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A Deformed Wedge-Top Basin Inverted During the
Collapse of the Variscan Belt:
The Permo-Carboniferous Lorraine Basin (NE France)
Romain Hemelsdaël1*, Olivier Averbuch2, Laurent Beccaletto3, Alain Izart4, Stéphane Marc3,
Laure Capar3, Raymond Michels1

Abstract
A new structural model is presented for the Permo-Carboniferous Lorraine Basin (NE France), a major
intramountain basin that developed during the latest stages of the Variscan orogeny (ca. 315–270 Ma).
Digitalized well logs and reprocessed seismic data were used to decipher the kinematic evolution of this basin
located along the Rhenohercynian orogenic suture zone. The basin was initiated during the late collision stage
(Early to Middle Pennsylvanian) in a wedge-top position upon the Saxothuringian retro-wedge. The syn-orogenic
sequence is delimited to the north by the major SE-verging Metz Thrust, which is part of the backthrust system
that propagated during Middle Pennsylvanian (Late Westphalian). Seismic data provide evidence of negative
tectonic inversion, allowing the formation of syn-rift depocenters (Late Pennsylvanian-Early Permian) above the
former anticlines. Erosion of these anticlines results in a major unconformity marking the onset of post-orogenic
collapse. The late Early Permian shortening (Saalian phase) is suggested to reactivate former thrusts and
normal faults, thus generating late uplift of the basin. The post-orogenic phase is complex and diachronous at
basin scale, and both compression and extension can be recorded in the same area over a short period (less
than 10 Myr). The Late Carboniferous negative tectonic inversion along the Rhenohercynian suture zone is
proposed to result from the lithospheric delamination of the Variscan orogenic roots. The associated upwelling of
asthenospheric material is recorded by intense magmatic activity, and can be, in turn, considered as the main
trigger for the subsequent thermal subsidence of the Mesozoic Paris Basin.
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1. Introduction
Since the late eighties, the late evolution of collisional oro-
genic systems and the return to post-orogenic gravitationally-
stable lithospheric conditions have been the focus of a large
number of geodynamic studies. The main outcome of these
studies is that the long-term destruction of the orogenic re-
lief is not only achieved by denudation but also by tectonic
collapse [18, 28, 78, 82], the gravitational instability of oro-
genic relief being driven both by stress field evolution at
plate boundaries and by the thermal weakening and partial
removal of the orogenic lithospheric root [7, 51, 55, 85, 94,
100]. This late destabilization of the orogen implies a dy-
namic coupling between lithosphere-scale geodynamics (e.g.,
slab break-off, lithospheric delamination and related astheno-
spheric upwelling) and shallow tectonic processes (e.g., nor-
mal faulting and related flexural response) inducing a complex
combination of areas undergoing rock uplift or subsidence
[28, 45, 44, 82, 94]. These coupled mechanisms have some
direct implications on the reorganization of the drainage sys-
tems within the orogenic belt as well as spatial and temporal
evolution of intramountain depositional and erosional patterns
[128].

The thermo-mechanical configuration of the thickened
orogenic lithosphere is a major parameter to take into account
in this late orogenic tectonic collapse process [71]. The exten-
sional reactivation of major thrust zones (also referred to as
negative tectonic inversion) has been frequently shown as a
basic mode of deformation in post-orogenic continental basins
[60, 73, 78, 83, 84, 93, 95, 113, 114, 117, 121, 122, 126]. The
relationships between extensional (or transtensional) faults
controlling the tectonic subsidence and the under- lying thrusts
are, however, rarely fully constrained at depth. In this paper,
seismic profiles from the late- to post-orogenic Lorraine Basin
provide the opportunity to discuss the relationships between
thrusts and normal faults during the collapse of the West Eu-
ropean Variscan orogenic system.

Buried below the Mesozoic cover of the Paris Basin in
NE France, the Lorraine Basin forms the western contin-
uation of the Saar-Nahe Basin in SW Germany (figure 1).
Such Lorraine-Saar-Nahe Basin (LSNB) developed within the
Variscan orogenic system after the final mid-Carboniferous
collision phase [106, 109]. This major intramountain basin
represents the largest Permo-Carboniferous basin in Europe.
It is bounded to the north by the crustal-scale South-Hunsrück
Fault (SHF) that closely follows the suture zone of the Rheno-
hercynian oceanic realm, between the northern Avalonian and
southern Saxothuringian continental blocks (figure 1). This
peculiar setting along the orogenic suture zone provides a
major opportunity to record the late-stage dynamics of this
European-scale subduction-collision system.

The Permo-Carboniferous successions of Lorraine and
Saar regions (in France and Germany, respectively) were ex-
tensively investigated for coal exploration and mining during
the last century [25, 29, 39, 104]. More recently, crustal-scale
seismic imaging was produced in the frame of the ECORS-
DEKORP programs, at the northern and southern tips of the
LSNB (figure 1); that is, the profiles DEKORP88 1C-9N
and ECORS Vosges-Southern Rhine transect, respectively
[17, 30, 50, 65, 125]. Despite such long-lasting geological
and geophysical investigations, the tectonic development of
the LSNB is still debated, and some inconsistencies remain
regarding the kinematics of the main border fault zone and
the different deformation phases (e.g. [66]).

Geophysical exploration for oil and gas in the Lorraine
Basin in the 1980s–1990s provided a large set of 2D seismic
data to constrain basin geometries and kinematics at depth.
Among this set of mostly unpublished seismic profiles, eleven
selected profiles (representing 438 km) were reprocessed in
the frame of the present study. The interpretation of the seis-
mic profiles is calibrated by nine deep boreholes, allowing the
construction of a 3D geological model with coherent stratig-
raphy, thereby leading to a revised structural framework and
a new kinematical model for basin development. This paper
focuses on the evidences of negative tectonic inversion of
Variscan thrusts to explain the development of the Late Penn-
sylvanian (Stephanian)-Early Permian half-graben structures,
the underlying Early to Middle Pennsylvanian (Westphalian)
strata being involved in growth thrust-related anticlines during
the syn-orogenic phase. The proposed model allows for the
definition of a coherent structural evolution in the Lorraine
and Saar-Nahe segments of the basin, accounting for the de-
velopment of the main stratigraphic units and border fault
system.

2. Geological Setting of the
Lorraine-Saar-Nahe Basin (LSNB)

2.1 Variscan Tectonic Framework
The Permo-Carboniferous LSNB extends from SW Germany
to NE France with a WSW-ENE lateral extent of about 300
km. It is about 100 km wide, and for a large part buried be-
low the Triassic-Jurassic cover of the Paris Basin (Figures 1,
2). The LSNB forms a deep Late Paleozoic trough, filled by
up to 8 km thick continental sediments deposited in fluvial
to lacustrine environments [104, 106]. Within the Variscan
orogenic system, the LSNB represents a major intramoun-
tain basin located just south of the Rhenohercynian suture
zone. The latter forms the surface trace of the southward
subduction of the Rhenohercynian oceanic slab and of the
adjoining distal southern continental margin of Avalonia (SW
part of Laurussia) below the Saxothuringian-Moldanubian
units of the upper lithospheric plate (northern part of Gond-
wana) [7, 31, 37, 88, 129]. This suture is characterized by
the northward thrusted units of the Northern Phyllite zone
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Figure 1. Geological map of eastern France and SW Germany, with the Mesozoic and Cenozoic sedimentary covers in
transparency. The limits classically proposed for the Carboniferous-Permian subcrops at depth, are also reported [27].
Transects indicate the location of the ECORS and DEKORP seismic profiles as well as the Paris Basin cross-section
represented below [43]. The inset map shows the location of the Lorraine-Saar-Nahe Basin (LSNB) within the main tectonic
domains of the Variscan orogen (compiled from [34, 38, 48, 109]).
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(SW Rhenish massif), a heterogenous tectonic assemblage
of rocks originating from the Devonian-Early Carboniferous
Rhenohercynian-Avalonian passive margin oceanic shelf suc-
cession [3, 37, 88]. These rocks were involved in the subduc-
tion zone but exhibit rather low peak-pressure conditions (i.e.,
only 6.5 kbar) indicating a limited amount of burial within the
subduction channel before their exhumation [79].

To the north of the LSNB, the Hunsrück-Taunus massif
forms the internal part of the Variscan Rhenohercynian zone,
dominated by folded and thrusted Early Devonian clastic shelf
sediments, formerly deposited along the distal southern rifted
margin of the Avalonian (Laurussia) continent [90].To the
south-east, the LSNB lies upon the units of the Saxothuringian
retrowedge and more specifically on its northern border re-
ferred to as the Mid-German Crystalline Rise (MGCR). The
latter represents a main site for syn-orogenic magmatism and
the resultant relief, a significant clastic source for the LSNB
toward the NW. Southward subduction and closure of the
Rhenohercynian ocean indeed resulted in the formation of a
late Devonian–mid Carboniferous magmatic arc on the north-
ern flank margin of the Armorican-Saxothuringian microplate
[88]. This magmatic arc formed a 75–100 km wide unit that
can be traced along the strike of the suture zone over a distance
of about 1,000 km. The Vosges and Black Forest Massifs are
the exposed remnants of the MGCR in the area under study
[30, 88].

2.2 Structural Development of the LSNB
The kinematic evolution of the LSNB is directly coupled
with the geodynamics of the Rhenohercynian suture zone. In
SW Germany, the South-Hunsrück border fault (SHF) bound-
ing the Rhenohercynian thrust belt was first considered as
a steep dextral strike-slip fault of 5–8 km of lateral offset
associated with some significant transtensional component
[65, 111]. Based on the interpretation of the DEKORP88 1C-
9N seismic profile (Figure 1), this first-order major structure
has been alternatively interpreted as a major listric normal
fault that soles onto the suture zone at mid-crustal level, and
resulting in the overall half-graben geometry of the basin
[50, 89]. This crustal-scale normal fault is considered to have
controlled the tectonic subsidence of the Saar-Nahe Basin
from Early Pennsylvanian to Early Permian times (ca. 285
Ma). In addition, during the extensional phase, a series of
NW-SE trending (about N130) transfer faults with inferred
transtensional movements display a strong lateral segmenta-
tion of the basin, delimiting distinct depocenters with facies
and thickness variations [10, 49, 109, 115].

Such model of basin development, considering the long-
term syn-rift tectonic subsidence of Permo-Carboniferous
sequences was also proposed for the Lorraine segment of the
basin, the Metz Fault being considered as the direct prolonga-
tion of the SHF [25, 29]. The connection between these two
faults was also considered [66] but the authors pointed out the

inconsistency between the geometry of the Metz Fault delim-
iting the Lower-Middle Pennsylvanian coal-bearing strata in
Lorraine and that of the SHF defined as a Late Pennsylvanian-
Early Permian growth normal fault in the Saar-Nahe region.
This inconsistency was attributed to an hypothetical along-
strike migration driven by dextral strike-slip movement along
the Metz-South Hunsrück fault zone [66, 105, 106]. Although
generally considered as a certainty, the direct connection be-
tween these two faults remains questionable. Originally, the
Metz Fault was defined as a NW-dipping thrust rather than
a SE-dipping normal fault [47]. In addition, the western ter-
mination of the SHF is divided into two main branches, a
northern one and a southern one delimiting the Merzig graben
(Figure 1). The Metz Fault is assumed to correspond to the
southern branch through a significant strike deviation, while
the northern fault branch is not considered in the Lorraine
segment of the basin. However, the gravimetric data and
boreholes (e.g., Varennes and Vacherauville, (Figure 3)) sug-
gest that the Upper Pennsylvanian-Lower Permian sequence
largely extend north of the Metz Fault [26, 27, 29].

Another point that is not fully accounted for by the model
of continuous tectonic subsidence is the existence of a ma-
jor unconformity between the Lower-Middle Pennsylvanian
(Namurian-Westphalian) and Upper Pennsylvanian (Stepha-
nian) to Lower Permian sedimentary successions, the lower
one being considered to be affected by gentle folding and
localized erosion (up to 1,000 m) before the deposition of the
upper one [66, 98, 105]. The Lower-Middle Pennsylvanian
strata exhibit a system of ENE-WSW trending folds relaying
along strike (the Saarbru cken, Merlebach, Pont-a -Mousson
(PAM) and the Alsting-Morhange folds), the forelimbs of
which are locally affected by SE-verging thrusts. Based on
localized subcrop data suggesting the involvement of Upper
Pennsylvanian layers within fold-thrust structures (the Saar-1
borehole south of Saarbru cken in Germany; figure 1), the
main folding and thrusting phase in the basin have been clas-
sically related to the Saalian shortening phase by late Early
Permian times [29, 61, 98, 99]. Vitrinite reflectance data
within the coal beds (Early-Middle Pennsylvanian in age) in-
volved in the Saarbru cken anticline (figure 1) clearly show
however that for a given horizon, the reflectance is lower in
the core of the anticline than in the adjacent syncline thereby
arguing for growth of the anticlines during the sedimentation
[52]. The progressive migration of coal accumulation from
the Merlebach anticline toward the syncline to the north of this
structure provides another argument for such coeval develop-
ment of sedimentation and folding in the Lorraine Basin [29].
To date, the kinematics of the compressional and extensional
phases in the LSNB at the transition from the orogenic stage
to the tectonic collapse stage is not fully understood.

2.3 Stratigraphy of the LSNB
The LSNB is a limnic intramountain coal basin without any
connection with the sea, and differs from paralic coal basins
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Figure 2. Synthetic stratigraphy of the Permo-Carboniferous Lorraine-Saar-Nahe Basin. The sedimentary log in the Lorraine
segment of the basin is compiled from the Gironville, Francheville and Chevraumont wells. The sedimentary log in the
Saar-Nahe segment is compiled from Saar, Olm, Monz, Landstuhl wells and field data [10]. The stratigraphy is more developed
in the Saar-Nahe segment of the basin with several time constraints (4:[4]; 3:[19]; 1: [63]; 2: [64]; 5: Oplustil pers. com.;
6:[123]).

located in Northern France, Belgium and Germany deposited
in the foredeep of the northern Variscan thrust front [109].
The stratigraphy of the LSNB is well documented in outcrops
in SW Germany, as well as in the Saar-1 borehole (Figures
??), which traverses the most complete Permo-Carboniferous
succession (i.e., about 4.7 km thick) down to the Middle Devo-
nian [10, 104, 106]. The rocks underlying the Carboniferous-
Permian series consist of a slightly deformed and metamor-
phosed Mid-Devonian to Visean marine sedimentary sequence

interpreted to have been deposited in a forearc position dur-
ing the ongoing southward subduction of the Rhenohercynian
slab [88, 124, 125]. The base of the basin is marked by a
period of no deposition due to uplift of the MGCR units
(320–335 Ma cooling age [80]) associated to the Variscan
collision stage by mid-Visean times, locally referred to as the
classic Sudetian phase [61, 125].The initiation of the LSNB
occurred during Early Pennsylvanian both in France and Ger-
many, with increased subsidence from Middle Pennsylvanian
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[66]. The main sediment sources were located both in the
Saxothu ringian retrowedge to the South, and the Rhenoher-
cynian prowedge to the North [2, 88]. It is however suggested
that the main sediment sources change from N to S-SW, from
Late Penn- sylvanian times [105].

The Late Carboniferous stratigraphy is described here by
using the Western European lithostratigraphic nomen- cla-
ture and framework [4, 76]. Based on this nomenclature,
the Early-Middle Pennsylvanian units is referred as late Na-
murian and Westphalian (Figure 2). The Westphalian suc-
cession (A, B, C, D) is based on the identification of pale-
obotanic markers [1, 70, 98]. These substages correspond
to the Langsettian, Duckmantian, Bolsovian and Asturian,
respectively [4]. The limits of the Westphalian formations
are however defined slightly differently in the Lorraine and
Saar-Nahe segments of the basin (Figure 2). The Late Penn-
sylvanian Epoch (i.e., Stephanian in the classical Western Eu-
ropean stratigraphic nomenclature) is divided into Cantabrian,
Stephanian A, Stephanian B and Stephanian C. The stratig-
raphy of Lower Permian deposits is poorly constrained as it
mainly involves undated continental red beds but it was clas-
sically divided into a lower Autunian and an upper Saxonian
formation in the French part of the basin and lower Rotliegend
and upper Rotliegend formation in the German part. Although
poorly dated, these units are considered as roughly equivalent
[47, 66]. Such subdivision was set upon the geological time
scale using dated interstratified volcanic layers in Saar-Nahe
[64, 124]. This Lower Permian sequence covers an about
299–270 Ma interval corresponding to Cisuralian and base
Guadalupian time.

The sedimentary fill of the basin in the Saar-Nahe domain
can be subdivided into four megasequences: (a) an initial
Upper Namurian-Westphalian (Lower-Middle Pennsylvanian)
series controlling subsidence mechanism of which still re-
mains unclear and thereby commonly ascribed to a “proto-rift”
phase; (b) a Stephanian (Upper Pennsylvanian) pre-volcanic
syn-rift sequence; (c) a subsequent Lower Permian volcanic
syn-rift sequence, (d) a final Lower Permian post-rift sequence
controlled by thermal subsidence [50, 65, 115]. The classical
“syn-rift” terminology is used in previous studies in the LSNB
and also in this paper with regards to the mechanism of sub-
sidence controlling the considered sequence that is, tectonic
subsidence related to normal faulting.

The igneous rocks disrupting the thick continental suc-
cession include rhyolite, dacite and andesite distributed into
superficial intrusions, lava flows and pyroclastic deposits that
were mainly emplaced during Early Permian from 296 to 293
Ma [63, 64, 75, 124]. During this event, normal faults con-
trolling the subsidence of the Stephanian and Lower Permian
syn-rift sequences were shown to be used locally as major
conducts of magmas thus forming sorts of mega-dikes into the
volcanic system [75]. Magma generation is attributed to un-

derplating and intrusion of mantle-derived melts into the crust
inducing its partial melting (Arz, 1996). This volcanic event
is assigned to the base of the “Upper Rotliegend” sequence
(Nahe Subgroup; Figure 2) and thereby would represent a
magmatic pulse marking the transition toward the post-rift
thermal subsidence phase. In SW Germany (Figure 3), the
Upper Pennsylvanian-Lower Permian layers are affected by
the Saar Thrust, classically related to the Saalian phase by late
Early Permian times [29, 61, 98, 99]. This compression phase
is suggested to cause up to 3,200 m of erosion in Saar-Nahe
[52], but a more limited amount of erosion (i.e., about 1,200
m) is estimated in Lorraine [56].

The stratigraphic scheme of the Lorraine segment of the
basin was originally defined for the purpose of coal mining
at the French-German border [14, 29, 39, 98]. To the west
of the coal mining area, deep boreholes document about 6
km of fluvial sediments deposited from Westphalian to Early
Permian times (Figure 3). The Gironville well (5,683 m deep)
documents the most complete succession (4.5 km) where the
Westphalian series (up to 3.5 km thick) consists of conglom-
erates, sandstones, claystones with abundant coal beds. This
series is characterized by fining-upward successions devel-
oped in braided river environment [36, 57]. These sequences
are well defined in the Saulcy well and in the coal mining
area, but they are not found further to the SW in Gironville,
Culey and Francheville wells (Figure 3).

The Stephanian (Upper Pennsylvanian) deposits mainly
consist of sandstone and claystone with minor occurrence
of coal beds. This unit is best documented in the Coume
and Francheville boreholes (Figure 3). The Westphalian and
Stephanian strata are separated by an angular unconformity
marking a sedimentary hiatus; the basin-wide deposition of the
Holz conglomerates marks the resumption of sedimentation at
the base of the Stephanian sequence [16, 32, 125]. The strati-
graphic gap at the base of the Stephanian unit (Cantabrian)
corresponds to about 3 Ma between about 308.5 and 305.5
Ma [19, 62, 110]. The seismic data presented in the following
sections, will show further evidence of the significance of this
unconformity.

The Permian sequence is preserved with variable thick-
ness (up to 1,400 m), intercalated with volcanic rocks in some
places. Rhyolites are found in the southern part of the basin
(Figure 3). Andesite and trachybasalt are found in the northern
Lorraine Basin, east of the Metz Fault. The Permian rocks are
poorly dated in Lorraine and correlation with the Rotliegend
Group is not clear. The “Lower Rotliegend” is not defined
in Lorraine and the “Upper Rotliegend” red beds likely cor-
respond to the “Saxonian” unit [47, 66]. The Autunian (i.e.,
Lower Rotliegend) layers have not been documented in any
well in the Lorraine area but their presence is likely at depth.
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Figure 3. Location of studied seismic profiles and synthetic well data of the Permo-Carboniferous successions in the Lorraine
Basin. Wells including velocity survey and synthetic seismogram are reported with colored triangles (see legend). Synthetic
seismograms in Gironville and Francheville wells are presented in Figure 4.

3. Seismic and Well Data

3.1 Seismic Acquisitions and Reprocessing
From the 1950s to the 1990s (but mostly in the 1980s), the
Permo-Carboniferous Lorraine Basin was a target of signifi-
cant onshore oil and gas exploration. These exploration sur-
veys led to the acquisition of about 800 2D seismic reflection
profiles representing a total length of about 9,000 km. Our
study is based on the reprocessing of a selection of 11 2D
seismic reflection profiles acquired in the 1980s and represent-
ing a total length of 438 km (Figure 3). They extend over the
whole Lorraine Basin, west of the former coal mining area
“Houille res de Lorraine,” between Nancy, Toul and St Dizier
cities (Figure 3). These seismic profiles oriented NNW-SSE
and WSW-ENE intersects each other and crosscut the main
fold structures and Upper Carboniferous to Permian series.

Given the CMP (Common MidPoint) gather acquisition
parameters used in these exploration surveys, mainly the
frequency bandwidth of the seismic source and the record-
ing length (up to 4 s), we interpret reflectors up to 3.5 s
TWT—corresponding to an estimated depth of 7 km below
the reference datum surface with a vertical resolution of ap-

proximately 30–40 m. The 11 seismic profiles were repro-
cessed by the BRGM (“Bureau de Recherches Ge ologiques
et Minie res”) between 2005 and 2017 to improve the quality
of the images. Efforts were focused on three key steps, re-
peated several times throughout the processing sequence: (a)
computation of primary and residual static corrections to re-
move the topographic and velocity effects of the shallow rock
layer, (b) detailed velocity analysis, and (c) noise attenuation.
Four profiles were reprocessed using the standard Post-Stack
Time migration, and seven seismic profiles were reprocessed
using the Pre-Stack Time migration method, enhancing the
details of structural features and completing this reprocessing
sequence before stacking (see [9] for further description of
the procedure). The seismic profiles are generally of good
quality despite the diversity of the seismic surveys, acquisition
parameters and processing techniques. The presented seismic
profiles are vertically exaggerated (with a factor of about 1.5)
to facilitate the visualization of complete seismic profiles in
the different figures.
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3.2 Seismic-Well Tie
In addition to the seismic data, 13 deep exploration wells
(source: Minergie database, http://www.minergies.
fr) were used in order to provide geological information at
depth. They were selected based on their proximity to the
seismic profiles (less than 3 km), their total depth and drilled
Paleozoic stratigraphy, and the availability of check-shot and
well log data. The boreholes generally traverse the anticlines
(Gironville, Chaumont, Chevraumont, Commercy, Courcelles,
Culey, Lerouville, PAM, Royaumeix, Saulcy, Vaxy, Xivray-
Marvoisins). The Francheville and Coume wells in the coal
mining district, provided however, further documentation of
the Stephanian (Upper Pennsylvanian) series (Figure 3).

We calibrate and tie the key seismic markers to their corre-
sponding geological surfaces. Nine out of the 13 wells contain
velocity data that were used to convert the wells from depth
(in m) to time (TWT), and then to correlate the geological
markers with the seismic reflectors. Six out of the thirteen
wells (Chaumont, Culey, Francheville, Gironville, PAM and
Saulcy; see location in Figure 3) can be used to calculate
synthetic seismograms (Figure 4). A synthetic seismogram
is a theoretical seismic trace that illustrates the variations of
acoustic impedance in the different rock layers along a given
borehole. It is generated by convolving the reflective coeffi-
cient computed from sonic and density logs, with a seismic
wavelet best representing the seismic signal close to the well.
These boreholes are located in the vicinity of the seismic
profiles and meet the following requirements: availability of
velocity data to calculate a synthetic seismogram (sonic log
and velocity survey), and sufficient interval within the Paleo-
zoic series.

Synthetic seismograms were generated following several
steps: (a) quality control of the sonic log and removal of aber-
rant values; (b) correction of the drift of the sonic log and
integration of sonic log with check-shots; (c) generation of a
time-depth chart converting the vertical scale of the well data
from depth to time using integrated velocity data; (d) com-
puting the density value according to Gardner’s law [40];(e)
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; (h) con-
volution of the reflectivity coefficient with a seismic wavelet.
Once the synthetic seismograms were created, and they were
correlated with the adjacent segments of seismic profiles so
that they fit the seismic signal around the well, completing the
seismic-well tie process (Figure 4).

Synthetic seismogram and seismic-well tie enable to iden-
tify the key geological surfaces and geometry of the main
seismic units (Figure 4). The interpretation of the 2D seis-
mic profiles was carried out using SKUA-GOCAD software.
From top to bottom, the main geological boundaries are de-
fined as: the Top Paleozoic Unconformity (TPU) or base of

the Triassic sequence; the base of the post-rift sequence (late
Early Permian); the base of the syn-rift sequence or Base
Stephanian Unconformity (BSU). The apparent base of the
Lorraine Basin is defined as the Base Westphalian Surface
(BWS). This sequence appears decoupled from its substratum
in the SE part of the basin; thereby the BWS corresponds here
to a decollement at the base of the basin.

4. Seismic Interpretations

4.1 Overview of the Main Seismic Features and Fa-
cies

The first-order seismic features and units observed on these
seismic profiles are presented in Figures ?? and are described
below. The Mesozoic cover of the Paris Basin consists of
parallel to sub-parallel continuous reflectors with medium- to
high-frequencies and alternating medium- to high-amplitudes
related to lithological variations within the Triassic and Juras-
sic units. These reflectors dip gently westward with exposed
strata that are older to the east (Permian and Triassic series)
than in the investigated area (Jurassic series).

One of the most visible features on all the seismic profiles
is the TPU lying around 0.5–1.0 TWT (about 750–1,500 m
deep) in the investigated area. The TPU clearly truncates
the Paleozoic reflectors below the paral- lel and continuous
Triassic reflectors. The underlying Lower to Middle Permian
unit, defined as post-rift in the Saar-Nahe segment of the
basin [50, 65, 115], represents a relatively thin succession
(few 100’s ms TWT). It is represented by low-energy and
rather transparent facies, with weakly continuous reflectors.
More locally, the chaotic and highly reflective seismic facies
correspond to volcanic rocks (mostly rhyolite and andesite) at
the base of the Permian post-rift unit. The underlying Stepha-
nian to Lower Permian unit, defined in the Saar-Nahe segment
of the basin as syn-rift is related to low- to high-amplitudes
reflectors that appear mostly continuous and parallel, proba-
bly in relation with internal lithological variations. It forms
localized zones of increased thickness beneath the post-rift
Permian unit or directly the TPU. The thickness of this unit in-
creases significantly toward the west of the study area where it
reaches 2.2 s in thickness (about 4,500 m). The other striking
seismic feature visible on our newly reprocessed seismic data
set is the angular unconformity (BSU) between the folded
Westphalian and Stephanian units. The thick Westphalian unit
(about 4 km thick) can be observed either directly beneath the
Mesozoic cover, the post-rift unit or the syn-rift unit. It corre-
sponds to the high-amplitude, low frequency, semi-continuous
to continuous, planar to undulating reflectors. The amplitude
of the reflectors varies laterally and seismic facies do not allow
to clearly identify subunits.

In a general way and independently of the quality of the
raw data, some chaotic seismic facies are explained by the
presence of volcanic rocks. The latter are preferentially lo-
calized in the footwall of normal faults limiting to the SE the
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Figure 4. Seismic-well tie (a) between the Gironville well and the TOUL08 seismic profiles, and (b) between the Francheville
well and the TOUL14 seismic profile. The Gironville well is the only well reaching the base of the Westphalian succession in
Lorraine. The Francheville well traverses the Base Stephanian Unconformity (BSU).

synforms preserving Stephanian-Lower Permian sequences as
well as in the vicinity of the Metz fault zone (Figures 6 and 7).
As shown in exposed volcanic systems from the Saar-Nahe
segment of the basin [75], such configuration strongly sup-
ports the fact these faults were used as conducts for magma
migration toward the surface during the late syn-rift volcanic
phase (ca. 296–293 Ma BP; [124]. The precise geometry of
the Permo-Carboniferous units as well as the main structures
controlling the different depocenters and their deformation
are further described in the following sections. Presented
structural interpretations basically rely on the geometry of re-
flectors but as promoted by recent studies on the evaluation of
conceptual uncertainties when interpreting seismic data [15]
the kinematical consistency of structures both at the section-
scale (2D) and between different adjacent profiles (3D) must
be considered. This approach was particularly useful in zones
where the seismic profiles are of poor quality below the TPU
(e.g., NW part of NS8 and 88WOE11 profiles and SE part of
the TOUL08 profile; Figures 6 and 7).

4.2 Evidence for the Syn-Orogenic Character of the
Westphalian Unit

The Westphalian unit is characterized by several adjacent an-
ticlines and synclines, imaged in most of the NW-SE seismic
profiles. In the eastern part of the basin, these anticlines form
prominent structural highs (PAM and Alst- ing anticlines, Fig-
ure 5), truncated by the TPU. The longitudinal WSW-ENE
seismic profile EW01 (Figure 8) follows the main axis of the
Westphalian anticlines and shows poorly preserved Stepha-
nian and Permian layers.

A major point, emphasized by this new set of seismic
profiles is that the Westphalian anticlines are clearly trun-
cated by the BSU (Figures 5,6,7), thus demonstrating their
subaerial exposure and denudation as the folds developed (or
at least as they formed structural relief before the onset of
the subsidence controlling the deposition of the Stephanian
deposits). Well data, dominantly located in the core of the
Westphalian anticlines (Figure 3) are correlated with the inter-
secting seismic profiles to identify the Westphalian subunits
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Figure 5. Reprocessed NW-SE trending seismic profiles EPLY02 and LOR09 (both uninterpreted and interpreted) illustrating
the fold-thrust interactions and the syn-orogenic character of the Lower-Middle Pennsylvanian (Westphalian) layers within the
eastern part of the Lorraine Basin. TPU, Top Paleozoic Unconformity; BSU, Base Stephanian Unconformity; BWS, Base
Westphalian Surface. Note the growth-structure type geometry on the Westphalian layers in the forelimb of the Pont-a
-Mousson (PAM) anticline.

(noted A, B, C and D). A very striking point is the peculiar
geometry of internal reflectors of Westphalian C and D in
the forelimb of the anticline, as highlighted on the profile
EPLY02 (Figure 5): the latter shows some significant conver-
gence of reflectors in Westphalian C and D layers toward the
anticline hinge suggesting that they developed as growth strata
within the forelimb of the fold. The forelimbs of anticlines are
also disrupted by NW-dipping thrusts, identified for the first
time in the Lorraine Basin, and exemplified in the Gironville
area (profiles TOUL08 and TOUL16, Figures 6b and 7). We
identified three other main thrusts, namely the Metz, PAM
and Morhange thrusts. The Metz and Gironville thrusts are
located in the northern part of the area and form the north-
western limit of the Westphalian depocenters (profiles NS08
and WOE11-TOUL16; Figure 7). Both PAM and Morhange
thrusts form intra-basin thrusts (profiles EPLY02-LOR09; Fig-
ure 5). The relationships of these intra-basin thrusts with the
syn-sedimentary growing folds suggest that the latter devel-
oped as fault-propagation folds accommodating progressive
shortening transferred to shallow crustal levels.

As previously described along the ECORS Vosges-Southern
Rhine transect [30], the SE termination of the Westphalian
layers form an overall stratal pinch-out, marked by onlaps of
strata onto high amplitude N-dipping reflectors (Figures 6 and
7a). This planar and gently dipping surface (about 15° toward
the NW), is ascribed to BWS at the base of the basin. It is
well defined above 3.0 s TWT in most of the seismic profiles.
Within this SE part of the basin, all faults traces root down
onto this surface. Such geometry clearly indicates that BWS
forms a decollement level, active during thrust propagation

into the basin and reactivated during subsequent deformation.

4.3 Negative Tectonic Inversion and Its Control on
the Development of Syn-Rift Depocenters

In the central part of the basin (Toul-PAM-Nancy area; Fig-
ures 1 and 3), the folded reflectors (Westphalian unit) abruptly
terminate upward against the base of the Stephanian strata,
forming an angular unconformity, which is clearly observed in
profiles TOUL14, TOUL08, TOUL16 and EPLY02 (Figures
5–7). Several contin- uous and high amplitude reflectors are
traced within the Stephanian succession. Although poorly
dated and not correlated to a particular stratigraphic limit,
these continuous reflectors are used as surface markers to ent
individual depocenters are parallel and dominantly tilted to-
ward the SE (TOUL14, TOUL08, TOUL16, EPLY02; Figures
5,6, 7b). To the south, these overall SE-dipping reflectors
form localized synclinal hinges against some discontinuities
strongly dipping to the NW, interpreted as normal faults delim-
iting to the SE the Stephanian-Lower Permian depocenters. In
the TOUL08 and TOUL14 profiles, they correspond to sharp
limits with a poorly reflective and chaotic seismic unit (Figure
6). The significant downthrow of this unit by normal faulting
is associated with the occurrence of drag folds into the Stepha-
nian to Lower Permian layers (see e.g., TOUL08 in 6b). Such
extensional folds have been classically observed in rift-related
basins and frequently interpreted as the result of fault propa-
gation into the syn-rift sequence (e.g., [42, 58, 112, 119, 127].
Taking into account the structural context of the Stephanian-
Lower Permian sequence in the nearby Saar-Nahe domain, the
syn-depositional development of these drag folds is likely but
a post-depositional origin cannot be however totally excluded.
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Figure 6. Reprocessed transverse seismic profiles (a) TOUL14 and (b) 89APR01-TOUL08; uninterpreted and interpreted.
These profiles clearly emphasize the Base Stephanian Unconformity (BSU). Note also the maximum thickness of the syn-rift
depocenter (Stephanian-Early Permian) onto the most deeply eroded part of the folded Westphalian succession thereby
featuring a major topographic and tectonic inversion process.

Several normal faults are identified: the Lesmenils, Toul,
Chevraumont and Meligny normal faults (Figures 5-7. Most
of them appear to connect onto the BWS at depth (TOUL14,
TOUL08, TOUL16, NS08; Figures 6 and 7). In the central
part of the basin, the NW-dipping Lesmenils normal fault
is located in the hangingwall of the PAM Thrust and limits
to the SE a poorly preserved Stephanian depocenter resting
unconformably onto underlying folded Westphalian layers

(profile EPLY02, Figure 5). The NW-dipping Toul normal
fault and its westward prolongation after localized lateral
transfer, the Chevraumont normal fault, limit the main Stepha-
nian to Lower Permian depocenter of the investigated area
referred to the Francheville depocenter (Figures 6 and 7).
The latter and the one located north of the Lesmenils Fault,
thereby appear as the remnants, after severe denudation, of
some asymmetric half-graben structures controlled by NW-
dipping normal faults, that is, antithetic to the main border
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Figure 7. Reprocessed NW-SE trending seismic profiles (a) NS08 and (b) WOE11-TOUL16; uninterpreted and interpreted.
These profiles particularly emphasize the geometry of the northern limit of the Westphalian basin delimited by the Metz Thrust.
Note also the significant increase in thickness of the syn-rift depocenter in the NS08 profile, in the western tip of the Lorraine
Basin.
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Figure 8. Reprocessed WNW-ENE trending seismic profiles (a) TOUL12 and (b) EW01; both uninterpreted and interpreted.
Note the series of transverse transtensional faults (the Commercy Fault as the main one in the investigated area) strongly
segmenting the syn-rift depocenters (Stephanian-Early Permian) and the underlying fold-thrust structures (late Middle
Pennsylvanian).
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fault at the NW limit of the basin. The footwall blocks of
the Toul and Chevraumont normal faults are poorly imaged
due to poor seismic reflectivity and chaotic geometry of the
reflectors. As we mentioned previously, this situation is likely
due to the presence of late syn-rift volcanic bodies interca-
lated in the sedimentary successions (Early Permian in age,
ca. 296–293 Ma BP) that used the normal faults as conducts
for their migration toward the surface [75]. The Chevraumont
well is located in the hangingwall of the Chevraumont Fault,
and traverses two rhyolitic bodies that are 258 and 361 m thick
respectively (Figure 3). In this western part of the investigated
area, the northern border of the Francheville depocenter, is
affected by a second-order SE-dipping normal fault with re-
stricted displacement, the Meligny normal fault (Figure 7).

An important observation is that half-grabens localizing
remnants of Stephanian-Lower Permian sequences are specif-
ically located along the crest and backlimb of former thrust-
related anticlines. Considering an individual extensional de-
pocenter, the zone of maximum thickness lies above the zone
of maximum denudation of the underlying anticlines (up to the
base of Westphalian B in TOUL14 profile; Figure 6). Such
observation implies that the zone of maximum subsidence
during normal faulting is superimposed to the zone that ini-
tially localized maximum rock uplift during the development
of the thrust-related anticlines thereby featuring a character-
istic negative tectonic inversion process. The normal faults
clearly root down onto ramps of thrusts or directly onto the
BWS. In map view, normal faults controlling depocenters are
noticeably aligned parallel to the underlying thrusts (Figure
8). Such overall geometry shows that thrusts were reacti-
vated along the deepest parts of their surface (Figure 5). Such
configuration is characteristic of negative inversion of thrust
structures, normal faults classically short-cutting the upper
flat of thrusts and connecting at depth the footwall ramp or
the basal decollement, thereby conferring a listric geometry
to the normal faults [6, 83, 84, 113, 120, 126] With regard to
the dynamics of the tectonic inversion process, a very striking
point of the observed geometries is the lack of clear evidences
of significant fan geometries toward the normal faults as it
is typically observed in syn-rift series. Only the NS08 pro-
file (Figure 7), which displays the thickest remnant of the
Stephanian-Lower Permian sequence (ca. 4,500 m), suggests
such a (subtle) fan structure. In this area, the thickness of
the Stephanian sequence within the Francheville depocen-
ter significantly decreases toward the NW, that is, outward
the main Chevraumont normal fault that forms the lateral
equivalent of the Toul normal fault after displacement by the
lateral Commercy transfer fault. This point clearly appears
on the profile NS08 (Figure 7) although some second-order
SE-dipping faults (such as the Meligny fault) make the NW
border of the depocenter slightly more complex than that ob-
served laterally on the TOUL profiles (Figure 6). Taking this
point into account, we emphasize the possible impact of the
denudation of the NW part of these depocenters in the appar-

ent lack of thickness change.
‘

More generally, the limited lateral thickness variations of
the syn-rift layers have to be considered with regard to the
structural position of these depocenters into the basin. They
are actually controlled by NW-dipping normal faults that rep-
resent antithetic faults to the main border fault at the north-
western side of the basin; that is, the SHF and its prolongation
in the Lorraine segment of the basin. In the investigated area,
the SE-ward thinning of syn-rift strata due to the overall half-
graben structure (as shown by the growth syncline geometry
observed in the DEKORP1C-9N profile; see [50, 89] is pre-
sumably compensated by NW-ward thinning associated to the
coeval displacement on the observed antithetic (NW-dipping)
normal faults. Such geometry is perfectly well characterized
by analog modeling experiments of syn-rift sedimentation as-
sociated to half-graben development upon major listric normal
faults [81, 117, 91].

Although not recorded by significant thickness changes
in the Stephanian-Lower Permian series, our seismic profiles
clearly point out the typical geometry provided by the ex-
tensional reactivation of thrusts, inducing the collapse of the
backlimb of previously developed thrust-related anticlines
and controlling the development of Stephanian-Lower Per-
mian depocenters only at the back of the pre-existing anti-
clines. Noteworthy, such typical geometry, clearly expressed
in the investigated area, perfectly fits the values of vitrinite
reflectance into Westphalian layers from the Saarbru cken
anticline. Within a same Westphalian horizon, the reflectance
have clearly been shown to be lower in the core of the anti-
cline than in the synform at the back of the anticlinal (Pryms
synform) thus arguing for enhanced burial and sedimentation
in the synform area [52]. Collapse of the backlimb and asso-
ciated syn-rift deposition during Stephanian-Early Permian is
a valuable mechanism to account for such vitrinite reflectance
distribution.

4.4 Transverse Faults
The thickness of the syn-rift unit (Stephanian-Early Permian)
increases toward the west to reach up to 2.2 s TWT (about
4,500 m in thickness) in the western part of the TOUL12
profile (Figure 8). The BSU surface is progressively down-
thrown by transverse faults striking N130-150, sub-parallel
to the Marne Fault (Figure 7a; Figure 8a). These transverse
faults named as Delme, Nancy and Commercy faults display
a strong dip either to the NE or SW with apparent normal dis-
placement on seismic profiles. These faults have been already
mapped by previous investigations but their significance in the
context of the tectonic inversion and post-orogenic extension
was not understood [29]. The seismic profile EW01 (Fig-
ure 8b) displays such trans- verse faults delimiting horst and
graben structures along the axis of the Westphalian anticlines
(Figure 8). The trace of the Nancy Fault is not imaged in
seismic profiles, but the fault is deduced by significant offset
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Figure 9. Revised structural map of the Permo-Carboniferous of the Lorraine-Saar-Nahe Basin (LSNB) (geological map based
on [24, 105]. The structural map in the central part of the LSNB is based on [29]. Our seismic interpretations enable to propose
a new structural map in the westernmost part of the LSNB, as well as new definition of its structural limits.

of the Westphalian unit (0.5–0.6 s TWT, representing about
1,000 m of apparent displacement). The Commercy Fault is
the best-defined transverse fault within our data set, observed
in the western part of the basin in both EW01 and TOUL12
profiles (Figure 8). This fault roots onto the BWS decollement
level in the southern part of the basin (TOUL12, Figure 8a)
but appears to displace it in profile EW01 (Figure 8b). Such
situation can be explained by the fact that the decollement
deepens toward the NW and ramps down into the basement in
the Metz area.

4.5 Local Reactivation During the Early Permian
Saalian Compressive Phase

Apart from the westernmost depocenter (west of Commercy
Fault), the syn-rift unit (Stephanian-Early Permian) appears
notably truncated below post-rift unit or directly the TPU.
Such significant erosion, evidenced at the basin scale can be
ascribed to rock uplift during the Saalian compressive phase
[29, 52, 56, 61, 98, 99]. There is however little evidence in
the seis- mic profiles for the involvement of the Stephanian
layers in thrust structures as considered in classical interpre-
tations. Such involvement can be only suspected within the
forelimb of the Alsting anticline in the southeastern part of
the Lorraine Basin, in the footwall of the Morhange thrust
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zone (see LOR09 seismic profile, Figure 5). In this zone, the
BSU is not strongly expressed and the Stephanian layers seem-
ingly onlap the pre-existing Alsting anticlinal ridge developed
during the Westphalian compression before being tilted and
locally thrusted (Saalian reactivation of the Morhange thrust).
The existence of a buttress fold against a normal fault in the
backlimb of the Alsting anticline (Figure 5) suggests that the
compressional reactivation occurred after the development of
the syn-rift sequence, probably during the Saalian phase by
late Early Permian times (ca. 285 Ma).

The low amplitude of displacement and deformation with
regard to the Westphalian strata suggests a limited reactiva-
tion of the Morhange Thrust during the Saalian phase. The
reactivation of late Westphalian thrusts and local positive tec-
tonic inversion of normal faults are suggested to result in the
general doming of the basin and partial erosion of pre-Saalian
structures, but it only represents a second-order deformation
event.

4.6 Geometry of the Basin Bounding Faults
The northern border of the Carboniferous to Permian Lorraine
Basin is commonly defined by the Metz fault zone that sepa-
rates at depth Variscan basement rocks from the coal-bearing
successions [29, 61, 98, 99]. This interpretation results from
the direct extrapolation of observations made along the SHF
in Saar but is based on a restricted set of deep boreholes. The
profiles NS08 and WOE11-TOUL16 (Figure 7) provides the
first opportunity to image the Metz fault zone. Despite the
poor quality of the seismic image below the TPU, reflectors
do not display the geometry expected to represent a major
SE-dipping normal bounding fault as defined in Saar-Nahe
[50, 89]. Conversely, normal faults, well defined on the seis-
mic profiles in the Mesozoic cover clearly dip to the NW.
This is also the case for a set of high-amplitude reflectors
in the underlying Paleozoic units. Seismic reflectors in the
SE-dipping strata abruptly stop against this set of NW-dipping
reflectors. The latter are thereby interpreted as the trace of a
major SE-verging thrust fault zone rather than a SE-dipping
normal fault. It is defined here as the Metz Thrust, emplacing
Variscan basement rocks upon the folded Westphalian series
(Figure 7). As emphasized in the TOUL08 and TOUL16 pro-
files, a second-order thrust defined as the Gironville Thrust,
also affects the Westphalian series in the footwall of the Metz
Thrust (Figures 6 and 7). Both thrusts probably link at depth.

It is of importance to note that the Metz Thrust does not
correspond to the Metz normal fault traced within the Meso-
zoic cover and located further to the NW (10–20 km) in the
hangingwall of the Metz Thrust (NS08, WOE11; Figure 7).
The Metz normal fault display a strong NW dip and delim-
its at depth an extensional depocenter (Stephanian to Early
Permian) that can reach up to 1.0 s TWT in thickness (about
2,000 m). It also affects, to a lesser degree, the overlying
Mesozoic strata. Thus this normal fault accommodated Late

Paleozoic extension and was later slightly reactivated in the
Mesozoic (Le Roux, 2000). The Metz normal fault may con-
nect at depth to the Metz Thrust at about 3.0 s TWT (Figure
7). The western end of the Lorraine Basin is not clearly im-
aged in our seismic data set. However, as defined in previous
studies ([27, 72], the E-dipping Marne Fault is likely (see
the western border of the composite profile EW01 in Figure
8). As observed for the Metz normal fault, it also affects to
a lesser extent the Mesozoic cover thus arguing for its reac-
tivation during the development of the Paris Basin. The SE
termination of the basin is also poorly imaged in most of our
profiles due to the presence of volcanic bodies. As previously
documented on the ECORS-DEKORP profiles (e.g., [30] and
corroborated by the LOR09 and TOUL08 profiles (Figures
5 and 6), the basin thins toward the SE forming an overall
sedimentary pinch-out above the BWS. Westphalian reflectors
unconformably overlie the BWS, whereas the underlying base-
ment rocks gradually rise to the SE to outcrop in the Vosges
Massif. As previously described, the main SE-verging thrusts
form the shallowest part of the Saxothuringian retrowedge,
SE of the Rhenohercynian suture zone.

5. A New Tectonic Model for the LSNB
5.1 Integration of Seismic Data Into a New Regional

Structural Map
The interpreted structures are integrated at the regional scale in
a new structural map of the LSNB (Figure 9). One of the main
controversies in the Lorraine Basin is related to its NW struc-
tural limit and the prolongation of the SHF in NE France. This
SE-dipping extensional or transtensional fault zone, bounding
the Stephanian to Early Permian deposits in the Saar-Nahe
Basin is considered as the main border fault controlling the
development of the basin, directly to the south of the Rheno-
hercynian suture zone [50, 65, 66, 75, 89, 109, 115]. Our
seismic interpretations show that the Metz Fault does not cor-
respond to the prolongation of the SHF. Instead, we show
the presence of the NW-dipping Metz-Gironville thrust sys-
tem, delimiting the present day extent of the syn-orogenic
deposits (Figure 9). This preserved series forms a narrow strip
(about 50 km wide) on top of the SE-verging Saxothuringian
retrowedge that is, in the wedge-top basin (Figures 10, 11).
The PAM-Merlebach and Alsting anticlines form ENE-WSW-
trending thrust-related folds developed to the south of the
Metz thrust zone during late Westphalian times. The out-of-
sequence activation of the thrust belt induced the dissection
of the PAM anticline, thus preserving only the SE forelimb
of the thrust-related anticline. Although poorly constrained
on the seismic profiles (see NS08 profile; Figure 7), this late
dissection of the anticline can be partly attributed to the reac-
tivation of the Metz Thrust during the Saalian compressive
event (Early Permian).

The syn-orogenic sequences (Westphalian) are uncon-
formably overlain by the syn-rift Stephanian-Lower Permian
deposits. The latter are controlled by the overall tectonic sub-
sidence created south of the SHF and its equivalent in the



A Deformed Wedge-Top Basin Inverted During the Collapse of the Variscan Belt:
The Permo-Carboniferous Lorraine Basin (NE France) — 17/27

Figure 10. Schematic NW-SE cross-sections illustrating the proposed evolutionary model of the Permo-Carboniferous Lorraine
Basin subdivided into 6 stages: (a) syn-orogenic basin development (Westphalian C presented here; i.e., Middle
Pennsylvanian); (b) propagation of SE-verging thrusts and associated folding during Westphalian D (late Middle
Pennsylvanian); (c) Post-orogenic negative tectonic inversion controlling the development of syn-rift depocenters
(Stephanian/Late Pennsylvanian to Early Permian); (d) Early Permian syn-rift volcanism; (e) Local thrust reactivation during
the Saalian compressional phase; (f) Post-rift thermal subsidence during late Early to Middle Permian times.
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Lorraine Basin, as well as by the local reactivation of the
former thrust ramps as antithetic normal faults. The Toul
and Chevraumont faults delimit the Francheville extensional
depocenter to the south. The Lesmenils Fault controls an-
other depocenter directly south of the Metz-Gironville thrust
system (Figure 9). Our results furthermore argue for the exis-
tence of a significant extensional depocenter to the NW of the
Metz normal fault (Figure 7). The latter is referred to as the
Varennes-Vacherauville extensional depocenter in reference
to the deep boreholes sampling Stephanian-Lower Permian
strata. Although poorly imaged, this depocenter is suggested
to be delimited to the north by the equivalent SHF major
boundary fault in the Lorraine Basin (Figure 9). After the
Saalian compressive phase, which induced significant rock
uplift and erosion, the Francheville sub-basin appears as the
thickest extensional depocenter. It includes deposits from the
BSU to the Lower Permian sequence (likely up to the equiva-
lent of the Wadern unit of the Upper Rotliegend) as suggested
by the significant thickness of red beds in the Germisay bore-
hole (¿1,328 m, Figure 3). The post-rift sequence interpreted
in the seismic profiles is likely to only correspond to the upper
part of the Saxonian (i.e., Upper Rotliegend) deposits. The
thickness of the syn-rift deposits in the Francheville sub-basin
is thus of the same order of magnitude than in the Saar-Nahe
region. Stephanian, Lower Rotliegend and Upper Rotliegend
sequences are about 2,600, 1,700, and 1,600 m thick, respec-
tively [50, 65, 66, 89, 109, 115].

One of the main outcome of this paper is that the SHF
does not correspond to the Metz fault system and the SHF has
to be found further north. The northern branch of the SHF
(north of the Merzig graben; Figure 9) is thus proposed to
extend in the Lorraine segment of the LSNB. This point is
supported by the presence of the Stephanian-Lower Permian
series in the Varennes and Vacherauville wells (north of the
city of Verdun; 9), as well as the recognition of a syn-rift de-
pocenter NW of the Metz normal fault (see above). Such trace
of the SHF also implies a progressive change of strike from
N050 to N070 (from Saar-Nahe to Lorraine), following the
orientation and curvature of the Rhenohercynian thrust belt
in the Ardennes massif, and first-order gravimetric anomalies
below the Paris Basin [8, 107].

The existence of diabase in the Variscan basement at the
base of Vacherauville well [46] provides evidence of thrusted
oceanic crust of the Rhenohercynian domain, and thereby
argue for the emergence of the suture zone just north of this
well. Thus, the inverted Rhenohercynian suture zone along
the SHF in SW Germany [90] would be localized in a more
northerly position than generally assumed. In our new struc-
tural model, the Metz Thrust is not located along the suture
zone, but forms a major backthrust a few kilometers to the
south of the Rhenohercynian suture zone (Figures 10 and 11).

Another major feature emphasized by our structural map is

the important segmentation of the basin, which is disrupted by
numerous transverse faults (Lothringen, Delme, Nancy, Com-
mercy faults; Figure 9). There are probably other buried trans-
verse faults but they could not be imaged using the present
seismic data set. These faults display a significant apparent
subvertical displacement on seismic profiles inducing changes
in the remnant thickness of deposits below the TPU as well
as in the elevation of underlying fold-thrust structures (Figure
8). Such differential movements result in right- or left-lateral
offset of the extensional depocenters and fold-thrust traces in
map view. Some strike-slip component along these faults is
also likely but not possible to constrain here. They clearly
cut across the NE-striking thrust system (Metz, Gironville,
PAM thrusts; see the EW01 longitudinal profiles, Figure 8b).
Similarly, NE of the investigated area, the Morhange and Saar
thrusts (Figure 9) are disrupted by the Lothringen transverse
fault, displaying an apparent right-lateral offset of about 10
km [29]. Such transverse faults were also identified and well-
studied in the Saar-Nahe segment of the basin where they
display a regular spacing of about 10 km [50, 115, 116]. As
shown by lateral syn-sedimentary variations in the Stepha-
nian to Lower Permian series exposed in this part of the
basin, these faults were proposed to be active at least dur-
ing the extensional phase forming transfer zones (described
as transtensional) accommodating differential subsidence and
sedimentary infill [115, 116]. Such transfer faults, almost
perpendicular to the direction of the main normal fault system,
have been frequently recognized in extensional basins and rift
zones; that is, the Basin and Range [33], Gulf of Suez rift
[87], East African rift [86], Pannonian basin [118] and were
the subject of extensive modeling [74, 92, 102, 108]. These
different studies point to some variable amounts of strike-slip
and normal movements along transfer faults depending on the
obliquity of the extension direction. In the absence of detailed
kinematical analysis of these transverse faults in the LSNB, it
is impossible to conclude on the way both systems of faults
(i.e., transverse and thrust-parallel) interact during the basin
development.

Based on coal mining investigations, the Metz Thrust
is assumed to be displaced by transverse faults, giving rise
to complex geometry of the thrust system limiting the syn-
orogenic deposits. Such fault pattern is consistent with the
structural model proposed in Saar-Nahe considering that the
transverse faults connect to the SHF [50, 115]. The prolon-
gation of the Metz Thrust in the Saar-Nahe domain is buried
below the post-rift succession (Upper Rotliegend); it is usu-
ally assumed to join the southern branch of the SHF but the
displacement on this thrust may also fade eastward, shorten-
ing being transferred onto another major thrust of the basin,
possibly the Saar Thrust (Figure 9).

The Saarbru cken anticline (Figure 9) is not imaged by our
seismic data. However, as previously discussed for the Alsting
anticline and also corroborated by vitrinite reflectance data
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[52], two superimposed shortening phases are likely to explain
the present day geometry and the involvement of Stephanian
strata into the Saar thrust structure, that is, the late Variscan
syn-collisional phase during late Westphalian and the Saalian
phase during late Early Permian time.

5.2 Structural Development of the Permo-Carboniferous
LSNB

The structural development of the Permo-Carboniferous Lor-
raine basin is depicted in a series of schematic cross-sections
(Figure 10) summarizing the main tectonic features observed
in the seismic profiles. The main evolutionary stages of basin
development are illustrated here: (a) an early stage of basin
development during Westphalian C (Middle Pennsylvanian);
(b) a late Westphalian stage (late Middle Pennsylvanian) high-
lighting the propagation of thrusting and folding into the basin;
(c) the Stephanian (Late Pennsylvanian)-Early Permian ex-
tension (i.e., Lower Rotliegend; ca. 300 Ma), characterized
by the reactivation of the Rhenohercynian suture zone (SHF
and equivalent in Lorraine) and of the NW-dipping thrusts
into the basin (i.e., Toul and Metz normal faults); (d) the
Early Permian volcanic activity (ca. 295 Ma) marking the
end of the extensional phase; (e) a late Early Permian stage
(ca. 285 Ma) showing the local reactivation of both thrusts
and normal faults during the Saalian compression; (f) a final
late Early to Middle Permian stage (Upper Rotliegend; ca.
275 Ma) associated with the onset of post-rift thermal sub-
sidence and sedimentation above the post-Saalian erosional
surface. In this new model, it is proposed that the basin was
initiated during Early Pennsylvanian (Late Namurian, ca. 320
Ma) at the foot of the reliefs created by the most internal
backthrusts of the Saxothuringian retrowedge. The latter are
suggested to root down onto the SE-dipping Rhenohercynian
suture zone and progressively propagate toward the orogenic
basin (Figure 10). Up to the late Middle Pennsylvanian (late
Westphalian, ca. 305 Ma), the syn-orogenic trough was fed by
the products of erosion from the Rhenohercynian prowedge
and Saxothuringian retrowedge. This trough moved progres-
sively SE-ward with the propagation of the retrowedge as
shown by onlap of the sediment infill onto the underlying
substratum (probably of Devonian age). It is rather difficult
to have a precise view of the kinematics of the Metz Thrust
that delimits the Westphalian units to the NW but unusually
thick conglomeratic deposits (at least 400 m thick) within the
Westphalian C sequences in the Chaumont well [57], in the
direct footwall of the Metz-Gironville thrust system, support
the fact that it was emergent at least by stage a (Figure 10).

During late Middle Pennsylvanian (stage b; Figure 10),
deformation progressively migrated toward the SE, with de-
velopment of intrabasinal folds and thrusts (e.g., Morhange
thrust) as documented by growth strata in the forelimbs of
these anticlines. The basin was mainly supplied by rivers
draining the surrounding high-altitude massifs; probably ¿3

km above sea level [53]. The eroded anticlines demonstrate
that rock uplift was also generated at that time within the
basin, the eroded material being recycled during syn- and
early post-orogenic stages. Such scenario of syn-orogenic
deformation on top of the retrowedge is notably consistent
with the timing of deformation in the Rhenohercynian fore-
deep, as shown within the foreland molassic coal basin of
Northern France-Southern Belgium [68]. Such kinematical
coherency supports a first-order coupling of both hinterland
and foreland of the Variscan belt during the collision pro-
cess as suggested by sand-box modeling experiments [54].
Top-retrowedge syn-orogenic basin developing at the back of
the suture zone (Figure 11) is not a common tectonic feature
within orogenic belts but the Tertiary Piedmont basin at the
southeastern border of the Western Alps internal zone is con-
sidered as an analog [13, 20, 22, 23, 41, 77, 103].

Another major outcome of this study is the evidence of a
negative tectonic inversion process, with Stephanian syn-rift
strata deposited unconformably above the deformed West-
phalian basin. The syn-rift depocenters are specifically lo-
cated along the former crests and backlimb of thrust-related
anticlines. The former late Westphalian structural highs be-
come structural lows, localizing the main depocenters, thus
characterizing the negative tectonic inversion process. This
tectonic inversion involves the reactivation of Westphalian
thrust ramps and underlying decollements as normal faults
and extensional detachments, respectively (stage c; Figure 10).
Such a change in stress regime across the basin is responsible
for the creation of a major unconformity (BSU) between the
Westphalian and Stephanian strata. The BSU marks the end
of the major collision stage and the onset of the post-orogenic
extensional phase (i.e., tectonic collapse stage). The sedimen-
tary response to such a major change in regional kinematics
was associated with the reorganization of river systems, lead-
ing to the basin-wide deposition of the Holz conglomerates
and a possible change in the main sediment source from north
to south [104]. Such a general depositional pattern suggests
that rock uplift was particularly localized in the prowedge
zone (Rhenohercynian thrust belt; Figure 11) during the syn-
orogenic phase, and was subsequently more widely distributed
across the orogen during the post-orogenic extensional phase,
implying river supply from different sources. The Metz bor-
der thrust remained a structural high during the post-orogenic
phase, but a Stephanian depocenter developed further north
and south (i.e., Varennes-Vacherauville and Francheville de-
pocenters respectively). The SHF, which reactivates at depth
the Rhenohercynian suture, is suggested to be located north
of the Verdun area (Figure 9). The extension-related basin
is about 100 km wide, covering a larger area than the initial
syn-orogenic trough.

The syn-rift infill in the western part of the Lorraine basin
reaches up to about 4.5 km. In addition to the well-defined
Stephanian sequence, the syn-rift infill may also include some
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Lower Permian deposits, known as the Autunian series in late
Variscan French basins (e.g., [11, 12, 18], and likely equiva-
lent to the Lower Rotliegend unit in Germany (stage d; Figure
10). It would thus imply an upper age of the syn-rift series at
about 290 Ma, as documented by the age of the volcanic intru-
sions in Saar-Nahe [124]. Although not precisely dated, the
post-orogenic volcanism in Lorraine would also mark the end
of the extensional phase in the basin. As observed in seismic
profiles and represented in Figure 10, volcanic extrusions are
preferentially located in the vicinity of major faults (hanging-
wall of the Metz thrust, footwall of the Toul and Chevraumont
faults) suggesting that the faults represent preferential magma
pathways.

Based on detailed petrological studies, a mixed crustal and
mantle source is inferred for intermediate type volcanics in the
Saar-Nahe segment of the LSNB [5, 124]. Magmatism would
be driven by underplating of mantle-derived melts and associ-
ated partial melting of the lower crust. Such extensive involve-
ment of mantle melting in the syn- to post-orogenic magmatic
suites within the Armorican-Saxothuringian-Moldanubian
units forming the upper plate of the Rhenohercynian sub-
ducted slab, has been widely interpreted to be the result of
lithospheric delamination and removal of the Variscan oro-
genic roots [7, 21, 35, 48, 50, 59, 67, 69]. The syn-rift de-
pocenters (Stephanian-Early Permian) driven by negative in-
version of the Variscan thrusts, are proposed to represent
another record of such process of removal of the lithospheric
orogenic roots.

Post-orogenic events also include the subsequent positive
tectonic inversion of the basin during the Saalian compres-
sional phase (stage e; Figure 10); this event is considered to
be late Early Permian in age [29, 47, 61, 99, 97] and, thus
occurred shortly after the extensive magmatic event. This
deformation event is poorly expressed in the study area. Apart
from the significant regional uplift and erosion of the basin, it
is evidenced by locally folded and thrusted Stephanian series
(Saar and Morhange thrusts; Figure 9). This probably short
compressional phase is poorly constrained in terms of age and
amount of deformation. The maximum amount of denudation
related to the Saalian shortening in the Lorraine domain is
estimated at 1,200 m [56] while a maximum of 3,200 m of
sediments have been suggested to have been eroded in Saar-
Nahe Basin [52].

The post-rift sequence (Upper Rotliegend in Saar-Nahe)
consists of red beds deposited unconformably above the strongly
irregular Saalian erosion surface (stage f; Figure 10). Maxi-
mum thickness of the post-rift series is preferentially localized
on the previous lows inherited from the Saalian deformation.
This sequence is considered to have developed under a general
thermal subsidence regime, due to lithospheric cooling follow-
ing the extensive magma- tism [115, 124]. Within this general
scenario, it is interesting to note that the base of this sequence

would correspond to the superposition of two regional un-
conformities that is, the post-Saalian unconformity and the
post-rift unconformity. As classically observed for post-rift se-
quences, these deposits overstep the initial borders of the basin
both northward and southward onto the Variscan basement.
The post-rift sequence represents a relatively thin interval
(less than 500 m thick) locally preserved below the TPU with
a lenticular geometry. The subsequent long-term (Triassic
to Upper Cretaceous) thermal subsidence of the lithosphere
led to the formation of the Paris Basin as a post-Variscan sag
basin [7, 96, 101].

6. Conclusions
The analysis of significant data set of reprocessed seismic pro-
files (438 km) in NE France provides a new structural frame-
work and geodynamic evolution of the Permo-Carboniferous
Lorraine Basin. This basin, which forms the westernmost part
of the major late Variscan intramountain LSNB, provides a
record of the geodynamic processes active at the transition
between the collisional and post-orogenic tectonic collapse
stages. The Lorraine Basin originated as a Late Namurian-
Westphalian (Early-Middle Pennsylvanian) syn-orogenic de-
pocenter developed in a wedge-top position upon the syn-
collisional Saxothuringian retro-wedge. Thrusts propagated
toward the SE during sedimentation of the Upper Westphalian
strata (mostly Westphalian D; late Middle Pennsylvanian) as
emphasized by growth structures in the forelimbs of the folds.
After a short period of subaerial erosion of the thrust-related
anticlines, which resulted in a pronounced angu- lar uncon-
formity, subsidence resumed from Stephanian (Late Penn-
sylvanian) to late Early Permian times. This tectonic phase
is proposed here to be due to the extensional (or transten-
sional) reactivation of the suture zone (SHF) and SE-verging
internal thrusts of the basin featuring a major post-orogenic
negative tectonic inversion. This event is at the origin of the
overall half-graben structure of the basin covering a wider
area than during the initial syn-orogenic stage. The seis-
mic profiles highlight the strongly segmented character of
the basin, inverted extensional depocenters being transferred
and controlled along strike by transverse NNW-SSE strik-
ing faults. In this regard, the investi- gated seismic profiles
document the existence of a major depocenter in the western
end of the Lorraine Basin. The late syn-rift phase (i.e., Early
Permian) is marked by volcanic extrusions along some pre-
existing major fault zones (the Metz and Toul-Chevraumont
fault zones). Such volcanic activity at the end of the syn-
rift phase is rapidly followed by local reactivation of both
thrusts and normal faults, inducing a general uplift of the
basin (Saalian compression). This phase is poorly expressed
in the Lorraine segment of the basin while it likely accounts
for a more significant part of shortening and overall deforma-
tion in the Saar-Nahe segment. Finally, the post-rift sequence
(Upper Rotliegend; late Early Permian), controlled by ther-
mal subsidence, developed above the post-Saalian erosional
surface. An important result is the documentation of a major
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Figure 11. Synthetic crustal cross-section representing the Variscan orogenic belt in the Rhenohercynian suture zone area at
about 300–295 Ma, that is, during the post-orogenic extensional collapse stage. Note the position of the Namurian-Westphalian
(Early-Middle Pennsylvanian) depocenter (dark green) forming a syn-orogenic wedge-top basin upon the Saxothu ringian
retro-wedge, directly SE of the Rhenohercynian suture. The post-orogenic Stephanian (Late Pennsylvanian)-Lower Permian
depocenters (purple) result from tectonic subsidence generated by extensional reactivation of the suture zone (South-Hunsrück
Fault) and of intra-basin thrusts generated formerly during the latest increments of the collisional deformation (late Middle
Pennsylvanian). The geometry of the Rhenohercynian prowedge is based on the balanced crustal cross-section of [90].

SE-directed backthrust system (the Metz Thrust) delimiting
the northern border of the syn-orogenic basin. This fault zone
does not correspond to the direct prolongation of the SHF as it
was currently interpreted in the past. The SHF corresponds to
the inverted Rhenohercynian suture zone, and such equivalent
post-orogenic structure in the Lorraine Basin has to be found
further north; that is, north of the Varennes-Vacherauville
depocenter. The distinction between syn- and post-orogenic
structures is an important outcome of this paper. The complex
geometry due to inversion tectonics and basin segmentation
gave rise to misleading interpretations in the past, especially
concerning the location and nature of the main border fault in
Lorraine and the construction of a coherent tectonic history
between NE France and SW Germany. The Late Carbonif-
erous negative tectonic inversion along the Rhenohercynian
suture zone and the associated collapse of Variscan belt are
proposed to result from the removal of the orogenic root at
the end of the colli- sion. The associated upwelling of hot
asthenospheric material is likely to have driven the intense
magmatic activity observed in the basin at the end of the syn-
rift phase. The resultant thermal anomaly is suggested to form
the main trigger for the subsequent thermal subsidence of the
Late Permian-Mesozoic Paris Basin (i.e., a post-delamination
sag basin). The late evolution of the Variscan orogenic sys-
tem thus appears as a complex transition phase where both
compression and extension can be recorded in the same area
over a short period (¡10 Myr). Further absolute dating within
the thick continental series of the LSNB is necessary to pro-
vide basin scale correlations and better definition of processes
involved in the tectonic collapse of this major orogenic belt.
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cropaléontologie, 4:217–221, 1969.

[2] H. Anderle. The evolution of the South Hunsrück and
Taunus Border zone. Tectonophysics, 137(1-4):101–114,
jun 1987.

[3] H. Anderle, W. Franke, and M. Schwab. Stratigraphy.
In Pre-Permian Geology of Central and Eastern Europe,
pages 99–107. Springer Berlin Heidelberg, Berlin, Hei-
delberg, 1995.

http://www.minergies.fr/fr


A Deformed Wedge-Top Basin Inverted During the Collapse of the Variscan Belt:
The Permo-Carboniferous Lorraine Basin (NE France) — 22/27

[4] M. Aretz, H. Herbig, X. Wang, F. Gradstein, F. Agter-
berg, and J. Ogg. The Carboniferous Period. In Geologic
Time Scale 2020, pages 811–874. Elsevier, 2020.

[5] C. Arz. Origin and petrogenesis of igneous rocks from
the Saar-Nahe-Basin (SW-Germany): Isotope, trace
element and mineral chemistry. PhD Thesis, Julius-
Maximilians-Universität, Würzburg, 1996.

[6] O. Averbuch, D. Frizon de Lamotte, and C. Kissel. Mag-
netic fabric as a structural indicator of the deformation
path within a fold-thrust structure: a test case from the
Corbières (NE Pyrenees, France). Journal of Structural
Geology, 14(4):461–474, apr 1992.

[7] O. Averbuch and C. Piromallo. Is there a remnant
Variscan subducted slab in the mantle beneath the Paris
basin? Implications for the late Variscan lithospheric
delamination process and the Paris basin formation.
Tectonophysics, 558-559:70–83, aug 2012.

[8] J. Baptiste. Cartographie structurale et lithologique du
substratum du Bassin parisien et sa place dans la chaı̂ne
varisque de l’Europe de l’Ouest: approches combinées
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[10] A. Becker and A. Schäfer. Evolution of the Saar-Nahe
Basin in the late Palaeozoic. Jahresberichte und Mit-
teilungen des Oberrheinischen Geologischen Vereins,
103:211–233, apr 2021.

[11] J.-F. Becq-Giraudon, D. Mercier, and H. Jacquemin.
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[69] O. Laurent, S. Couzinié, A. Zeh, O. Vanderhaeghe,
J.-F. Moyen, A. Villaros, V. Gardien, and C. Chelle-
Michou. Protracted, coeval crust and mantle melting
during Variscan late-orogenic evolution: U–Pb dating in
the eastern French Massif Central. International Journal
of Earth Sciences, 106(2):421–451, mar 2017.

[70] Laveine. Précisions sur la répartition stratigraphique des
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181(5):429–442, sep 2010.

[84] G. K. Mohapatra and R. A. Johnson. Localization of
listric faults at thrust fault ramps beneath the Great Salt
Lake Basin, Utah: Evidence from seismic imaging and
finite element modeling. Journal of Geophysical Re-
search: Solid Earth, 103(B5):10047–10063, may 1998.

[85] C. Morency, M.-P. Doin, and C. Dumoulin. Convective
destabilization of a thickened continental lithosphere.
Earth and Planetary Science Letters, 202(2):303–320,
sep 2002.

[86] C. Morley, A. Nelson, T. Patton, and S. Munn. Transfer
Zones in the East African Rift System and Their Rele-
vance to Hydrocarbon Exploration in Rifts (1). AAPG
Bulletin, 74:1234–1253, 1990.

[87] A. Moustafa. Controls on the geometry of transfer zones
in the Suez rift and northwest Red Sea: Implications for
the structural geometry of rift systems. AAPG Bulletin,
86:979–1002, 2002.

[88] O. Oncken. Transformation of a magmatic arc and an
orogenic root during oblique collision and its conse-
quences for the evolution of the European Variscides
(Mid-German Crystalline Rise). Geologische Rund-
schau, 86(1):2–20, apr 1997.

[89] O. Oncken. Orogenic mass transfer and reflection seis-
mic patterns — evidence from DEKORP sections across
the European Variscides (central Germany). Tectono-
physics, 286(1-4):47–61, mar 1998.

[90] O. Oncken, A. Plesch, J. Weber, W. Ricken, and
S. Schrader. Passive margin detachment during
arc-continent collision (Central European Variscides).
Geological Society, London, Special Publications,
179(1):199–216, 2000.

[91] M. Ouzgaı̈t, O. Averbuch, B. Vendeville, X. Zuo, and
B. Minguely. The negative tectonic inversion of thrust
faults: Insights from seismic sections along the Northern
France Variscan thrust front and analogue modelling
experiments. GeoMod2010, Lisbon, Extended abstract,
27(19):95–98, 2010.

[92] D. Paul and S. Mitra. Experimental models of transfer
zones in rift systems. AAPG Bulletin, 97(5):759–780,
may 2013.

[93] T. A. Petersen, L. D. Brown, F. A. Cook, S. Kaufman,
and J. E. Oliver. Structure of the Riddleville Basin from
COCORP Seismic Data and Implications for Reactiva-
tion Tectonics. The Journal of Geology, 92(3):261–271,
may 1984.

[94] J. P. Platt and P. C. England. Convective removal of
lithosphere beneath mountain belts; thermal and me-
chanical consequences. American Journal of Science,
294(3):307–336, 1994.

[95] C. M. Powell and G. D. Williams. The Lewis
Thrust/Rocky Mountain trench fault system in North-
west Montana, USA: an example of negative inversion
tectonics? Geological Society, London, Special Publica-
tions, 44(1):223–234, jan 1989.

[96] C. Prijac, M. Doin, J. Gaulier, and F. Guillocheau. Sub-
sidence of the Paris Basin and its bearing on the late
Variscan lithosphere evolution: a comparison between
Plate and Chablis models. Tectonophysics, 323(1-2):1–
38, aug 2000.

[97] A. Prost and J. Becq-Giraudon. Evidence for mid-
Permian compressive tectonics in Western Europe sup-
ported by a comparison with the Alleghanian geody-
namic evolution. Tectonophysics, 169(4):333–340, nov
1989.

[98] P. Pruvost. Bassin houiller de la Sarre et de la Lorraine.
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version and changes in the sediment routing systems in
the Variscan orogenic belt as revealed by detrital zircon
and monazite U Pb geochronology in post-collisional
continental basins. Sedimentary Geology, 377:63–81,
dec 2018.

[129] A. Zeh and A. Gerdes. Baltica- and Gondwana-derived
sediments in the Mid-German Crystalline Rise (Central
Europe): Implications for the closure of the Rheic ocean.
Gondwana Research, 17(2-3):254–263, mar 2010.


	Introduction
	Geological Setting of the Lorraine-Saar-Nahe Basin (LSNB)
	Variscan Tectonic Framework
	Structural Development of the LSNB
	Stratigraphy of the LSNB

	Seismic and Well Data
	Seismic Acquisitions and Reprocessing
	Seismic-Well Tie

	Seismic Interpretations
	Overview of the Main Seismic Features and Facies
	Evidence for the Syn-Orogenic Character of the Westphalian Unit
	Negative Tectonic Inversion and Its Control on the Development of Syn-Rift Depocenters
	Transverse Faults
	Local Reactivation During the Early Permian Saalian Compressive Phase
	Geometry of the Basin Bounding Faults

	A New Tectonic Model for the LSNB
	Integration of Seismic Data Into a New Regional Structural Map
	Structural Development of the Permo-Carboniferous LSNB

	Conclusions
	Acknowledgments
	References

