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Abstract: Although many studies have dealt with markedly different fold orientations and associated

cleavage–fold relationships within individual, single-phase deformed fold belts, there are very few

descriptions of possible gradual, transitional fold geometries. The Lower Cambrian steep core of the single-

phase deformed Brabant Massif contains steeply plunging, west-facing folds with a Z-shaped asymmetry,

whereas the Ordovician–Silurian southern rim consists of gently plunging, upward facing folds. A gradual

transition is observed between these end-member orientations, in a NW–SE-trending zone 1–1.5 km wide, in

which the folds appear to be strongly curvilinear and locally downward facing. The structural geometries

within this transition zone are described in detail and the geometric changes analysed in the light of the fold

transition. The strongly variable fold orientations are tentatively attributed to a bulk oblate tectonic strain. The

transition zone overlies an aeromagnetic lineament, classically interpreted as a dextral shear zone. The steeply

plunging folds, the transition zone and the aeromagnetic lineaments are all attributed to a local dextral

transpression, in which deformation is partitioned both vertically and laterally. The results indicate that within

zones of heterogeneous transpression, the different deformation domains are not necessarily always fault

bounded.
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Many fold belts contain folds with variable orientations. The

presence of markedly different tectonic fold orientations and

associated cleavage–fold relationships within individual fold

belts can essentially be attributed to two main causes: (1) fold

interference patterns resulting from a polyphase deformation or

(2) strain partitioning or localization during a single-phase

deformation. The latter is characteristic for shear zones (Ramsay

& Graham 1970) and frequently occurs within transpression

zones (Jones & Tanner 1995; Jones et al. 1997; Tikoff & Greene

1997; Dewey et al. 1998).

Many studies have dealt at length with fold interference

patterns resulting from polyphase deformation (e.g. Reynolds &

Holmes 1954; Ramsay 1958, 1962) and with the different fold

geometries related to shear zones (e.g. Cobbold & Quinquis

1980; Coward & Potts 1983; Park 1988; Skjernaa 1989; Fossen

& Rykkelid 1990; Alsop & Holdsworth 1993, 1999, 2002; Mies

1993; Debacker 1999). Also, the fold geometries encountered

within the different domains of transpression zones have been

the focus of several studies (e.g. Holdsworth 1989; Holdsworth

& Pinheiro 2000; Holdsworth et al. 2002a, b). However, most

studies remain rather vague on the subject of the actual transition

between the different fold geometries. In particular, within non-

homogeneous transpression zones, characterized by a partitioning

of deformation into different deformation domains (Jones &

Tanner 1995), the folds and the cleavage–fold relationships

encountered within the different domains and often used to

characterize these domains are rigorously described, but appar-

ently the limits between the domains are either taken to coincide

with important faults or shear zones, or are not described (e.g.

Holdsworth et al. 2002a, b). This may give the impression that

within such zones strain is so strongly partitioned that the

transition between the domains is always abrupt. However, as

pointed out by Jones & Tanner (1995), simple, homogeneous

transpression (see Harland 1971; Sanderson & Marchini 1984),

on the one hand, in which the pure shear and simple shear

components are both uniformly distributed across the deforma-

tion zones, and heterogeneous transpression, on the other hand,

with a complete separation of the pure shear and simple shear

components into separate deformation domains, can be consid-

ered as two end-members of transpression. Hence, the separation

into well-defined and outlined domains with particular deforma-

tion geometries, separated by abrupt structural discontinuities, is

not a necessity. Gradual transitions between the domains and

related fold geometries may be more common than the literature

would suggest. This paper documents such a gradual transition

within the single-phase deformed, Lower Palaeozoic Brabant

Massif, Belgium.

Geological setting

The largely concealed Lower Palaeozoic Brabant Massif (Fig. 1)

forms the southeastern part of the Anglo-Brabant deformation

belt, one of the fold belts of eastern Avalonia (Van Grootel et al.

1997; Verniers et al. 2002). The massif comprises low-grade,

mainly fine-grained, siliciclastic deposits, ranging from the ear-

liest Cambrian to the late Silurian in age. An angular unconfor-

mity separates these deformed, low-grade Lower Palaeozoic

deposits from overlying, diagenetic, undeformed Givetian depos-

its (Legrand 1967; De Vos et al. 1993b; Van Grootel et al. 1997;

Debacker et al. 1999). At present, there is evidence only for a

single progressive deformation event, currently considered to

have taken place between the Llandovery and the end of the
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Early Devonian, possibly continuing into the Eifelian (Debacker

2001; Debacker et al. 2002; Verniers et al. 2002). The main

features associated with this deformation are folds with a well-

developed, cogenetic cleavage (Sintubin 1997a, 1999; Debacker

2001; Debacker et al. 2002; Verniers et al. 2002).

Apparently a division in fold style exists between the Ordovi-

cian–Silurian southern part and the Lower Cambrian core of the

massif (Sintubin 1997a, 1999; Sintubin et al. 1998; Debacker

2001). In the Ordovician–Silurian outcrop areas, subhorizontal to

gently plunging folds occur (Malaise 1873; Fourmarier 1914,

1921; Mortelmans 1953; Legrand 1967; Sintubin 1997a, 1999;

Debacker 1999, 2001, 2002; Debacker et al. 1999, 2001, 2003;

Belmans 2000). In contrast, the poorly exposed Lower Cambrian

core of the massif appears to be characterized by an overall

steepness of bedding and cleavage, with steeply plunging to

reclined folds (Fourmarier 1921; Vander Auwera 1983; Sintubin

1997a, 1999; Sintubin et al. 1998).

Prior to this study, the transition between the two fold styles

has never been observed, although some workers have made

suggestions on its position and nature. On the basis of aero-

magnetic data, and the original description by Legrand (1967) of

the Asquempont fault, Sintubin (1997b, 1999) and Sintubin et al.

(1998) suggested that the Asquempont fault in the Sennette

valley (Fig. 1, F8 in Fig. 2) forms the limit between the fold

styles. However, a recent re-examination of this fault shows that

it is a pre-cleavage extensional detachment that is unrelated to

the fold transition (Debacker et al. 2003).

To fully explain the nature of the fold transition, both the

gently and the steeply plunging folds will be described first,

based on observations in the Sennette valley. The description of

fold orientations is based on the study by Fleuty (1964). Tables

with orientation data can be obtained from the Society Library or

the British Library Document Supply Centre, Boston Spa,

Wetherby, West Yorkshire LS23 7BQ, UK as Supplementary

Publication No. SUP18199 (7 pages). It is also available online

at http://www.geolsoc.org.uk/SUP18199.

Two main fold types within the Brabant Massif

Subhorizontal to gently plunging folds

In the predominantly fine-grained Silurian and Ordovician forma-

tions in the southern part of the Brabant Massif subhorizontal to

gently plunging, moderately to steeply inclined, occasionally

upright, gentle to closed folds occur, with rounded to sub-angular

hinges (Fig. 3a). The folds commonly have a stepfold-like

geometry with a SW-verging asymmetry. The largest folds have

wavelengths of 2–4 km. Decametre- to metre-scale folds, ob-

servable in individual outcrops, generally seem restricted to the

hinge zones of the large stepfolds (Debacker et al. 1999, 2001;

Debacker 2001; Van Grootel et al. 2002). Cleavage–fold rela-

tionships (e.g. cleavage fanning, cleavage refraction) point to a

cogenetic relationship between folding and cleavage development

(Sintubin 1997a, 1999; Debacker et al. 1999, 2001; Debacker

2001). A small-angle axial cleavage transection (sensu Johnson

1991) is common (Sintubin 1997a, 1999), the sense of which

may change from fold to fold (Debacker et al. 1999, 2003;

Debacker 2001). The variable amount and sense of cleavage

transection, in combination with the slight variations in fold

plunge and plunge direction, can be attributed to a periclinal fold

shape (see Debacker et al. 1999). Although there is no evidence

for a regionally consistent sense of cleavage transection

(Debacker 2001), the sum of the cleavage and bedding data from

the Sennette valley suggests a bulk axial cleavage transection of

78 anticlockwise (Fig. 3a).

Steeply plunging to reclined folds

This fold type has been described by Sintubin et al. (1998) along

a discontinuous temporary outcrop section of 1.15 km length in

Lower Cambrian turbidites of the Tubize Formation at Lembeek

(outcrops Lembeek 1–7 in Fig. 2). The folds plunge steeply to

the NW, have straight limbs, a Z-shaped geometry, steeply north-

dipping, east–west-trending axial surfaces, open interlimb an-

Fig. 1. Geological subcrop map of the Brabant Massif (after De Vos et al. 1993b; Van Grootel et al. 1997) showing the position of the study area (see

Fig. 2). The trace of the Asquempont fault is taken from Debacker (2001). The inset (upper right) shows the position of the Brabant Massif within the

Anglo-Brabant deformation belt (ABDB) along the NE side of the Midlands Microcraton (MM) in the context of Avalonia, Baltica and Laurentia.
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gles, sub-angular hinges and wavelengths between 100 and

150 m (Fig. 3b). The fold facing direction (younging direction) is

towards the west. The cleavage shows a pronounced divergent

cleavage fanning. In the long, subvertical, NW–SE-trending

limbs (type 1 limbs) the cleavage is subvertical to steeply NNE-

dipping, whereas in the shorter, steeply NW-dipping, NE–SW-

trending limbs (type 2 limbs) the cleavage dips steeply towards

the NNW. In both limbs the average angle between cleavage and

bedding is about 208. The cleavage–fold relationship points to a

cogenetic development of cleavage and folding. The divergent

cleavage fanning is attributed to flexural folding (Sintubin et al.

1998), compatible with the presence of subhorizontal striations

on the fold limbs and with the geometry of small-scale folds in

the hinge zones.

At Rogissart (outcrops Rogissart 1–2 in Fig. 2), steeply ENE-

dipping, WSW-younging beds of the Tubize Formation occur,

affected by a steeply NE-dipping cleavage, trending c. 258

anticlockwise to bedding. The cleavage–bedding intersection and

the inferred cleavage fan axis and fold axis plunge steeply

towards the NE (Fig. 3c). This cleavage–bedding disposition is

practically identical to that of the type 1 limbs of the Lembeek

folds (see Fig. 3b). Hence, it seems that the Rogissart section

contains a uniformly dipping type 1 limb of a steeply plunging,

west-facing fold. The large thickness of this type 1 limb,

minimum 500 m, is compatible with the Z-shaped fold geometry

observed at Lembeek.

Characterization of the transition zone: the Ittre–
Oisquercq–Asquempont area

Lithology

The Ittre–Oisquercq–Asquempont area (Fig. 2) comprises two

lithological units, both belonging to the lower Middle Cambrian

Oisquercq Formation. The upper unit consists of greenish grey,

porous mudstones of the Asquempont Member, the lower unit of

dark, purplish grey to blue claystones and mudstones of the

Ripain Member (Verniers et al. 2001). A gradual transition

occurs between the two members, in a zone c. 10 m wide (Fig. 2;

Debacker 2001; see Legros 1991). Both members are character-

ized by an extreme lithological homogeneity. To the authors’

knowledge, prior to this study only a few bedding planes were

ever observed in the Oisquercq Formation in the Asquempont

area (outcrop N.A.S. 3, Lenoir 1987; Legros 1991).

Cleavage–fold relationship

As previously mentioned by Legros (1991), a gradual change in

cleavage dip occurs across the area (Fig. 2). From south to north,

cleavage dip changes from c. 508NE in outcrop N.A.S. 1 and the

southern parts of outcrops N.A.S. 2 and 3, towards c. 808NE in

outcrop N.A.S. 4 and the northern parts of outcrop N.A.S. 2.

Further north, cleavage remains steeply NE-dipping. This gradual

change does not show any relationship with the limit between the

Asquempont Member and the Ripain Member, nor with the trace

of the Asquempont fault (Fig. 2).

Bedding is observed only in outcrops Ittre 3, N.A.S. 2 and 3,

and locally in outcrop Oisquercq 1 (Fig. 2). Particularly in

outcrop N.A.S. 2, bedding is commonly visible in outcrop (e.g.

sedimentary ripples and thin volcanic intercalation) and in cases

where bedding could not be observed, cut oriented hand speci-

mens were used to determine bedding.

Outcrop N.A.S. 2 essentially consists of a steeply SW-dipping

monocline containing metre- to decametre-scale folds. As
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Fig. 2. Simplified map of the study area in the Sennette valley, along the

Brussels–Charleroi canal, showing the outcrop positions (in black and

labelled; N.A.S., Northern Asquempont section; V.R.S., Virginal Railway

section; F.d.C., Forges de Clabecq), the trace of the Asquempont fault

(F8; Debacker et al. 2003), the limit between the Asquempont Member

and the Ripain Member, and, in grey shades, the mean cleavage dips.

(See Fig. 1 for position within the Brabant Massif.)
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appears from bedding measurements and the orientation of the

cleavage–bedding intersection, subhorizontal to gently plunging

fold hinge-lines and associated intersection lineation take up a

large part of the section and dominate the southern part of the

outcrop (Fig. 4). These folds, labelled type A folds, strongly

resemble the folds in the Ordovician–Silurian outcrop areas. The

folds face upwards to the SW, have gentle to open interlimb

angles and are asymmetric, with a SW-verging asymmetry and a

stepfold-like geometry. Cleavage transection is common, predo-

minantly anticlockwise (Fig. 5).

Between these zones of type A folds, zones with a moderately

to steeply plunging cleavage–bedding intersection occur (Figs 4

and 5). Especially in the northern part of the outcrop the

intersection lineation is steeply plunging and clearly differs from

the cleavage–bedding intersection associated with the type A

folds. Also, the bedding measurements suggest moderately to

steeply plunging folds. These folds are termed type B folds.

On the basis of the orientation of bedding and the plunge of

the cleavage–bedding intersection and fold hinge-lines, outcrop

N.A.S. 2 can be subdivided into four large zones (.50 m wide),

two containing type A folds (plunge ,358), and two of which the

data suggest are type B folds (plunge .358; Fig. 4). Between

them, smaller zones may be distinguished (e.g. between 40825 m

and 40850 m). The two large zones with type B folds have

slightly higher cleavage strike values than the two large zones

with type A folds. This change in cleavage trend does not reflect

the smaller zones.

Although the orientations of the type A folds and type B folds

markedly differ, the evolution of the pitch of the cleavage–

bedding intersection and the fold hinge-line in the cleavage plane

along outcrop N.A.S. 2 suggests that the transitions between the

two fold types occur rather gradually (Figs 4 and 5). In addition,

the changes in pitch indicate that the cleavage–bedding intersec-

tion, and therefore also the fold hinge-lines, passes not only

through the horizontal but also through the vertical, locally

resulting in downward facing folds (e.g. around 40800 m, Fig. 4).

Along outcrop N.A.S. 2, the amount of axial cleavage transec-

tion, predominantly anticlockwise, seemingly decreases towards

the north.

Outcrop N.A.S. 3 (Fig. 2) shows a similar cleavage–bedding

relationship to outcrop N.A.S. 2. In outcrop Oisquercq 1 (Fig. 2)

the few bedding and cleavage–bedding intersection measure-

ments suggest the presence of gently NW-plunging, open to

closed type A folds, with a slight SW-verging asymmetry and a

small clockwise cleavage transection.

Faults and slip planes

Outcrop N.A.S. 2 contains a few fracture zones, post-dating

cleavage development. Their outcrop trace usually suggests a

steep NW- to NNW-trending orientation. Several of these zones,

commonly containing fine crush breccias, occur around the

transition between the different fold types (e.g. around 40830 m

and between 40860 and 40870 m).

Throughout outcrop N.A.S. 2 many surfaces contain lineations

resembling poorly developed striations. Often, however, these
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Fig. 3. Lower-hemisphere equal-area stereographic projections of (a) the subhorizontal to gently plunging folds in the Ordovician and Silurian sequence in

the southern part of the Sennette valley (data from Debacker (2001), partly already incorporated in studies by Debacker et al. (1999, 2001, 2003)), (b) the

steeply plunging folds at Lembeek (outcrops Lembeek 1–7; data from Sintubin et al. 1998), and (c) the steep, uniformly dipping beds at Rogissart

(outcrops Rogissart 1 and 2), with the probable structural significance, taking into account the observations at Lembeek. Sketches of fold geometries are

added for clarity. The younging direction is marked by arrows.
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can be shown to represent an intersection lineation (e.g. intersec-

tion with cleavage). Only those lineations of which the orienta-

tion deviates from an intersection lineation are considered. Three

clusters are distinguished (Fig. 5). (1) In several places, a steeply

to moderately NW-plunging striation occurs on subvertical to

moderately dipping, NW–SE-trending bedding and cleavage

planes. Similar features have been observed in other localities in

the Sennette valley, and have been attributed to post-cleavage

normal faulting (see Debacker 2001; Van Grootel et al. 2002;

Debacker et al. 2003). (2) Within the zones of type A folds,

locally a subhorizontal striation occurs on moderately south-

dipping bedding planes (e.g. at 40835 m). The sense of move-

ment and the tectonic significance of these slip planes are

unknown. (3) In the large zone of type B folds in the northern

part of the outcrop, locally a gently SE-plunging striation occurs,

with a dextral sense of movement, on subvertical, bedding-

parallel surfaces (Fig. 5). Unless it reflects a more regional,

bedding-parallel dextral shear, it may be possible that this

striation, oriented at high angles to the local cleavage–bedding

intersection (66/006–75/063), results from flexural slip during

development of the type B folds.

Fabric analysis

Microscopic observations. In both members a large amount of

white mica is present, oriented parallel to the rather poorly

developed cleavage. Well-developed cleavage domains appear to

be absent and white mica occurs throughout the rock mass. Only

occasionally (often around chlorite–mica stacks) do cleavage-

parallel anastomosing alignments of darker material, resembling

poorly developed cleavage domains, become apparent. In gener-

al, the cleavage domains are better developed in the Ripain

Member than in the Asquempont Member. Also, the alignment

of white mica is more pronounced in the Ripain Member. This is

compatible with the macroscopic cleavage, which has a better

developed, slaty appearance in the Ripain Member. Chlorite–

mica stacks oriented parallel to cleavage as well as stacks

oriented parallel to bedding occur, the latter having lower aspect

ratios than the former. The relative orientation of the chlorite–

mica stacks with respect to cleavage suggests a disjunctive

cleavage.

Phyllosilicate preferred orientation. Phyllosilicate X-ray pole

figure goniometry was applied on 11 samples from outcrop

N.A.S. 2 (Debacker et al. 2004; for methods see Sintubin 1994).

The pole figures can be found in Supplementary Publication No.

SUP18199 (see p. 000).

Two types of pole figure patterns are distinguished. The first

type, obtained from samples of the Asquempont Member, shows

a girdle pole figure pattern, which is generally more pronounced

for white mica than for chlorite, and a relatively weak degree of

preferred orientation, which is higher for chlorite than for white
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mica, and different pole figure maxima for chlorite and for mica.

These characteristics are typical for an intersection fabric (see

Sintubin 1994). The mica pole figure maxima coincide with the

cleavage pole, whereas the chlorite pole figure maxima approx-

imate the bedding poles. This difference in pole figure maxima is

compatible with the angle between bedding and cleavage: large

(small) differences between chlorite and mica pole figure

maxima occur for samples with a large (small) angle between

bedding and cleavage. Dealing with intersection pole figure

patterns, the short axis of the girdle should correspond to the

cleavage–bedding intersection. Indeed, pole figure patterns from

zones with type A folds have subhorizontal to gently plunging

orientation distribution short axes, whereas those from zones

with type B folds have plunging orientation distribution short

axes.

The second type, from samples of the Asquempont Member

and the Ripain Member, is characterized by a moderate,

occasionally weak preferred orientation. The maxima of both

white mica and chlorite coincide with the cleavage pole. The

pole figure patterns have an axial symmetrical to slightly ortho-

rhombic shape and suggest predominantly flattening fabrics (see

Sintubin 1994). Orthorhombic pole figure patterns can be inter-

preted as reflecting an intersection fabric if the orientation

distribution short axis coincides with the cleavage–bedding

intersection (see the description of the first type). If, however, the

short axis markedly differs from the cleavage–bedding intersec-

tion, the pole figure patterns may reflect a small cleavage-parallel

stretch at high angles to the cleavage–bedding intersection. The

shape and the higher amount of preferred orientation of the

second type of pole figure patterns as compared with the first

type possibly results from the rather small angle between bed-

ding and cleavage (Debacker et al. 2004). The phyllosilicate

preferred orientation data thus reflect the presence of zones with

a moderately to steeply plunging intersection lineation between

zones with a subhorizontal to gently plunging intersection

lineation. The degree of alignment is compatible with a poorly to

moderately developed cleavage, governed by white mica, acting

on a bedding-parallel fabric reflected by chlorite.

Discussion

Cleavage–fold relationship and related features

The type A folds have the same geometric characteristics as the

subhorizontal to gently plunging folds in the Ordovician and

Silurian outcrop areas and therefore are also considered as type

A folds. Also, the type B folds show many similarities to the

steeply plunging folds in the Lembeek–Rogissart area. The steep

plunge of the cleavage–bedding intersection, the orientation of

bedding and the c. 0208 anticlockwise angle between bedding

and cleavage are almost identical to what is observed in the type

1 limbs (Figs 3 and 4). Because of these similarities, the folds in

the Lembeek–Rogissart area are also considered as type B folds.

As indicated by the cleavage–bedding relationships and the

intersection pole figure patterns, outcrop N.A.S. 2 forms a

transition zone between the two fold types, characterized by the

alternating presence of type A and type B folds. To a certain

extent, the orientation of the cleavage reflects this zonation. The

slightly higher cleavage strike values in the two large zones of

type B folds as compared with the two large zones of type A

folds may be related to the difference in overall bedding attitude:

predominantly subvertical to steeply ENE-dipping, NNW–SSE-

trending limbs in the type B fold zones, and predominantly

moderately to steeply SW-dipping bedding with a NW–SE trend

in the type A fold zones.

The observations in outcrop N.A.S. 2 indicate that the transi-

tion between the two fold types occurs repeatedly and gradually

(Figs 4 and 5). Also, the gradual stratigraphic transition between

Fig. 5. Schematic representation of bedding geometry within the transition zone between type A folds to the south and type B folds to the north, based on

the observations along outcrop N.A.S. 2 (see Fig. 4), with two lower-hemisphere equal-area stereographic projections with the structural data related to the

type A and type B folds in outcrop N.A.S. 2.
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the two members of the Oisquercq Formation and the carto-

graphic distribution of the stratigraphy in the Asquempont–

Ittre–Oisquercq area suggest a gradual transition in the absence

of important structural discontinuities. However, although of a

gradual nature, the transition between type A folds and type B

folds is expected to cause geometric difficulties (Fig. 5). Possibly

the fracture zones along the transitions between the type A folds

and type B folds formed to accommodate this.

Transition geometry based on the cleavage–fold
relationship

As suggested by the cleavage–fold relationship and the strati-

graphic polarity, it is the steep limbs of the type A folds that

transform into the type 1 limbs of the type B folds. The data for

the study area illustrate the way in which this transition occurs.

This is represented by means of two synthetic stereographic

projections in Figure 6. Starting from a steep limb of a type A

fold (numbers 1, 2 and stages A, B in Fig. 6), a transition to a

type 1 limb of a type B fold (numbers 3, 4, 5 and stages D, E in

Fig. 6) necessitates three conditions to be fulfilled. First, bedding

trend has to rotate slightly in a clockwise fashion, whereas its

dip has to become steep to subvertical. Second, cleavage dip has

to increase. Depending on bedding orientation, simultaneously a

slight clockwise rotation of cleavage trend may occur. Third,

these changes have to result in a c. 0208 anticlockwise angle

between bedding and cleavage in the type 1 limbs, the angle

being a function of lithology, relative amount of bedding

compaction and folding mechanism (see Ramsay & Huber 1983;

Sintubin et al. 1998).

All three conditions seem fulfilled in the Asquempont–Ittre–

Oisquercq area, in particular along outcrop N.A.S. 2. A regional

clockwise change in bedding trend occurs (see Debacker et al.

2001), leading to subvertical to slightly overturned NNW–SSE-

trending bedding in the northern part of outcrop N.A.S. 2. The

second condition suggests that the observed large-scale change

in cleavage dip (Figs 2 and 5) is likely to be related to the

transition between the two fold styles. The third condition is

essentially a result of the first two conditions and may offer an

explanation for the locally high degree of cleavage transection.

As the fold style transition occurs repeatedly, leading to type B

folds between type A folds and vice versa (Figs 4 and 5),

whereas the northward increase in cleavage dip occurs progres-

sively (Figs 2 and 5), a locally pronounced cleavage transection

Fig. 6. Evaluation of the transition from a type A fold to a type B fold. The transition occurs via the steep limb of a type A fold towards the type 1 limb

of a type B fold, as shown schematically in the lower part of the figure, and represented by means of two synthetic lower-hemisphere equal-area

stereographic projections in the upper part of the figure. The left projection shows structural data from five localities in the Sennette valley: 1, type A

folds in the Ordovician–Silurian southern part; 2, type A folds in outcrop N.A.S. 2; 3, type B folds in outcrop N.A.S. 2; 4, type 1 limbs at Rogissart; 5,

the limbs of the type B folds at Lembeek (5.1, the type 1 limbs; 5.2, the type 2 limbs). The structural data include the mean cleavage orientation and the

range of bedding poles associated with each locality, the orientation distribution of the cleavage–bedding intersection and fold hinge-lines of type A folds

and type B folds, and the mean orientation of the steep limbs of the type A folds in outcrop N.A.S. 2 and of the limbs of the type B folds at Rogissart and

Lembeek. The right projection shows the same datasets, but labelled in terms of the five stages schematically represented in the lower part of the figure.

According to the data, the presence of a subvertical limb and a steep cleavage are a necessity for the fold transition.
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is likely. The apparent northward decrease in cleavage transection

angle along outcrop N.A.S. 2 seems compatible with this reason-

ing.

Although all three conditions are met in outcrop N.A.S. 2, the

apparent distribution of type A and type B folds in the

Asquempont–Ittre–Oisquercq area suggests that, instead of con-

taining the transition zone, this outcrop forms only part of a

large-scale transition zone that extends further to the north. This

is compatible with observations by Vander Auwera (1983) of

both steeply plunging and gently plunging folds in the Lower

Cambrian Tubize Formation at ‘Forges de Clabecq’ (F.d.C. in

Fig. 2).

Both the type 1 limbs of the steeply plunging folds of the

Lembeek–Rogissart area (Vander Auwera 1983; Sintubin et al.

1998) and the regional stratigraphy indicate a SW younging of

the deposits. Taking into account the predominantly gently NW-

plunging folds in the Ordovician and the southern part of the

Oisquercq Formation in the Asquempont area (Debacker 2001;

Debacker et al. 2001, 2003), a progressive northward steepening

of the plunge of the fold hinge-lines would be expected across

the transition zone, from gently NW-plunging, upward facing in

the south, to steeply north-plunging, westward facing in the

north. This progression would necessitate a change in fold

plunge–pitch of only ,908 (from 08 to c. 708N). However, many

folds along outcrop N.A.S. 2 reflect a SE-directed upward facing

arrangement (Figs 4 and 5). In addition, as suggested by the

changes in pitch of the cleavage–bedding intersection (Fig. 4),

fold hinge-lines pass through the vertical as well as through the

horizontal and locally downward facing folds can be inferred. As

such, the transition between type A and type B folds does not

simply consist of a progressive increase in NW-directed plunge.

Instead, along outcrop N.A.S. 2, the plunge direction and the

facing direction also are highly variable. This implies a change

in plunge or pitch exceeding 908. As such, in the transition zone,

fold hinge-line orientation is more variable (change in plunge or

pitch .908) than suggested by the repetitive occurrence of type

A and type B folds (expected change in plunge or pitch ,908),

leading to adjacent zones in which fold hinge-lines have

completely different plunges and plunge directions, resulting in

folds with different facing directions (Figs 4 and 5). This implies

curvilinear fold hinge-lines.

Strain partitioning

The change in fold orientation in the southern part of the Brabant

Massif, from type A folds in the south to type B folds in the

north, reflects large-scale strain partitioning. Within the transition

zone between the type A and type B folds it appears as if the

fold hinge-lines, although attempting to remain in the cleavage

plane, continuously change in orientation to find the most

suitable orientation for the strain regime (Fig. 6). This variation

in fold hinge-line orientation may reflect a strong variation in the

orientation of the x- and y-axes of the finite strain ellipsoid, and,

on the assumption of a uniform compaction, a strong variation in

the x- and y-axes of the tectonic strain. Following this hypothesis,

either both tectonic axes were well defined (i.e. having a large

difference, e.g. plane strain and prolate strain) and strongly

changed in orientation across the transition zone or, alternatively,

both axes were poorly defined (i.e. practically equal: oblate

strain). Considering the very homogeneous lithology, the planar

nature of the cleavage and the rather irregular nature of the

changes in fold hinge-line orientation, the second possibility

seems more likely. Hence, we tentatively suggest that the strong

variation in fold hinge-line orientation may be a result of a bulk

oblate tectonic strain within the transition zone.

Similar zones containing asymmetric, steeply plunging folds

adjacent to gently plunging folds with strong variations in facing

directions and curvilinear fold hinge-lines have been attributed to

strain partitioning in transpression zones (Holdsworth et al.

2002b). On the basis of cleavage–fold relationships, Holdsworth

et al. (2002b) distinguished four domains in a 500 m wide

sinistral transpression zone in the Southern Uplands Terrane:

domain 1, with steeply SW-plunging folds with an S-fold

geometry; domain 2, with subhorizontal, NE–SW-trending,

upward facing folds; domain 3, with moderately to steeply

plunging, strongly curvilinear folds with a sinistral vergence

within a NE–SW-striking, subvertical homocline; domain 4, with

subhorizontal to moderately plunging folds, locally strongly

curvilinear, affected by sinistral detachments (Holdsworth et al.

2002b). The type B folds of the Brabant Massif resemble the

folds of domain 1, the type A folds closely correspond to the

folds of domain 2, and the fold transition zone shows similarities

to both domains 3 and 4. Furthermore, the relative position of

the fold transition zone is comparable with that of domains 3 and

4, situated between domains 1 and 2 and between two domains

2, respectively. However, whereas Holdsworth et al. (2002b)

depicted the various domains with abrupt boundaries, and

suggested that the deformation in domain 1 is partitioned into

domains 2 and 3, in the Brabant Massif gradual transitions are

observed and the zone resembling domains 3 and 4 is considered

as a transition zone between the type A and type B folds.

The domains in the Southern Uplands form part of a transpres-

sion zone related to the oblique closure of the Iapetus Ocean

(Soper & Hutton 1984; Soper et al. 1992). In contrast, although

oblate strains, as inferred in the transition zone, are considered a

common feature in transpression zones (Sanderson & Marchini

1984; Fossen & Tikoff 1993; Dewey et al. 1998) and the Z-

shaped geometry of the type B folds may be compatible with a

dextral shear during contraction, we do not have field evidence

for an overall transpressive deformation. However, interpretations

of geophysical data suggest that transpressive movements are

likely to have occurred in this part of the Brabant Massif.

Geophysical data and comparison with outcrop data

In the SW part of the Brabant Massif a large, NW–SE-trending

negative Bouguer anomaly occurs (Jones 1948; De Meyer 1983;

Chacksfield et al. 1993; De Vos et al. 1993a; Lee et al. 1993),

modelled as a steep-sided low-density body with a roof at

between 1 and 2 km depth in the shallowest parts (Fig. 7;

Everaerts et al. 1996; De Vos 1997). Considering the overall

NNE–SSW-directed shortening direction, deduced from outcrop

observations (Sintubin 1999; Debacker 2001), the obliquity

between the shortening vector and the pole to the steep NE

margin of this low-density body is expected to give rise to a

dextral transpression (Fig. 7; see Sintubin, 1999).

The NE margin of the low-density body coincides with an

important NW–SE-trending aeromagnetic lineament, the As-

quempont lineament (Fig. 7; Sintubin & Everaerts 2002). To the

SE, this lineament extends in the Asquempont–Ittre–Oisquercq

area, where it underlies the fold transition zone (Fig. 8; compare

Fig. 7). It also forms the southwestern limit of the aeromagnetic

high of the Brabant Massif, attributed to the magnetite-bearing

Lower Cambrian Tubize Formation and possibly older deposits

(De Vos et al. 1992; Chacksfield et al. 1993; Lee et al. 1993;

Everaerts et al. 1996). Within the aeromagnetic high, several

more aeromagnetic lineaments are present, oriented subparallel
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to the Asquempont lineament (De Vos et al. 1993a; Belgian

Geological Survey 1994). Like the latter, these have been

interpreted as steep faults or shear zones (Chacksfield et al.

1993), with a dextral to reverse displacement (Everaerts et al.

1996; Sintubin 1997b, 1999; Van Grootel et al. 1997; Sintubin et

al. 1998; Mansy et al. 1999). Whereas the reverse movement is

mainly based on the erroneous equation of the Asquempont

lineament with the Asquempont fault as described by Legrand

(1967), the dextral sense of movement is based on the step-like,

lobe-shaped morphology of the southern margin of the aeromag-

Fig. 7. (a) Aeromagnetic map of the Brabant Massif, reduced to the pole with a pseudo-illumination from the NE (De Vos et al. 1993a), on which the

most apparent aeromagnetic lineaments are traced. Also shown are the gravimetric contours (in mGal) of the negative Bouguer anomaly in the

southwestern part of the Brabant Massif (taken from De Vos 1997). To aid orientation, Belgian Lambert coordinates (in km) are shown and the areas of

(b) and Figure 8 are outlined. (b) Schematic representation of the central part of (a), demonstrating the obliqueness between the approximate tectonic

shortening direction (Sintubin 1999; Debacker 2001) and the normal to the steep NE margin of the low-density body, probably resulting in a dextral

transpression.
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netic high (Fig. 7; Sintubin 1997b, 1999; Sintubin et al. 1998;

Mansy et al. 1999). Hence, there are some indications for dextral

transpression along the NE margin of the low-density body, in

particular along the Asquempont lineament (see Sintubin et al.

1998; Sintubin 1999). However, seemingly in contrast to what

would appear from the geophysical data, there are no indications

of an important structural break at the present-day outcrop level.

Unlike the pronounced NW–SE-trending aeromagnetic linea-

ments, the geological significance of the less pronounced, shorter

features within and along the southern rim of the aeromagnetic

high remains debated. Many claim these reflect folds

(Chacksfield et al. 1993; Mansy et al. 1999); others see them as

parallel to the cleavage trajectories (Sintubin 1999), or as

reflecting faults or shear zones (Sintubin 1997b; Debacker 1999).

Because aeromagnetic anomaly highs (lows) are caused by the

presence of rocks with a high (low) magnetic susceptibility, and

magnetite in the Lower Cambrian Tubize Formation occurs in

bedding-parallel zones (de Magnée & Raynaud 1944; Vander

Auwera & André 1985; De Vos et al. 1992; Everaerts et al.

1996), the aeromagnetic maps should essentially reflect bedding

and possible faults or shear zones bringing into contact rocks

with different magnetic susceptibilities (see de Magnée &

Raynaud 1944). Hence, the aeromagnetic contours should follow

the trend of the fold hinge-lines and the cogenetic cleavage in

areas with type A folds, but are expected to be oblique to the

cleavage within areas of type B folds. An example of the latter

case is the Lembeek–Rogissart area (Fig. 8), where the aero-

magnetic contours are oblique to the cleavage, and subparallel to

the trend of the type 1 limbs. The Ittre area may serve as an

example of the former case. Although several workers (Sintubin

1997b, 1999; Mansy et al. 1999) considered the lobes along

the south side of the aeromagnetic high as north-dipping thrusts,

the close relationship between the aeromagnetic contours and the

outcrop data from the Ittre area (type A cleavage–bedding

relationship; Fig. 8) leads us to suggest that the lobes may simply

reflect the steep stratigraphic contact between the magnetite-

bearing Tubize Formation at depth and the overlying non-

magnetic Oisquercq Formation, probably being affected by

dextral shear along the Asquempont lineament (see Sintubin et

al., 1998).

Model for the southern part of the Brabant Massif

Figure 9 shows a conceptual model of the southern part of the

Brabant Massif, in which both the field observations and the

aeromagnetic data are incorporated, keeping in mind a gradual

transition between type A folds and type B folds at the present-

day outcrop level.

Following the ideas of Sintubin (1997b, 1999) and others (e.g.

Sintubin et al. 1998; Mansy et al. 1999), the Asquempont

lineament is interpreted as a deep-seated basement structure that

acted as a dextral transpressive shear zone during shortening.

Similarly, the pronounced NW–SE-trending aeromagnetic linea-

ments within the aeromagnetic high of the massif are interpreted

as dextral shear zones, formed as a result of dextral transpres-

sion. This dextral transpression is considered a local phenomen-

Fig. 9. Conceptual model of the fold transition zone, based on outcrop observations and geophysical data. (a) The southern margin of the Lower

Cambrian core viewed from the SW. The core was compressed against the low-density gravimetric anomaly body, thus experiencing a steepening and

giving rise to a steep belt (Sintubin 1999). Parts of the core were thrust over the roof of this low-density body (Debacker 1999) and a large part of the

steep core experienced a dextral transpressive movement along the NE side of this body, with the development of dextral shear zones, visible as

pronounced aeromagnetic lineaments (see Sintubin et al. 1998; Sintubin 1999; Verniers et al. 2002). At depth, the Asquempont lineament partly coincides

with the NE margin of the low-density body. At more shallow levels the dextral movement was accommodated in a more gradual fashion, by means of Z-

shaped type B folds, showing a gradual transition towards the type A folds. (b) Detailed view of the fold transition zone in the Ittre–Asquempont–

Lembeek area, with the approximate positions of the outcrop areas and the fold train depicted in Figure 5. It should be noted that, for convenience, all

outcrop areas are placed along the Asquempont lineament, whereas in reality Lembeek appears to be situated along another lineament (see Fig. 8).
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on, resulting entirely from the obliquity between the normal to

the steep NE margin of the low-density body at depth and the

NNE–SSW-directed shortening (see Sintubin 1997b, 1999;

Sintubin et al. 1998; Mansy et al. 1999). Both the type B folds

and the transition between the type B and type A folds are

attributed to these transpressive movements.

The aeromagnetic data suggest that the Asquempont lineament

corresponds to a tectonic break, which is not evidenced at the

present-day outcrop level. Also, the low strains indicated by the

relatively low degree of phyllosilicate preferred orientation with-

in the fold transition zone seem difficult to reconcile with the

high strains expected in a shear zone. However, as the transpres-

sion essentially results from the presence of the low-density body

at depth, the dextral shear zone originated at depth and its

influence is likely to decrease upwards. Probably, the dextral

displacement at depth is accommodated in a more gradual

fashion at the present-day outcrop level by means of the type B

folds and the fold transition zone. This is compatible with

observations by Holdsworth et al. (2002b) in the sinistral

transpression zone in the Southern Uplands of steeply plunging

S-shaped folds rooting downwards into sinistral strike-slip

detachments.

Conclusions

A gradual transition exists between the subhorizontal type A

folds and the steeply plunging type B folds in the Brabant

Massif. The transition zone, a NW–SE-trending zone of 1–

1.5 km width, is characterized by a strong variation in fold

hinge-line orientation, with the occurrence of zones of type B

folds between zones of type A folds and vice versa. The

transition between the two fold types consists of the steep limbs

of the type A folds transforming into the type 1 limbs of the type

B folds. This transformation mainly occurs by means of a large-

scale change in cleavage dip and a change in bedding strike,

locally resulting in a marked cleavage transection. Within the

transition zone, there is much more variation in fold hinge-line

orientation than would be expected from a comparison of the

type B and type A folds. This strong variation in fold hinge-line

orientation, implying strongly curvilinear fold hinge-lines, is

tentatively interpreted to result from oblate bulk tectonic strain.

The transition zone shows similarities with domains 3 and 4 of

Holdsworth et al. (2002b) in the Southern Uplands. Based on the

observations in the Brabant Massif, it might be suggested also

that, in the Southern Uplands, domains 3 and 4 of Holdsworth et

al. (2002b) represent a transition between zones of steeply

plunging (type B, domain 1) and gently plunging folds (type A,

domain 2). However, within the Southern Uplands the domains

seem to be separated by faults, whereas the study area appears to

be characterized by a gradual fold transition, without evidence

for important faults at the present-day outcrop level. Hence,

within heterogeneous transpression zones, characterized by a

partitioning into various deformation domains (Jones & Tanner

1995), the domains are not necessarily always fault bounded.

The transition zone and the zone of type B folds appear to

root down into a steep dextral shear zone, for which there is no

direct evidence at the surface. This implies not only a lateral

strain–deformation partitioning, resulting in zones of type B

folds, zones of type A folds and transition zones, but also a

vertical strain–deformation partitioning, with the zones of type

B folds and the transition zones at the surface rooting downwards

into steep dextral shear zones. This probably reflects a gradual

transition from a predominantly heterogeneous transpression at

depth to a less heterogeneous (more homogeneous) transpression

at the present-day outcrop level (see Jones & Tanner 1995).
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