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a b s t r a c t

Strike-slip faults commonly display structurally complex areas of positive or negative topography.
Understanding the development of such areas has important implications for earthquake studies and
hydrocarbon exploration. Previous workers identified the key factors controlling the occurrence of both
topographic modes and the related structural styles. Kinematic and stress boundary conditions are of
first-order relevance. Surface mass transport and material properties affect fault network structure.
Experiments demonstrate that dilatancy can generate positive topography even under simple-shear
boundary conditions. Here, we use physical models with sand to show that the degree of compaction of
the deformed rocks alone can determine the type of topography and related surface fault network
structure in simple-shear settings. In our experiments, volume changes of w5% are sufficient to generate
localized uplift or subsidence. We discuss scalability of model volume changes and fault network
structure and show that our model fault zones satisfy geometrical similarity with natural flower
structures. Our results imply that compaction may be an important factor in the development of
topography and fault network structure along strike-slip faults in sedimentary basins.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Strike-slip faults occur from plate-boundary to local scales and
their rich structural inventory is important for the exploration and
development of hydrocarbon deposits in sedimentary basins
(Harding, 1985; Sylvester, 1988). Strike-slip faults appear as narrow
linear features at the surface with lengths up to thousands of kil-
ometres. In detail, they consist of a complex, anastomosing network
of smaller faults. Within these networks, areas of either positive or
negative topography occur on various scales, e.g., pressure ridges,
sag ponds, positive and negative flower structures, pop-ups, and
pull-apart basins (Bergerat et al., 2003; Harding, 1985; Mann, 2007;
Sylvester, 1988).

Stress- and kinematic-boundary conditions exert the first-order
control on the generation of topography and fault network structure
(Braun, 1994; Dresen, 1991; Koons and Henderson, 1995; Mann,
2007; Naylor et al., 1986; Richard et al., 1995). A component of fault-
normal stress seems required to create topography. However,
numerical (Braun, 1994) and physical (Le Guerroué and Cobbold,
2006; Schöpfer and Steyrer, 2001) models show that dilatancy can
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induce positive topography in simple-shear settings. Host rock
rheology (Dresen, 1991), the thickness of the sheared rock layer
(Schöpfer and Steyrer, 2001; Tchalenko, 1970), and syndeforma-
tional erosion and sedimentation (Le Guerroué and Cobbold, 2006)
affect fault network structure but do not switch the polarity of
topography. Here we use analogue experiments with sand to show
that the degree of compaction of the deformed rock can determine
the topographic mode and invoke characteristic differences in
surface fault network structure. This has important implications for
strike-slip faults in sedimentary basins.
2. Methods

We performed ten experiments with loosely and densely packed
sand. Since the results are consistent with respect to fault zone
width, number of faults, and topography, only two representative
experiments are shown. We use a simple-shear box with side walls
and a basal cut as velocity discontinuity (Fig. 1a). One half of the box
is driven by a piston at a constant rate of 2.5 cm/h. A 4 cm thick
layer of quartz sand with a mean grain size of 200 mm is employed
as analogue for upper-crustal brittle rocks (Lohrmann et al., 2003).
We varied its physical properties by sifting or pouring it into the
box (Krantz, 1991). The sifted sand has a density of 1700 kg/m3 and
rheology, determined in a Hubbert-type shear apparatus with
Plexiglas walls similar to that used by Lohrmann et al. (2003),
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Fig. 1. a) Experimental setup. Box dimensions with respect to coordinate system are
given in figure. b) Results of a Hubbert-type shear test on a 4 cm layer of loose and
dense sand, respectively. c) Plots of total-volume change as a function of piston
displacement in models with loose and dense sand.
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characterized by transitional strain hardening, followed by strain
softening until stable strength is reached (Lohrmann et al., 2003)
(Fig. 1b). The peak and stable friction angles are 39� and 27�,
respectively. Assuming a quartz grain density of 2660 kg/m3, the
sifted sand has a porosity of 36.1%. Pouring results in a higher filling
velocity and under-compacted sand with a density of 1474 kg/m3,
porosity of 44.6%, and peak and stable friction angles 30� and 27�,
respectively. Cohesion at peak strength is 60 and 80 Pa for sifted
and poured sand, respectively, with an uncertainty of w30%
inherent to the measurement method (Lohrmann et al., 2003).
Since the basal normal stresses in our experiments exceed 570 Pa,
the critical stress is friction-controlled.

We note that the above mechanical data do not account for side-
wall friction of the shear apparatus. Mourgues and Cobbold (2003)
point out that a silo effect can lead to an overestimation of normal
stress in shear tests and therefore erroneous friction coefficient and
cohesion values. If we apply the correction given by Mourgues and
Cobbold (2003) assuming a friction coefficient, ms, of 0.35 between
the shear box walls (Plexiglass) and our sand and a ratio of horizontal
to vertical stress, K, of 0.5, we obtain peak and stable friction angles of
w50� and w36�, respectively, for sifted sand, and w40� and w36�

for poured sand. The cohesion values decrease to 20 Pa and 37 Pa for
sifted and poured sand, respectively. This correction is sensitive to
the choice of ms and K, which are assumed here to be similar to those
of the experiments of Mourgues and Cobbold (2003). However, in
this paper, we focus on the effect of differences in initial porosity of
sand (i.e., its degree of compaction) on strike-slip experiments. The
given mechanical data (friction-corrected and -uncorrected) bracket
the true properties of our sand, and a more precise mechanical
characterization is beyond the scope of this work.

We monitored the experiments with a stereoscopic 3D Particle
Imaging Velocimetry (PIV) system (manufactured by LaVision
GmbH, Germany). Images were recorded every 100 s with two
monochrome CCD cameras from above (Fig. 1a) providing 3D
measurements of the model surfaces with an accuracy of 0.1 mm.
The resulting digital elevation models were used to compute
volume changes by subtracting the initial undeformed model
surface from deformed model surfaces over time. Camera resolution
was w90 pixel/cm. 3D surface velocity fields are derived by cross-
correlation of sequential images (Adam et al., 2005). We determined
3D surface displacement vectors in a w16 � 14 cm2 area in the box
centre with an accuracy of<0.1 mm for 2� 2 mm2 search windows.
Strains were calculated from the displacement gradients.

3. Results

The differences in topographic evolution for loose and dense
sand are striking. In loose sand, the whole surface begins to subside
towards the piston at the onset of deformation (Fig. 2). The asym-
metry of the subsidence is attributed to vibrations transmitted from
the stepper motor close to the piston. A channel-like basin propa-
gates along the fault system towards the rear end of the model
(Figs. 2 and 3). A rhomb-shaped basin, similar to a pull-apart basin,
opens in the model centre (Fig. 2b,c). Maximum elevation differ-
ence is w5 mm. The total volume decreases by 3.4% (Fig. 1c), the
volume within the fault zone alone decreases by 4.2%. In contrast,
positive topography develops in dense sand. It is focused in a fault-
bound wedge in the model centre (Figs. 2 and 3). Topographic
growth becomes increasingly localized, the maximum elevation
difference is 7 mm and the maximum total volume increase is 2.4%
(Fig. 1c). Volume increase in the wedge alone amounts to 5.1%.

The surface fault network geometry differs accordingly, as
illustrated by maps of incremental horizontal shear strain
Exy ¼ dDx/dy, where Dx is displacement in x-direction, and trans-
versal shear strain profiles through the model centre (Fig. 3). The
strain increments correspond to 0.7 mm displacement steps. Loose
sand displays a narrow fault network consisting of synthetic Riedel
shears linked by P and Y shears (Tchalenko, 1970). Dense sand
develops a broader fault network comprising three main faults in
synthetic Riedel orientation. The outer faults bound the wedge
while the middle fault is in its centre. Initially, the middle fault
consists of linked synthetic Riedel shears that are visible but below
PIV resolution. At later stages the entire fault network is dominated
by large Riedel shears that are less strongly linked at the surface
and longer than those in loose sand.



Fig. 2. Evolution of topography for both loose and dense sand. Colour scales denote model elevation in mm. Vertical exaggeration is 2:1. Finite displacement is given in boxes on the
left. Whole-surface subsidence in loose sand propagates away from the piston because of vibrations transferred from the adjacent stepper motor. Shear-induced compaction clearly
produces a graben-like basin (c.f., Fig. 3).
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Only the model surface is monitored in 3D, but we can infer the
cross-sectional geometry from previous work, surface observations,
and the applied velocity boundary conditions. The faults branch off
the basal velocity discontinuity resembling flower structures
(Fig. 5a) with helicoidal Riedel shears (Le Guerroué and Cobbold,
2006; McClay and Dooley, 1995; Naylor et al., 1986; Richard et al.,
1995; Ueta et al., 2000). The intersection of fault surface traces and
model topography indicates that faults in the model centre are sub-
vertical near the surface (Fig. 3). However, most faults are Riedel
shears and therefore must change dip deeper in the sand layer
because they emerge from the central velocity discontinuity. The
PIV data illustrate that vertical shear deformation is localized along
the Riedel shears (Fig. 4). Strike-slip faults in loose sand have
a normal-slip component (Fig. 4a) with a mean incremental shear
strain Ezy ¼ dDz/dy, of 0.5–1% at the surface. Those in dense sand
have a reverse-slip component (Fig. 4b) with a surficial mean
incremental Ezy between 1% and 2%.

4. Discussion: comparison to nature

Our results show that, at the laboratory scale, basement-driven
simple shearing of loose sand produces negative topography with
a narrow surface fault network while positive topography and
a broader fault network develop in dense sand. This is in geometrical
agreement with some natural examples (Fig. 5, Table 1). The physical
explanation for this difference is straightforward. Loose sand
responds to stress by compacting, leading to volume loss, subsidence
and associated oblique-normal faulting. In contrast, dense sand
dilates to accommodate deformation. The associated volume
increase generates positive topography and faults with a reverse-slip
component (Braun, 1994; Le Guerroué and Cobbold, 2006; Schöpfer
and Steyrer, 2001). Shear-induced compaction compensates any
dilatancy in loose sand as in some deformation experiments with
porous rocks (Paterson and Wong, 2005). To which extent do fault
network geometries and volume changes in our experiments scale
up to nature? In the following, both model fault network geometrical
parameters and volume changes are compared to natural data.

4.1. Scalability of fault zone geometry and fault width

We test the scalability of our models qualitatively by comparing
their geometry to that of natural flower structures (Fig. 5a).
Measurements of cross-sectional aspect ratios of natural fault zones
ranging from 500 m to 36 km in width derived from seismic,
structural, as well as earthquake-hypocenter cross-sections (Fig. 5,
see Table 1 for references and data) show that the modelling results
are upper-bound estimates of natural geometries.

The tendency to overestimate topography and fault zone width
results from the simplicity of our setup. The 2–4 mm width of
individual model faults is mainly controlled by the mean grain size



Fig. 3. Maps of incremental shear strain (Exy in %) for both sand types with associated vertical strain profiles through the map centre. Colour scales indicate horizontal shear strain
in %. White contour lines denote model topography in mm. Finite displacement is given in boxes in lower left corner of the maps on the left.
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(Desrues and Viggiani, 2004) of our sand. The faults appear wider in
the strain maps (Fig. 3) because the displacement field resolution is
2� 2 mm2. Assuming a length scaling factor of 4�10�6 (4 cm in the
model ¼ 10 km in nature), individual model fault width scales to
500–1000 m. This is well within natural bounds (Watterson, 1986).
Yet more localized, smaller faults cannot occur in sand in contrast to
natural fault zones. In other words, natural size-frequency distri-
butions of faults cannot be reproduced in physical models with
granular materials. Therefore, fault volume and volume changes are
probably overestimated.
Fig. 4. Maps of cumulative vertical shear strain, Ezy, after 23 mm displacement in (a) loose an
along Riedel shears in both cases. Note the correlation with faults shown in central panel o
4.2. Scalability of porosity and volume change

Dilatancy is common in brittle rocks (Jaeger and Cook, 1979;
Paterson and Wong, 2005). Most quantitative measures stem from
rock deformation experiments and are rarely constrained on natural
length scales. A volume increase of w6% is reported for Carrara
marble in uniaxial experiments at 100 MPa confining pressure,
decreasing to w2.5% at 200 MPa (Edmond and Paterson, 1972).
Sagan and Hart (2006) find a porosity increase from w2% in lime-
stone host rocks to 8% in a 100 m-scale positive flower structure in
d (b) dense sand. Colour scales indicate Ezy in %. Vertical shear strain is clearly localized
f Fig. 3.



Fig. 5. a) Seismic profile of a positive flower structure from the Aruba Gap Abyssal Plain, Colombia (modified from Harding (1985)). Bars next to the image illustrate how width (W)
and height (D) are measured for aspect ratio determination. b) Aspect ratios of negative and positive flower structures derived from seismic, structural, and earthquake-hypocenter
cross-sections (see Table 1). Since most seismic images provide the vertical dimension in units of two-way travel time (data points with circular symbols), there is some uncertainty
in the height measurements. We assume mean seismic velocities of 5 km/s (Wood and Treitel, 1975) for the height conversion and plot error bars for � 1 km/s. Width measurements
are corrected for orientation of cross-sections. Mean aspect ratios for model fault networks with positive and negative topography (dashed lines) are computed in the model centre
after 5 cm displacement. Mean values and standard deviation for natural data are plotted.
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the Trenton-Black River gas field. Onishi and Shimizu (2005)
measure dilation in borehole samples of undeformed granite from
2% porosity to 8% in deformed granite in a km-scale fault. We find
5.1% bulk volume increase in the compacted sand model fault zone.

Shear-induced mechanical compaction is observed in defor-
mation experiments on sandstone (Wong and Baud, 1999) and even
occurs in compact limestone (Wong et al., 2003). A hydrostatic
volume loss of 17% at 5 km depth is estimated for sandstone with an
initial surface porosity of 31%, increasing to 24% at 10 km (Sheldon
and Retallack, 2001). Shale and sandstone exhibit a hydrostatic
porosity loss from 50% to about 5% from 100 m to 6 km depth
(Baldwin and Butler, 1985). Theoretical models and field data
suggest a possible volume loss of >50% for certain ductile shear
zones (Baird and Hudleston, 2007; O’Hara, 1990). Compaction can
cause displacement loss �20% in growth faults (Taylor et al., 2008).
Ring et al. (2001) find a volume loss of 36% induced by solution-
mass-transfer deformation in sandstone adjacent to the Glarus
thrust. Shear-induced compaction in our models amounts to 4.2%
volume decrease in the fault zone.

The experimental volume changes seem to be well within the
natural parameter range and even underestimate those possible in
porous sedimentary rocks. However, shear-induced dilatancy and
compaction in nature might be more localized, i.e., focused in faults
and their damage zones (Aydin, 2000; Micarelli et al., 2006; Shipton
and Cowie, 2001) rather than distributed over an entire fault-bound
wedge as in our experiments. If this were the case, our models would
overestimate natural volume changes. We suspect that this may
partly reflect measurement bias in natural settings. Due to common
observational limitations caused by outcrop conditions, sparse
samples, 2D sampling, etc., field-based porosity studies rarely
provide a multi-scale 3D assessment of porosity distributions (Liu
et al., 2009) in fault networks on�100-m scales. Moreover, uniform
volumetric background strain affecting both host rocks and faults is
difficult to recognize. Therefore, considerable volume changes on
distributed small-scale structures and due to background strain
might be overlooked in the field. Indeed, recent 3D seismic attribute-
based porosity mapping of >100 m wide positive flower structures
related to a 5.5 km long strike-slip fault reveals a porosity increase of
w6% for the material between the limbs of the flower structures
(Sagan and Hart, 2006), suggesting that entire fault-bound wedges
dilate. In addition, Ring et al. (2001) state that volume loss due to
solution-mass-transfer is pervasive and diffuse in low-grade rocks
and becomes increasingly localized into shear zones with increasing
metamorphic grade. We therefore conclude that syndeformational
volume changes in nature can affect large rock masses, especially in
low-grade sedimentary rocks, and thus may have a major impact on
fault network structure and topography along strike-slip faults.

We also note that model volume changes are integrated over the
entire fault zone because surface elevation is the only proxy avail-
able. In fact, the model fault wedges do not experience uniform
volume changes. 3D shear experiments monitored with CT scanners
show that faults in sand also dilate and compact locally (Schreurs,
1994; Ueta et al., 2000), and the smallest faults in our experiments
are below PIV resolution. Fig. 4 shows that vertical shear strains are
localized along Riedel shears in our models implying domains of
more localized volume change rather than homogeneous swelling/
sinking of the entire model fault zone.

In nature, porosity decreases with depth. Additional spatial
variability is introduced by varying material properties, e.g.,
lithology, fluid content, and grain size (Paterson and Wong 2005).
Thus, the potential for volume change decreases with depth and
effective pressure. Yet our models have uniform initial porosity. This
contributes to an overestimation of topography. Moreover, volume
changes in our models are solely caused by particulate flow and do
not include other mechanisms occurring in nature (Edmond and
Paterson, 1972; Wong et al., 2003). Therefore, biased stress scaling is
expected.

Nevertheless, there is fundamental uncertainty regarding the
magnitude and 3D distribution of syndeformational volume changes
in natural rocks, in particular on large length scales. Despite their
simplicity, our experiments emphasize the significant structural and
topographic influence of deformation-induced volume changes in
strike-slip settings. Comprehensive 3D multi-scale field studies of
volume changes, porosity distribution, and the associated defor-
mation are required to constrain better-scaled forward modelling
experiments.

5. Summary and implications

We argue that the degree of host rock compaction likely will
influence the development of topography and fault networks in
strike-slip settings in sedimentary basins for the following reasons.
1) The potential for volume changes in the upper 5–10 km of sedi-
mentary basins clearly exceeds the volume changes required to
generate model topography. 2) Our models tend to overestimate
topography and fault zone width and thus do not reproduce natural



Table 1
Data plotted in Fig. 5b and their references: 1) Hinsch et al. (2005); 2) Hsiao et al. (2004); 3) Itoh et al. (1998); 4) Mann (2007); 5) Sassi et al. (2006); 6) Bedir et al. (2001);
7) Doglioni (1987); 8) Fisher et al. (2003); 9) Fisher et al. (2004); 10) Hutchison (2005); 11) Jia et al. (2006); 12) Nicholas et al. (2007); 13) Picha (2002); 14) Ratchkovski et al.
(2004); 15) Reston and Meissner (1989); 16) Ryan et al. (2008); 17) Sagan and Hart (2006); 18) Schattner et al. (2006); 19) Soeparyono and Lennox (1990); 20) Vidal et al.
(2000).

Reference Type Width (m) Metric height (m) Height (twt/s) Height (m) for 5 km/s

1, Fig. 5 – 6556 2.47 6165
1, Fig. 7 – 3399 1.83 4580
2, Fig. 14 – 4157 2.47 6163
2, Fig. 14 – 5527 2.9 7250
2, Fig. 14 – 1684 2.35 5875
2, Fig. 8 – 4012 2.63 6580
3, Fig. 7 – 716 1135
3, Fig. 7 – 1724 1584
4, Fig. 42 – 566 0.65 1633
4, Fig. 42 – 960 0.7 1745
4, Fig. 42 – 473 0.46 1138
5, Fig. 4 – 4500 2.35 5865
5, Fig. 4 – 5306 1.93 4823
6, Fig. 7 þ 7241 3.12 7798
7, Fig. 8 þ 1708 3878
7, Fig. 8 þ 2727 5454
8, Fig. 14 þ 528 0.56 1400
9, Fig. 14 þ 12 099 8049
9, Fig. 14 þ 16 298 8049
9, Fig. 14 þ 19 753 8292
2, Fig. 10 þ 8160 1.6 4000
2, Fig. 5 þ 2481 4.72 11 800
2, Fig. 8 þ 7485 2.08 5193
10, Fig. 29 þ 6021 2.1 5255
10, Fig. 29 þ 7780 2.54 6340
11, Fig. 5 þ 21 594 10 444
4, Fig. 41 þ 1884 2211
4, Fig. 41 þ 2326 3057
4, Fig. 55 þ 6480 3.66 9150
12, Fig. 11 þ 1312 1.37 3420
12, Fig. 11 þ 2249 0.99 2473
12, Fig. 11 þ 937 1.43 3578
13, Fig. 4 þ 16 642 14 205
13, Fig. 4 þ 13 529 15 887
13, Fig. 5 þ 6389 3.58 8945
13, Fig. 5 þ 3002 2.88 7198
13, Fig. 5 þ 5918 3.31 8275
14, Fig. 3_1 þ 28 641 12 000
14, Fig. 3_2 þ 32 390 13 938
14, Fig. 3_2 þ 36 487 18 585
15, Fig. 5 þ 11 159 4.39 10 965
16, Fig. 7 þ 1185 1334
16, Fig. 7 þ 759 1218
17, Fig. 10 þ 768 430
18, Fig. 4 þ 8103 2.79 6968
18, Fig. 4b_1 þ 4791 3.32 8298
18, Fig. 4b_2 þ 3591 1.75 4373
18, Fig. 4b_2 þ 4647 2.57 6413
19, Fig. 6 þ 6118 2.51 6270
19, Fig. 6 þ 5010 2.57 6425
20, Fig. 5 þ 3358 6366

Profile angle Corrected width (m) Metric AR AR for TWT data AR error (�1 km/s)

68 6079 0.99 0.25
45 2403 0.52 0.13
80 4094 0.66 0.17
80 5443 0.75 0.19
80 1658 0.28 0.07
64 3606 0.55 0.14
83 711 0.63
83 1711 1.08
72 538 0.33 0.08
69 896 0.51 0.13
67 435 0.38 0.1
64 4045 0.69 0.17
57 4450 0.92 0.23
85 7213 0.93 0.23
90 1708 0.44
76 2646 0.49
86 527 0.38 0.09
75 11 687 1.45

(continued on next page)
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Table 1 (continued )

Profile angle Corrected width (m) Metric AR AR for TWT data AR error (�1 km/s)

84 16 209 2.01
90 19 753 2.38
87 8149 2.04 0.51
90 2481 0.21 0.05
84 7444 1.43 0.36
90 6021 1.15 0.29
90 7780 1.23 0.31
86 21 541 2.06
90 1884 0.85
70 2186 0.71
90 6480 0.71 0.18
79 1288 0.38 0.09
79 2208 0.89 0.22
79 920 0.26 0.06
89 16 639 1.17
78 13 233 0.83
87 6380 0.71 0.18
87 2998 0.42 0.1
87 5910 0.71 0.18
85 28 532 2.38
80 31 898 2.29
89 36 481 1.96
88 11 152 1.02 0.25
60 1026 0.77
60 657 0.54
67 707 1.64
56 6718 0.96 0.24
35 2748 0.33 0.08
39 2260 0.52 0.13
39 2924 0.46 0.11
88 6114 0.98 0.24
88 5007 0.78 0.19
64 3018 0.47
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volume changes accurately. However, we demonstrate that our
models satisfy geometrical similarity with natural fault zones, and
that the aspect ratios of model flower-structure coincide with upper-
bound estimates of natural examples considered here (mean þ 1s,
Fig. 5). The widths of individual model faults also scale up reasonably,
even for small scaling factors. 3) Volume changes and 3D porosity
distributions in large-scale natural fault networks are poorly con-
strained. Available 3D porosity distributions of natural flower
structures (Sagan and Hart, 2006) are similar to those observed in
our models and imply that shear-induced volume changes may be
more distributed than previously suggested. We therefore suspect
that syndeformational volume changes in natural fault networks can
add up to about 5% as seen in our experiments. Thus, compaction and
dilatancy should be considered in mechanical forward models of
strike-slip faults. For example, 3D physical experiments observed
with CT scanners could probe the effect of depth-dependent
porosity, map volume changes more precisely and estimate cut-off
depths for compaction-controlled volume changes. Numerical
modelling could evaluate the impact of other volume change
mechanisms such as grain crushing or pressure solution which is
important at depths greater than 4.5 km (Ring et al., 2001; Wong
et al., 2003). In addition, topography can affect fault orientation
(Fialko et al., 2005), fault-slip direction (Cowgill et al., 2004), fault
strength (Koons et al., 2002), and fluid flow through faults and their
host rocks (Fulton et al., 2004; Lopez and Smith,1995). Therefore, our
results suggest that syndeformational volume changes might have
a considerable impact on the complex interplay of material proper-
ties, stress- and kinematic-boundary conditions, topography, fluid
flow, and geometry in strike-slip fault networks.
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