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Abstract
In fractured reservoirs in the basement of extensional basins, fault and fracture
parameters like density, spacing and length distribution are key properties for
modelling and prediction of reservoir properties and fluids flow. As only large faults
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PT

are detectable using basin-scale geophysical investigations, these fine-scale
parameters need to be inferred from faults and fractures in analogous rocks at the
outcrop. In this study, we use the western shoulder of the Upper Rhine Graben as an

SC

outcropping analogue of several deep borehole projects in the basement of the graben.
Geological regional data, DTM (Digital Terrain Model) mapping and outcrop studies
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with scanlines are used to determine the spatial arrangement of the faults from the
regional to the reservoir scale. The data shows that: 1) The fault network can be
hierarchized in three different orders of scale and structural blocks with a
characteristic structuration. This is consistent with other basement rocks studies in
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other rifting system allowing the extrapolation of the important parameters for
modelling. 2) In the structural blocks, the fracture network linked to the faults is
linked to the interplay between rock facies variation linked to the rock emplacement
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and the rifting event.

1. Introduction

Currently there is renewed interest in magmatic and metamorphic rocks for the

exploration of non-conventional reservoirs for geothermal projects, nuclear waste
deposition, or petroleum prospects (Genter and Castaing, 1997; Luthi, 2005; Rempe,
2007; Cuong and Warren, 2009; Géraud et al., 2010; Marques et al., 2010). In these
lithologies, the porosity and permeability are low in general, but several processes
could increase porosity and lead to the development of a reservoir. Basement
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reservoirs are composed of two main parts: 1) a weathered layer located at the top of
the basement, if the paleotopography and climatic conditions enable its development
and if it is preserved when buried under the sedimentary infilling of the basins
(Dewandel et al., 2006; Boiron et al., 2010; Aquilina and De Dreuzy, 2011;
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Cathelineau et al., 2012); 2) fault zones where a significant fault core and damage
zone are developed, or a opening fracture network both of which can enhance a
reservoir's properties if well connected (Caine et al., 1996; Forster et al., 1997;

SC

Nelson, 2001; Faulkner et al., 2010; Ameen et al., 2012; Hennings et al., 2012).
Unfortunately, the detection of these structures is poor when using current
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geophysical investigation methods from the surface (Bertini et al., 2006; Luthi, 2005).
Nonetheless, knowledge of their location and of reservoir properties are both critical
for drilling projects and resource estimation.

TE
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To determine the fracture and fault network geometry and the inferred petrophysical properties (porosity and permeability), outcropping analogue rocks were
analysed (McCaffrey et al., 2003) and the findings could help develop a reservoir

EP

model. Characteristics like the spacing of different fault sets, fault displacements and
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length distribution are key parameters for the comprehension and modelling of
fractured reservoirs (Heffer and Bevan, 1990; Yielding et al., 1992; De Dreuzy et al.,
2004; Berg and Øian, 2007). As most basement reservoirs are located in extensional
contexts (Trice, 2014; Gutmanis et al., 2015), such parameters can be established by
studying the basement at the shoulders of the rifts.
Most studies of fractured systems are concentrated on one lithology assumed
to be the analogue of a basement reservoir. However, the basement's long geological
history meant there were large variations in the petrology and a pre-existing fault
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network. According to the variability of these elements, the reactivation and extension
processes could differ in the same basin depending on these heritages. Recent studies
have particularly stressed the importance of the relation between structural heritage
and extension-linked fault zones (Le Garzic et al., 2011; Murray and Montgomery,
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2014; Slightam, 2014; Trice 2014; Bertrand et al., 2015). Parameters like damaged
zone thickness, fracture density and orientation repartition and the hydraulic
conductivity they may cause are directly linked to these heritage/reactivation

SC

processes (Laubach et al., 2014; Morley and Nixon, 2016).

The basement of the Upper Rhine Graben (URG) is the target for several
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future drilling projects, namely for geothermal prospection (Boissavy, 2016).
Outcrops of the URG basement lie in the Black Forest and the Vosges Mountains
(Edel and Schulmann, 2009; Lardeaux et al., 2014; Skrzypek et al., 2014). This study
focuses on the Northern Vosges as the area has a high petrographic heterogeneity,

TE
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with different metamorphic units and also several types of magmatic intrusions. The
current state of the fault and fracture networks is the result of the structural
inheritance affecting these lithologies dating from the Hercynian orogeny and their

EP

reactivations by later deformation events. We therefore performed a multiscale study
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based on geological data, DTM (Digital Terrain Model) photo-interpretation and
fracture characterization in the field, with the aim of characterizing the fault and
fractures pattern in light of the site's complex geological history. The findings were
intended to allow us to discuss the fault structuration with the length, spacing and
orientation parameters and the influence of the lithological variation of the fracture
network parameters linked to the fault system. Finally, these elements will be
compared to other rift shoulders.
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2. Geological Context
2.1. The Hercynian orogeny
The basement rock of the Mesozoic sedimentary basins in France is formed of
litho-tectonic domains that are the result of subduction and collision events in
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Palaeozoic times during the Hercynian orogeny (Matte, 2001; Nance et al., 2010; Guy
et al., 2011; Lardeaux et al., 2014) (Fig. 1). Initially, it consisted of the LaurentiaBaltica plate northward and the Gondwana plate southward, with several

SC

microcontinents like Armocia and Avalonia isolated from Gondwana and stuck to
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Laurentia-Baltica (Autran and Cogné, 1980; Bard et al., 1980, Paris and Robardet,
1990, Van der Voo, 1993; Cocks, 2000; Franke, 2000; Kemnitz et al., 2002;
Robardet, 2003; Von Raumer et al., 2003).

In the Vosges Mountains, the Moldanubian domain, which is the metamorphic
root of the orogeny, forms the Central and Southern Vosges Regions and the LAlaye-

TE
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Lubine Fault Zone (LLFZ) separates them from the Northern Vosges (Schulmann et
al., 2009). This study focuses on the Northern Vosges Region, which represents the
juxtaposition of different rock types of the Teplà-Barrandian and Saxothuringian
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domains intruded upon by magmatic bodies (Fig. 1).
‘Insert Figure 1’

Thus, the Northern Vosges are composed of a succession of rock units fixed

together by ENE-WSW to E-W oriented thrusts (Fig. 2):
-

The Southern Schists are the western termination of the Teplà-Barrandian Unit

and date from the Cambro-Ordovician periods. They are pelitic sediments and tuff
intercalations metamorphosed under greenschists-facies conditions (Doubinger and
von Eller 1963; Tobschall, 1974; Reitz and Wickert, 1989; Skrzypek et al., 2014).
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-

The Northern Bruche Unit dates from the Lower to late Upper Devonian

periods and is composed of a succession of varied facies of detrital sediments and
sparse carbonate lenses which testify to a coastal sedimentation with the erosion of
Cambrian basement in a shallow-marine basin (Elsass et al., 2008, Skrzypek et al.,
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PT

2014). The volcanic massif of Rabodeau-Schirmeck is mainly composed of spilite,
keratophyre and volcanic breccias and intrudes upon this unit. Both units are
metamorphosed under Barrovian conditions and represent the Saxothuringian domain

-

SC

in the area.

The “Champ-du-Feu” magmatic massif intrudes upon the suture between the
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Saxothuringian and the Teplà-Barrandian domains. This massif is composed of a
series of NE-SW to E-W trending plutons with a succession of granodiorites, diorites
and granites dated from 334 ± 5 Ma to 319 ±3 Ma (Deschamps, 1995; Altherr et al.,
2000; Cocherie, 2007; Elsass et al., 2008; Tabaud et al., 2014). Later granites linked
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to this magmatic event crosscut the preceding units. The youngest is the Kagenfels
granite which dates from 299 ± 7 Ma (Boutin et al., 1995) and marks the end of

-

‘Insert Figure 2’

AC
C

EP

plutonism.

2.2. The post-hercynian tectonics

From the Pennsylvanian onwards, the orogeny started to collapse and led to the

formation of ENE-WSW elongated basins linked to high tectonic activity (Sittler,
1965; Roland, 1971, Illies, 1972; Schumacher, 2002). This activity is notably
responsible for the formation of wide strike slips with NE-SW and NW-SE directions
(Arthaud and Matte, 1975). The sedimentation progressively enlarged and expanded

6

ACCEPTED MANUSCRIPT
through the whole of Europe accompanied by a reduction in tectonic activity during
the Permian and Triassic Periods (Durand, 1978; Guillocheau et al., 2000; Sissingh,
2001; Bourquin et al., 2006). The beginning of the Alpine cycle led to the formation
of the Alps with a continental collision that started at the Eocene Epoch (Illies, 1972;
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Ziegler, 1992; Geyer and Gwinner, 1995; Walter, 1995; Schumacher, 2002). At this
time, the rifting event leading to the URG formation began in response to the Alpine
collision (Bourgeois et al., 2007; Edel et al., 1997; Roussé, 2006; Ford et al., 2007).

SC

In the URG, rifting began with N-S faults at the end of the Eocene Epoch with
maximal activity during the Oligocene Epoch (Illies, 1972; Merle and Michon, 2001;
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Schumacher, 2002). Starting from the URG, the rifting extended progressively to the
North and to the South, forming a succession of basins like the Limagne Graben, the
Rhodanian Graben, etc. (Bourgeois et al., 2007). The rifting process, especially in the
URG and helped by Alpine shortening, brought the Hercynian basement rock to the

TE
D

outcrop at the shoulders of the basin and formed the Vosges and Black Forest
mountains as they are known today (Brun et al., 1992). During the Miocene Epoch,
the Alpine collision persisted and there was a rotation of the extension direction

EP

which produced left-lateral movements on the N-S faults and reactivated the ENE-
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WSW fault with right-lateral movements.

3. Methodology

3.1. Fault analysis and DTM mapping
Firstly, an analysis of the faults known from geological data in the area was

carried out by the combination of geological maps at a 1/50 000 scale (Blanalt et al.,
1972; Théobalt et al., 1975; von Eller et al., 1975; Ménillet et al., 1978) and recent
structural studies (Elsass et al., 2008; Skrzypek et al., 2014). A general map with a
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classification of the faults in orientation was drawn. From this map, the trend of the
regional faults of the area can be defined.
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‘Insert Figure 3’

Secondly, a structural study of the Northern Vosges Mountains based on manual
extraction of lineaments from DTM photo-interpretation in GIS system was executed.

SC

This related to the 3D representation of the topographic surface obtained from
elevation data. The DTMs come from the French National Geographic Institute’s
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database (IGN, BD Alti®, RGF93 referential) with a resolution of 25 metres. Added
to these processed topographic surfaces, the hydrological network’s dataset (IGN, BD
Carthage®) of the area was imported. Differential lighting angles (NE, SE, SW, NW)
were used to illuminate the surface and to avoid overestimation of perpendicular
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lineaments compared with parallel lines, according to lighting (Fig. 3). This lighting
was at an angle of 45° to the horizontal plane. Thus, all structural lineaments on each
shading angle are manually recorded. In this study, a lineament that had length and

EP

direction was considered to be a linear or slightly curvilinear structural unit (O’Leary
et al., 1976; El Hadani, 1977). The plot covers all the area studied from the regional
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(1:500 000 - 1:250 000) to the local scale (1:50 000) and was subsequently combined
into a single plot to give a global multiscale overview.

3.2. Outcrop analysis
The aim of the outcrop study was to obtain statistical information concerning

centimetric to metric length fractures, both close to and far from the main faults. On
the outcrop, the fractures were measured in orientation and length along a scan line
(SL) to avoid observation bias upon fracture counting. A statistical distribution of

8

ACCEPTED MANUSCRIPT
these parameters along a 1D direction was therefore obtained with the only bias being
in the orientation linked to the outcrop geometry (Bonnet et al., 2001). The fractures
which are sub-perpendicular to the outcrop were overestimated regarding the subparallel fractures (Pickering, 1995; Davy et al., 2006). Many studies address the
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question of the angular correction between the SL and the fracture sets used to avoid
this sampling bias (Terzaghi, 1965; Pickering et al., 1995; Peacock et al., 2003;
Wang, 2005; Davy et al., 2006; Bisdom et al., 2014). However, the SL we used were

SC

often multidirectional due to the outcrop conditions and involved mostly a
combination of several outcrop planes rather than a strictly planar surface (Fig. 4).
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Thus, to be mathematically correct, Terzaghi’s correction needed to be applied
differently to each subsampling surface orientation rather than directly applied to the
whole SL. We chose not to apply a systematic correction to our data for this reason
and also because the SL we used are almost all in the direction of the studied area

TE
D

meaning we had no main sampling direction.

Taking account of this bias, the fracture orientation sets can be compared to the
regional and DTM data. The orientations on each outcrop studied are plotted as a rose

EP

diagram taking into account the length of each fracture so as not to overestimate the
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short against the long fractures. The diagrams showing the number of fractures are not
presented in this paper, as they are almost equivalent to those corrected for the length
of all SL data.

‘Insert Figure 4’

4. Results
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The combination of structural data from the regional scale, DTMs and outcrop
analysis, provides us a multiscale view of the brittle deformation in the Northern
Vosges.
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PT

4.1. First order faults organization
4.1.1. Bibliographic data

The compilation of the bibliographic data from the known regional faults is
presented in figure 5a. From the fault orientation and the geological background of

The ENE-WSW to E-W trending faults (orange lines, Fig. 5a) mainly result
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-

SC

the area, the faults have been reinterpreted and classified into four categories:

from the Hercynian deformation, with a stack of units and the juxtaposition of the
bands of different lithologies from the Southern Schists to the southern “Champ-duFeu” massif. They are later reactivated by the brittle deformation that has been
demonstrated by associated catalases and fractures (Elsass et al., 2008) and represent

-
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37.1% of the fault number and 36.1% of the length.
The NE-SW trending faults (red lines, Fig. 5a), which were at least for the

Kreuzweg fault zone are tardi-Hercynian strike-slips, with a posteriori reactivation

EP

(Arthaud and Matte, 1975; Elsass et al., 2008) during the Oligocene Epoch, with

AC
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10.3% in number and 10.3% in length.
-

Other faults formed during the end of the Hercynian orogeny, with 37.1% of

fault number and 36.1% of length and a NW-SE trend, (blue lines, Fig. 5a) that
especially make right-lateral shifts in the “Champ-du-Feu” massif (Arthaud and
Matte, 1975; Elsass et al., 2008). The NW-SE and NE-SW faults probably acted as a
conjugate system before the later reactivation events.
-

Finally, the N-S faults (black lines, Fig. 5a) were present also during the

Hercynian orogeny, but were mainly reactivated during the Oligocene extension at the
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beginning of the West European Rifting event (Roland, 1971; Illies, 1972; Elsass et
al., 2008). They represent 20% of the fault number and 29.3% of the fault length.
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‘Insert Figure 5’

The compilation of these data and the classification of the faults in four families
enabled us to divide the area into three parts with a characteristic spatial arrangement

-

SC

of the faults in each structural block (Fig. 5a):

The western area is separated from the other parts by the Saales fault, with a

M
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low fault density (0.29 f.km-2) and no relevant spatial structuration of the different
fault families.
-

At the eastern side of the Saales fault, i.e. the central area in the “Champ-du-

Feu” massif, the N-S and ENE-WSW trends are clearly dominant, respectively
representing 26.5% and 45.2% of the fault number and 47.5% and 31.5% of the fault

-
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length. This structural block has a medium fault density with 0.53 f.km-2.
In the northern part, i.e. the Bruche-Schirmeck and the Permo-Triassic units,

EP

the main fault orientations are NE-SW (23.0% in number and 25.7% in length) and
ENE-WSW (22.9% in number and 26.7% in length), with the highest fault density

AC
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(0.74 f.km-2).

4.1.2. DTM data

The structural map obtained after manual picking from the DTM data contains

1426 lineaments (Fig. 5b). Despite a shift of the ENE-WSW in two subsets of ENEWSW and E-W orientations, the main directions highlighted by the map correspond
well to the geological features. Thus, an N-S trend is dominant in the diagram in
lineament number at 25.6% and the secondary sets are NW-SE and E-W with 15.5%
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and 16.7% respectively and finally to a lesser extent NE-SW with 10.7%. With
weighting by length, the N-S was found to scatter slightly (19.8%) in favour of NWSE (19.4%) and ENE-WSW (9.2%).
The DTM data also correspond to the separation in three distinct areas observable

-

RI
PT

in the regional faults (Fig. 5c):

In the western area, the lineaments' orientations are scattered. The dominant

directions N-W and E-W could be distinguished in the number diagram but this was

-

SC

found to be no longer the case when length weighting was applied.

In the central area, N-S and E-W directions are the dominant orientation, with
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respectively 25.4% in number and 24.2% in length, and 23.0% in number and 22.2%
in length. There are also lineaments in the NW-SE direction with 12.7% in number
and 13.1% in length.
-

The northern area is dominated in the frequency number diagram and also in

TE
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the length frequency by the N-S (20.0-15.4%) and NW-SE (27.6-25.8%) directions.
Two peaks at 10% appear on the diagram in length. These are the reflection of the
Raon l’Etape - Donon and the Champenay - Schirmeck Valleys.

EP

Thus, both the geological and DTM data correspond to a separation of the studied
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area into three sub-areas with their own fault densities and orientations. In the western
area, the faults are sparse, while there is a high density of NE-SW and NE-SW faults
in the northern area. In the central area, the fault density is medium with NW-SE, N-S
and also ENE-WNW faults. In the newt section, we will focus on the spatial
arrangement of the faults in the central and northern blocks.

4.2. Faults by areas
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4.2.1. Length distribution

The length distribution for the DTM data (Fig. 6a) and the geological map (Fig.
6b) are presented in a cumulative number diagram. Both sets of data show a length

RI
PT

distribution in power-law with an exponent of -2.0 outside the range of biased data by
truncature and censoring (Bonnet et al., 2001). However, in the geological data, a
second power-law distribution was identified in the faults < 3 km, with an exponent

SC

of -1.0 (Fig. 6b). The faults of length < 3 km are shown in bold in figure 6c. This
demonstrates that these faults are mainly: 1) the ENE-WSW to E-W faults in the

M
AN
U

“Champ-du-Feu” magmatic massif, highly segmented by the reactivated fault sets NS and NW-SE and, 2) a large part of the faults in the northern area.

‘Insert Figure 6’
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4.2.2. Fault spacing

The spacing of the main fault sets, i.e. N-S and E-W in the central area and NE-

EP

SW and NW-SE in the northern area, was calculated along four SLs (Fig. 6d). Each
SL is perpendicular to the studied set to avoid sampling bias due to the orientation of
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the faults with respect to the SL. For the four sets of faults analysed, the mean spacing
was found to range from 9.8 to 1.4 km, with correlation coefficient Cv < 1 indicating
a regular spacing (Fig. 6e).

To summarize, the fault structure in the central and northern block is different in
orientation, density and length distribution as highlighted by the geological and DTM
data. However, the spacing of the internal block faults is almost the same, with the
creation of structural blocks of 1 km in width between the two dominant sets of fault
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in each area. With the outcrop scale in the next section, we will describe the fracture
system associated to these faults, in light of this three blocks and the variation of rock
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PT

lithologies.

4.3. Outcrop scale

The fractures were studied on 35 outcrops distributed in the basement formation
and the immediate Triassic or Permian coverage (Fig. 7). For the Moyenmoutier fault
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zone, the fracture orientations were extracted from the fracture map derived from
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photographs (outcrop 21, Tab. 4). For outcrops 22 to 25, 29 & 33, the main fractures
were measured without precise statistics on the outcrop. For all other outcrops, the
fractures were statistically measured along a scan line and the characteristics are
summarized in table 1. As the exposure of the outcrops was always limited to few
meters and the main faults mostly located in the eroded valleys, it was not possible to
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determine the precise distance from the regional faults. Thus, only the neighbouring
fault orientation is discussed with the exception of 4 outcrops where minor fault cores

EP

with hydrothermal alteration and highly fractured clusters were recognized (outcrop
4, 8, 12, 21, bolded in tab. 1), These were near to the main fault slip surface unlike the
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others which are in the damaged zone a long way from the main fault core. For most
of the outcrops, all the fractures are closed with very poor kinematics criteria and/or
secondary minerals on the slip surface which means the relative timing of the
fractures' formation cannot be discussed.

‘Insert Figure 7’
‘Insert Table 1’
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In the central area, in the northern and tardi-Hercynian granites, the dominant fracture
set for all outcrops is N-S and is linked to the proximity of the N-S faults (outcrops 1
to 5, Fig. 7). The other sets of faults are only represented on secondary fractures'
orientation, if there is a regional fault in the vicinity like the NW-SE on outcrop 5 or

RI
PT

not like the E-W on outcrop 1.

In the magmatic bodies of the southern part, the fracture network is mostly controlled
by the ENE-WSW to E-W Hercynian thrust, even if N-S or NW-SE faults are close to

SC

the outcrops (outcrops 6 to 9, Fig. 7). Other fracture directions are only observable
near to the Kreuzweg NE-SW fault zone (outcrop 12-13, Fig. 7) and in the Southern
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Schists where the dominant fracture set is NW-SE despite the proximity of faults with
various orientations (outcrops 10, 14 & 15, Fig. 7). Finally, outcrop 11 in the Andlau
granite shows a sparse fracture network mainly in NE-SW and ENE-WSW to E-W
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direction, despite the vicinity of N-S and NW-SE faults.

In the metamorphic units of the western and the northern area, there is no
apparent link between the fracture network and the regional faults. For outcrops 17,

EP

19, 21 to 26, the fracture sets are sparse in general with poor links to the fault
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direction in the vicinity of the outcrop (Fig.7 & tab. 1). For outcrops 16, 18 and 20,
one fracture set dominates the fracture network but it is only linked to the regional
fault on outcrop 20 with the ≈E-W set. Conversely, in the Donon and Nideck valleys
where the outcrops are mostly in the Triassic and Permian coverage, the dominant
fracture sets are mostly NE-SW and NW-SE, even if the fault in the vicinity is N-S on
outcrops 29, 30, 33, 34 and 35 (outcrop 27 to 35, Fig. 7 and tab. 1).
To summarize, the study of the fracture network shows that in the different
areas, there are different fracture patterns depending on petrographic variations and
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the structural inheritance involved. Thus, in the central area, the granitic part displays
mostly N-S faults related fractures while the fracture network is controlled by the
Herycnian ENE-WSW direction. In the metamorphic units of the western and central
part, the fractures are almost sparse while in the Triassic and Permian units of the

RI
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northern part, the dominant fracture sets are linked to the NW-SE and NE-SW faults.
The differentiation by rock type is also observable in the fracture densities: the
granite outcrops have ≈7-11 m-1 in the most outcrops to ≈30 m-1 in the highly

SC

fractured damaged zones (outcrop 4 and 12, tab. 1). The other magmatic units and the
metamorphic units in the southern and northern parts have slightly higher densities,
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between ≈ 10-17 m-1 to ≈ 38 m-1, while the Triassic and Permian sediments or
volcanics have almost the same fracture density range as granite (Tab. 1).

Discussion
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D

5.

The compilation of the recent and older geological data of the fault network,
combined to our analysis of DTM data and the fracture network at the outcrop

EP

enabled us to make new interpretation of the fault network in the northern Vosges.
Thus, a new structural model can be created and compared to other rift shoulders

AC
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where the basement of the rift outcrops. This model would therefore be helpful for
prospecting and more specifically for the prediction of fault structuration in the
basement of basins linked to rifting systems.

5.1. Structural model of the Northern Vosges

The fault density and the main orientation on the DTM and geological data show a
separation of the studied area in three first-order structural blocks. These structural
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blocks are limited by first-order faults and are ≈ 20 km wide (Fig. 8). Thus, the
central block is limited at the East by the bordering fault of the rift basin and at the
West by the first-order Saales fault. At the west side of the latter, in the western block,
the structuration in “bands” of the lithologies and the N-S faults reactivated during the

RI
PT

rifting event are no longer present as the orientation diagrams and the low fault
density both show. The same data highlights a differentiation in the fault structuration
between the central and the northern block although there is no apparent first-order
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fault which disconnects the brittle deformation (dashed line, fig. 8).
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The internal structure of the first-order blocks, in particular the central and the
northern blocks, show a specific spatial arrangement of the faults. In the central block,
the main faults are N-S and NW-SE, with also the presence of the ENE-WSW to E-W
direction linked to the bands of lithologies. Two faults of the N-S (Brimbeliere and
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Magel faults, fig. 8) and the NW-SE sets (Waldersbach and Natzwiller faults, fig. 8)
are the longest faults in the block and also control the main topographic changes in
the massif (Elsass et al., 2008). Thus, these faults can be considered as second-order

EP

faults, organizing the basement rock into second-order blocks with a regular width of
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4-5 km. Within the second-order blocks, the spacing data of the N-S and NW-SE fault
sets show regular spacing (Cv < 1) and in consequence an individualization in thirdorder blocks of 1-2 km in width.
In the northern block, the data show a high density of short faults, leading to a

change in the power-law distribution (Fig. 6b), with the main faults' direction being
NW-SE and NE-SW. Thus, while second-order structuration is not observable
because the most part of the faults are short, the SLs show regular spacing with a Cv
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< 1 for the NW-SE and NE-SW sets. In this first-order block, the fault structuration is
therefore controlled by third-order faults that individualize blocks of 1-2 km in width.

To summarize, our new structural model proposes a structuration in first-, second-
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and third-order faults and structural blocks with characteristic length, density and
spacing distribution with each first-order block having their own internal fault
structuration. In the next section this model will being compared with other rift
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5.2. Comparison with other rift shoulders

SC

shoulders.

Recent studies have shown that in rifting contexts, the brittle structure of the
basement rock can be hierarchized according to fault parameters like length, spacing,
displacement and thickness. Indeed, structural studies of the Al-Mukalla basement
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(Northern Aden gulf) and the Catalonian margin (NE Spain) (Le Garzic, 2010; Place,
2010; Bertrand et al., 2015), the compilation of Morellato et al. (2003) in different
extensional systems and also studies of the relation between the different fault

EP

parameters (Gillespie et al., 1993; Pickering et al., 1995; Clark and Cox, 1996;
Peacock et al., 2003; Childs et al., 2009) all emphasize a characteristic arrangement
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of faults.

Thus, through analysis of the 2D distribution (Le Garzic et al., 2011), three orders

of faults were defined. This structuration has been identified in the URG with the
seismic prospection in the sedimentary units (Fig. 9a), with:
1) The first-order faults accommodate the crustal scale deformation, like the
Vosgian fault in the area studied, and brought the basement rock to the surface (red,
fig. 9a).
18
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2) The second-order faults form the horst and graben structures in the extensional
system. In these second-order blocks, faults of approximately 10 km in length
decompose the basement rocks in horsts or grabens (blue, fig. 9a).
3) The third-order faults are formed in second-order blocks and are typically
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visible on DTM data by the associated eroded valleys (green, fig. 9a).

As the basement faults are poorly constrained by seismic prospection because of
the investigation depth and the absence of layering in the plutonic rocks, our
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structural analysis of the rift shoulders gives an example of prolongation of the fault
network in the basement. As this structuration is also recognizable in other rift

M
AN
U

systems, it gives key parameters for reservoir modelling in fault zones. Thus, the
length distribution and the classification in three orders could be directly used to
predict fault key parameters for modelling like the displacement and the width
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(damaged zone width) of the fault zone (Fig. 9b).

5.3. Structural heritage and fracture network
As the faults parameters in the basin are predictable with the three orders of fault
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arrangement, our fracture network characterization on the outcrop enables modelling
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of the fracture network in the damaged zone in light of the petrographic variability of
the basin basement.

As shown in our outcrop data, the interplay between the Oligocene extension and

the inherited structures seems to have played a key role in the development of the
fault and fracture system. Thus, each first-order block has their own second- and
third-order fault network, with characteristic densities and orientation, although the
general classification in three orders is valid at the regional scale.
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In the northern block and also in the granitic bodies of the central block, the
fracture network's main orientation is controlled by the orientation of the main fault
sets. These faults are NW-SE and NE-SW in the northern block and N-S and NW-SE
in the central block. In the southern units of the central block, these faults have no
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influence on the fracture network which is dominated by ENE-WSW to E-W
direction, linked to the Hercynian faults. Also, the magmatic fabric studied by
Skrzypek (2011) shows a dominant N-S trend in the North and ENE-WSW in the
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South. Thus, the final state of the fracture network reflects the difference in the
structural inheritance between the North and the South of the block. While the intra-
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block fracturing is controlled by the N-S and NW-SE structures in the northern part,
their influence in the southern part is only minor.

As matrix porosity and permeability is generally low in these kinds of rocks,
modelling the fracture network is a key aspect for the flow prediction in the basement

TE
D

of the basins (Nelson, 2001). These fractures are not observable in the pre-drilling
data and the study of the Northern Vosges is a good example of analogous rocks with
a high petrographic heterogeneity. Our comparison of the granitic and non-granitic
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parts of the structural blocks shows that the fracture network can be specific to each
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rock facies, linked to the different structural inheritance, even if the fault network is
homogeneous.
Conclusion

The fault and fracture network of basement rocks is the subject of many

studies because these structures are the main fluid flow conduits at depth in basins.
With the high investigation depth and the absence of seismic markers in this type of
geological context, the characterization of the fault and fracture network in outcrop
can be helpful for fluid flow prediction. Our case study in the Northern Vosges on the
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shoulders of the URG highlights important structural features that can be helpful for
prospecting in the basin and also can be generalized to other rift systems.
As described by previous authors, the fault network at the outcrop and in the
URG is the result of the Hercynian pre-structuration and the reactivation processes

RI
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during the latter deformation events, in particular the URG formation (Illies, 1972;
Schumacher, 2002). This interplay between structural inheritance and latter
deformation creates a fault spatial arrangement in three orders of scale, which have
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been identified in the basin sediments and also in other rift systems (Morellato et al.,
2003; Le Garzic, 2010; Place, 2010; Bertrand et al., 2015). These three orders of
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faults have characteristic spacing and length. The largest, first-order blocks
individualize large areas with differing sets and orientation and density patterns. With
this broad differentiation of the basement patterns, other fine-scale parameters like
fault damage zone thickness can be extrapolated from existing laws. This procedure

TE
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allows fault networks at the base of basins to be modelled.

For modelling the fracture network associated with the faults, our structural
analysis shows the importance of petrographic variation in the basement. Thus, in the

EP

rock facies where there is a structural inheritance of fabrics and lithologies related to
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igneous and metamorphic processes (magmatic fabric, early thrusts or strike-slip, …),
the fracture network will have different expression, even if the fault network is
homogenous throughout the whole first-order block. This observation has a
significant impact of flow modelling in the damage zone of the prospected faults, as
the fractures could have completely different parameters from one rock facies of the
basement to another.
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Figure 1: Map of the lithotectonic domains of the Hercynien orogeny in Europe modified by
Skrzypek et al. (2014) after Edel and Schulmann (2009), with the location of the area of
interest (Fig. 2).
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Figure 2: Simplified map of the Northern Vosges Mountains, redrawn after Blanalt et al. (1972), Théobalt et al. (1975), von Eller et al. (1975), Ménillet et al.
(1978) and Elsass et al. (2008).
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Figure 3: a) DTM data with hydrological network used for the lineament mapping (IGN, BD
Alti® and BD Carthage®, RGF93 referential) with the different modelled sunlight from NW,
NE, SW and NE at an inclination of 45°.
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Figure 4: Schematic view of the orientation sampling bias on an SL measurement.
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Figure 5: a) Map of faults combined from bibliographic data (Blanalt et al., 1972; Théobalt
et al., 1975; von Eller et al., 1975; Ménillet et al., 1978; Elsass et al., 2008) classified by
orientation and orientation plot (length weighted) associated with the faults, b) Traced
lineament map on DTMs with NE lightning and orientation diagram in number and length.
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Figure 6: Length distribution of the faults on a) the DTMs map and b) the geological map, c)
map the faults less than 3km in length d) Map of the location of the different scan lines for
spacing measuring of the faults, e) spacing results for each SL.
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Figure 7: Structural map of the Northern Vosges with orientation diagrams of the different outcrops studied. Black lines represent outcrops where rigorous
scan lines have been drawn. Data extracted from outcrop photographs is in green. Blue is used to show outcrops where only a few fractures could be
measured regardless of the location method.
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Figure 8: Classification of the faults and structural blocks in first, second and third-order
in the studied in light of the geological, DTMs and fracture data.
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Figure 9: Schematic large-scale URG W-E cross-section with interpretation of the fault
orders (Le Garzic, 2010), b) interpreted fault parameters relation thickness - displacement
and displacement - length from bibliographic synthesis (Le Garzic, (2010) after Clark and
Cox, (1996) and Childs et al., (2009).

36

ACCEPTED MANUSCRIPT

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Steige
schists
Steige
schists
Schirmeck
volcanism
Schirmeck
volcanism
Schirmeck
volcanism

Outcrop

N073°E

Length
(m)
5.50

Nb of
fractures
75

Density
(frac/m)
13.64

N-S

N090°E

9.10

73

8.02

20

N-S

N100°E

4.8

38

7.92

21a

Schirmeck
volcanism
Schirmeck
volcanism
Bruche unit

ENE-WSW

N040/130°E

4.73

69

14.59

NE-SW

N070°E

1392

24.05

NW-SE

N110°E

20.20

225

21.09

21b

Bruche unit

NE-SW

N070°E

557

21.06

N-S, ENEWSW
N-S, ENEWSW
NW-SE, ENEWSW
NW-SE, N-S

N092°E

15.70

73

4.65

22

Bruche unit

NE-SW

X

X

4

X

N140°E

14.92

135

9.05

23

Bruche unit

NW-SE

X

X

4

X

N002/170°E

3.43+1.6

62+36

19.48

24

Bruche unit

NW-SE

X

X

3

X

N190°E

2.48

49+42

36.64

25

NW-SE

X

X

4

X

2.87

67

23.34

26

NE-SW

Many directions

6,60

5.85

86

14.70

27

NW-SE

N128°E

22.44 au
total
7.50

148

N218.15°E

82

10.93

N145.10°E

16.22

140

8.63

28

Schirmeck
volcanism
Permian
sediments
Permian
volcanism
Bruche unit

N-S

N000°E

NW-SE
N-S, NW-SE,
NE-SW
NE-SW

N060°E

3.34

58

17.37

N150/155°E

1.69+3

70+59

NE-SW, NWSE
N-S

X

X

35

X

N-S

N178°E

5.82

59

10.14

NW-SE

N057/048/028°E

13.10

110

8.40

NW-SE

N028/060/048°E

8.34

62

7.43

N-S

X

X

64

X

N-S

N090°E

7.5

80

10.67

N-S

N000/115°E

10.8

123

11.39

19

Lithology

27.50

29

180

13.08

30

NE-SW, ENEWSW
N-S

N150°E

13.76

N034/030°E

4.9+4.6

45+24

7.26

31

N-S

N078°E

7.98

75

9.40

32

NE-SW

N007°E

9.23

132

14.30

33

NW-SE

N032°E

3.98

94

23.62

34

ENE-WSW

N107.15/082.07
/125°E

2.56+2.65
+2.06

29+16+31

10.45

35

Proximity to
fault
NE-SW

IP
T

Density
(frac/m)
7.47

CR

3

Nb of
fractures
37

M
AN
US

2

N130°E

Length
(m)
4.95

D

Northern
granites
Younger
granites
Younger
granites
Younger
granites
Younger
granites
Younger
granites
BandeMédiane
BandeMédiane
Neuntelstein
diorite
Steige
schists
Younger
granites
Younger
granites
Granodiorite

SL Orientation

TE

1

Proximity to
fault
N-S

EP

Lithology

AC
C

Outcrop

Permian
volcanism
Permian
volcanism
Permian
volcanism
Permian
sediments
Permian
volcanism
Permian
volcanism
Permian
volcanism

SL Orientation

Table 1: Characteristics of the fractures measured on each outcrop studied: in black rigorous scan lines have been drawn, indicated by the length and the
orientation of the measurement line (when several values were observed: a series of small SL with different orientation), data shown in green is extracted
from outcrop photographs, indicated by the dimension and orientation of the associated fracture map, blue represents outcrops where only few fractures
could be measured regardless of location method, SL4, 8, 12 and 21 are located near the main fault core, as the others are in the fractured damages zones.
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- Analysis of outcropping analogues of fractured basement rocks reservoirs has
been done.
- Geological data, DTM interpretation and fracture analysis on outcrop are
combined.
- A fault organization in three orders of scale with characteristic fault parameters
can be indentified.
- The three-orders spatial arrangement is comparable to other rift-related basin
basements.
- Petrographical variation of the basement rock led to change in the fracture
network.

