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ABSTRACT. On the geological maps of the high-Ardenne slate belt (Belgium) an EW-trending, weakly S-dipping thrust fault is classically 
drawn, bordering the Eifel depression to the south. the ‘type locality’ of this fault lies in a – now completely overgrown – railway section at 
herbeumont. this fault is indeed known as the ‘herbeumont fault’. A detailed structural and microstructural analysis of an outcrop area on the 
east bank of the Semois river, south of the railway section, allowed us to complement the geometrical and kinematic context of the classical 
‘Herbeumont fault’. The rocks exposed are predominantly fine-grained siliciclastic rocks belonging to the Lower Devonian.
Besides the bedding (S0), which is often very difficult to discern, three types of tectonic foliation can be distinguished: a primary cleavage (S1) 
at small angle to the bedding, a shear band foliation (SBF = S2) and an axial-planar, crenulation cleavage (S3) of late, shear-related folds affecting 
all pre-existing structural features. the pervasiveness – or even the mere presence – of these foliations is highly dependent on lithology, layer 
thickness and competence contrast within the multilayer sequence, even to the degree that a strongly developed shear band foliation can easily 
be mistaken as bedding. Other typical structural features include folded, boudinaged layers and folded, foliation boudins, as well as chevron 
folds.
All these structural features can be fitted in a kinematic model of a single, polyphase progressive top-to-the-north shearing event, occurring in 
the late stages of the variscan orogeny. the outcrop area studied thus offers an excellent look into a low-grade metamorphic shear zone – the 
‘herbeumont shear zone’ – that developed in mid-crustal, brittle-plastic deformation conditions in a slate belt. Evidence of purely brittle thrust 
faulting – the ‘Herbeumont fault’ – could, however, not be identified in the outcrop area studied.
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Figure 1. Simplified geological map 
of the Ardenne-Eifel area with 
indication of the main 
tectonostratigraphical entities. tvm: 
trois-vierges malsbenden backthrust 
(after Sintubin et al. 2009).

1. Introduction

multiple foliations in metamorphic crystalline rocks are commonly 
considered diagnostic of a shear zone (cf. Passchier & trouw 2005, 
Trouw et al. 2010). In mylonites we find the characteristic S-C fabrics 
(Berthé et al. 1979, Passchier & trouw 2005) and C’ fabrics (Passchier 
& trouw 2005, Platt & vissers 1980). In a slaty environment, on the 
other hand, multiple cleavages are often seen as indicative of multiple 
deformation events or even multiple orogenic events affecting the 
low-grade, fine-grained siliciclastic series (Passchier & Trouw 2005).
 In the context of the high-Ardenne slate belt, multiple 
cleavage development in the Lower Palaeozoic basement inliers (e.g. 
Stavelot-venn, rocroi) has indeed been seen as evidence of an older, 
pre-variscan orogenic event (e.g. Belanger 1998, delvaux de Fenffe 
& Laduron 1984, 1991, Geukens 1969). A study of multiple 

crenulation cleavages, present in the Ordovician (Salmian) slates in 
the southern part of the Stavelot-venn inlier (Piessens & Sintubin 
1997), demonstrates, however, that applying a single progressive, 
non-coaxial shear deformation can explain the presence of multiple 
crenulation cleavages, thus questioning its value as evidence in favour 
of an early, pre-variscan orogenic event (Sintubin et al. 2009). Also in 
the Lower devonian rocks in the core of the Eifel depression (Cugnon-
herbeumont region), multiple crenulation and kink generations have 
long been recognized (Fourmarier 1944, 1966, Fourmarier et al. 1968, 
rondeel 1971). Because these rocks are only affected by the Late 
Carboniferous, variscan orogeny, these multiple foliations need to be 
explained by a single, progressive deformation event.
 the outcrop area along the banks of the Semois river, which 
is the subject of this paper, is located on the supposed trace of the 
‘herbeumont fault’, as coined by Fourmarier (1914) along the, at that 
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Figure 2. Simplified geological map of the western part of the High-Ardenne slate belt according to Asselberghs (1946), representing the region in which the 
‘herbeumont fault’ (‘Faille de Herbeumont’) has been mapped (see figure 1 for location). In italic are indicated the original names (in French) of tectonostratigraphical 
entities and faults according to Asselberghs (1946). the ‘old’ Lower devonian stratigraphy is used: ‘Gedinnian’ largely coincides with the Lochkovian; ‘Siegenian’ 
with the Pragian; and ‘Emsian’ with the Emsian.
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Figure 3. the study area at herbeumont, indicating three traces of the 
‘herbeumont fault’: (a) the straight trace as on the map of Asselberghs (1946) 
(i.e. ‘trace of Asselberghs’); (b) the corrected trace taking into account a 45°S 
dip of the fault starting from the ‘type locality’ in the railway section (i.e. 
‘corrected trace’); (c) the trace as we would expect based on the identification 
of the ‘Herbeumont shear zone’ (see figures 4 & 11) (i.e. ‘projected trace’).

time, newly excavated railway in the centre of herbeumont. A detailed 
structural analysis of the outcrops, combined with a microfabric 
analysis on thin sections, reveals the presence of multiple foliations, 
boudin structures and chevron folds. In this paper, we present a 
kinematic model, explaining the complex superposition of all 
structural features. the inferred polyphase, progressive strain 
accumulation fits in an overall top-to-the-north shear context. The 
high-strain zone, exposed in the outcrop area, can thus be defined as 
the ‘herbeumont shear zone’. no purely brittle deformation, i.e. the 
‘Herbeumont fault’, has been identified. The kinematic model allows 
to reflect on the nature of low-grade metamorphic shear zones in slate 
belts. It furthermore contributes to an improved understanding of the 
overall variscan geodynamics of the high-Ardenne slate belt.

2.  Geological setting

the high-Ardenne slate belt (hASB) forms the southernmost exposed 
domain in the Ardenne-Eifel area (France, Belgium, Luxembourg, 
Germany) of the Ardenne allochthon (Fig. 1), part of the 
rhenohercynian foreland fold-and-thrust belt (Oncken et al. 1999), 
which is located at the northern extremity of the Central European 
variscides.  the hASB is composed of siliciclastic, predominantly 
argillaceous rock formations of early devonian age. Largely, these 
relatively incompetent rock formations controlled the variscan 
deformation, which eventually led under low-grade metamorphic 
conditions to the development of a slaty cleavage, the dominant 
structural feature in the hASB. this thick, Lower devonian sequence 
reflects the rapid syn-rift basin fill, particularly active during the 
Pragian (Oncken et al. 1999), in the northern part of the developing 
rhenohercynian ocean. deformation in the hASB took place during 
the late visean-early Serpukhovian – Sudetic – stage of the variscan 
orogeny (Fielitz & mansy 1999, Piqué et al. 1984). Greenschist-facies 
metamorphism is recorded in the Lower devonian metasediments in 
the central part of the hASB (Beugnies 1986). this metamorphism is 
believed to be pre- to early synkinematic with respect to the prograding 
variscan deformation and is considered to primarily have a burial 
origin (Fielitz & mansy 1999). these metamorphic conditions 
persisted during the variscan orogeny.
 the hASB is structurally composed of the Ardenne 
culmination and the Eifel depression (Fig. 2). the Ardenne culmination 
involves predominantly siliciclastic metasediments of Lochkovian 
age. A number of Lower Palaeozoic basement inliers, i.e. the rocroi 
and Serpont inliers in the west and the Stavelot-venn inlier in the east, 
forms the backbone of the Ardenne culmination (Fig. 1). the 
predominantly siliciclastic metasediments in these basement inliers 
are Cambrian to middle Ordovician in age, and possibly reflect an 
early Palaeozoic rift basin development (verniers et al. 2002). the 
existence of a pre-variscan deformation event – the so-called 

Ardennian event – remains to date a matter of debate (Sintubin et al. 
2009).
 the Eifel depression – ‘Bassin de neufchâteau’ according 
to Asselberghs (1946) – consists of Lower devonian siliciclastic 
metasediments. In the west, the outcropping metasediments are of 
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Figure 4. detailed map of the outcrop area west of the herbeumont castle (see 
figure 3 for location). All individual outcrops studied are indicated. The colour 
code indicates the structural domains (see text for further explanation) to 
which each of the individual outcrops has been assigned (see also figure 11).
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Figure 5. micrographs illustrating the microstructural relationship between 
the different foliations. (a) small angle between bedding (S0) and primary 
cleavage (S1) is still observable; the latter has been affected by the crenulation 
cleavage S3 (outcrop 17 – structural domain 4). (b) pinch-and-swell structure 
of mm-sized silty layers in multilayer sequence affected by the tertiary 
cleavage S3 (outcrop 14 – structural domain 4). (c) fragmented layering in the 
core of an chevron fold, related to the tertiary cleavage S3 (outcrop 15 – 
structural domain 5). (d) multilayer sequence affected by the crenulation 
cleavage S3 (outcrop 15 – structural domain 5). (e) shear band foliation (SBF = 
S2), fragmenting the primary composition layering, resulting in ‘stretched 
fishes’ (sample taken 600 m north of the study area – structural domain 2). (f) 
in the upper part of the thin section the primary compositional layering is 
dismembered by the SBF (S2); in the lower part of the thin section the primary 
layering is completely transposed by the SBF (tS0 // S2) (outcrop 13 – structural 
domain 3).

Pridolian to Pragian age, while towards the north-east the outcropping 
metasediments progressively young up to the Emsian and Eifelian. 
the Eifel depression shows an overall synformal architecture 
(Asselberghs 1946). the western part of the Eifel depression (Fig. 2) 
is rather narrow. It trends EW and is nearly horizontal to weakly 
E-plunging. to the south, it is bordered by the Givonne culmination 
– ‘Anticlinal de Givonne’ according to Asselberghs (1946) – with the 
Lower Palaeozoic Givonne inlier in its core (Fig. 2). the ‘herbeumont 
fault’, as outlined by Asselberghs (1946), is commonly considered to 
separate both latter tectonostratigraphic entities.
 The ‘Herbeumont fault’ – ‘faille de Herbeumont’ – has first 
been described by Fourmarier (1914) along the, at that time, newly 
excavated railway in the centre of herbeumont (Fig. 3). he recognised 
an intensely disrupted and folded zone and supposed that this fault is 
the eastern continuation of the Aiglemont fault, described by Gosselet 
(1888) close to Charleville-mézières (Fig. 2). In 1922 more evidence 
of a similar fault (e.g. folds, brecciation, veins, slickensides) was 
observed between Bouillon and Straimont (Asselberghs 1922). 
Asselberghs (1946) described the key elements of the ‘herbeumont 
fault’ in the herbeumont railway section: S-verging staircase folds in 
the footwall of the fault; ‘crushed’ slates in the direct footwall of the 
fault; and overturned n-verging folded and faulted quartzite layers 
intercalated in the slates in the hanging wall of the fault. the 
‘herbeumont fault’ itself – situated 50 m north of the viaduct – dips 
45° to the south. the trace of the fault is speculated to extend towards 
martelange in the east (Fig. 2). In total, Asselberghs (1946) described 
10 localities along the Belgian trace of the fault, based on structures 
such as fault-related folds, brecciation, veins, slickensides.
 the EW-running trace of ‘herbeumont fault’ can thus be 
followed over a distance of more than 75 km from Charleville-
mézières to martelange, passing through Bouillon and herbeumont 
(Asselberghs 1946) (Fig. 2). The influence of the fault is supposed to 
be visible up to 2 km north of the fault (footwall). the overall dip of 
the fault varies from 45°S (herbeumont), down to 15°S (Bouillon) 
and even 10°S (neufmanil). the overall horizontal displacement is 
estimated to be at least 2500 m (Asselberghs 1946).
 the ‘herbeumont fault’ at its ‘type locality’ – the railway 
section at herbeumont – separates metasediments of the same 
stratigraphical formation, i.e. the Anlier Formation sensu Asselberghs 
(1946). this formation belongs to the old ‘Siegenian 1’. In the current 
Lower devonian stratigraphy the metasediments exposed at 
herbeumont most probably belong to the mirwart Formation 
(Bultynck & dejonghe 2001, Godefroid et al. 1994), of Lochkovian-
Pragian age.
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affecting the primary cleavage (S1) sub-parallel to bedding (S0) (outcrop 5 – 
structural domain 2) (pencil = ~15 cm). Bedding and primary cleavage is 
dipping ~30°S (see pencil); shear band foliation (S2) is dipping ~16°S. this 
SBF (S2) can easily be mistaken as bedding. Inset: extensional shear band 
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trouw 2005).
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Figure 7. Lithology-dependence of the 
occurrence of tectonic foliations 
(outcrop 5 – structural domain 2). (a) 
photograph of outcrop (hammer = ~35 
cm) and line drawing with indication of 
different foliations; notice the 
differences between layers 1 (psammitic 
composition), 2 ( silty composition) and 
3 (pelitic composition). (b) detailed 
view of layer 1 in which only the 
primary cleavage (S1) is apparent 
(pencil = ~15 cm). (c) detailed view of 
layer 2 in which both SBF (S2) and S1 
are observable (pencil = ~15 cm); in 
layer 3 only the SBF (S2) is present. 
Between layers 2 and 3 the SBF (S2) 
shows a typical cleavage refraction 
pattern.

 the ‘straight’ trace of the ‘herbeumont fault’ on the map of 
Asselberghs (1946) (Fig. 2) is in conflict with its shallow southern 
dip, in particular taking into account the pronounced relief in the 
Semois valley region. At herbeumont, we corrected the trace taking 
into account a 45°S dip starting from the – now completely overgrown 
and inaccessible – ‘type locality’ in the railway section to the west into 
the deeply incised Semois river valley. the ‘herbeumont fault’ should 
subsequently be exposed in the outcrops on the east bank of the 
Semois river just northwest of the herbeumont castle (‘Forteresse 
d’herbeumont’) (Fig. 3).
 Our research focused on this outcrop area, allowing us to 
study the geometry and kinematics of the ‘herbeumont fault’. In total 
21 individual outcrops have been studied, spread mainly over an area 
extending ~300 m along the Semois river and over 60 m height 
difference from river level (~260 m) and the top of the ridge (~320 m) 
(Fig. 4). the rocks exposed in the outcrop area primarily consist of 
fine-grained, siliciclastic metasediments, ranging from greenish-grey 

mudstones to siltstones. Intercalated in these fine-grained rocks we 
find well-foliated layers of coarser-grained, creamy to grey, 
metasandstones – classically described as psammites by Belgian 
geologists.

3. Structural analysis

On the different outcrops a number of specific structural fabric 
elements have been identified. Besides the original bedding (S0), three 
different tectonic foliations could be recognised (S1, S2, S3), as well as 
folds and boudin structures. It should be noticed that each structural 
fabric element is not present in each (part of an) outcrop. Presence or 
absence is clearly controlled by the lithological composition. Based 
on the presence or absence of structural fabric elements, the outcrops 
have been grouped in a number of structural domains (Figs 4 & 11).

3.1 Bedding S0

the original bedding (S0) is only obvious in (parts of) the outcrops in 
which a lithological contrast is clearly observable (e.g. outcrops 14, 
15, 17, 18, 19; Fig. 4). multilayer sequences consist of an alternation 
of psammitic sandstones, siltstones and pelites. the psammitic layers 
are often dominant (up to 80%) in the multilayer sequence. thicknesses 
of the individual psammitic layers range from mm- to cm-size (up to 
10 cm). multilayer psammitic packages, intercalated with very thin 
layers of pelitic material, up to 50 cm thickness can be observed. 
Often, these multilayer sequences are folded (e.g. outcrop 15) (Fig. 5c 
& d; Fig. 8a). In parts where the lithological contrast is not pronounced, 
bedding is no longer apparent on outcrop, in particular with respect to 
the other foliations. these sediments primarily consist of rather 
homogeneous, often finely laminated, siltstones and pelites (Fig. 7).
 In thin section, traces of the original bedding can be 
recognised. Progressively, primary compositional layering (Fig. 5a & 
b) is, however, dismembered in isolated fragments (Fig. 5c), going 
from ‘lensoid’ fragments (‘stretched fishes’), which still allow to 
identify the overall bedding attitude (Fig. 5e) at an angle to one of the 
tectonic foliations, to completely transposed, isolated fragments in a 
pelitic matrix (Fig. 5f). In the latter case, it is not possible anymore to 
identify the original bedding attitude based on the transposed bedding 
(tS0) (Fig. 5f). 

3.2 Primary cleavage S1

Where bedding can be clearly identified in multilayer sequences, a 
primary cleavage (S1) becomes apparent in the more pelitic parts of 
the sedimentary sequence. this primary cleavage shows a very small 
angle with respect to the bedding (up to 10°) (Fig. 5a). It is therefore 
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fair to assume that, at those places where bedding cannot be identified 
unequivocally, the attitude of the primary cleavage may be used as a 
proxy of the original bedding attitude (Fig. 5b to f).

3.3 Shear band cleavage S2

the dominant foliation, observed on the majority of the outcrops, can 
easily be mistaken in the field as bedding (Fig. 6), in particular where 
this foliation is folded (Fig. 8b). this foliation is most obvious in the 
more silty, rather homogeneous parts of the outcrops (Fig. 7). It 
appears as a compositional layering, mimicking a primary sedimentary 
bedding. Where the foliation is not folded, it is weakly S-dipping 
(~10°S) to subhorizontal.
 this tectonic foliation (S2) clearly affects both the original 
bedding, where visible, and the primary cleavage (Fig. 5e). It causes 
the typical wavy appearance of the bedding (Fig. 6) due to minor 
dragging and shearing of the original bedding. displacement along 
this secondary foliation can, however, become significant to the point 
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detailed view of the hinge zone of a 
chevron fold affecting the SBF (S2) 
(indicated by white dashed lines) 
(outcrop 11 – structural domain 3); 
compositional layering (S0) is 
indicated by fine black lines; tertiary 
axial-planar cleavage (S3) by red full 
line. (a) thin section of the ‘thick’ 
limb, in which bedding (S0) can still 
be recognised at high angle to the 
SBF (S2). (b) thin section of the ‘thin’ 
limb, in which bedding is completely 
transposed (tS0 // S2).

Figure 8. Chevron folds, associated 
with the tertiary cleavage S3 (pencil = 
~15 cm). (a) chevron folds affecting 
fine compositional layering (S0) 
(outcrop 15 – structural domain 5). 
(b) chevron folds affecting the 
SBF (S2) (outcrop 11 – structural 
domain 3); notice the thickness 
variation between both limbs (see 
also figure 9).

that bedding can no longer be traced across this foliation (Fig. 5f). In 
the latter case, bedding seems completely transposed by the secondary 
foliation (i.e. tS0 // S2).
 this secondary foliation (S2) shows all characteristics of an 
extensional shear band foliation (SBF) (Passchier & trouw 2005, 
Platt & vissers 1980), consistently indicating a top-to-the-north 
shearing. the SBF (S2) does not occur in the psammitic layers of the 
metasedimentary sequence (e.g. outcrop 5 – Fig. 7b). In the more silty, 
finely laminated parts and in the pelitic horizons, the SBF (S2) is 
clearly expressed, also showing cleavage refraction (e.g. outcrop 5 – 
Fig. 7c).

3.4 Folding and tertiary cleavage S3

Two types of chevron folds have been identified. Both types have very 
similar outcrop characteristics: dm- to m-scale; upright to slightly 
n-verging; subvertical axial plane; subhorizontal to moderately 
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plunging (~30°SE) nW-SE trending fold hinge lines. the difference 
between the two types lies in the nature of the folded foliation.

 The first type of chevron folds developed in a multilayer 
sequence of mm- to cm-thick psammitic layers in predominantly 
pelitic series (e.g. outcrop 15 – Fig. 8a). the individual psammitic 
layers are discontinuous and show prominent thickness variation 
(ranging from a few mm to a few cm), indicative of boudinage. the 
folded foliation is definitively the bedding (S0). In the more pelitic 
parts of the folded multilayer sequence a clear axial planar cleavage 
developed. In this type of folds, the prominent tertiary cleavage (S3) is 
a compressional crenulation cleavage (Passchier & trouw 2005) 
primarily affecting the primary cleavage fabric (S1) in the pelitic 
horizons (Fig. 5a, c & d).

 the second type of chevron folds affects the secondary 
cleavage (S2) (e.g. outcrop 11 – Fig. 8b). Both symmetrical and 
asymmetrical chevrons have been observed. typical for the 
asymmetrical chevron folds is the thickness variation between both 
limbs, as expressed by the microlithons in between the marked SBF 
(S2). n-dipping limbs are consistently thinner than S-dipping limbs. In 
thin section it becomes clear that the thin limb is characterised by a 
bedding fabric that has been entirely transposed by the SBF (tS0 // S2) 
(Fig. 9b); in the thick limb, on the other hand, bedding (S0) can still be 
recognised at high angles to the SBF (S2) (Fig. 9a). Also these chevron 
folds show an axial planar cleavage (S3), most apparent as a crenulation 
of the secondary cleavage fabric (SBF = S2) in the more pelitic 
horizons in the thin limb (Fig. 9b).

3.5 Boudinage

the individual, mm- to cm-thick, psammitic layers in the multilayer 
sequences are discontinuous and show prominent thickness variation 
(ranging from a few mm to a few cm), typical for pinch-and-swell 
structures (Fig. 5b). these pinch-and-swell structures indiscriminately 

occur in both limbs of the abovementioned chevron folds (Fig. 8a), 
clearly indicating that layer-parallel extension predates the folding.
 A second type of boudinage is related to the occurrence of 
quartz pods in purely psammitic layers (Fig. 10). these quartz pods 
are organised in a fold train of the highly foliated psammites. the 
boudin axes have the same overall attitude as the fold hinges 
(~130/30). the quartz pods consistently occur in the northern limb of 
the n-verging, asymmetric fold train. Again, layer-parallel extension, 
giving rise to a series of foliation boudins and quartz pods in the 
boudin necks, clearly predates folding. The fabric of the quartz infill 
shows curved fibrous crystals with different internal growth surfaces, 
possibly indicating a brittle crack-seal origin of the foliation 
boudinage.

3.6 Structural domains

Based on the characteristic structural features of each outcrop, the 
outcrops can be grouped in five structural domains (Figs 4 & 11). 
Structural domain 1 is dominated by the primary cleavage (S1), 
subparallel to bedding (S0). no other foliations are apparent in rock 
sample nor in thin section. rather thick layers of psammites are 
abundantly present. Structural domain 2 shows two visible foliations, 
the primary cleavage (S1), dipping ~30° south, and the SBF (S2), 
dipping ~10° south or oriented subhorizontal (Figs 5e, 6 & 7). this 
domain is characterised by an alternation of pelites, siltstones and 
psammites (Fig. 7). the latter rock type is most abundant. Structural 
domain 3 is characterised by the presence of the second type of 
chevron folds, i.e. folding the SBF (S2), and its associated axial planar 
cleavage (S3) (Figs 8b & 9). Contrary to domain 2, pelitic material is 
most abundant. typical for structural domain 4 is the presence of the 
folded, finely laminated, multilayer sequence with characteristic 
pinch-and-swell structures of the individual psammitic layers (Figs 
5c, d & 8a). Finally, structural domain 5 contains the folded foliation 
boudinage with quartz pods (Fig. 10). Both in structural domain 4 and 
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5 the tertiary cleavage (S3) is axial planar with respect to the chevron 
folds (Fig. 5c & d).
 The five structural domains identified are not randomly 
positioned (Fig. 4). A geometrical pattern has been recognised, 
enabling us to construct an overall geometrical model for the outcrop 
area (Fig. 11). the envelopes, that outline each structural domain, 
seem to follow the overall bedding attitude, i.e. dipping 30° south.
 this suggests that the deformation did not affect the overall, 
regional bedding attitude. the geometrical model also suggests an 
increase of structural complexity towards the centre of the outcrop 
area, delimited at both northern and southern end by the structural 
domain 1. the outline of a high-strain zone, characterised by multiple 
foliation development, boudinage and chevron folding, becomes 
apparent.

4. Kinematic interpretation

A number of features presented in the structural analysis needs to be 
accounted for in whatever kinematic model put forward for the 
outcrop area:
• the bedding (S0) can only be identified with certainty in the 

particular lithological context of finely laminated, psammite-
pelite alternations; the main foliation throughout the outcrop area 
is the primary cleavage (S1), which is consistently (sub-)parallel 
to the bedding;

• the primary fabric is affected by a multiple foliation development, 
a secondary shear band foliation (SBF = S2) and a tertiary, axial 
planar, compressional crenulation cleavage (S3); the presence of 
the different foliations is strongly lithology-dependent;

• different types of layer-parallel extension (i.e. boudinage) have 
occurred, predating folding;

• chevron folds developed on a pre-existing foliation – the primary 
foliation (S1) or the secondary foliation (SBF = S2) – and is 
associated with a tertiary, axial planar cleavage (S3);

• the distribution of the different structural features is domainal; the 
domain envelopes express the overall regional bedding attitude; a 

a. b. c.

S1

Figure 12. Conceptual kinematic model to 
explain the near-parallelism between bedding 
(S0) and the primary cleavage (S1). (a) 
cleavage refraction pattern in the steeply 
dipping, overturned short limb of a n-verging 
fold train with an overall S-dipping axial-
planar cleavage (S1). (b) detailed view of the 
overturned limb with a cleavage (dotted 
lines) present in the more pelitic parts of the 
multilayer sequence (gray shading). (c) 
detailed view of the stretched and rotated 
overturned limb with near-parallelism 
between bedding and primary cleavage. 
Corresponding finite strain ellipses are 
presented with extension (stretching) sectors 
in gray and contraction (flattening) sectors in 
white.

a. b.

c.

S2

S1

d. e.

Figure 13. Conceptual kinematic model of 
the evolution of the shear band foliation (SBF 
= S2). (a) starting position with the near-
parallelism of bedding and primary cleavage 
(fine dotted lines). (b) development of 
extensional shear bands (thick dashed lines). 
(c) first stage of the protracted shear 
deformation, resulting in the wavy appearance 
of the bedding fabric (see figure 6). (d) 
second stage of the protracted shear 
deformation, resulting in the ‘stretched 
fishes’ (see figure 5e), typical for the ‘swells’ 
(see figure 14a). (e) final stage of the shear 
deformation, resulting in the complete 
transposition of the bedding by the SBF (tS0 
// S2) (see figures 5f & 9b), typical for the 
‘pinches’ (see figure 14a). Corresponding 
finite strain ellipses are presented with 
extension (stretching) sectors in gray and 
contraction (flattening) sectors in white.

strain gradient is present towards the central domain, outlining a 
high-strain zone.

Based on the kinematic interpretation of each of these particular 
structural features, an attempt is made to present an overall kinematic 
model, integrating the development of all structural features in one 
single, progressive deformation event.

4.1 Primary cleavage (sub-)parallel to bedding

Where observable in the finely laminated, psammite-pelite multilayers, 
the primary cleavage (S1) makes a small angle (< 10°) to the bedding 
(S0) (Fig. 5a). A tectonic origin is thus inferred for S1. the apparent 
parallelism of primary cleavage and bedding is, moreover, a regional 
phenomenon in the entire central part of the Eifel depression (van 
Baelen 2010).

 this primary cleavage (S1) is the tectonic foliation 
associated with the main stage of the variscan orogeny in the high-
Ardenne slate belt, i.e. the Sudetic stage (c. 320 ma). this implies that 
this cleavage developed axial planar with respect to variscan folds. In 
the high-Ardenne slate belt the typical n-verging fold trains are 
characterised by asymmetric folds with weakly S-dipping, long limbs 
and near-vertical to slightly overturned, short limbs (Fig. 12a). In 
folded multilayer sequences, the cleavage-bedding relationship shows 
a classical cleavage refraction pattern (Fig. 12a). the cleavage fabric 
is the most obvious in the more pelitic parts of the sequence (Fig. 
12b).

 the apparent parallelism of primary cleavage and bedding 
is therefore most probably not a primary feature. We consider the 
near-parallelism between cleavage and bedding as the result of a 
relative rotation of ‘material planes’ – both cleavage and bedding – 
towards mutual parallelism during a progressive, layer-parallel 
stretching. Both ‘material planes’ should be located in the extension 
(stretching) sector of the finite strain ellipsoid, representing the 
progressive strain accumulation (Fig. 12b & c). 
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a.

b.

S3

symmetrical chevronsasymmetrical chevrons

S2

bedding envelope

pinchswell

Figure 14. Conceptual kinematic model 
for the chevron folding of the SBF (S2). 
(a) alternation of ‘pinches’ (light gray 
shading) and ‘swells’ (dark gray 
shading), related to lithological 
differences; the interface between both 
represents the overall bedding envelope. 
(b) subsequent chevron folding; 
asymmetric chevrons with limbs of 
variable thickness (see figures 8b & 9) 
develop on a pinch-and-swell sequence, 
while symmetric chevrons develop on a 
homogeneous swell sequence. 
Corresponding finite strain ellipse is 
presented with extension (stretching) 
sectors in gray and contraction 
(flattening) sectors in white.

 Because no evidence is present to conclusively determine 
the younging direction of the rock sequence, two alternatives remain: 
a normal, weakly S-dipping limb or an overturned, steeply S-dipping 
limb in a n-verging, asymmetrical fold train. the alternative of the 
‘stretching’, overturned short limb of a larger-scale, n-verging 
antiform is favoured in the light of our overall kinematic model that is 
presented below. During fold amplification – and related rotation – 
this limb is stretching parallel to bedding and flattening perpendicular 
to bedding, eventually giving rise to the near-parallelism between 
bedding and the primary cleavage (Fig. 12).

4.2 Shear band foliation

the primary cleavage fabric (S1) was subsequently affected by the 
development of a weakly S-dipping to subhorizontal shear band 
foliation (SBF = S2). this SBF consistently shows a top-to-the-north 
shear sense. the shear bands are relatively enriched in phyllosilicates 
and can be seen as cleavage domains (Fig. 5e), indicating fluid-
assisted mass transfer (pressure solution creep) is the mechanism 
responsible for the development of the SBF.
 With increasing shear-strain accumulation, the original 
bedding fabric has been drastically changed (Fig. 13). At first, the 
SBF caused the wavy appearance of the bedding fabric (Figs 6 & 
13c). Ongoing shearing gave rise to the dismembering of the bedding, 
leaving ‘stretched fishes’ as a remnant of the original bedding fabric 
(Figs 5e & 13d). In the more pelitic horizons, increasing shear strain 
was accompanied by an extra flattening strain, perpendicular to the 
SBF. this heterogeneous strain accumulation eventually led to a 
complete transposition of the bedding fabric (tS0), seemingly parallel 
to the SBF (Figs 5f, 9b & 13e). the result is an overall pinch-and-
swell appearance of the SBF that can still be associated with the 
overall ‘bedding envelope’ (Fig. 14a). the development of the SBF 
introduced a new dominant anisotropy in the rock sequence. moreover, 
the overall pinch-and-swell occurrence introduces a new mechanical 
heterogeneity that will exert a control on the subsequent deformation 
(Fig. 14).
 the subhorizontal, top-to-the-north shearing was intimately 
linked to the progressive deformation of the stretched overturned 
limb, inferred from the near-parallelism of bedding and primary 
cleavage. the SBF accommodates the progressive rotation of the 
overturned limb in the overall top-to-the-north shearing, as well as the 
internal stretching of the limb. In this respect the SBF is similar to a 
C’-foliation in mylonites (Fig. 6) (Passchier & trouw 2005, trouw et 
al. 2010).

4.3 Boudinage

The finely laminated, psammitic layers in the predominantly pelitic 
multilayers clearly show pinch-and-swell structures, indicative for 
layer-parallel extension. this layer boudinage is consistent with the 
‘stretching’ conditions within the progressively rotating overturned 
limb. the boudinage was thus coeval with the layer-perpendicular 
flattening leading to the near-parallelism between bedding and 
primary cleavage (Fig. 12).
 In a homogeneous, well-foliated, psammite horizon, 
foliation boudinage caused the development of quartz pods (Fig. 10). 
The fibrous nature of the quartz infill indicates that crack-sealing is 
the active mechanism during a rather brittle fracturing of the psammite. 

Curved fibres suggest a limited rotational component to the extensional 
deformation, giving rise to the development of the quartz pods.
 Finally, also the SBF shows a clear extensional component 
(see above), complying with the overall ‘stretching’ conditions present 
in the progressively rotating overturned limb.

4.4 Chevron folding

Shortening of the finely laminated, psammite-pelite series, affected by 
layer boudinage, first caused the imbrication and folding of the 
psammitic boudin fragments (Fig. 5b & c). Continuing shortening 
eventually gave rise to chevron folding of the multilayer sequence 
(Figs 5c & 8a). Associated with this shortening, an axial planar 
cleavage (S3) developed, expressed in the pelitic horizons by a 
compressional crenulation cleavage (Fig. 5c & d).
 Shortening of the psammitic package, in which foliation 
boudinage resulted in the presence of quartz pods, is expressed by 
flanking folds close to the quartz pods (Fig. 10). The asymmetry of the 
fold train, as well as the rotational component materialized in the 
curved fibrous infill of the quartz pods, infers a non-coaxial, top-to-
the-north shear deformation causing the shortening..
 the most striking folds are the chevron folds that affected 
the SBF (Figs 8b & 9). the development and progressive evolution of 
the SBF (S2) (Fig. 13) and the associated pinch-and-swell occurrence 
(Fig. 14a) resulted in a heterogeneity in the rock sequence that 
controlled the subsequent folding (Fig. 14). the thin limbs of the 
chevron folds correspond to the ‘pinches’ with the transposed bedding 
fabric (tS0) (Fig. 8b); the thick limbs to the ‘swells’ with the typical 
‘stretched fishes’ (Fig. 8a). This suggests that the axial planes of these 
chevron folds coincide with lithological interfaces, i.e. the overall 
‘bedding envelope’ (Fig. 14b). Folding caused locally a ‘back-
rotation’ of this bedding envelope, antithetic with respect to the 
overall top-to-the-north shearing. While the asymmetric chevron 
folds developed in series dominated by pelitic material, more 
symmetric chevron folds developed in series dominated by psammitic 
material. In the latter folds, both limbs have the same thickness and 
show the internal fabric of the thick limbs of the asymmetric chevrons 
(Fig. 14b).
 the contraction clearly occurred at the end of the progressive 
strain accumulation, postdating both boudinage and SBF development. 
On the basis of the observed asymmetry, we infer a top-to-the-north 
shear setting, suggesting chevron folding took place in the same 
context as the SBF development. In this overall top-to-the-north shear 
setting, ‘material planes’ rotated from the extension (stretching) sector 
of the incremental strain ellipsoid to the contraction sector. A rotation 
from extension to contraction sector is, however, not possible during 
a single progressive deformation event of homogeneous strain 
accummulation. It is therefore necessary that the overall strain context 
changed during the progressive shearing so that the ‘material planes’ 
– i.e. bedding and/or SBF – moved from the extension to the 
contraction sector.

4.5 Domainal configuration – bedding envelope & high-strain zone

A remarkable feature of the domainal configuration is the conservation 
of the regional bedding attitude in the envelopes outlining the different 
structural domains (Fig. 11). these ‘bedding envelopes’ appear not 
disturbed in the overall top-to-the-north shear setting, contrary to the 
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a. b. c.

S1

S2

S3

Figure 15. Conceptual kinematic model to 
explain the development of the structural 
domains in the high-strain zone. (a) first stage 
of the ‘stretching’ limb (= structural domain 
1) (see figure 12). (b) development of SBF 
(S2) (= structural domain 2) and initiation of 
folding (= structural domains 4 & 5). (c) 
chevron folding of SBF (S2) and development 
of tertiary cleavage (S3) (= structural domain 
3). See figure 4 for colour code of the 
different structural domains.

a.

b.

c.

d.

e.

Figure 16. Conceptual kinematic model for the development of the 
‘herbeumont shear zone’ (white circle indicates study area). (a) initial context 
of multilayer sequence. (b) development of an n-verging, asymmetric fold 
with a ‘stretching and thinning’ overturned short limb. (c) fold amplification 
accommodated by the development of SBF, localized in a ‘high-strain zone’ 
(gray shading). (d) protracted strain localization, giving rise to the development 
of a top-to-the-north ‘shear zone’. (e) chevron folding of SBF, due to a shift of 
extension-dominated tot contraction-dominated deformation.

high degree of polyphase, progressive deformation within each of the 
local domains. the deformation in each of the domains – both in 
extension and contraction – is eventually determined by their 
lithological characteristics.
 We propose that these ‘bedding envelopes’ passively rotated 
during the progressive top-to-the-north shearing and associated 
stretching following a ‘bookshelf model’. Within the domains, this 
‘bookshelf shearing’ has been primarily accommodated by the 
development of the SBF (Fig. 15b).
 the complex polyphase, progressive deformation is 
strongly localized in structural domains 2 to 5, outlining a ‘high-strain 
zone’ (Fig. 11). this high-strain zone is bordered at both sides by the 
structural domain 1, which is characterized by the presence of only 
the primary cleavage fabric (S1) subparrallel to bedding (S0). 
Consequently, structural domain 1 can be considered as the ‘protolith’ 
in which the high-strain zone developed. Strain localisation is most 
probably due to particular lithological properties that influence the 
mechanical variation within the rock sequence. the high-strain zone 
materializes a progressive, non-coaxial shear deformation with a 
consistent top-to-the-north shear sense. In other words, this high-
strain zone is a ductile shear zone.

4.6 Kinematic model

the presence of a primary cleavage (S1) at an angle to bedding (S0) 
infers a – Sudetic – folding stage, in which the primary cleavage 
develops axial planar to the folds. Based on the overall, weakly to 
moderately, S-dipping attitude of the primary cleavage a n-verging 
fold train is inferred. taking into account the overall weakly S-dipping 
to subhorizontal fold envelope, characterizing the high-Ardenne slate 
belt (Asselberghs 1946), the n-verging fold train most probably 
consists of long, weakly S-dipping, normal limbs alternating with 
short, strongly north- (‘normal’) to S-dipping (‘overturned’) limbs. 
the weakly S-dipping, axial planar cleavage (~30°S) suggests that the 
short limbs are most probably overturned (Fig. 16b).
 We have interpreted the small angle between the primary 
cleavage and the bedding as the result of a rotation of both ‘material 
planes’ towards mutual parallelism within a ‘stretching and thinning’ 
fold limb. this fold limb, exposed in the outcrop area, is thus situated 
in the extension sector of the bulk finite strain ellipsoid. This is 
corroborated by the layer and foliation boudinage, inferring layer-
parallel extension. Although no conclusive evidence has been found 
to determine the stratigraphic facing, we assume that the outcrop area 
is located in the overturned short limb of a n-verging fold train (Fig. 
16b).
 Progressive fold amplification induces further rotation of 
the ‘stretching and thinning’ limb in this overall non-coaxial strain 
setting. this non-coaxial strain exerted on a highly anisotropic rock 
sequence (because of the near-parallelism of the primary cleavage and 
bedding) resulted in the development of extensional shear bands at a 
small angle to the dominant anisotropy (cf. Passchier & trouw 2005). 
the development of this shear band foliation (SBF = S2) accommodated 
not only further stretching and thinning (Fig. 16c) but also the passive 
rotation of the limb (cf. ‘bookshelf model’) (Fig. 15). rotation of the 
quartz pods and associated development of flanking folds may be 
initiated at this stage (Fig. 15b). Protracted shearing promotes strain 
localization, giving rise to a high-strain zone (Fig. 16d).
 In the final stage the overall strain accumulation changed 
from extension-dominated to contraction-dominated, as expressed by 
the chevron folding of both bedding and SBF (Fig. 15b & c). these 
late, shear-related folds (cf. Carreras et al. 2005) are associated with 
the development of a compressional crenulation cleavage (S3) of both 
the primary (S1) and secondary foliation (S2) in the chevron folds 
affecting both bedding and SBF, respectively (Figs 15c & 16e). the 
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change of overall strain accumulation – from extension- to contraction-
dominated – within the thinned and stretched, overturned limb is most 
probably caused by the change in dominant mechanical anisotropy. 
the SBF indeed becomes the dominant ‘material plane’ in the rock 
sequence. this material plane, weakly S-dipping to horizontal, is 
located in the contraction sector of the incremental strain ellipsoid.

5. Discussion

An overall kinematic model has been proposed that consistently 
explains all structural features observed, including the multiple 
foliations, the boudin structures and the chevron folds. A shear-
related, high-strain zone in an overall top-to-the-north shear setting 
has been identified. The three stages of the polyphase, progressive 
deformation reveals a change from extension-dominated (stages 1 & 
2) (Fig. 16b to d) to contraction-dominated strain accumulation (stage 
3) (Fig. 16e). A number of questions remain unanswered, however, in 
particular with respect to the regional context of the kinematic model. 
In addition, the applicability to other parts of the high-Ardenne slate 
belt still needs to be validated.

5.1 ‘Herbeumont shear zone’

A ductile shear zone, some 100 m wide, has been identified in the 
outcrop area on the east bank of the Semois river, just northwest of the 
Herbeumont castle (Fig. 11). We define the ‘Herbeumont shear zone’ 
to identify the shear-related, high-strain zone passing the outcrop area. 
We consider this ductile shear zone primarily as a ‘stretched and 
thinned’ overturned, short limb belonging to a n-verging, fold train. 
We believe that the ‘herbeumont shear zone’ does not have a 
significant amount of displacement and should definitively not be 
seen as a major thrust. the stratigraphic context, exposing the same 
lithostratigraphical formation in both footwall and hanging wall, 
confirms this assumption. Following our kinematic model, the 
‘herbeumont shear zone’ may have developed in the stretched and 
thinned, overturned northern limb of the Givonne culmination (Figs 2 
& 16). the question then needs to be asked if the characteristic 
features of the ‘herbeumont shear zone’ are also present at the other 
outcrop areas of the ‘herbeumont fault’.
 Projecting the trace of the ‘herbeumont shear zone’ to the 
east, it crosses the railway section some 100 m south of the type 
locality of the ‘herbeumont fault’ (Fig. 3). In the original descriptions 
(Asselberghs 1946, Fourmarier 1914) no indications can be found, 
however, of any significant disturbance in that part of the railway 
section. moreover, the current condition of the railway section does 
not allow to check whether or not a high-strain zone could be 
identified. It is, therefore, fair to assume that the ‘Herbeumont shear 
zone’, as identified on the east bank of the Semois river, should 
continue towards the ‘herbeumont fault’, as described in the railway 
section. the description of structural features in the railway section by 
Asselberghs (1946) (see above), which are rather comparable with our 
observations, supports this hypothesis.
An individual fault or fault zone has not been observed on the east 
bank of the Semois river. We can, though, not exclude the existence of 
a brittle fault – the ‘herbeumont fault’ – completing the deformation 
history as outlined in our kinematic model.

5.2 Regional context

 the entire central part of the Eifel depression in the herbeumont-
Cugnon area is characterised by near-parallelism of primary cleavage 
and bedding. We interpreted this near-parallelism as a secondary 
feature caused by the stretching and thinning – and the related rotation 
of ‘material planes’ – within an overturned short limb, situated in the 
extension sector of the overall finite strain ellipsoid (Fig. 12). We may 
thus speculate that the entire central part of the Eifel depression 
consists of a stretched and thinned, overturned limb. Shear-related 
high-strain zones, such as the ‘herbeumont shear zone’, should be 
rather common in such a context. the presence of a SBF on outcrops 
north of herbeumont corroborates this idea (van Baelen 2010). In 
addition to looking for evidence of shear, one should specifically look 
for the normal limb of this fold train, in which primary cleavage and 
bedding are expected to be clearly discernable at a relatively high 
angle to each other. most probably, this ‘normal’ context would not 
allow any shear strain localization because of the lack of a pervasive 
mechanical anisotropy (i.e. near-parallelism of bedding and primary 
cleavage) (see also van Baelen & Sintubin, 2008).

 In the herbeumont-Cugnon area another intriguing tectonic 
feature is exposed in the footwall of the ‘herbeumont shear zone’. 
recent studies revealed late, extensional detachment zones with a 
clear top-to-the-south shear sense (van Baelen 2010). these 
detachment zones affect the primary cleavage fabric, and in that 
respect are very comparable to the inferred kinematics in the 
‘herbeumont shear zone’. Both are relative late with respect to the 
main stage of the variscan deformation in the high-Ardenne slate 
belt. however, the kinematic, as well as temporal, relationship 
between the top-to-the-north ‘herbeumont shear zone’ and the top-to-
the-south detachment zones remains enigmatic. It cannot be excluded, 
however, that both features materialize different aspect of the same 
overall deformation event at the latest stages of the variscan orogeny 
(cf. druguet et al. 2009).

5.3 A cautionary note

the different types of chevron folds holds a warning for those 
performing fieldwork in slate belts, in particular when the original 
bedding fabric is hard to identify. the shear band foliation in the 
chevron folds can easily be mistaken for bedding (Figs 8 & 9). the 
thickness variation (Fig. 8) can also be considered suspicious, leading 
to an alternative interpretation such as cleavage refraction, thus 
identifying the bedding with the axial planes of the chevron folds. 
Only the thin sections revealed the true nature of the apparent bedding 
in these chevron folds, i.e. a shear band foliation affecting the primary 
cleavage/bedding fabric.
 On the other hand, we recognized four different planar 
features: bedding, primary cleavage, shear band foliation and the 
tertiary crenulation cleavage. What the outcrops learned, is that the 
presence of a foliation largely depends on the local lithological 
characteristics. It is, therefore, imperative that the question which 
foliations are present, is asked again at each individual outcrop.

6. Conclusions

the outcrop area along the banks of the Semois river at herbeumont 
offers an excellent opportunity to look into a shear zone that developed 
in low-grade metamorphic conditions in a slate belt. In an overall top-
to-the-north shear setting, a polyphase, progressive strain accumulation 
resulted in a complex superposition of structural features, such as 
multiple foliations, boudin structures and chevron folds. the near-
parallelism of the primary cleavage and bedding, together with the 
boudinage, is explained by a stretching and thinning of the rock 
sequence, of which the main anisotropy – i.e. bedding and primary 
cleavage – is situated in the extension sector of the incremental strain 
ellipsoid related to the shearing. non-coaxial strain accumulation is 
subsequently expressed by the development of a shear band foliation, 
accommodating the overall top-to-the-north shear component. Finally, 
late, shear-related folds indicate a change in strain accumulation from 
extension-dominated to contraction-dominated. the mechanical 
properties of the newly developed shear band foliation may have 
caused this kinematic switch. Eventually, no brittle deformation – i.e. 
thrust fault development – has been observed. In a slate belt, the 
presence of multiple foliations not necessarily mean that multiple 
orogenic events affected the rock sequence. As demonstrated in our 
kinematic analysis, the development of multiple foliations can easily 
be framed in one single, progressive strain accumulation, belonging to 
one single orogenic event. the way strain is accumulated, is mainly 
controlled by the changing mechanical properties of the rock 
sequence, expressed in slate belts primarily by planar anisotropies. In 
our case, the controlling anisotropy shifted from a lithology-dependent 
anisotropy, i.e. bedding, to a tectonically induced anisotropy, i.e. the 
shear band foliation. this complex superposition of multiple foliations 
characterised the central part of the Eifel depression. In the poorly 
exposed high-Ardenne slate belt, multiple foliations may thus serve 
as a ‘proxy’ to identify high-strain zones.
 The development of the ‘Herbeumont shear zone’ fits in a 
continuum of a long-lasting deformation history that is recorded in the 
high-Ardenne slate belt. the entire deformation history seems to 
have occurred under very similar mid-crustal brittle-ductile conditions. 
the onset of the orogeny is expressed by extensive quartz veining 
(kenis et al. 2005a, kenis & Sintubin 2007, kenis et al. 2002, van 
noten et al. 2008, van noten & Sintubin 2010), followed by a layer-
parallel shortening event (kenis et al. 2005b, kenis et al. 2004, urai 
et al. 2001). the main stage of the orogeny is characterised by the 
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development of n-verging, fold trains and the associated pervasive, 
primary slaty cleavage, becoming the dominant anisotropy controlling 
the subsequent deformation in the slate belt. Late stages of the 
deformation history are recorded in shear-related, high-strain zones, 
such as the ‘herbeumont shear zone’ discussed in this paper, as well 
as in brittle-ductile extensional detachment zones (van Baelen 2010).
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