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The present study is based on drained ring-shear experiments and fieldwork on Bornholm, Denmark. An extensional fault zone in Lower Cretaceous Robbedale Formation with a vertical separation of minimum 13 m, has a fault core and a damage zone that are clearly distinguishable. The fault
core has an architecture that is dominated by lensoid rock bodies (extensional horses). Thus, the fault core is dominated by lenses of sand, separated
by continuous clay membranes. Parts of massive, pure clay also occur, but are less frequent, whereas zones of mixted sand and clay and patchy clay
characterise the distal part of the fault core. The damage zone is characterised by deformation bands mainly without clay membranes. Some of the
deformation bands are connected to the fault core, while others are not.
The clay membrane probably developed as a result of combined drag and shearing and the intrusion of liquid or plastic clay into the fault core from
above. Pockets with a lower pressure than in the source layer permitted downward flow of the clay. Indications of such internal pressure gradients
suggest the fault zone was active simultaneously with clay intrusion, so that repeated shearing contributed in making room for clay and in transport
of clay along the fault core.
Based on ring-shear experiments and field observations, the following conditions are suggested for the clay membrane development: The normal
stress was low (<500kPa). The clay possessed low shear strength (<300-400kPa), and a high water content (>>30%). The strain rate was high. The
sand was wet having a higher competency than clay causing the clay to act in a ductile fashion during faulting. Because of a continuous impermeable clay membrane, the fault zone is considered to be sealing.
Local disrupted and continuous clay membranes are observed for more small-scale extensional faults occurring in the Lower Jurassic Rønne Formation. Sand lenses occur frequently, and ramp-flat-ramp geometry is observed in some of the faults. A shear mechanism is suggested to explain the
development of the clay membrane in these faults in a broader context. The faults are considered to be sealing only where clay membranes occur.
Features similar to those observed in experiments are also seen in the field. These include sand lenses, semi-continuous to continuous clay membranes, and mixtures of sand and clay. Hence, it can be concluded that the ring-shear experiments are well suited for studying fault zones generated
at shallow depths.
Jill A. Clausen and Roy H. Gabrielsen, Institutt for Geovitenskap, Universitetet i Bergen, Allegt.41, N-5007 Bergen, Norway; Eivind Johnsen, Norsk
Hydro Oil and Energy, Geophysical Department, Research Centre Bergen, P. Box 7190, N-5020 Bergen, Norway; John A. Korstgård, Geologisk Institutt,
Aarhus Universitet, 8000 Aarhus C, Denmark

Introduction

damage zones of high fracture frequency, which are
sometimes associated with drag structures.

Faults affect fluid flow and are therefore important in
exploration and production of hydrocarbons as well as
in the assessment of groundwater reservoirs. Deformation processes and conditions, as well as internal fault
architecture, are key factors in determining the sealing
capacity of a fault. Faults are commonly divided into
zones with distinct characteristics. These zones include
the fault core and the damage zones (e.g. Caine et al.
1996; Evans et al. 1997; Heynekamp et al. 1999; Sigda et
al. 1999). Heynekamp et al. (1999) sub-divided faults in
porous rocks into three architectural elements: The
central feature is the fault core, where most of the displacement is accommodated. The fault core contains
primary slip surfaces often characterised by more or
less continuous clay membranes or high-strain zones.
High-strain zones separate rock units of lensoid shapes,
consisting of fault rock or relatively undeformed country rock. The fault core is flanked on both sides by

In the present work, we describe extensional faults from
south-western Bornholm, Denmark. We then compare
those observations with clay smear patterns and fault
geometries observed in drained ring-shear experiments. The aim is to investigate whether patterns of
clay smear as observed in the ring-shear experiments
are directly comparable to those observed in the field.
Since the faults on south-western Bornholm occur in
unconsolidated or poorly consolidated sediments, they
are considered to be good analogues to the faults observed in the ring-shear experiments. These experiments
were performed with loosely packed sand and soft clay
(Clausen 2002; Clausen & Gabrielsen 2002). It is concluded that features similar to those observed in the
experiments are indeed present in the field, and hence,
that the experiments are well suited for studying fault
zones occurring in unconsolidated sand and clay
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Fig. 1. (a) Key map. (b) Simplified geological map of the southwestern island of Bornholm, where Mesozoic sedimentary rocks occur in the
south-western part of the island, and exposures are restricted to a few coastal cliffs and some inland quarries. Key localities (locality 1; A. Stenders Kvartsgrav and locality 2; Galgeløkken) are indicated. (c) Stratigraphic column for the Triassic – Lower Cretaceous of Bornholm. The sites
studied are in the Lower Cretaceous (locality 1; A. Stenders Kvartsgrav) and the Lower Jurassic (locality 2; Galgeløkken). Modified from Gravesen (1996) and Gravesen et al. (1982).

sequences at shallow depth (see also Weber et al. 1978;
Sperrevik et al. 2000). Accordingly, the mechanisms for
development of a clay smear as observed in ring-shear
experiments are believed to be similar to those acting in
nature, and the deformation conditions under which
fault activity and a clay-smear development took place,
can be inferred. Finally, the fluid-dynamic properties of
the fault core and the damage zone are briefly discussed.

Faults in unconsolidated sediments
The island of Bornholm is situated in the Baltic Sea
south of the southern tip of Sweden within the realm of
the Tornquist-Sorgenfrei Lineament (EUGENO-S Working Group 1988) (Fig. 1). The Phanerozoic geological
development in the Bornholm area includes Caledonian to Variscean NW-SE contraction, Triassic, Jurassic
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and Early Cretaceous extension, and a post-rift phase
dominated by Late Cretaceous and Early Tertiary inversion tectonism (Vejbæk et al. 1994). The Mesozoic
development is characterised by block-faulting and the
development of isolated fault blocks towards the Fennoscandian Border Zone (e.g. Gravesen 1996). Late tectonic inversion phases and erosion have contributed to
the present structural configuration (e.g. Gravesen 1982).
Exposures of Mesozoic sedimentary rocks are restricted
to a few coastal cliffs and some inland quarries, mostly
situated on the south-western part of the island (Fig.
1b). This area is characterised by a complex mosaic of
fault blocks separated by strike-slip, reverse as well as
normal faults (Deeks & Thomas 1995). Three major
features are identified, namely the Bornholm Horst, the
Rønne Graben and the Sose Platform. Fault strikes are
dominantly NW-SE and NNW-SSE (Gravesen 1996).
The bulk of the sediments are of paralic facies types
and sedimentation has mainly kept pace with subsidence. Triassic to Early Cretaceous sedimentation was
controlled by tectonism, changes in sea-level (eustasy)
and climatic fluctuation (Gravesen et al. 1982;
EUGENO-S Working Group 1988; Gravesen 1996).
In the present study, faults were investigated at two
localities (Fig. 1c). Locality 1 is in the lower Cretaceous
Robbedale Formation of the Nyker Group, exposed in a
sand pit adjacent to Rønne Golf Club (A. Stenders
Kvartsgrav; Fig. 2a). This site is situated within the
Arnager-Sose Block. The sediments consist of almost
unconsolidated silt to fine-grained sand (Østerborg
Member) deposited during transgression and overlain
by a regressive, medium to coarse-grained sand (Langbjerg Member; Gravesen et al. 1982) (Fig. 1b). NoeNygaard & Surlyk (1997) suggest fault-control on sedimentation of the Nyker Group. Maximum burial depth
of sediments in the Arnager-Sose Block is c. 500 m
(Hamann 1988). Earlier studies at this locality were
conducted by Nielsen et al. (1996) on sedimentology
and ichnology, and by Johnsen (1998), who performed
an analysis of fault seal potential.
Locality 2 is located along the beach south of Rønne
City (Galgeløkken) within the Rønne Graben. Smallscale faults occur in the Galgeløkke Member of the
Lower Jurassic Rønne Formation of the Bornholm
Group. The unit consists of heterolitic sand and mud,
laminated and cross-laminated sand, laminated and
massive mud and coal beds deposited in a shallowwater environment (fluvial, lacustrine, tidal flat). The
sediments are essentially unconsolidated, except for
thin ferruginous beds and lenses (Gravesen et al. 1982).
The sandstone shows no visible sedimentary structures
except for bedding and trace fossils (Nielsen et al.
1996). Maximum burial depth of sediments in the
Rønne Graben is c. 1200 m (Hamann 1988; Petersen &
Nielsen 1995). Earlier studies at this locality include
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Sellwood (1972) on sedimentation, Arndorff (1993) on
palaeosoils and Johnsen (1998) on analysis of the fault
seal potential. Since the sediments are unconsolidated,
they can be examined by excavating vertical and horizontal sections, allowing for examination of the structures in three dimensions.
Locality 1 - Faults in lower Cretaceous sand and clay (A.
Stenders Kvartsgrav)
At locality no.1, a slightly inverted extensional fault
with a minimum dip-slip extensional separation of 13
m was mapped in detail. The fault strikes NE-SW and
dips approximately 50 – 60° towards the SE (Fig. 2b),
which is transverse to the main fault trends of southwestern Bornholm. On a regional scale, the strata dip
towards the SW. Both the fault core and the damage
zones became well exposed after excavation (Fig. 2c).
Several fault branches are seen (Figs 2a, 3, 4 & 5), two of
which link up in the lower part of the exposed fault (B
in Fig. 2a), where one branch is off-set by another. Synthetic fault strands in the hangingwall (Figs 2a & 3) are
characterised by swarms of deformation bands, which
in part contain clay in some cases. In the hangingwall,
swarms of densely spaced deformation bands are common (9 and 10 in Fig. 2a). Generally, deformation
bands are less frequent in the footwall, indicating that
the hangingwall has taken up the bulk of the strain.
The fault core is up to 50 cm wide, and can be sub-divided into a central part and a distal part. The central
fault is characterised by a network of clay membranes
enveloping sand lenses in three dimensions. This suggests that the fault is sealing, but ruptures in the clay
membrane do occur. Other zones consist of massive
bodies of pure clay, varying in width from 3 to 15 cm.
The longest axes of the sand lenses vary between 7 cm
and 100 cm, whereas their widths are between 2.5 and
25 cm. Some of the larger lenses are seen to be in the
process of becoming sub-divided into smaller lensoid
units through the development of internal shear zones.
A similar process is observed for the clay membranes.
Also relay ramps contribute to the geometrical complexity of the central part of the fault (Fig. 4).
The quartz-sand in the outer part of the fault core and
the damage zones is medium-grained with sub-angular
grains. The lenses inside the fault zone consist of a
coarse to very coarse-grained quartz-sand with subordinate fine sand. Quartz grains are sub-angular. The
distal fault core encompasses zones with a mixture of
clay and sand as well as patchy clay in a matrix of sand
(Fig. 4). The architecture and composition of those
zones are strikingly similar to what is observed in ringshear experiments.
The damage zone is characterised by faults with cmsize displacement and deformation bands with occasio-
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Fig. 2. a) Overview of the fault at locality 1 (A.Stenders Kvartsgrav), with sketch showing the main branches of the master fault. Note that the
central part of the fault is accessible from a horizontal surface B. This surface was excavated (see Figure 4). The numbers identify fault branches,
data from which are displayed in Figure 2b. b) Orientation of faults and bedding from locality 1 (all fault branches, lower hemisphere, equal
area). c) Conceptual sketch based on observations of the master fault at A. Stenders Kvartsgrav. The fault core and the damage zones, mainly
consisting of deformation bands (single and in clusters), are clearly visible at this location. The fault core can be further sub-divided into a central and a distal part. The central part is dominated by the presence of several continuous clay membranes separated by sand lenses, whereas the
distal parts are dominated by mixtures of sand, clay and patchy clay in a matrix of sand.

nal clay membranes (Fig. 5) that are identified in thin
sections (Fig. 6). Single deformation bands and swarms
of such structures occur both in the hangingwall and
the footwall of the fault zone. Some of these are connected to the fault core, while others are not. The fracture pattern in the hangingwall and the footwall are
strikingly different (Johnsen 1998). The hangingwall is
dominated by steeply dipping (85-70°) deformation
bands, varying in width between 0.1 cm and 2-3 cm
and with typical frequency of 3-12 fractures/m. 10 to
100 cm wide zones of deformation bands with a fracture frequency >50 fractures/m are also found (9 and
10 in Fig. 2a). Such zones particularly occur at the borders of the fault core in cases where discrete slip-surfa-

ces are not developed. In the hangingwall it has not
been possible to estimate the lateral extent of the
damage zone with any certainty, because of interference
between the damage zone of the master fault and adjacent larger faults.
Deformation bands in the footwall occur as more isolated, simple structures, dip less steeply (60-45°) than
those in the hangingwall, and have a frequency of 4-10
fractures/m. The lateral extent of the damage zone is up
to 7 m in the footwall.
Deformation bands in the footwall and in the hangingwall seem to be of a similar type, and all those investi-
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Fig. 3. a) The master fault at Locality 1 (A. Stenders Kvartsgrav)is marked by the dark, clay-filled fault-core running from upper right (WSW)
to lower centre. b) Deformation bands of the hangingwall, mainly with antithetic displacement relative to the master fault. Note that some of
the deformation bands display cross-cutting relations, indicating that several generations occur. c) Chaotic clay layer in the upper part of an
accommodation fault influenced by downward intrusive clay (see text for explanation). d) Junction between master fault and steep accommodation fault. Note that both fault branches are filled by clay. e) Continuous clay membrane in the core of the master fault. f) Deformation bands
of the footwall as connected to the core of the master fault.

gated display clear compositional and textural banding
on a micro-scale. Johnsen (1998) observed reorientation of grains, brittle grain size reduction (granulation)
and grain boundary sliding resulting in zoning of finegrained material (Fig. 6). This is in accordance with
deformation styles observed in shallowly buried sandstones from e.g. the Troll Field and the Gullfaks area,
northern North Sea (Gabrielsen & Koestler 1987; Hesthammer & Fossen 2001). The systematic layer-parallel
variation in grain-size is probably due to primary layering, which has been dragged along the fault, eventually
to become trapped in the fault core. This is in harmony
with the macroscopic observations, where single sand
layers of characteristic colours may be followed from
the sidewall into the fault core. Features and geometry
similar to these from comparable settings have been
reported by Aydin & Johnsen (1978), Pittman (1981),
Antonellini et al. (1994), Antonellini & Aydin (1995),
Berg & Avery (1995), Burhannudinur & Morley (1997),
Foxford et al. (1998), Heynekamp et al. (1999) and
Sigda et al. (1999).
*

A chaotic layer of clay with disorganised and irregular
fragments of sand is observed (Fig. 2a & Fig. 3c). This
body is connected to an approximately 1 m thick clay
layer in the hangingwall of the fault zone, which represents its source layer. Also, fault branch 2 in Fig. 2a is
linked to this chaotic clay layer. This hangingwall clay
layer, which is the source layer to the clay membrane in
the fault core, is homogeneous and has a grey colour.
XRD-analysis shows that it consists of kaolinite, illite,
smectite and chlorite (see also Johnsen 1998). At present, the clay has a natural water content of c. 29%. Its
liquid limit (WL) is 64%, its plastic limit (WP) is 30%,
its plasticity index (IP) is 34% and its liquid index (IL) is
–0.03%. Accordingly, the clay is characterised as semisolid (sensu NS 8000)*. Its undrained shear strength is
400 kPa in an undisturbed sample and 300 kPa in a
remoulded sample. Johnsen (1998) and Sperrevik et al.
(2000) report natural water content of 23% and
undrained shear strength of 250 kPa for a sample located c. 37 m SE of the present locality.

The limits of consistency are used to classify and characterise clays and clay rich soils. In the present study is the Norwegian Standard (NS 8000) utilised. This is in accordance with standards used in e.g. Sweden and standards published by American Society for Testing and Materials. British Standards Institution uses other symbols. The plastic limit (WP) is determined
according to Norwegian Standard NS 8003 and the liquid limit (WL) by the fall cone method using Norwegian Standard NS 8001. Determination of water content in the clay follows the
procedure of the Norwegian Standard NS 8013, and the undrained shear strength is determined using the Norwegian Standard NS 8015 (fall cone method or a pocket penetrometer).
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Fig. 4. a) The excavated fault core of the master fault at A.Stenders Kvartsgrav (horizontal section). The core consists of up to five continuous, 1
– 4 cm wide zones of clay and a series of sand layers with overall lozenge shapes. The varying colors of the sand layers partly reflect the colors of
layers in sidewalls of the fault, partly varying degree of water content and partly different degrees of bleaching. b) Detail of the fault core, where
a second order of lozenge-type structures are displayed. c) Zone of patchy clay in a matrix of sand. Thin section study of such structures that are
derived in experiments shows that the clay patches are intruded by stringers of sand (see Figure 10).
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Fig. 5. a) Vertical section through the upper part of the master fault
at A.Stenders Kvartsgrav. Note the distinguished deformation of the
hangingwall, which is believed to reflect moderate inversion of the
fault. b) Excavated section in the hangingwall cut along strike of the
master fault. The dark bands are (antithetic) accommodation faults
covered by clay membranes.

Locality 2 - Fault in Lower Jurassic sand and clay
(Galgeløkken)
At locality 2 at Galgeløkken, extensional faults with a
vertical separation of up to 7.5 cm were mapped in
detail (Fig. 7a). The faults strike NW-SE and dip about
45° towards SW (Fig. 7b). The fault strike is parallel to
one of the main fault trends at south-western Bornholm, where the regional dip of the sediments is
towards the SW. The sediments at Galgeløkken are
dominated by very fine-grained yellow to white sand,
locally rusty red and with subordinate layers of coarsegrained sand. Quartz grains are sub-angular to subrounded. Interbedded clay layers are homogeneous
with a black to dark grey colour, sometimes draping

Fig. 6. Thin-sections of deformation bands with clay drapings from
A. Stenders Kvartsgrav. The texture of the bands varies from cases
where the core is only weakly stratified (a) to those cases where the
core is defined by a zone of distinct sand layers of different grain-size
and grain orientation (b).
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equal area). (c) Minor faults with clay membranes associated draping sand lenses are common and fault branches.
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loped by tip-line coalescence or other processes associated with growth and inter-linkage of fault strands like
e.g. segment linkage and asperity bifurcation (Childs et
al. 1996a, b; Childs et al. 1997; Gabrielsen & Clausen
2001). Discontinuous and continuous clay membranes
are present locally (Fig. 7c), and lenses occur frequently
(Fig. 7a, c). Lindanger (2003) reports that the longest
axes of sand lenses varies between 0.8 cm and 103 cm,
whereas the width vary between 0.3 cm and 18 cm.
Large lenses are commonly observed to be faulted into
subordinate (secondary) units.
Samples taken in zones of macroscopic clay smear suggest that clay occurs either as thin draping with occasional interbedded grains of quartz (Fig. 8a) or as deformation bands dominated by quartz grains with a subordinate clay matrix (Fig. 8b). These types of textures
are found both in the larger faults at locality 1 (A. Stenders Kvartsgrav) and in small-scale faults at locality 2
(Galgeløkken).

Experiments

b

Fig. 8. Thin-sections of small faults with clay smear, locality 2, Galgeløkken. Clay occurs both as (a) thin bands with occasional grains
of quartz, or (b) as deformation bands dominated by quartz grains
with a (subordinate) clay matrix.

ripples. Coal horizons occur. The percentage of clay
layers increases to approximately 30% in the lower part
of the exposed section. Several of the faults at this site
display a pronounced ramp-flat-ramp geometry (Fig.
7a). In the lower part of two of the faults (1 and 7 in
Fig. 7a, c) fault branches are present. These may represent relay-ramps or other types of fault branches deve-

Drained ring-shear experiments were performed at the
Norwegian Geotechnical Institute (NGI) in Oslo, Norway. Ring-shear experiments have previously been
applied to investigate shear processes in homogeneous
(Hvorselv 1939; Mandl et al. 1977; Tika & Hutchinson
1999), as well as heterogeneous lithologies (Mandl et al.
1977; Weber et al. 1978; Sperrevik et al. 2000; Clausen &
Gabrielsen 2002). All experiments were performed with
constant deformation rate following the procedure described by Clausen & Gabrielsen (2002). Structures were
studied in three dimensions after deformation, and
shear stress and sample volume changes were constantly monitored during deformation. The vertical
load is such that the experimental conditions correspond to faults developed in soft sediments at a shallow
depth in nature (maximum 50 m; Sperrevik et al.
2000). Samples used in the present experiments consist
of mixed sectors of sand and clay.
In the ring-shear experiments, three stages were recognised in the development of a clay membrane (Fig. 9 &
10; Clausen & Gabrielsen 2002). In the first stage of the
case where normal stress of 6 kPa was applied, no clay
membrane was developed for any of the clays used,
except for some occasional clay fragments occurring
along the fault plane. During the second stage (normal
stress >25 kPa) a mixture of sand and clay or patchy
clay in a sand matrix developed. In the third stage (normal stress >100 kPa), a semi-continuous to continuous
clay membrane developed. Experiments showing clay
membrane development intermediate between the
second and third stages were frequently observed.
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Some of these features have been observed in previous
experiments performed under similar conditions
(Weber et al. 1978, Sperrevik et al. 2000). Thus, Sperrevik et al. (2000) reported on clay membranes that commonly display constant thickness. In the present study
the thickness of such membranes ranges from 0.1 to 0.5
cm. In cases where the clay membrane was seen to
undulate along the shear plane, this was mainly a result
of varying sand thickness beneath it. Ruptures with
sub-rounded to oval shape in the clay membrane
("sand holes") show a strong resemblance to sand lenses
in the nature. The area adjacent to such sand holes is
commonly characterized by a mixture of sand and clay.
In some cases, the continuity of the clay membrane was
completely lost across the entire annular sample.
In summary, the following features are observed in the
field, as well as in the experiments:
(1) Sands lenses are commonly completely surrounded
by a clay membrane (locality no.1 and in experiments).
(2) Clay lenses occur in isolation, completely surrounded by sand or a mixture of sand and clay. These
features are similar to "patchy clay" observed in the
faults in Bornholm.
(3) Zones with mixed sand and clay occurs both as layers
of relatively homogeneous blends of clay and sand
and as patchy clay in a sand matrix. Clay seems to
dominate over sand in most cases, although the
opposite is sometimes observed.
(4) Continuous and semi-continuous clay membranes are
common for clays at high plasticity and at high
water-pressure.

5cm

Discussion
Fig. 9. Ring-shear experiments seen from above, after removal of the
upper shear ring. Three stages are recognized in the development of
clay membranes: (a) complete absence of a clay membrane (normal
stress of 6kPa for all clays; Drammen Clay), (b) a mixture of clay and
sand or patchy clay in a sand matrix (normal stress of >25 dependent upon clay type; North Sea Clay No.2), and (c) a semi-continuous to continuous clay membrane (normal stress of >100 kPa;
Trondheimsfjorden clay). From Clausen & Gabrielsen (2002).

Typical features observed in these experiments are sand
wedges, clay wedges and various clay membrane geometries. Sand wedges occur close to the source layers.
The sand wedges connect sand in the lower half of the
sample (hangingwall) with the upper half of the sample
(footwall). Clay wedges are also observed close to the
source layer. These were formed by normal drag of clay
from the source layer. Clay wedges are also observed,
which by further displacement formed semi-continuous
to continuous clay membranes.

In the following, the mechanisms for development of
the clay smears along faults in Lower Cretaceous and
Lower Jurassic sand and clay are discussed. Then, based
on ring-shear experiments (Clausen 2002; Clausen &
Gabrielsen 2002) the deformation conditions under
fault activity and clay smear development is evaluated.
Finally, the fluid dynamic properties of the fault core
and damage zone are briefly discussed.
Mechanisms for development of clay smear
Several mechanisms for the development of a clay
smear have previously been proposed, namely clay
smear developed by chemical weathering and cementation (e.g. Knipe 1992), clay smear developed by intrusion/injection of clay (e.g. Lindsay et al. 1993; Lehner &
Pilaar 1997) and clay smear developed by shear or abrasion (e.g. Lindsay et al. 1993). Because of shallow
burial, growth of new minerals along faults is neither
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tively strong component of shearing at a later stage in
the development of the fault.
Abrasion clay smear results when clay or shale moves
past a sandstone unit, leaving a thin (commonly
<1mm) veneer of clay on the sandstone surface (Weber
et al. 1978; Smith 1980; Lindsay et al. 1993). Highly
plastic or liquid clay promotes such a process. Clay
smear by shearing is formed when pieces of clay or
shale become dragged into the fault zone (e.g. Lindsay
et al. 1993). This type of clay smear is characterised by a
greater thickness close to the source layer and thinning
towards the region midway between the hangingwall
and footwall cut-offs.

b

Fig. 10. Microphotographs of clay drapings and clay patches as derived from clay-smear experiments. (a) Homogeneous lenses of clay
separated by micro-ramp of pure sand, and (b) sharp contacts between sand and clay. Modified from Clausen & Gabrielsen (2002).

expected, nor observed for the faults in southwestern
Bornholm studied by us. Also clay smear developed by
chemical weathering and cementation seems unlikely
from the apparence of the fault cores. Such mechanisms are clearly not relevant for development of a clay
membrane in ring-shear experiments.
Injection smears are usually associated with very plastic
clay. Such a process should by favoured by deformation
of clays at shallow depths, having a low shear strenght
and a high water content. This process would result in a
significantly thicker clay smear than that obtained by
shearing (Lindsay et al. 1993). Lehner & Pilaar (1997)
suggested a pull-apart mechanism for intrusion of clay
into a fault core. The process involves drag of clay or
shale, accompanied by rupture and formation of pullapart structures. Hence, room for intrusion of clay is
generated, and this would be promoted when near-field
stresses are different in the two adjacent fault blocks
(Barnett et al. 1987; Knott 1993; Berg & Avery 1995).
Generally, the zone of clay smear is considerably
thinner than the source layer, particularly when followed down-section a few meters away from the source
layer. Although the observations support that intrusion
has occurred (see Model II below), this suggests a rela-

At locality 1 (A. Stenders Kvartsgrav), a chaotic layer of
clay is situated in the hangingwall of the fault. Clay
from this layer can be followed into the main fault
plane, as well as along several minor fault branches
(Fig. 2a & 3). The chaotic and irregular appearance of
this layer is not in accordance with simple shearing or
drag caused by normal movement along the fault zone,
or by inversion of the structure. Nor does the clay
smear have pronounced shear fabrics or slip surfaces, as
reported from the Moab Fault Zone (Utah) where sheared clay is common (Foxford et al. 1998). On the
micro-scale it can be shown that the layer mainly consists of clay, where pockets of disorganised sand fragments are also observed. The clay was obviously very
plastic or even liquid during development of the clay
membrane.
In the following, we expand on the most likely mechanisms for development for the clay smears for the layered sand-clay sequence at very shallow depths, and
relate those mechanisms to the cases studied at Bornholm (Fig. 11):
Model I involves the development of clay smear by shearing. This mechanism suggests that liquified or plastic
clay is dragged into the fault zone to become sheared
inside the fault core in the primary process of faulting.
This type of process should be characterised by clay
smear being thicker near to the source layer and becoming gradually reduced towards the margin of the fault
core (Lindsay et al. 1993). The thickness of the source
layer at locality 1 varies considerably, but it is commonly thicker than the clay membranes in the central
part of the fault zone as well as along the margin of the
fault core. This is taken as an indication that drag and
shear contributed to development of the clay membrane.
Model II involves the intrusion of plastic or even liquified clay into the fault core. Occurrence of a chaotic
layer of clay with disorganised and irregular fragments
of sand supports that such a mechanism contributed to
the clay smear. The intrusion seems to have taken place
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in the hangingwall reflect the next step. This stage may
have been accompanied by the first occurrence of clay
transport into the fault zone, perhaps associated with
dilation (Mandl et al. 1977), which created larger pore
space that could be filled with clay. In the next stage,
development of clay and sand mixtures could also
occur during compaction, as observed in the ring-shear
experiments.

clay
ar
sme

shear

low pressure
Fig. 11. Sketch showing main stages in the development of clay smears as seen in the master fault at A. Stenders Kvartsgrav. Stage 1:
Liquified or plastic clay is dragged into and sheared along the fault
core. Stage 2: Intrusion of liquefied clay into low-pressure (?open)
pockets of the fault core. Stage 3: Liquid or plastic clay intruded into
the fault core and downwards due to pockets with lower pressure
than the pressure in the source layer. Shear contributed in making
room for clay and in transport of clay along the fault core.

from the source-layer and downward along the fault
plane. This could also explain the local thinning of the
source layer.
It seems that neither of the above models alone can
explain the development of the clay membranes in the
fault at A. Stenders Kvartsgrav. Therefore, a combination of intrusion and shear is suggested (Model III). In
this model, the faulting took place simultaneously with
intrusion, assuming that the pull-apart mechanism
suggested by Lehner & Pilaar (1997) was active. Intrusion of clay from the top and downwards demands that
pockets of lower fluid pressure than that in the source
layer was present. This is consistent with the observed
variation in thickness of clay smear.
The ring-shear experiments show that areas characterised by a mixture of sand and clay as well as patchy clay
in a sand matrix, became invaded by clay to an increasing degree when normal stress was increased. At A.
Stenders Kvartsgrav, the fault core is characterised by
several continuous clay membranes surrounding sand
lenses in the central part and a mixture of sand and clay
and patchy clay along the distal part of the fault core.
This does not necessarily imply that contrasting deformation conditions prevailed in the central and distal
parts of the fault core during faulting. Rather, the different characteristics of the central and distal part of the
fault core and in the damage zones, are believed to
reflect different stages in fault development.
Thus, the development of single deformation bands in
the damage zone are considered to reflect the first stage
of faulting. The clusters of deformation bands observed

The strain pattern of the central part of the fault core is
suggested to reflect an even more advanced stage of
deformation, where transport of clay into the fault core
took place. Strain-softening was probably promoted by
the introduction of the clay into the fault core (e.g.
Heynekamp et al. 1999). Eventually, slip was transferred
to high-strain zones of the fault core, accommodating
the bulk of the offset. Clay was intruded and sheared
into the fault core at this stage. This is in accordance
with fault development in porous sandstone, as suggested by Aydin (1978), Aydin & Johnson (1978, 1983),
Gabrielsen & Koestler (1987) and Hesthammer & Fossen (2001). Alternatively, isolated slip surfaces could
have nucleated at an earlier stage. By continued deformation, these would link up to form a continuous slip
surface accomodating major displacement, accompanied by intrusion of clay into the fault system. This scenario would be in accordance with fault growth suggested by Shipton & Cowie (2001).
No indication of intrusion was observed at locality 2
(Galgeløkken). Here, the clay layers can be followed as
continuous layers from the footwall and hangingwall
into the fault core, where they constitute classical drag
features (Figure 4a, c). The fact that clay smear thickness is greater near the source layer and reduced
towards the region midway between hangingwall and
footwall cut-offs (Lindsay et al. 1993) also supports this
conclusion, and is consistent with a simple shear type
clay smear mechanism. Clay membranes at the Galgeløkken locality occur only on a local scale, probably
because fault displacement is minor (up to 7.5 cm) and
because only limited amounts of clay (clay drapes
above ripples) were available during deformation.
Deformation conditions during faulting and clay smear
development for the fault zone in Lower Cretaceous sand
and clay (A. Stenders Kvartsgrav)
The ring-shear experiments are valid for faults developed at a shallow depth (maximum 50 m; Sperrevik et
al. 2000). Therefore, the experimental results are regarded relevant for the faults at south-western Bornholm,
which developed at a shallow depth of burial (NoeNygaard & Surlyk 1988). Based on ring-shear experiments, Clausen & Gabrielsen (2002) reported that
parameters important for development of a clay membrane are normal stress, shear strength of clay, water
content in the sand and the clay and strain rate. In
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addition, the competency contrast between clay and the
surrounding material (e.g. sand) influences the result.
The fault displacement and the amount of clay present
in the sequence are also considered important for the
potential of developing a continuous clay smear.
Hence, thick clay source layers as well as several, stacked
clay beds with small fault displacements promote the
development of continuous clay drapings connecting
source layers in footwall and hangingwall (Bouvier et
al. 1989; Lindsay et al. 1993; Yielding et al. 1997). It is
generally observed from the ring-shear experiments
that the amount of clay and clay smear continuity
increases with increasing normal stress (i.e. depth of
burial), and also with increasing water content in both
sand and clay (Clausen & Gabrielsen 2002). Furthermore, faults (characterised by volume loss) became clay
covered to a larger extent than those where dilation
occurred in compacting experiments (see also Sperrevik et al. 2000). Clausen et al. (2003) observed a complex relationship between deformation rate, normal
stress and clay type. The clay smear continuity and
amount of clay present in the fault zone increased with
increasing strain rate under low stress and with decreasing strain rate under higher normal stress. Thus, it was
suggested that the shear strength of the clay is less
during low strain rate (1-3 mm per minute in the experiments) under low normal stress and for higher deformation rate (11-16 mm per minute in the experiments)
under larger normal stress. Although both deformation
rates are obviously unrealistically high on a geological
time scale, the experimental results are believed to
reflect the relative difference between high and low
deformation rates.
Based on the experimental results described above, the
following conditions are suggested for the time when
clay membranes were developed at A. Stenders Kvartsgrav. The normal stress was probably low (i.e. <500
kPa), and the deforming clay had shear strength less
than observed today, i.e. <300-400 kPa, and with high
water contents (much higher than observed today, i.e.
>>30%). Considering its present properties, the water
content of the clay must have been between c. 30% and
65% in order for the clay to be plastic and above 65% to
be liquid at the time of deformation. Sand was wet, and
clay situated in contact with the most competent sand
layers were most prone to behave in a ductile fashion.
The strain rate was most likely high. Noe-Nygaard &
Surlyk (1988) suggest that the sedimentation of the
Nyker Group was fault-controlled. This would be in
harmony with relatively intermittent faulting occurring
in short time intervals at very shallow depth of burial,
probably supporting a high strain-rate.
The sealing capacity of the faults
The properties which could influence the fluid dynamics such as permeability and capillary entry pressure
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for the investigated faults were not measured in the
present study. Still the small-scale faults occurring in
the lower Jurassic Rønne Formation (Galgeløkken) are
considered not to be sealing, because clay membranes
are not continuous and no diagenesis occured. Johnsen
(1998) observed grain-size reduction along faults at
Galgeløkken, but consider faults to be sealing only if a
continuous clay membrane was present.
Deformation bands in lower Cretaceous sand and clay
(A. Stenders Kvartsgrav) are characterised by thin
bands of clay or by subordinate clay in a sand matrix.
They display a clear banding and grain orientation,
believed to be partly due to primary layering dragged
into the fault zone. In addition, Johnsen (1998) observed granulation and reorientation of grains. The deformation bands probably do not act as complete seals,
although the combination of grain packing, mild grainsize reduction and minor local clay draping definitely
will reduce permeability.
The clay smear zones in the fault core at A. Stenders
Kvartsgrav are characterised by several, continuous,
pure clay membranes containing only subordinate lenses of sand. Some parts also consist of more massive,
pure clay. In the more distal parts, however, zones of
mixed clay and sand are dominating. Fraser (1935) showed that the sealing capacity for a zone characterised
by bimodal mixing of grain sizes approaches that of the
fine-grained components, and Weber et al. (1978) and
Smith (1980) noticed that clay smears are more effective seals in cases where sand is absent. Thus, the mixture of sand and clay in parts of the fault core may
reduce fluid flow, whereas the clay smeared central part
is considered as a seal. Accordingly, it is concluded that
the fault zone at A. Stenders Kvartsgrav is a barrier for
cross-fault flow, the most effective seal being the fault
core and its central part, which consists of several continuous clay membranes. This is consistent with observations by Sigda et al. (1999) for parts of fault zones in
the Rio Grande Rift (New Mexico), which exhibit many
features similar to the fault zone at A. Stenders Kvartsgrav. This situation could, however, be different at the
time of the slip because fluid flow through the fault
core may be enhanced just before, during and just after
faulting (e.g. Sibson 1981, 1994; Gudmundsson et al.
2001). Cementation, which can occur as a result of fluid
flow (e.g. Rowe & Burley 1997), is not observed along
the fault zone at A. Stenders Kvartsgrav.

Conclusions
Structural features of shear zones in poorly consolidated sediment, such as lenses (consisting of sand and
clay), clay membranes, mixture of sand and clay, and
patchy clay are observed both in ring-shear experiments and in natural faults. Hence, it can be concluded
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that ring-shear experiments with unconsolidated
sand/clay sequences are well suited for studying such
fault zones. This conclusion was also reached by Weber
et al. (1978) and Sperrevik et al. (2000).
In this experimental study and at Bornholm, the central
part of the fault core is characterised by several continuous clay membranes surrounding sand lenses. Its distal part is dominated by a mixture of sand and clay, and
patchy clay. The damage zone is characterised by deformation bands (single and in clusters). This zonation is
believed to reflect minor differences in physical conditions, associated with different stages in development.
Single deformation bands occur in the damage zone
and are considered to reflect the initial stage of development. By continued deformation, clusters of deformation bands were generated and clay was intruded
and sheared into the fault core. Finally, slip occurred
along a surface accommodating offset. This process was
most likely associated with strain-softening, and was
mainly confined to the central part of the fault core. At
this point, liquified or plastic clay was transported into
the fault zone by intrusion combined by shear, due to
the existence of pockets with a lower pressure than that
of the source layer. The fault zone was active during
intrusion, and fault-parallel shear contributed in
making room for clay (pull-apart mechanism; Lehner
& Pilaar 1997).
Based on experimental results using a ring-shear apparatus (Clausen 2003; Clausen & Gabrielsen 2002) it is
concluded that contemporaneous normal stress was
very low (<500kPa), and that the clay had a low shear
strength (<300-400kPa) and a high water content
(>>30%). Also, the strain rate was relatively high. In
addition, the sand was wet, with higher competency
than the clay, causing the clay to act in a ductile fashion
during faulting. Similar deformation conditions and
fault architecture could also be valid for other areas
where fault activity occurred in poorly lithified sediments (clay/sand sequences) at shallow depth, such as
many faults in the North Sea (e.g. the northern part of
the Oseberg Field, Clausen 2002).
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