficient, computed from sonic and density logs, with a seismic wavelet defining the
amplitude variations of the synthetic seismogram and best representing the seismic signal.

The Epinoy and Jeumont boreholes are the only wells in the vicinity of the seismic lines that meet two
important requirements: (a) the velocity data necessary for calculating a synthetic seismogram are available
(sonic log, check-shots), and (b) the wells are deep enough to cross the targeted geological surfaces. Both
wells drilled through the Mesozoic-Cenozoic cover, the Ardennes Allochthonous Unit and the OTS, but
only the Jeumont borehole went through the entire underlying Para-autochthonous Unit and reached the
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Figure 5. Seismic-well tie between (a) the Jeumont borehole and the M590 reprocessed seismic profile, and (b) the Epinoy borehole and the C089 reprocessed
seismic profile. 1: Lithological log; 2: Synthetic seismogram. T-Din: Top Dinantian; T-Fam: Top Famennian; T-Fra: Top Frasnian; T-Giv: Top Givetian; T-Sil: Top
Silurian; TPU: Top Paleozoic Unconformity.

Eifelian (Figure 5). Therefore, the Epinoy and Jeumont boreholes have been used as references to identify
the seismic markers in the OTS and in the Para-autochthonous Unit.

Synthetic seismograms were generated following several steps: (a) quality control of the sonic log and re-
moval of abnormal values; (b) integration of the velocity data (sonic log and check-shots); (c) generation
of a time-depth chart that allowed us to convert the vertical scale of the well data from depth to time using
integrated velocity data; (d) setting the density value to 1 g/cm?, as the density logs were not available; ()
computation of the acoustic impedance; (f) computation of the reflectivity coefficient; (g) generation of a
seismic wavelet extracted from the seismic traces around the well and having a mean frequency of 35 Hz;
(h) convolution of the reflectivity coefficient with a seismic wavelet. Once the synthetic seismograms were
created for both wells, they were adjusted on the seismic profiles M590 (Jeumont) and C089 (Epinoy) so
that they fit the seismic signal around the well, concluding the seismic-well tie process (Figure 5). The latter
made it possible to calibrate and tie the geological surfaces of interest to the corresponding seismic markers,
with the exception of the top of the Brabant basement that was never encountered in the boreholes.

Once the targeted horizons were identified near the Epinoy and Jeumont boreholes, they were correlated
step by step from line to line by comparing the seismic facies and by checking the 3-D structural consistency.
Structural surfaces, such as major thrust faults and normal faults were also interpreted and correlated from
line to line. These faults usually appeared as discontinuities delimiting and truncating two sets of reflectors
often having a different apparent dip. This sparse well data set could be seen as a source of interpretation
uncertainties; this is however compensated by the lateral coherence of the seismic facies and structures
throughout the study area, thereby helping the seismic interpretation process.
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Figure 6. Illustration and description of the characteristic seismic facies of the interpreted geological formations and units. Reflection attributes:
a) configuration; b) continuity; c) amplitude; d) frequency. Giv. Limest.: Givetian limestones; T-Din: Top Dinantian; T-Fam: Top Famennian; T-Fra: Top
Frasnian; T-Giv: Top Givetian; T-Sil: Top Silurian; TPU: Top Paleozoic Unconformity.

4.2. Seismic Facies

Seismic-well tie allowed to identify the targeted geological surfaces and to identify the overall seismic facies
of the relevant geological units. They are described here and illustrated in Figure 6.

The Mesozoic-Cenozoic cover is represented by rather parallel to semiparallel reflectors, continuous, with
high amplitude and low frequency in the lower part; in the upper part the reflectors are more or less contin-
uous and display variable amplitude with high frequency (Figure 6). Due to the unconformable character
of the Mesozoic-Cenozoic cover on the Paleozoic substratum, the Top Paleozoic Unconformity is usually
identified by truncations below parallel, continuous and high amplitude reflectors (Figure 6).

The Ardennes Allochthonous Unit is located beneath the Mesozoic-Cenozoic sedimentary cover. It is char-
acterized by an overall chaotic seismic sequence with discontinuous reflectors having variable amplitude
and frequency (Figure 6). The intense deformation of the allochthonous series, which are affected by nu-
merous faults and sometimes very steep or even vertical or overturned folds, generates strong dispersions
of the seismic waves. This makes it difficult to obtain a good seismic imaging of this unit. However, some
continuous, high-amplitude reflectors sporadically and locally appear on a few profiles (Figure 6). These
have been interpreted as the Givetian limestones (Lacquement et al., 1999).

The AMBT, which is located at the base of the Allochthonous Unit, is usually clearly visible on the seismic
profiles. It is represented by a series of few continuous and parallel reflectors of high amplitude and fre-
quency, truncating locally reflectors at its footwall (the underlying OTS and Brabant Para-autochthonous
Unit) (e.g., Raoult, 1986; Lacquement et al., 1999) (Figure 6).
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Below the AMBT, the OTS are distinguished by rather chaotic facies associated with discontinuous reflec-
tors of variable amplitude and frequency (Figure 6). The intense deformation of the OTS makes it difficult to
image their internal geometry. However, continuous reflectors are visible in some areas (see Figure 5b). The
OTSBT is not always easily visible on the profiles; its seismic facies vary laterally, depending on the imped-
ance contrast between the footwall and hangingwall formations. In areas where there is a strong impedance
contrast, for instance between Dinantian carbonates in the OTS and Namurian shales in the para-autoch-
thonous unit, the OTSBT is represented by a series of parallel and rather continuous high amplitude reflec-
tors. On the contrary, the weak impedance contrast created by the presence of Namurian deposits both in
the hangingwall and footwall of the OTSBT results in a lower amplitude seismic facies of the OTSBT.

The Brabant Parautochtonous Unit is characterized by variable seismic facies: (a) the Namurian-West-
phalian coal-bearing deposits are characterized by a chaotic seismic facies. The reflectors are discontinuous
and usually have a low amplitude and a medium-to-high frequency (Figure 6). These chaotic facies can be
related to the intense short-wavelength folding and faulting of the coal basin during the late Carboniferous,
which is responsible for the strong dispersion of the seismic waves; (b) the underlying Dinantian carbonate
platform is represented by a parallel to contorted facies, associated with semicontinuous reflectors of varia-
ble frequency and medium-to-low amplitude (Figure 6). In some areas, the Dinantian displays semi-trans-
parent seismic facies associated with very low-amplitude reflections. At the top of the Dinantian, the re-
flectors are usually continuous and have a higher amplitude (Figure 6), illustrating a major impedance
variation between the overlying Namurian coal-bearing deposits and the Visean limestones; (¢) Famennian
sedimentary sequences, comprising mainly sandstones and shales, appear as semiparallel, semicontinuous,
low-amplitude and high-frequency reflectors (Figure 6). The top of Famennian is usually visible on seis-
mic lines because it appears as continuous medium-amplitude and high-frequency reflectors (Figure 6);
(d) beneath the Famennian, the Frasnian limestones are marked by their stratified geometry associated
with parallel, continuous, high-amplitude and low-frequency reflectors, easily visible on seismic data (e.g.,
Raoult, 1986; Lacquement et al., 1999) (Figure 6); (e) the underlying Eifelian-Givetian limestones have a
similar seismic facies, although the reflectors are mostly semicontinuous (Figure 6).

At the base of the Brabant Para-autochthonous Unit, the Eifelian and Givetian limestones are unconform-
ably lying above Silurian deposits of the lower Paleozoic basement. The latter is represented by a chaotic
facies associated with discontinuous reflectors of variable amplitude and frequency (Figure 6). Poor imag-
ing of the basement structure is due to the low penetration of seismic waves at such depths. The basement
unconformity is poorly imaged on seismic lines. It can usually be identified as the limit between the chaotic
facies of the basement and the semicontinuous high-amplitude reflectors of the Eifelian-Givetian lime-
stones. Truncations of the basement reflectors below the Middle Devonian deposits are sometimes visible
(Figure 6).

5. Seismic Interpretation

The interpretation of the seismic lines provides insights into the geometric and structural features of the
Northern Variscan Front and its substratum. We were able to evidence the first-order geometry of major
extensional and compressional structures and present it below. The description follows the structural model
described above (cf., 2.2.), detailing the geometry of the Brabant Para-autochthonous Unit, the Overturned
Thrust Sheet and the Ardennes Allochthonous Unit. In particular, we focus on lateral ramps within the
thrust system.

5.1. Brabant Para-Autochthonous Unit

The relatively good quality of seismic data below the poorly imaged Ardennes Allochthonous Unit allows
us to precisely interpret the deep structure of the buried Brabant Para-autochthonous Unit. In the following,
we successively document the large underthrusting of the foreland basin below the AMBT, second order
thrust faults, deep folding and then extensional structures in the Brabant Para-autochthonous Unit.
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5.1.1. Extent of Foreland Basin Underthrusting

Seismic interpretation of profiles oriented parallel to the overall thrust transport direction (NNW-SSE) such
as the A599-C083 composite seismic profile (Figure 7), highlights the large underthrusting of the Brabant
Parautochthonous Unit below the Ardennes Allochthonous Unit. Identifying the cut-off line of the basal
reflector of the Namurian-Westphalian foreland basin with the AMBT allowed us to quantify the relative
minimum amount of underthrusting of the foreland basin beneath the allochthonous unit. It reveals that
the sub-thrust foreland basin extends c. 20-25 km beyond the thrust front. More than half of the coal-basin
region is therefore buried below the AMBT. This pattern observed on all seismic profiles in the study area
(e.g., C122 profile in Figure 8) underlines highly localized displacement onto the AMBT and its subsidiary,
the OTSBT.

5.1.2. Second-Order Variscan Thrust Faults

The interpretation of the C122 profile, trending parallel to the direction of the Variscan shortening, shows
two major NW-verging thrust faults that deform the Brabant Para-autochthonous Unit below the AMBT
(Figure 8). Truncations of the reflectors are clearly visible against the footwall of these faults. The upper
thrust is truncated to the south by the AMBT and deforms the Namurian-Westphalian coal-bearing depos-
its. The lower thrust affects the coal basin, as well as the underlying Dinantian and Famennian platforms.
Both thrusts show two flats and ramps. The geometry of the reflectors on the hangingwall of these faults
indicates a major folding of the Brabant para-autochthonous sequence, especially in the coal basin. We
interpreted those folds as fault-bend folds generated by the movement of the thrust sheets over the ramps
(e.g., Suppe, 1983). Accordingly, these two thrusts formed along two of the main regional detachments: the
upper one located at the limit between the Dinantian carbonates and the Namurian shales and sandstones
and the lower one located within the Famennian shales, resting onto the Frasnian limestones (Figure 2).
These compressional structures have been interpreted on numerous seismic profiles and are consistent in
the entire study area.

The interpretation of the C058 profile (Figure 9), oriented almost perpendicularly to the regional thrust
transport direction, provides another example of a deep thrust characterized by a detachment in the Famen-
nian shales. This thrust has an apparent dip towards the SW and affects the Famennian to Namurian-West-
phalian sequence.
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Figure 8. Seismic reflection profile C122 (in TWT) with (a) reprocessed line and (b) geological interpretation. This profile is almost parallel to the Variscan
shortening direction (i.e., SE-NW). The dashed lines in the Namurian-Westphalian coal basin represent the overall geometry of the sedimentary layers. The
dashed lines in the Ardennes Allochthonous Unit emphasize the simplified nature of the interpretation and the related uncertainties.

A similar geometry has also been observed on the C083 profile (Figure 10). A major thrust is visible on the
entire profile and characterized by an apparent southward dip. It deforms the Famennian to Westphalian
para-autochthonous sequence and is responsible for its northward displacement of at least 4 km. Trunca-
tions of the reflectors, both against the footwall and the hangingwall of this fault, allowed us to delineate its
geometry made of one flat and two ramps. Deformation was rooted into the Famennian detachment at the
southern end of the profile. The existence of a flat within the generally competent Dinantian carbonates is
quite surprising, but its occurrence appeared reasonable in 3-D. The involved décollement in the Dinantian
could correspond to the Visean evaporites or the shaly formations of the Tournaisian (e.g., Pont d’Arcole
Formation) (Figure 2).

Thrust faults rooting within the Famennian shales and deforming the Famennian to upper Carboniferous
series are visible on most seismic lines. Their generalized character along the Northern Variscan Front is
particularly well illustrated on a WSW-ENE composite seismic profile (Figure 11) that crosses the entire
study area. Since the composite profile is almost orthogonal with respect to the Variscan shortening direc-
tion (i.e., SE-N'W), it is important to notice that structures are intersected at a high angle relative to the main
plane of movement. Six of these highlighted thrusts have an apparent vergence towards the WSW and an
apparent dip towards the ENE. The folded geometry of the reflectors in the hangingwall of some of these
faults indicates the existence of thrust-related folds generated by movement of the thrust sheets over the
ramps. A peculiar feature to note on this profile (Figure 11) is the existence of a thrust fault rooting down
onto the Middle Devonian second-order décollement (Figure 2). It is also important to notice that this fault
apparently nucleated against a Middle Devonian normal fault.
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Figure 9. Seismic reflection profile C058 with (a) reprocessed line and (b) geological interpretation. This profile is
highly oblique with respect to the direction of Variscan shortening (i.e., SE-NW). The dashed lines in the Namurian-
Westphalian coal basin represent the overall geometry of the sedimentary layers. The dashed lines in the Ardennes
Allochthonous Unit mark the simplified geometry of the interpretation and the related uncertainties.

5.1.3. Deep Folding of the Para-Autochthnous Unit

The interpretation of the C083 profile (Figure 10) illustrates the overall southward dip of the Brabant Pa-
ra-autochthonous Unit, as well as some superimposed long-wavelength ondulations of the basement and
the overlying para-autochthonous series. A gentle antiform structure is observed west of Cambrai in the
southern part of the profile (marked by an asterisk in Figure 10) at a depth over 2 s TWT. This long-wave-
length, deep antiform affects the lower Paleozoic basement and the entire para-autochthonous sequence.
Similar deep folding of the basement and the Brabant Para-autochthonous Unit has also been observed
further west on the C058, C067 and C068 profiles. For instance, on the C058 profile (Figure 9), Devonian
and Carboniferous layers at the footwall of the northernmost Devonian normal fault are dipping northward.

We do not view this peculiar geometry as a seismic artifact (pull-up effect) because there is no evidence
of the presence of a high seismic velocity layer above the para-autochthonous unit. Seismic facies of the
Ardennes Allochthonous Unit remain consistent across the profiles (Figure 10). Moreover, the AMBT does
not seem to be affected by this uplift as it would be the case with a seismic pull up. Instead, we suggest
that this basement dome corresponds to a deep anticline formed during the propagation of the Variscan
thrust front. The lack of deformation of the AMBT, which truncates the folded para-autochthonous series
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Figure 10. Seismic reflection profile C083 with (a) reprocessed line and (b) geological interpretation. This profile is mostly parallel to the Variscan shortening
direction (i.e., SE-NW) in its southern part and highly oblique to the Variscan shortening direction in its northern part. The asterisk points out folding at depth
of the Brabant para-autochthonous Unit. The black frame corresponds to an enlarged part of this profile focusing on the OTS internal structure, presented in

Figure 12.

(Figure 10), suggests that the anticline formed before the terminal stage of the Variscan orogeny and the
out-of-sequence dislocation of the frontal thrust zone in the Middle Pennsylvanian (i.e., late Westphalian).

5.1.4. Pre-Existing Extensional Structures

The clearly imaged deep reflectors below the AMBT provide useful insights on the prominent characteris-
tics of the initial geometry of the Laurussian margin prior to its underthrusting. For example, this is illus-
trated by the C122 profile located south of Valenciennes (Figure 8). Analysis of the reflectors’ continuity
and the seismic facies variation shows two normal faults with an apparent southward dip. These faults
affect the lower Paleozoic basement and offset the top of the basement. The southernmost normal fault is
particularly well marked by the contrasting seismic facies of the Middle Devonian in its hangingwall (i.e.,
rather transparent facies) and footwall (i.e., higher amplitude reflectors). The Eifelian-Givetian deposits
are thicker in the hangingwall of these faults, thus demonstrating the syn-sedimentary nature of these
extensional structures (i.e., Middle Devonian in age). The continuity of the high amplitude reflectors of the
Frasnian limestones above those faults suggests that deformation ended before the Late Devonian. Similar
faults have been interpreted in the eastern part of the study area, especially on the M146 profile (Figure 3)
(Lacquement et al., 1999).

Further west, south of Douai, our interpretation of the seismic lines C058 (Figure 9), C067, C068 and C083
(Figure 10) highlights a series of normal faults that have apparent dips towards the south or southwest.
Large offsets of high-amplitude, usually continuous, reflectors of the Frasnian limestones are clearly visible
on these profiles, especially the C058 one (Figure 9). The analysis of these offsets allowed to identify two
to three major normal faults in the southern part of the profiles. These faults clearly deform the basement
and the Middle Devonian sediments. Thickening of the Frasnian and mostly of the Famennian, is visible
in their hangingwall, evidencing the apparent syn-sedimentary nature of these extensional structures (i.e.,
Late Devonian in age). Along the C058 (Figure 9) and C083 profiles (Figure 10), Devonian normal faults
are particularly well imaged because the strike of the profiles (i.e., SW-NE) is orthogonal to the strike of the
normal faults (i.e., NW-SE-see later in 6.3.).
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Figure 11. WSW-ENE composite seismic reflection profile with (a) reprocessed line and (b) geological interpretation. Note that the strike of this profile is
orthogonal to the Variscan shortening direction (i.e., SE-NW), implying that structures are intersected very obliquely with respect to the direction of tectonic

movement.

In summary, deep Devonian syn-sedimentary normal faults are visible on most of the interpreted profiles.
These faults accommodated extension during the Mid-Late Devonian and represent first-order structures of
the pre-orogenic Laurussian margin in its proximal part (Brabant border). These results suggest that exten-
sional deformation persisted after the Early Devonian rifting phase associated with the opening of the Rhe-
no-Hercynian Ocean and responsible for the first-order segmentation of the southern Laurussian margin.
This post-rift extension, coeval with the overall thermal subsidence of the margin, may have had some im-
pacts on its structure and the associated depocenters until the Famennian, at least in the most proximal part
of the margin (the southern border of the Brabant massif). This result is in agreement with several studies
carried out along the Northern Variscan Front (Ardennes, southern England) that evidenced some effects of
extension on the sedimentation pattern up to the Middle and Late Devonian (e.g., Thorez & Dreesen, 1986;
Préat & Boulvain, 1988; Shail & Leveridge, 2009; Leveridge, 2011). Interestingly, an analysis of the faults’
activity shows a diachronic pattern within the study area. Some faults were active during the Middle Devo-
nian and others during the Late Devonian. The reason for such diachronism in northern France remains
an open question. Similar diachronic segmentation of the Laurussian margin is also known in SW England
where a progressive northward development of the Laurussian margin basins between the Emsian (Looe
Basin) and the Famennian (Culm basin) has been highlighted (Leveridge, 2011; Shail & Leveridge, 2009).

Finally, comparison of the position of Devonian syn-sedimentary normal faults and Variscan thrust faults
indicates that most ramps of the Variscan thrusts (both lateral and frontal) are located above Middle to Late
Devonian syn-sedimentary normal faults. For instance, the ramps of both thrusts in the Para-autochtho-
nous Unit on the C122 profile (Figure 8) are located above two Middle Devonian normal faults. Moreover,
the lower detachment within the Famennian is located right above the southern normal fault. The same
observation has been made on the C058 profile (Figure 9), where the lateral ramp of the AMBT and the
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Figure 12. Details on the internal structure of the OTS on the seismic reflection profile C083; (a) reprocessed line and (b) geological interpretation. This part of
the profile is oblique to the Variscan shortening direction (i.e., SE-NW). The structures are intersected obliquely with respect to the tectonic transport direction.
Faults legend: CR: “Cran de Retour”; MF: “Midi Fault”.

ramp of the para-autochthonous thrust are located above a series of three Late Devonian syn-sedimentary
normal faults. The same feature can be observed on the C083 profile (Figure 10) where both ramps of the
major thrust fault in the Para-autochthonous Unit are located above Devonian normal faults.

5.2. Overturned Thrust Sheets

The OTS constitute one of the major and peculiar units of the Northern Variscan Front in the north of
France. Owing to the seismic-well tie of the Epinoy borehole, we could link the overall and internal struc-
ture of the OTS between Douai and Cambrai cities (Figure 10 and 12). The OTS are bounded by two major
thrusts characterized by high amplitude seismic facies. These are the out-of-sequence “Midi Fault” at the
top, which corresponds to the shallower part of the AMBT, and the OTSBT that connects to the AMBT south
of the profile.

The internal structure of the OTS (Figure 12) is interpreted on the basis of (a) the stratigraphic succession
known from the Epinoy borehole, (b) the geometry of the reflectors, (c) the 3-D consistency with structures
interpreted on all related seismic profiles, and (d) the consistency with the near surface structures in the
coal basin area (Bouroz et al., 1963) (Figure 12). The interpretation of the C083 seismic line shows the over-
turned geometry of the Devonian-Carboniferous sequence that is deformed as a major recumbent syncline.
It is worth mentioning that imaging of a recumbent fold in seismic data is limited, particularly in the hinge
zone, where reflectors of both the upper and lower limbs intersect, creating mostly chaotic and discontin-
uous seismic patterns. Therefore, some uncertainties remain on the position of markers interpreted in the
hinge zone of recumbent synclines, where interpretation choices have to be made to maintain a coherent
geometry and kinematics.

The north-facing recumbent syncline is truncated to the south by the AMBT. It is characterized by a signifi-
cant thickening of the sedimentary series across the hinge zone. This is especially the case for the Dinantian
sequence observed in the Epinoy borehole whose thickness reaches at least a thousand meters. The over-
turned limb of the syncline is deformed by northward-dipping second-order low-angle curved normal faults
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present in the coal basin (Bouroz, 1950; Le Gall, 1994; Meilliez, 2019). It is also truncated by a NE-verging
thrust fault bounded to the south by the AMBT. This curved thrust has been identified as the “Cran de Re-
tour” thrust (CR), described in the NPC coal basin literature (e.g., Bouroz et al., 1961; Becq-Giraudon, 1983).

5.3. Ardennes Allochthonous Unit

The Ardennes Allochthonous Unit is not well imaged on seismic data, mainly because of the combined
effect of an overall lithological homogeneity of the sedimentary sequences (mostly alternating shales and
sandstones) and intense internal deformation. Despite this, our interpretation is based on (a) the seis-
mic-well tie of the Gouzeaucourt borehole (GZT) along with the C083 profile (Figure 10), (b) the interpre-
tation of some sporadic and continuous high-amplitude reflectors that we assume to correspond to Givetian
limestones (Lacquement et al., 1999; Raoult, 1986), (c) the geological sketch map of the Paleozoic substra-
tum in northern France (C.F.P. et al., 1965; Figure 1b), (d) the 3-D coherence between profiles.

Our interpretations are greatly simplified compared with the present-day structure of the Allochthonous
Unit, but they highlight locally some major Variscan folds and thrusts affecting the Lower Devonian to low-
er Carboniferous allochthonous sequence. For instance, a north-vergent thrust fault deforming the Lower to
Upper Devonian layers has been interpreted on the C058 (Figure 9) and C083 (Figure 10) profiles. A back-
thrust can also be seen on the C083 profile (Figure 10). It is characterized by a detachment in the Lower
Devonian series (Figure 2) and it deforms the entire Devonian allochthonous sequence. Such back-thrusts
in the Ardennes Allochthonous Unit have already been observed and described in the field in the Avesnois
region (Moulouel, 2008).

5.4. Lateral Ramps in the Thrust System

In the area SE of Douai, near Cambrai, specific structural features along the AMBT are present and are illus-
trated on the composite WSW-ENE striking seismic line (Figure 11). In the eastern part of the C576 profile,
the AMBT trace is mostly parallel to the surface and is only slightly tilted toward the south at a depth of
approximately 1.2-1.5 s TWT. It then rapidly deepens westward at a depth of 2 s TWT. This phenomenon is
associated with significant folding and thickening of the overlying Ardennes Allochthonous Unit. Consid-
ering that the orientation of this seismic profile is orthogonal to the direction of the Variscan shortening,
we interpreted this change in geometry of the thrust fault as an evidence of a major lateral or oblique ramp
in the western part of the profile. Lateral and oblique ramps are defined as thrust surfaces that are parallel
or oblique to the direction of transport of the allochthonous thrust sheet (e.g., Butler, 1982; McClay, 1992).
These have been observed and described in numerous fold-and-thrust belts, such as the Pyrenees (Averbuch
et al., 1993; Frizon de Lamotte et al., 1995), Taiwan (Lacombe et al., 2003) or the Appalachians (Cook &
Thomas, 2009).

The AMBT is characterized by a frontal ramp in the eastern part of the profile (south of Valenciennes). A
similar example of a lateral or oblique ramp of the AMBT is visible to the west on the C058 profile that is
oblique to the direction of Variscan shortening (Figure 9). Interestingly, on the C576 profile, the OTSBT has
a similar lateral or oblique ramp geometry under the lateral ramp of the AMBT (Figure 11). This suggests
that both thrusts may have been inherited from a similar 3-D geometry.

Finally, the underlying Para-autochthonous Unit shows a complex structure under those two superimposed
lateral ramps (Figure 11). Indeed, the Middle-Upper Devonian and Carboniferous sequence is deformed by
deep Variscan thrusts that have an apparent vergence towards the WSW and are associated with fault-re-
lated folds. These structures caused an overthickening of the Para-autochthonous Unit under the lateral
ramps.

6. Structural Maps

Results of the seismic interpretation have been correlated and summarized on time structural maps (or
isochron maps) for the key geological surfaces such as the AMBT, the OTSBT or the top of the Givetian
sedimentary layer in the Brabant Para-autochthonous Unit. Structural surfaces were generated in two-way
travel time (TWT time) using a minimum curvature algorithm, meaning that seismic data were interpolated
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and extrapolated in 3-D based on the principle that two adjacent data points were assumed to lie along a
circular arc. A medium smoothing was applied during the gridding process in order to improve the plotting
quality of the isochrons while respecting the seismic data interpretation. A different grid cell size has been
chosen to model the different structural horizons, depending on precision needed and structural complexity
of the geological surface. For instance, we chose a 1500 X 1500 meters grid cell size to model the AMBT
surface because this surface is quite homogeneous in 3-D. On contrary, we chose a 100 X 100 meters grid
cell size to model the top Givetian horizon, which is much more deformed. It is important to mention
a limitation associated with this modeling method. Indeed, since it is based on the interpolation of the
seismic data interpretation, uncertainties increase in areas where seismic lines are located far from each
other. Therefore, the results of gridding have to be considered with caution in areas with no closeby-located
seismic data.

The structural maps obtained provide unprecedented regional images of the 3-D geometry of the Northern
Variscan Front and the structure of the underthrust southern Laurussian margin in northern France. Fur-
thermore, mapping of the cut-off lines of the base of the Namurian-Westphalian molasse (Figure 13a) and
of the OTSBT (Figure 13b) allows to characterize the southern extent of the syn-orogenic deposits and the
OTS complex below the Ardennes Allochthonous Unit. They also allow us to quantify the relative displace-
ment on the AMBT and the related underthrusting of the Brabant Para-autochthonous Unit.

6.1. 3-D Geometry of the AMBT

The structural map of the AMBT between Arras and Maubeuge shows its general southward deepening
(Figure 13a). It reaches time depths from 0.29 s TWT at the southern edge of the coal-bearing foreland ba-
sin down to 2.86 s TWT south of Cambrai (approximate depth range of 100-6,750 m, based on seismic-well
ties). To the north, tight isochrons highlight a steeper dip of the AMBT near the surface, while spread
isochrons to the south show a lower dip of the AMBT at depth. A comparison between map traces of the
AMBT (black continuous line) and of the basal reflector of the Namurian-Westphalian sequence (dark pink
dotted line) points out that the syn-orogenic deposits extend more than 20 km south of the frontal thrust
zone below the Ardennes Allochthonous Unit. This configuration basically emphasizes a high degree of
localization of displacement on the AMBT.

An important outcome is the lateral evolution of the strike of the AMBT from West (Arras) to East (Maubeu-
ge) (Figure 13a). As mentioned above, the overall orientation of the Northern Variscan Front in northern
France-southern Belgium changes laterally from WNW-ESE (N110-120°) in the Boulonnais and Artois re-
gions, to ENE-WSW (N60-70°) in the Avesnois region and the Ardennes Massif. In our study area, these two
major trends are visible at depth. South of Valenciennes and Lens, the AMBT trends N70-80° and is orthog-
onal to the Variscan shortening direction (i.e., SSE-NNW) (Figure 13a). This is consistent with the general
strike of the Northern Variscan Front known in this area. Therefore, we consider the direction of Variscan
shortening along the AMBT in these regions as frontal. However, south of Douai, the AMBT trends N130°
and is almost parallel to the direction of Variscan shortening (Figure 13a). This major change in strike in-
dicates the presence of a lateral thrust ramp relaying the two frontal thrust ramps to the south of Lens and
Valenciennes. A second-order lateral ramp, striking N120°, is visible NE of Cambrai. An apparently oblique
thrust ramp is also visible further east in the Maubeuge area, where the AMBT trends N110°. Unfortunately,
seismic profiles are lacking in the southern part of this area, which would have allowed us to determine the
actual trend of the basal thrust.

Another major outcome arising from the 3-D integration of the seismic data is the new map trace of the
frontal thrust zone under the Mesozoic-Cenozoic cover between Douai and Valenciennes (Figure 13a). The
latter does not represent the original geometry of the frontal thrust zone but its current state. Indeed, the
frontal thrust zone continued further north during late Carboniferous times and was eroded afterward. The
easily identifiable seismic facies of the AMBT allowed us to accurately interpret its northern extension on
the seismic profiles A55, C083, C099, C101, C122, C586, and M146. East of the M146 profile and in the areas
with no seismic data, the trace of the AMBT corresponds to the trace of the “Midi Fault” (Figure 1a). Some
major changes have been made between Douai and Valenciennes, where seismic data are available. The in-
terpretation of the eastern part of the C586 profile highlighted the presence of two distinct thrusts relaying
at the base of the Ardennes Allochthonous Unit. The eastern thrust, trending N70° and characterized by a
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Figure 13. Isochron maps of (a) the Allochthon Main Basal Thrust (AMBT) (grid cell size of 1500 X 1500 meters) and (b) the Overturned Thrust Sheets Basal
Thrust (OTSBT) (grid cell size of 500 x 500 meters), computed from seismic interpretation. Contour lines are every 0.05 s. The modeling was carried out using
IHS Kingdom Software. Map coordinates are in French Lambert 93. A new outline of the AMBT truncated by the Mesozoic-Cenozoic cover is proposed, based
on the results of the seismic interpretation.

frontal ramp geometry south of Valenciennes, is truncated to the west by a second thrust, trending N130°
south of Douai (lateral ramp) and N70-80° south of Lens (frontal ramp) (Figure 13a). Therefore, this result
indicates that the Northern Variscan Front appears to have a segmented geometry in northern France, rath-
er than a continuous one (Figure 13a). The lateral ramp south of Douai relays two major frontal thrusts of
a segmented Northern Variscan Front, trending generally WSW-ENE.
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6.2. 3-D Geometry of the OTSBT

The structural map of the OTSBT indicates that this basal thrust deepens southward and reaches depths be-
tween 0.34 s TWT in the coal basin and 2.28 s TWT to the south (approximate depth range of 100-5,500 m,
based on seismic-well ties), where it intersects the AMBT (Figure 13b). Its cut-off line is represented on
the grids of both the AMBT (Figure 13a) and the OTSBT (Figure 13b). A striking feature on this map is the
substantial southward extension of the OTS. Indeed, the OTSBT and consequently the OTS extend over
15-25 km between their northern limit in the coal basin and their cut-off line with the AMBT to the south.

Major strike variations are evidenced by the 3-D integration of seismic interpretation between Douai and
Maubeuge cities, thus, illustrating the lateral evolution of the OTSBT geometry. To the east (area of Va-
lenciennes), this thrust is orthogonal to the Variscan shortening direction (i.e., SSE-NNW) as it strikes
approximatively N70°. It follows therefore the overall structural trend of the Northern Variscan Front in
the Avesnois region and the Ardennes Massif (i.e., WSW-ENE). The OTSBT strike changes progressively
westward, from WSW-ENE to SE-NW (N110-130°) in the area of Douai. Accordingly, it highlights the
transition from a frontal thrust ramp geometry near Valenciennes to an oblique and lateral thrust ramp ge-
ometry southeast of Douai. Local changes in strike are visible in a few areas. The transverse structure seems
to be transferred east of Cambrai into a rather steep about N160 ramp as observed at the western end of the
C576 profile (Figure 11). The related abrupt deepening delimits eastward a zone of maximum depth of the
OTSBT, whereas it appears to be bounded by a N070 trending ramp along its northern border (close to the
Epinoy borehole). Another lateral thrust ramp can be identified northwest of Maubeuge, where the OTSBT
trends about N130°. However, seismic data crossing the thrust front at the eastern end of the study area are
lacking and a precise description of the 3-D geometry in this area is not possible.

An interesting correlation appears when comparing the 3-D geometries of both the AMBT and the OTSBT.
The lateral or oblique ramps of both thrusts are superimposed, as well as the frontal ramps. For instance,
the second-order lateral ramp of the AMBT northeast of Cambrai, is superimposed to the lateral ramp
of the OTSBT identified in this area (Figure 11). Likewise, the strike-deviation zone between Douai and
Valenciennes coincides geographically with that of the AMBT, presented above (Figure 13a). This finding
is important because it shows that both of these out-of-sequence thrusts were deformed along the same
two main axes between Lens and the Belgian border. The first axis (N60-70°) is orthogonal to the Variscan
shortening direction in the area of Valenciennes, whereas the second one (N110-130°) is parallel or oblique
to the Variscan shortening direction in the areas of Douai, Maubeuge and northeast of Cambrai.

6.3. 3-D Geometry of the Southern Laurussian Margin

We computed a structural map of the top-Givetian limestone sequence at the base of the Brabant Para-au-
tochthonous Unit (Figure 14). This map is the first 3-D image showing the structure of the underthrust,
slightly deformed southern Laurussian margin in northern France. This map shows that the Givetian car-
bonates are present at a depth between 0.29 and 3.47 s TWT (approximate depth range of 50-8,500 m, based
on seismic-well ties). They generally gently deepen southward in response to the thrust-loading flexural
bending of the Brabant Parautochthonous Unit. To the north, in the coal basin area, the Middle Devonian
carbonate sequence displays a steeper monoclinal geometry, as shown by the tightened and parallel isoch-
rons. It strikes N120-130° in the area of Douai and N70° north of Valenciennes. South of the coal basin area,
the southern Laurussian margin has a more irregular geometry as emphasized by the 3-D geometry of the
top Givetian reflector. Between Maubeuge and Cambrai, it slowly deepens towards the south-west and is
characterized by an alternation of quite flat levels with steeper-dipping levels, defining a staircase geometry
striking around N130°. Between Lens and Cambrai, the southern Laurussian margin has an overall N50°
orientation and deepens towards the south-east.

Seismic interpretation has shown that the Brabant Para-autochthonous Unit is deformed by major deep
structures (both compressional and extensional) south of the coal basin area. Some of them have been cor-
related from line to line and are illustrated on the structural map of the Givetian top (Figure 14). Between
Arras and Cambrai, the top-Givetian reflector is affected by a pair of anticline and syncline (orange folds
axes) striking N120-130°. Those folds correspond to the deep anticline and associated syncline interpreted
on the C083 seismic profile (Figure 10).
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Figure 14. Isochron map of the top of the Givetian (grid cell size of 100 X 100 meters). This structural grid was modeled based on the seismic interpretation of
the Givetian top. The modeling was carried out using IHS Kingdom Software. Equidistance is 0.05 s. Map coordinates are in French Lambert 93.

The syn-sedimentary normal faults inherited from the pre-orogenic Laurussian margin deformation have
also been laterally correlated and illustrated on the structural map (Figure 14). In detail, three different
sets of faults strikes can be distinguished from the east to west: a) N120° south of Valenciennes, b) N130°
south of Douai-Lens and c) about N70-80° in the central region. Considering that the N120° and N130°
striking sets cannot be regarded as significantly different fault systems, it can be inferred that the south-
ern Laurussian margin was basically segmented by a system of normal faults striking N70-80° and N120-
130°. This finding is consistent with previous studies that suggest that the Laurussian margin in northern
France-southern Belgium was segmented by a set of N50-70° and N110-130° trending normal faults during
the syn-rift Devonian stage (e.g., Meilliez et al., 1991; Lacquement, 2001). These syn-sedimentary normal
faults have significantly contributed to the southward deepening of the southern Laurussian margin and
the associated thickening of the Devonian series. It is particularly visible southeast of Arras, where the
N130-trending normal faults are characterized by an important down-dip throw responsible for the sub-
stantial deepening of the Devonian layers towards the south-west and the associated thickening of the
Upper Devonian sequence (Figure 9).

The superposition of Variscan structures and pre-existing Devonian normal faults is well illustrated in 3-D
on the structural map of the AMBT (Figure 13a). Except for the region located south of Valenciennes, the
geometry of the AMBT follows the strike of the Devonian normal faults in its footwall. Furthermore, com-
parison of the structural maps of the AMBT (Figure 13a) and OTSBT (Figure 13b) to the structural map of
the Givetian top (Figure 14) reveals a spatial correlation between the geometry of the Variscan thrusts and
the topography of the Devonian substratum in the footwall of these faults. Indeed, frontal thrust ramps of
the AMBT (Figure 13a) and OTSBT (Figure 13b) developed where the rifted Laurussian margin was trend-
ing N60-80° and deepened southeastward, while the lateral and oblique thrust ramps developed, trending
N110-130° and deepening southwestward. For instance, the N130° trend of the lateral ramp of the AMBT
south of Douai matches the trend of the underlying Laurussian rifted margin. The strike-deviation zone be-
tween Douai and Valenciennes coincides with a major change in orientation of the underlying substratum.
Northeast of Cambrai, the superimposed lateral ramps of the AMBT and OTSBT, both visible on the seismic
data (Figure 11) and structural maps, developed above the edge of a topographic trough, trending SE-NW.
Overall, the main Variscan thrusts seem to be molded on the topography of the Laurussian margin inherited
from the Devonian Rheno-Hercynian extensional event.
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7. Discussion
7.1. New Insights on the Geometry of the Northern Variscan Front in Northern France

Our seismic interpretation provides a new understanding of the 3-D geometry of the North Variscan Front
in northern France, so far locally described from 2-D geological cross-sections. The along-strike lateral
changes in the geometry of the thrust front and its controlling factors are discussed below.

7.1.1. Segmentation of the Thrust Front

Study of the 3-D geometry of the two main thrusts of the Northern Variscan Front (AMBT and OTSBT)
demonstrates the existence of major lateral ramps south of Douai, relaying two frontal thrust segments:
the first one located south of Valenciennes, and the second one south of Lens (Figure 13). This new finding
corroborates several studies (Averbuch et al., 2002; Lacquement, 2001; Lacquement et al., 2005; Mansy &
Meilliez, 1993; Meilliez, 1989; Raoult, 1986) that suggest that the zones of major change in strike observed
along the Northern Variscan Front of NW Europe correspond to lateral or oblique thrust ramps relaying
several major thrusts of a segmented front.

At a smaller scale, some previous studies focusing on a similar change in strike in the Meuse valley-Dinant
recess (Ardennes Massif) (Lacquement et al., 2005; Szaniawski et al., 2003) have suggested that these lat-
eral and oblique ramps, including the one located south of Douai, may have acted as transfer zones during
the propagation of the thrust front in late Carboniferous times. They would have localized transpressional
corridors that accommodated components of both right-lateral strike-slip deformation and oblique short-
ening. Such a process was evidenced by analog modeling experiments (e.g., Martinez et al., 2002; McClay
et al., 2004) showing that convergence oblique with respect to the margin can lead to strain partitioning be-
tween margin-normal contraction and margin parallel strike-slip faulting. This could apply south of Douai
where the Laurussian margin is parallel-to-oblique with respect to the direction of the Variscan shortening
(Figure 14). The transverse shortening localized along the lateral ramps evidenced on the C576 seismic
profile (Figure 11) is likely to reflect such transpressional deformation partitioned between different faults.

7.1.2. Structural Inheritance

Results of the seismic interpretation showed that Variscan thrust ramps localized above Devonian nor-
mal faults, therefore suggesting that these pre-existing extensional structures acted as areas of preferential
nucleation of the subsequent contractional thrust ramps. We argue that such basement discontinuities fo-
cused contractional stress during the northward propagation of the thrust front in Late Mississippian-Mid-
dle Pennsylvanian and consequently had a buttressing effects that controlled the nucleation of subsequent
thrust ramps. This phenomenon has been observed and described already in the 1980s (Butler, 1989; Gill-
crist et al., 1987; Schedl & Wiltschko, 1987; Wiltschko & Eastman, 1983) in various fold-and-thrust belts, es-
pecially in the Appalachians (Konstantinovskaya et al., 2014; Thomas, 2001, 2007), in the Apennines (But-
ler et al., 2006; Scisciani, 2009; Tavarnelli, 1996, 1999), in the Jura Mountains (Malz et al., 2020; Ustaszewski
& Schmid, 2006), in the Alps (Butler et al., 2006), in the Himalayas (Butler, 2020), and at the eastern end
of the Variscan deformation front in Poland (Krzywiec et al., 2017; Kufrasa et al., 2020), among others. The
structure of the Northern Variscan Front in northern France provides a new example of the control exerted
by inherited extensional basement structures on the deformation of a propagating thrust front.

At a regional scale, structural maps reveal that the 3-D geometry of the main Variscan thrusts (AMBT and
OTSBT) (Figure 13) can be correlated to the topography of the underlying rifted structures of the Laurus-
sian margin (Figure 14). Results show that the major lateral ramps of the AMBT and OTSBT south of Douai
formed above the SW-deepening Laurussian margin segmented by N130° striking Devonian normal faults,
parallel to the shortening direction. Various natural case studies (Amadori et al., 2019; Lacombe et al., 2003;
Lacquement et al., 2005; Paulsen & Marshak, 1999; Ustaszewski & Schmid, 2006), and analog modeling
experiments (e.g., Calassou et al., 1993) have emphasized the significant control exerted by inherited base-
ment topography on the geometry and segmentation of thrust fronts along-strike, especially by localizing
lateral or oblique ramps, salients and reentrants. Examples in the Jura Mountains (France) (Ustaszewski
& Schmid, 2006), in the Sevier fold-thrust belt (Utah, USA) (Paulsen & Marshak, 1999) or in Taiwan (La-
combe et al., 2003) have shown that lateral or oblique thrust ramps of a propagating thrust front are likely to
form above basement offsets (often fault-related) trending parallel or oblique with respect to the shortening
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direction. By localizing both Variscan frontal and lateral ramps, the inherited structure of the southern
Laurussian margin had a major impact on the 3-D geometry and along-strike segmentation of the Northern
Variscan Front.

7.2. Synthesis of the Kinematic Evolution of the Northern Variscan Front in Northern France

Results of our seismic interpretation emphasize the main tectonic features of the Northern Variscan Front
in northern France. We aim now at providing a regional scope to the structural and kinematic model of the
thrust front previously described on the basis of local studies in the Valenciennes (M146 seismic profile,
Figure 3) (Averbuch et al., 2018; Lacquement, 2001; Lacquement et al., 1999; Mansy et al., 1997) and Artois
regions (Minguely et al., 2008) and attempt an unprecedented regional synthesis of the kinematic evolution
of the Northern Variscan Front in northern France. It takes into account known elements from previous
studies on the thrust front, as well as additional contributions from our study, in particular (a) the quantifi-
cation of the regional underthrusting of the foreland basin, (b) the deep folding and thrusting of the Brabant
Para-autochthonous Unit, and (c) the nucleation of thrusts ramps above pre-existing basement faults. We
present and detail a new conceptual tectonic model for the kinematic evolution of the thrust front showing
the successive stages of deformation during the Late Mississippian-Middle Pennsylvanian (Figure 15). The
evolution is divided into seven stages (from A to G), with A representing the early compressional stage of
the Variscan foreland (Late Mississippian), and F the last compressional stage (Middle Pennsylvanian);
stage G depicts the present-day situation. The specific tectonic features of the thrust front visible on this
model are discussed below.

7.2.1. Localized Displacement of the Ardennes Allochthonous Unit Onto the AMBT

Our seismic interpretation has emphasized the high degree of localization of displacement onto the AMBT
during the Variscan shortening stage. First-time regional quantification of the relative underthrusting of
the foreland basin revealed the latter extends on average 20-25 km southward below the Ardennes Alloch-
thonous Unit (Figure 13a). Based on the restoration of the M146 seismic section (Figure 3), and corrobo-
rated by the seismic profiles trending almost parallel the average transport direction presented above (Fig-
ures 7 and 8), a total displacement of at least 50 km can be estimated along the AMBT (stage F, Figure 15).
However, these values are likely to be underestimated, considering that the thrust front extended further
north in late Carboniferous times and was later eroded (stage G, Figure 15).

Similar examples of thrusts localizing important displacement exist in various fold-and-thrust belts. In the
Southern Apennines (Italy), the Lagronegro allochthon accommodated more than 65 km of displacement
(Butler, 2020; Butler et al., 2004), resulting in the large underthrusting of the Apulian foreland. In the
Central Salt Range (Pakistan), the Salt Range Thrust localized about 25 km of displacement (Butler, 2020;
Qayyum et al., 2015). Numerous studies based on analog modeling and studies of natural cases, argue that
syn-kinematic sedimentation exerts a strong influence on the structural evolution of a thrust wedge (e.g.,
Storti & McClay., 1995; Barrier et al., 2002; Bonnet et al., 2008; Wu & McClay, 2011; Graveleau et al., 2012).
Butler (2020) showed that if there is little or no sedimentation at the toe of an emergent thrust front, an
individual emergent thrust having a low-angle dip can localize a large amount of slip and carry thrust
allochthons, therefore creating a significant sub-thrust or underthrust foreland. If the sedimentation rate
increases at the thrust front, the emergent thrust may steepen significantly therefore reducing its tendency
to slip. Consequently, deformation may be transferred onto new additional structures in the thrusts hang-
ingwall and footwall.

We, therefore hypothesize that surface processes may have had a significant influence on the geometry of
the Northern Variscan Front in northern France. A low sedimentation rate at the toe of the propagating
AMBT would provide a viable explanation for the high degree of localization of displacement on the AMBT
(stages B and C, Figure 15). This would be consistent with the low-angle dip of the AMBT visible south of
the frontal thrust zone (Figure 13a) and at the southern end of the seismic profiles. A later increase in sed-
imentation rate in the foreland basin may have had a significant influence on the steepening of the AMBT
in the frontal thrust zone (Figure 13a), evolving from a footwall flat geometry with large displacement into
a footwall ramp geometry with lower displacement (stages D, E, F, Figure 15).
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Brabant Para-autochthonous Unit, OTS: Overturned Thrust Sheets. Numbers 1, 2 and 3 correspond to the order of activation of the different thrust faults, the
OTSBT, the “Cran de Retour” thrust and the “Midi Fault,” illustrating the out-of-sequence deformation sequence of the Northern Variscan Front during late
Westphalian times.

7.2.2. Out-Of-Sequence Dislocation of the Thrust Front

The detailed interpretation of the C083 profile (Figure 10 & 12) and the analysis of the structural map of the
OTSBT (Figure 13b) demonstrated that the OTS have the overall geometry of a recumbent syncline north
of Cambrai and are truncated by the AMBT at least 15 km south of the frontal thrust zone. The overturned
limb of this recumbent syncline is likely to correspond to that of a major thrust-related anticline, whose
progressive rotation and overturn was induced by the basal shear associated to the large displacement of
the Allochthonous Unit on the AMBT (stages C, D, E, F, Figure 15). The existence of such an antiform was
established in the “Condroz inlier” of the Belgian Ardennes, along the Meuse River Cross-section (Adams
& Vandenberghe, 1999; Khatir et al., 1992; Le Gall, 1992; Raoult & Meilliez, 1987), where lower Paleozoic
rocks are exposed. Within the OTS complex, internal strain is likely to have been accommodated by the
formation of Riedel-type low-angle normal shear planes of minor scale, as observed in Figure 12 and in the
coal-bearing molasse from the NPC basin (e.g., Bouroz, 1950; Le Gall, 1994; Meilliez, 2019). This kind of
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structures represent relatively uncommon objects in mountain fronts and foreland basins but they were de-
scribed in highly strained zones below forelimb thrusts in different foreland fold-thrust structures (i.e., the
Jura, NE Pyrenees, Central Apennines) (Averbuch et al., 1992, 1995; Smeraglia et al., 2020). The particularly
large horizontal simple-shear strain associated with the forward rotation of the forelimb of the thrust-relat-
ed anticline developed above the frontal ramp of the AMBT is likely to account for the unusual mechanical
conditions controlling the generation of such a low-angle normal fault (Frizon de Lamotte et al., 1995).

The anticline was sequentially cross-cut by out-of-sequence forelimb thrusts, identified in the region as
the “Cran de Retour” thrust (2 in Figure 15) and the “Midi Fault” (3 in Figure 15), the latter being the last
out-of-sequence thrust (stages D, E, F, Figure 15). Such an out-of-sequence dislocation of the frontal thrust
zone can be explained in different ways. It may evidence an impossibility of the thrust front to propagate
further north due to, for instance, an uplift of the Brabant Massif that acted as a buttress located in front
of the propagating Variscan thrust wedge (Averbuch et al., 2004; Mansy et al., 1999). This mechanism is a
feature predicted by analog modeling of basement asperity subduction (Dominguez et al., 2000; Lallemand
et al., 1992). This could partly explain the observed re-entrant of the thrust front rearward of the deep Or-
chies anticline (Marshak, 2004). Such a mechanical locking is known in other natural cases as in the Central
Sivas Basin (Turkey) where a topographic high, the crustal Kirshehir block, limited the propagation of the
deformation front, resulting in a structural uplift of the fold-thrust belt through an antiformal stack (Legeay
et al., 2020). Alternatively, the influence of large volume of syntectonic sedimentation in front of the active
thrust front may have led to a backward sequence of thrusting and steepening of the thrust sheet (Barrier
et al., 2002; Butler, 2020).

7.2.3. Variscan Reactivation of the Front of the Anglo-Brabant Deformation Belt

Seismic interpretations (C083 profile, Figure 10) and analysis of the structural map of the top-Givetian
horizon (Figure 14) revealed the existence of a N120-130 trending deep anticline-syncline pair of folds
within the Brabant Para-autochthonous Unit, west of Cambrai. Accounting for the close proximity of the
Northern Variscan Front and the late Caledonian Anglo-Brabant deformation belt in the study area (Mansy
et al., 1999; Pharaoh, 2018; Pharaoh et al., 1993; Van Grootel et al., 1997), we suggest that this deep anticline
may have accommodated shortening associated with the Variscan reactivation of south-vergent thrusts of
the Anglo-Brabant deformation front buried within the basement (stages D to F, Figure 15). This hypothesis
is supported by the orientation of the WNW-ESE main structural trend of the Anglo-Brabant deformation
belt (Mansy et al., 1999; Pharaoh, 2018; Pharaoh et al., 1993; Van Grootel et al., 1997). The pronounced flex-
ure and monoclinal geometry of the Brabant Para-autochthonous Unit delimiting to the north the foreland
basin (Figure 14), could possibly have the same origin (Figure 15).

The poor quality of the seismic data in the basement does not allow imaging the deep late Caledonian
thrusts. Such structures have, however, been observed on seismic data further west in the Artois region
(Minguely et al., 2008) (location in Figure 1a). In this area, north-verging Variscan thrusts and south-verg-
ing basement thrusts, interpreted as possible frontal thrusts of the Anglo-Brabant fold belt, form a peculiar
frontal triangle zone that uplifted the foreland. Analog modeling experiments conducted for the Artois
region (Minguely et al., 2008) and the northern Apennines (Toscani et al., 2014) investigated the mech-
anism of deformation of two interfering thrust fronts having opposite vergence. Results showed that the
pre-existing thrusts (i.e., the late Caledonian thrusts) seems to be reactivated once the northern tip of the
younger propagating thrust wedge (i.e., the Variscan thrust wedge) reached the pre-existing thrust front
(i.e., the Anglo-Brabant thrust front). Analog modeling experiments (Minguely et al., 2008) argue that the
reactivation of such deep inherited thrusts, forming part of a deep frontal triangle zone and resulting in
the relative uplift of the Brabant foreland, would have exerted a major buttressing effect in front of the
northward propagating Variscan thrust front. Such a process is likely to have enhanced both the localiza-
tion of displacement on the single AMBT and the out-of-sequence dislocation of the hangingwall anticline
developed previously at the tip of the propagating thrust front (stages D to F, Figure 15). Similar cases have
been observed in emergent fold-and-thrust belts in the Alps (Ortner et al., 2015) or the Andes (Calderon
et al., 2017). For example in the Alps (western Austria, southern Germany), the formation of a frontal trian-
gle zone stopped the foreland propagation of the Alpine thrust front and initiated a break-back sequence of
thrusting into the hinterland (Ortner et al., 2015).
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8. Conclusions

Seismic profiles presented in this article show the 3-D structure and kinematics of the Northern Variscan
Thrust Front in northern France. The frontal thrust zone (AMBT) is shown to localize the displacement of
the Ardennes Allochthonous Unit over more than 50 km above the Laurussian margin referred here as the
Brabant Para-autochthonous Unit. This large displacement induced underthrusting of the molassic fore-
land basin and its truncation by a major out-of-sequence thrust (the shallow part of the AMBT, frequently
referred to as the Midi fault). An extensive complex of dominantly overturned thrust sheets (the OTS com-
plex) at the sole of this thrust, is interpreted as the result of dissection of a previous major hangingwall an-
ticline at the tip of the AMBT, its forelimb being successively cross-cut and overturned by basal shear along
the footwall of the propagating out-of-sequence major thrust.

A major outcome of our 3-D approach is the characterization of a major NW-SE-trending lateral ramp,
approximatively along a line Douai-Cambrai and that affects both the main frontal thrust (AMBT) and the
OTSBT. This deep-seated ramp marks the western extent of the OTS complex. This is a major relay zone
along the thrust front in between the eastern segment (trending ENE-WSW between Valenciennes and
Douai), where the molassic foreland basin is largely underthrust (more than 20 km) below the Allochtho-
nous Unit, and the western segment (trending WNW-ESE in the Boulonnais and Artois regions) where
no underthrusting occurred. The way this transfer zone is accommodated in the foreland basin is poorly
known and thus remains a major objective for future research.

Another key result is the 3-D characterization of the Brabant Para-autochthonous Unit. Along with the
overlying Namurian-Westphalian synorogenic layers trapped in the Northern Variscan foredeep, these are
deformed by a series of second-order north-verging thrust faults often associated with ramp-related folds
developed at their hangingwall. The transition zones between (a) the Famennian shales and the underlying
Frasnian limestones, and (b) the Namurian shales and the Dinantian carbonates form the main décolle-
ments within this unit.

We showed that at the base of the Brabant Para-autochthonous Unit, the Middle-Upper Devonian sequence
has been deformed by syn-sedimentary normal faults. Those faults are responsible for the general thick-
ening of the Devonian sequence towards the south or southwest. Their N060-080° and N110-130° trend
corresponds precisely to the strike of the frontal and lateral ramps of the Variscan thrust wedge. Our seismic
interpretations also confirm that numerous Variscan thrusts formed right above the Devonian syn-sedimen-
tary normal faults. This observation is valid for both the frontal and lateral ramps and points out the impact
of mechanical heterogeneities on the localization of later thrust ramps. Indeed, rift-related deformation in
the southern Laurussian margin has exerted a major control on the dynamics of the thrust front by con-
trolling the spacing between individual thrusts, the frictional conditions at the base of the thrust wedge and
its along-strike segmentation.

Seismic interpretations revealed the presence of deep folds within the underthrust foreland affecting both
the Para-autochthonous Unit and its lower Paleozoic substratum. We propose that their origin is associated
with the activation of a deep-seated early Paleozoic backthrust in the basement. The pronounced flexure
delimiting to the north the coal-bearing foreland basin and exhuming the lower Paleozoic basement could
possibly have the same origin. Such deep foreland back-thrusts are likely to have exerted a major buttressing
effect in front of the northward propagating Variscan thrust front, thereby possibly enhancing its out-of-se-
quence dislocation and the localization of slips along one single major thrust (i.e., the AMBT).

Finally, we propose a conceptual tectonic scenario that fits the main geometric and kinematic character-
istics of the Variscan frontal thrust zone in northern France. Hopefully this scenario should benefit from
further input of new field and subsurface data, and thus remains to be explored to better constrain the kin-
ematic evolution of this ancient mountain front.

Data Availability Statement

According to French laws, the field seismic data are publically available at http://www.minergies.fr/fr. The
reprocessed seismic data (SEG-Y) used in this paper belong to the BRGM, so they can be released only with
a formal agreement with the BRGM.
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