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Abstract-Processes accommodating the mutual offsetting of intersecting conjugate faults are investigated by 
outcrop examination of three pairs of conjugate normal faults with maximum throws from 5 mm to IO cm. In two 
cases resolved fault throws decrease sharply towards the intersection zones which, on the scale of observation, are 
zones of ductile thinning of inter-fault layers that accommodate the throw reductions. Strain within the intersection 
zone of conjugate faults in fluvio-glacial sands is accommodated by inter-grain slip, and layer thinning is 
complemented by layer-parallel extension at constant volume. In a second example, strain within the intersection 
zone of conjugate faults in inter-layered chalk and marl is accommodated by volume reduction. without layer 
extension. In a third example, also in fluvio-glacial sands, strain in the intersection zone is accommodated by small 
faults (throws ~1 mm); when throws on all resolvable faults are aggregated, there is no decrease in throw towards 
the conjugate intersection. The presence or absence of a decrease in resolved throw towards conjugate intersections 
and of a complementary ductile zone accommodating the change in throw. is a function not only of the resolution 
limit of the observations but also of the scale of the deformation process within the conjugate zone. I: 1998 Elsevier 
Science Ltd. All rights reserved 

INTRODUCTION 

Many fault systems comprise conjugate sets of faults, 
which can accommodate a pure shear bulk deformation 
(Freund, 1974; Horsfield, 1980; Ramsay and Huber, 
1987). While intersections between conjugate faults do 
not represent a geometrical problem, they pose an 
apparent kinematic problem if both faults were active at 
the same time. In brief, what happens in the region where 
the two faults intersect and offset one another? On the 
basis of the limited resolution afforded by seismic data, 
Nicol et al. (1995) showed that the displacements on a 
pair of conjugate normal faults apparently decrease 
towards an intersection zone, within which there is 
ductile thinning and extension. It was further suggested 
that this ductile strain was accommodated by arrays of 
sub-seismic minor faults which formed as a consequence 
of the repeated offsetting of each of the conjugate faults 
by the other. The decrease in resolved displacement on 
the seismically mapped conjugates towards their inter- 
section is, therefore, only an apparent decrease as the 
‘missing’ displacement is simply accommodated on many 
sub-seismic offsets in the intersection zone. Nicol et al. 

(1995) also noted that a component of the ductile strain in 
the intersection region could be accommodated by other 
processes, such as the pressure solution described by 
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Odonne and Massonnat (1992) in an outcrop example of 
intersecting conjugate faults in carbonates. 

The purpose of this paper is to investigate the 
geometries and strains in the intersection regions of 
outcrop-scale conjugate faults, thus avoiding the resolu- 
tion limitations of seismic data. Cross-section data are 
available for three conjugate intersection structures, in 
one case in the form of serial sections. Strains in the 
intersection regions of these three structures are shown to 
be accommodated predominantly by inter-grain slip, by 
multiple cross-cutting faults, and by volume loss, respec- 
tively. The three examples are consistent with normal 
dip-slip displacements, in the range ca 1 mm-l 15 mm, 
but this may not always be the case. A conjugate 
structure is illustrated which cannot be interpreted in 
terms of dip-slip displacement alone. 

INTER-GRAIN SLIP 

Figures 1 and 2 show conjugate normal faults within a 
block (ca 18 x 12 x 20 cm) extracted from layered (l- 
5 mm) Pleistocene fluvio-glacial sands at Nienburg, 
Germany. The conjugate faults post-date an early thrust 
(Fig. 2) and have normal dip-slip separations with throws 
ranging up to 11 mm (Fig. 3a & b). Six serial sections 
(Fig. 2), approximately perpendicular to the strike of the 
main faults (NNE-SSW), provide a degree of three- 
dimensional control on the geometries and displacements 
of the faults. 
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I. Intersecting conjugate bults in Pleistocene fluvio -glacial sands 
I Nienburg. Germany (see Section 4. Fig. 2. for interpretation). 

Arrows show horizons on line drawing of Fig. 2. 

The sections show progressive changes in the geome- 
tries of the main faults and in the symmetry of the 
conjugate structure (Fig. 2) from an inverted ‘y’ structure 
with a right-dipping dominant fault (Sections l-3). 
through an ‘X’ shaped conjugate structure (Sections 2- 
5) to an asymmetric ‘X’ shaped structure with a left- 
dipping dominant fault which is more continuous and 
has slightly larger displacements than the right-dipping 
fault (Section 6). The existence of a more or less 
symmetrical ‘X’ shaped conjugate along only a part of 
the intersection line is as would be expected from Meier 
( 1993). Nicol et al. (1995) and Walsh et ul. (1996). 

Displacement contour diagrams for faults A and B 
(Fig. 3a & b) were constructed from the cross-section 
data. Within the volume examined, the maximum throw 
on fault A (ccl I 1 mm) is approximately twice that of fault 
B (ELI 5 mm). Displacements on Fault B decrease from 
Section 6 towards Section I and those on Fault A 
increase in that direction. Maximum displacements on 
both faults lie below the intersection line, consistent with 
the faults having intersected at a point where both were 
propagating upwards and sideways (see fig. 6 of Woods, 
1988; Nicol et al., 1996); Fault A towards Section 6 and 
Fault B towards Section I within the imaged volume. The 
shallow plunge of the intersection line (Fig. 3) is 
consistent with the faults having similar strike directions. 
Displacement contours on Faults A and B and on the 
aggregate displacement diagram (Fig. 3aac) become 
more nearly parallel to the intersection line as they 

approach it, reflecting the pronounced zones of low 
displacement on both faults adjacent to the intersection 
line. The way in which this zone of apparently low 
displacement is accommodated is shown by thickness 
changes of individual layers across the faults, expressed 
as strain indices (Fig. 4, see text to figure for definition of 
strain index). Complete strain index profiles can be 
drawn only for Sections 3. 4 and 5. Figure 4 shows that 
within 15 mm above and below the intersection point, the 
layers between the two faults (mutual hangingwall above 
the intersection and mutual footwall below it) have been 
thinned by IO--45%. As area-balancing of individual 
layers in each cross section provides no indication of 
volume loss, a corresponding extension of these inter- 
fault layers is assumed. The ductile strain increases from 
Section 3 through Section 4 to Section 5, where the 
conjugate structure is most symmetrical. As no fault 
offset greater than 0.5 mm (the estimated limit of 
resolution) can be seen in these strained inter-fault 
layers. it is inferred that inter-granular slip accommo- 
dated the extension of up to 40% in the inter-fault region, 
within 10-l 5 mm of the intersection. Inter-grain slip was 
the deformation mechanism observed in the experiments 
of Horsfield (1980). Ductile strain of the intersection zone 
accommodates the decreases in fault displacements 
towards the intersection line. This type of ductile strain 
in the intersection zone is illustrated by the change in 
shape of a nominally rectangular area defined at the time 
of initiation of the conjugate structure (Fig. 5a & b). 

VOLUME LOSS 

An intersecting pair of conjugate faults (Fig. 6a) 
outcrops in a cliff section of interbedded layers of 
Cretaceous chalk (CN 1 mm--l .5 m thick) and marl (cti 
1 mm-8 cm thick) at Danes Dyke, Flamborough Head, 
Yorkshire, U.K. The location and fault systematics are 
described more fully in Peacock and Sanderson (1992, 
1994) and in Childs et ~1. (1996). Strikes of both faults are 
in the range 120”-150’, and both have normal dip-slip 
displacements with throws up to cu 10 cm. Each fault 
trace consists of a series of sub-parallel segments, offset 
from one another and each terminating at either a marl 
horizon or at a pronounced bedding-plane discontinuity 
(Fig. 6a). 

In the section exposed, the conjugate structure is 
asymmetric with fault trace A dominant by virtue of its 
greater length and higher maximum throw. On both fault 
traces throw decreases towards both the upper and lower 
margins of the area illustrated in Fig. 6(a) although only 
one tip-point is seen where fault trace B terminates at the 
base of a thin marl layer. It is assumed that the other 
decreases in throw towards the upper and lower margins 
of Fig. 6(a) also indicate the proximity of tip-points. 
However, throws on both faults also decrease sharply 
towards their intersection, as illustrated in the throw 
profiles (Fig. 6b). The aggregate throw profile (fault 
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Fig. 2. Block diagram and serial sections (l-6) drawn from photographs (e.g. Fig. 1) showing three-dimensional geometries of 
conjugate faults and of horizons used in displacement analysis (Fig. 3). Sections are vertical, normal to the strike of the main 

conjugate faults and at approximately 4 cm intervals. Vertical and horizontal scales are equal. 

traces A + B + C) shows an apparent throw deficit at the 
intersection of ca 75% relative to the minimum expected 
throw, as estimated from the profiles from > 40 cm above 
and from > 60 cm below the intersection point. The 
throw deficit is complemented by up to cu. 30% relative 
thinning of inter-fault layers in the intersection region. 
There are few identifiable faults (throw resolution ca 
1 mm) in the intersection region and certainly not 
sufficient to compensate for the sharp decreases in 
throw on the faults shown in Fig. 6(a). The high gradients 
of throw (0.061-l .O, mean ca 0.14) which characterise the 
decreases in throw towards the intersection zone are 
accommodated mainly by thinning of the inter-fault 
layers achieved by volume loss and complemented by 
subordinate extension. Volume loss in the intersection 
region was estimated by measuring the area loss on the 
basis of a bed by bed restoration, maintaining fixed fault 
positions. The estimated area loss of up to 40% within 
the intersection zone (Fig. 7) is subject to potential error 
due to possible irregularity of bedding traces prior to 
faulting, and does not take account of the possible prior 
dilatation which is expected to accompany inter-grain 
slip deformation. Volume loss is likely to have been 
dominantly by pressure solution along bed-parallel 
seams. Volume and porosity reduction by collapse of 
delicate coccolith plate structures, a common means of 
volume reduction elsewhere (e.g. Koestler and Ehrmann, 

1987), is unlikely because prior to deformation Yorkshire 
chalk underwent impregnation by secondary calcite and 
reduction of porosity to 8-17% from likely original 
values of 40-50% (Mimran, 1978). The relative increases 
in areas of inter-fault layers (Fig. 7) towards the top and 
bottom of the cross section illustrated in Fig. 6(a) 
accommodate the throw decreases associated with the 
observed and inferred tip-points which are also accom- 
modated by volume loss. Similar area, or volume, 
changes are described by Odonne and Massonnat (1992) 
who, from outcrop observations of a conjugate structure 
in limestone, show that the greatest losses of area by 
pressure solution are associated with intersections and 
tip-points of conjugate fault traces. This type of strain in 
the intersection zone is illustrated by the change in shape 
and area of a nominally rectangular area defined at the 
time of initiation of the conjugate structure (Fig. 5a & c). 

MULTIPLE CROSS-CUTTING FAULTS 

A cross section through an array of intersecting 
conjugate faults in Pleistocene fluvio-glacial sands at 
Freden, Germany, is shown in Fig. 8a. In this section the 
fault traces dip steeply (65”-85”) and form a broadly ‘X’ 
shaped structure, with between two and five traces 
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Fig. 3. (a) and (b) Throw (mm) contoured fault-surface maps for faults A and B (WC Fig. 2). Displacements on both stranda of 
fault A are aggregated. (c) Contoured aggregate of throws (mm) on Faults A and B. (d) Contour dilttrences between throws 
(mm) on Faults A and B. Section locations are indicated at the top of each diagram. Vertical and horizontal scales are cqwl. 

comprising each composite fault. The faults have normal 
dip-slip separations with throws on individual traces 
ranging up to IU 3.2 cm. Aggregate throws are approxi- 
mately the same on each composite fault. but are higher 
above the intersection (4- 4.5 cm) than below it (3- 
3.3 cm); the lower aggregate throws below the intersec- 
tion are largely compensated by bed rotations. The 
conjugate arrays are mutually cross cutting with indivi- 
dual traces offset by one or more younger traces of 
opposing dip (Fig. Sa). The array of cross-cutting faults 
accommodates a vertical thinning and associated hor- 
izontal extension of the interval which straddles the 
intersection zone (stippled in Fig. 8). There is relatively 
little internal deformation OI- rotation of fault bounded 
areas. Cross-cutting relationships allow the relative 
timing of slip to be established for each fault strand 
which passes through the intersection zone. This relative 
chronology provided a basis for the restoration of fault 
displacements which was carried out using the assump- 
tion of rigid fault block translation, modified where 

necessary by minor bed rotations. The simplifying 
assumption of rigid blocks does not allow account to be 
taken of displacement changes along fault traces. The 
youngest fault strand was restored first and the oldest 
last. Layer thickness variations are small ( < I 2 mm) and 
provide good control on the restoration process. Dis- 
placements on fault traces which terminate in free tip- 
points, as opposed to branch-points, were either relayed 
onto the closest fault (fault I, fault 2 and fault 3, Fig. Xa) 
or the fault trace was extrapolated to the boundary of the 
section (fault 4. Fig. Xa). The relative ages of faults which 
do not pass through the intersection zone are uncertain, 
so their associated displacements and bed rotations were 
restored last. 

A minimum of IO alternations between left (first) and 
right (last) dipping fault restorations is necessary to 
unfault the conjugate structure. Figure 8(b & c) show an 
intermediate stage and the final stage of restoration, 
respectively. Restoration of some individual fault strands 
requires u minimum of tive slip events. Rigid block 
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Fig. 4. Plot of vertical distance from fault intersection vs strain index 
for layers in each cross section (l-6) in Fig. 2. The strain index (SI) is 
defined by SI=(TILT;I)/TI where T1 =average thickness of a layer 
outside the conjugate structure and 72 = average thickness of same layer 
between the faults (i.e. in either the mutual hangingwall or the mutual 
footwall). SI values for layers thickened by the thrust in the mutual 
hangingwall are omitted. Distances are vertical distances from the 

intersection to the mid point of each layer. 

restoration of the section creates only minor space 
problems in the form of voids (diagonal-line shading) 
and overlaps (horizontal-line shading) which are due 
mainly to changes in fault dip across the intersection (Fig. 
8a<). Voids and overlaps together account for < 1% of 
the total area and approximately balance. Rigid block 
restoration is relatively successful because there is 
relatively little ductile deformation within the cross 
section, consistent with the low gradients of fault 
displacement. Small (< 3 mm) residual offsets of the 
lowermost horizon shown in Fig. S(c) probably reflect a 
minor component of ductile deformation close to the 
intersection. 

Comparison of Fig. 8(a & c) indicates that faulting 
accommodated ra 24% horizontal extension across the 
section. The success of the restoration confirms the 
validity of a relative chronology in which fault strands 
become younger towards the middle of the conjugate 
structure, consistent with results of physical modelling 
(Horsfield, 1980; Woods, 1988). 

Growth of the conjugate structure was associated with 
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Fig. 5. Schematic diagram illustrating the different strains of an initially 
rectangular region at the intersection of two conjugate faults, due to 
different deformation mechanisms. The diagram is not to scale and the 
fault-trace lengths are unrealistically short. Profiles of aggregate 
resolved throws are shown. (a) Rectangular region prior to fault 
development. (b) Strain in intersection region accommodated by sub- 
resolution deformation mechanisms with no volumetric strain (i.e. no 
volume reduction). (c) Strain in intersection region accommodated by 
pressure solution with negative volumetric strain (i.e. volume reduc- 
tion). (d) Strain in intersection region accommodated by numerous 
small resolved faults, shown schematically and without continuation 
beyond the initial rectangular region, and with no volumetric strain. For 

a less diagrammatic version see Nicol et al. (I 995)(fig. 13). 

Fig. 6. (a) Intersecting conjugate faults in a vertical outcrop of 
interbedded (bed thicknesses ra I mm-l.5 m) Cretaceous chalk and 
marl at Danes Dyke, Yorkshire, U.K. Stippled and non-ornamented 
beds are chalk. (b) Throw profiles for Faults A and B and the aggregate 
throw profile for Faults A, B and C. Data point elevations on the 
aggregate profile are midway between the elevations on each of the 

aggregated faults. 

a widening of the array of faults at the intersection. On 
the left side of the structure at least, successively younger 
slip surfaces merge with the main fault progressively 
further from the intersection. The restoration is consis- 
tent with this structure having formed principally by 
translation of rigid fault blocks along multiple cross- 
cutting faults (Freund, 1974; Horsfield, 1980; Woods, 
1988; Zhao and Johnson, 199 1; Meier, 1993; Walsh et al., 
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Relative change in area Although all displacement changes on faults are 
accommodated by strain of the adjacent rock volume 
(Barnett et al., 1987) the vertical displacement gradients 
and associated strains at conjugate-fault intersections are 
often considerably higher than those characteristic of 
single faults (Walsh and Watterson, 1989; Nicol et al., 

Fig. 7. Vertical distance from the intersection of the faults vs differences 
in bed areas per unit length across conjugate faults shown in Fig. 6. The 
difference in area is calculated by taking as fixed the positions of beds 
outside the conjugate faults, and restoring the fault displacements in the 
plane of the section. Values are expressed as positive or negative changes 
in area according to whether beds are thinner (negative) or thicker 
(positive) in the inter-fault region. Vertical distance is measured from 

the intersection to the mid point of a bed. 

1996) with only minor bed rotation and ductile strain. If 
the data resolution was not good enough for the small 
faults in the intersection zone to be identified, the strain 
would be ductile and similar to that represented in Fig. 

5(b). 
It is not clear why the two examples of conjugate faults 

in fluvio-glacial sands should show such different 
deformation styles. The apparent similarity of the host 
materials could be deceptive if one was frozen when the 
faults formed. Alternatively, the difference could reflect 
the different amounts of strain in the two cases, other 
than that accommodated by displacements on the 
principal faults. Sandbox models show both an increas- 
ing number of faults (both main array faults and 
intersection zone minor faults) and a greater complexity 
of faulting at higher values of extension (Horsfield, 1980; 
Woods, 1988). 

1996). 

a b i 

I 1Ocm , 

Fig. 8. (a) Conjugate normal faults in Pleistocene Ruvio-glacial sands, Freden, Germany. (b) and (c) Sequential area balanced 
restorations of (a) by backstripping fault displacements using rigid-block translations. (b) After restoration of CCI 12% 
extension and five fault slip events. (c) Restored to pre-faulting state, i.e. after ca 24% extension and 2 10 slip events. See text 

for restoration procedure. 
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Fig. 9. (a) Intersecting conjugate faults exposed in a 60 m high vertical cliff of Liassiclimestone, Nash Point, South Wales. The 
sequence is well defined and horizon correlations across the faults are unambiguous. (b) Horizon and fault trace interpretation 

of (a). 

The conjugate structures shown in Figs 3 and 6 show 
rapid decreases in throw of 30-100% towards the 
intersection zones. These decreases in throw are accom- 
modated by strains which, on the scale of observation, 
are ductile, i.e. inter-grain slip and volume loss. On the 
structure illustrated in Fig. 8, on the other hand, where 
nearly all the strain is accommodated by structures above 
the limit of resolution, i.e. small faults, there is no 
decrease in throw towards the conjugate intersection. 
Had this structure been examined at a scale with a higher 
resolution limit, say 5 cm throw, there would be an 
apparent decrease in resolved throw towards the con- 
jugate intersection and a corresponding component of 
ductile strain would need to be invoked. Displacement 
decreases and ductile strains associated with seismically 
imaged conjugate faults have been attributed to resolu- 
tion effects (Nicol et al., 1995). In such cases it is not 
possible to determine objectively which sub-resolution 
deformation process or processes is responsible, although 
sub-seismic faulting is likely to be the most common. 
Whether or not apparent decreases in resolved throw 
toward a conjugate intersection are observed (together 
with an associated ductile strain of the intersection zone) 
is, therefore, a function not only of the scale of 
observation. or resolution limit, but also of the scale of 
the deformation mechanism in the intersection zone. 

Although the three examples we have illustrated can 
each be interpreted as the product of exclusively normal 
faulting, it is emphasised that not all conjugate 

structures are the products of normal-fault movement 
alone. For example, displacement geometries on the 
conjugate structure shown in Fig. 9 cannot be reconciled 
with dip-slip movement alone and a strike-slip compo- 
nent is confirmed by near-horizontal ( (20”) fibres and 
slickenside striations on both of the main faults 
illustrated. 
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