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This thesis presents four series of sand and clay analogue models of
compressional deformation: no erosion and sedimentation (S1), erosion (S2),
sedimentation (S3s and S3c), and no erosion and sedimentation with an indentor (S4). All
models produce a single fault zone, except S4 which produced multiple fault zones. The
models show that erosion and sedimentation influence the major fault and fold
geometries, fault displacement, ramp-dip angles, and the width of the deformation zones.
The major faults in the models with low or no sedimentation (S1) and erosion (S2) have a
flat-ramp-flat geometry. Erosion produces the narrowest deformation zone. In contrast,
the sand model with sedimentation (S3s) has the widest deformation zone and the
steepest ramp-dip angle; it lacks the upper flat section of the main thrust fault.
Clay and sand models have similar large-scale deformation patterns. The models
produce a series of backthrusts and an upward-widening main reverse fault zone. Steeply
dipping to overturned beds and branching faults are present within the main fault zones.
The clay models have narrower fault zones, more faults with smaller displacements, more
blind faults, more folding, and steeper backthrusts than the sand model. Calculations for
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the sand and clay models show that the backthrusts and main thrust account for only 4550% of the imposed shortening.
S4 provides insight on the patterns of secondary faulting that develop on the
anticlines above the main thrust faults. Normal faults form parallel to the hinge line on
the crest of the anticlines and perpendicular to the hinge line at the plunging ends of the
anticlines where two offset anticlines propagated and merged together.
Seismic data from areas of reverse/thrust faulting (e.g., offshore Nigeria)
commonly contain no-record zones corresponding to the main reverse fault zone in the
experimental models. The experimental models provide insight into the complex
structures within these fault zones: steeply dipping to overturned beds and multiple
branching faults.
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1
Introduction
Reverse/thrust faults are commonly associated with hydrocarbon reserves (e.g.,
Ventura Basin and Oak Ridge fault, California) (Handing and Tuminas, 1988). Thus, it is
important to understand the evolution and geometry of reverse/thrust fault zones.
Geoscientists commonly use restoration to study fault development through time (Nunns,
1991). The accuracy of these restorations, particularly in compressional structures,
however, is unclear. No one has tested the accuracy of restoration using experimental
modeling with controlled conditions. The common assumption for restoration for
compressional structures is line-length balancing (i.e., the original length and final length
of a bed are the same). Also, seismic no-record zones are commonly associated with
reverse/thrust faults (Mitra and Mount, 1998) (e.g., offshore Nigeria; Dollarhide, West
Texas) (figure 1). The causes of these no-record zones include steeply dipping to
overturned beds and multiple faults. Typically, these no-record zones widen upward and
lack structural details. No-record zones can result in several alternative interpretations: a
single main thrust with steeply dipping beds, two faults with steeply dipping beds, or a
main thrust with many splays (figure 2). Additionally, secondary normal faults
commonly form on the crest of the anticlinal structures associated with reverse/thrust
faulting. These fault patterns are commonly complex, particularly at the plunging end
(Morley, 2009).
In this thesis, I use experimental modeling to provide guidelines to improve the
interpretation of seismic data and to estimate the accuracy of the restoration approach for
compressional structures. Specifically, I address the following questions. What structures
develop within in the no-record zones associated with reverse/thrust faults? How does
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erosion and sedimentation affect fault and fold geometries within the fault zones? What
types of secondary faults form on anticlinal crest and how do the fault patterns relate to
the fold geometries in 3D? How accurate are restorations of compressional structures?
In my models, dry sand or wet clay was the modeling material, and the basal
boundary condition was overlapping plates. I ran four different series of models: models
without erosion and without sedimentation (the standard model, S1), erosion models (S2),
growth models with sand (S3s) or clay (S3c), and a model with an indentor (S4). Other
researchers (Casas et al., 2000; Eisenstadt and Sims, 2005) have studied reverse/thrustfault development without erosion and sedimentation using experimental models. They
used sand or clay and with or without putty. Additionally, reverse/thrust-fault
development has been studied using numerical and rock models (Morse, 1978; Erickson
et al., 2004; and Strayer et al., 2004). Moreover, Casas et al. (2000) also studied
reverse/thrust-fault development with erosion and sedimentation. The differences
between models in this thesis and previous models are: the absence of a putty (ductile)
layer, a faster displacement rate, and comparison of results using two different modeling
materials (sand and clay).

Experimental setup
The five experimental models in this thesis simulate the development of
reverse/thrust faults and their associated secondary folds and faults. The setup for the
standard model (S1) consists of two converging overlapping metal plates that focus
shortening along the edge of the upper plate (figure 3a). Model S2 is identical to model
S1, except that erosion occurs during shortening. Model S3s and S3c are identical to
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model S1, except that deposition takes place during shortening. Model S4 differs from
the other models in that a metal (an indentor) is attached to the edge of upper plate (figure
3b).

Modeling materials
The modeling material in the experiments consists of either dry sand (quartz and
corundum), which represents brittle rocks, or wet clay (kaolinite), which represents
ductile-brittle rocks (Withjack and Callaway, 2000). The sand has a density of 1.2 – 1.5 g
cm-3 and almost no cohesion (Sims, 1993 in Eisenstadt and Sims, 2005). Its coefficient of
internal friction is approximately 0.55 (Huiqi et al., 1992 in Eisenstadt and Sims, 2005),
and its angle of internal friction is approximately 300 (Krantz, 1991 in Nalpas, 2003). The
size of the sand particles is less than 0.5 mm. In contrast, the clay has a density of about
1.6 g cm-3 and a cohesion of 10 Pa – 100 Pa (Sims, 1993 in Eisenstadt and Sims, 2005).
The wet clay consists of approximately 40% water and 60% kaolinite by weight
(Withjack and Callaway, 2000). Its particle size is less than 0.005 mm (Withjack et al.,
2007). Its coefficient of internal friction is approximately 0.6, and its angle of internal
friction is approximately 300 (Henza et al., 2009). For additional information about the
properties of the modeling materials, see Appendix A.

Modeling procedure
All of the models are initially 61 cm wide, 65 cm long, and 3 cm thick (figure 3).
Because the models have appropriate large size, the center of the models are not affected
by edge effects. The models consist of eight layers of colored sand or clay: six 0.33-cm-
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thick layers within the models and two 0.5-cm-thick layers at the top and bottom of the
models (table 1). The colored layers allow the identification of faults and folds in the
model cross sections. All layers have similar mechanical properties, despite their
different colors. During the experiments, the upper and lower plates converge at a rate of
8 cm hr-1 for a total displacement of 10 cm. In the erosion model (S2), sand removal takes
place after 5 cm of displacement, temporarily creating a flat surface that is 3 cm above
the base of the model. In the growth models (S3s and S3c), the addition of modeling
material occurs after every 2 cm of displacement, temporarily creating a flat surface. The
first three growth layers are each 0.6 cm thick, and the last two growth layers are each
0.75 cm thick. Photographs taken after every 0.1 cm of displacement with multiple
lighting directions record the surface deformation through time. For further information
about building the models, see Appendix.
At the end of the sand experiments, the models are saturated with water and
dissected to create multiple E-W cross sections (i.e., cross sections that are parallel to the
fixed side walls). Photographs of the sections document the structural geometries and
their variations within the models. At the end of the clay experiment, the clay is allowed
to dry. During drying, the clay contracts with different horizontal and vertical shrinkage.
Specifically, the vertical contraction in S3c is about 28% and the horizontal contraction is
about 9%. Therefore, every cross-section image must be decompacted by vertical and
horizontal stretching such that the decompacted images have the same dimensions as
those at the end of the experiment.

Scaling
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Scaled experimental modeling permits direct observation of deformation. To
create scaled experimental models, two conditions must be satisfied (e.q. Hubbert, 1937;
Weijermars et al., 1993; Vendeville et al., 1995; Withjack and Callaway, 2000 in
Withjack et al., 2007). First, the modeling materials and rock must have similar
coefficients of friction and angles of internal friction. The coefficients of friction for most
sedimentary rocks range from about 0.55 to 0.85 (e.g., Handin, 1966; Byerlee, 1978;
Henza et al., 2009). The coefficients of internal friction for sand and clay are
approximately 0.55 and 0.6, respectively. Thus, these modeling materials have suitable
coefficients of friction. This means that faults in the models would have the same attitude
relative to the principal stress directions as faults in nature. Second, the following
relationship must hold:
C* = ρ* L* g*

(1)

where C*, ρ*, L*, and g* are the model-to-nature ratios for cohesion, density, length, and
gravity, respectively. In my models, the values of ρ* and g* are about 0.6 to 0.7 and 1,
respectively. The value of C in nature is less than 1 MPa for loosely compacted
sedimentary rocks and more than 10 MPa for igneous or metamorphic rocks (Handin,
1966; Henza et al., 2009; and Schellart, 2000). In my models, the clay has a cohesive
strength of 10-100 Pa, and the sand has a negligible cohesive strength (< 10 Pa). Thus,
C* is approximately 10-4 to 10-6 for clay and 10-5 to 10-7 for sand. Because ρ* and g* are
approximately 1, L* must have a similar magnitude as C* to create a scaled experimental
model. Therefore, L* must equal 10-4 to 10-6 for clay and 10-5 to 10-7 for sand. Thus, 1 cm
in the clay model represents 100 m to 10 km in nature, and 1 cm in the sand models
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represents 1 km to 100 km in nature (see tables 2 and 3). Thus, the clay model generally
simulates smaller-scale deformation than the sand models.

Experimental observations
The observations are based on examination of cross sections and map views of
models S1, S2, S3s, S3c, and S4. The following section gives detailed observations for
each model. From the map-view photos, reverse/thrust faults are recognized by
curvilinear fault-line scarps that have a dip that is opposite of that the underlying fault;
this is confirmed by the cross-section photos. For ease of description, I define the edge of
the upper plate as trending N-S, and the displacement direction of the lower plate relative
to the upper plate as to the E.

Standard model (S1)
The standard model (S1) has two N-striking fault zones that parallel the edge of
the upper plate: a main thrust fault zone and several backthrusts (figure 4). The trace of
the main thrust fault is slightly curved, whereas the traces of the backthrusts are more
irregular. The number of backthrusts varies along strike. A N-striking anticlinal structure
is present between the main thrust fault zone and the backthrusts. Numerous minor
secondary faults dipping both to the E and W are present near the crest of the anticlinal
structure. The exact sense of slip of these faults is unknown, but I infer that they are
normal faults based on their fault-scarp appearance.
The cross sections show that the main thrust fault zone has a flat-ramp-flat
geometry; the ramp dips about 300 to the west (figures 5 and 6). The fault zone is widest

7
at the upper flat. It is difficult to determine whether the wide part of fault zone consists of
a fold or a series of faults. However, more detailed observation of cross-section photos
show that the main thrust fault zone near the surface appears as two faults. The
backthrusts dip about 200 to 350 to the east, and their dips decrease near the upper surface
of the model. The main thrust fault zone and backthrusts bound an asymmetric anticline
with a short forelimb and a long backlimb. This anticline is a fault-bend fold related to
movement on the flat-ramp-flat of the main thrust fault zone. In the backlimb, the layers
are actually flat-lying. However, the small-offset backthrusts above the ramp give the
layering the appearance of dipping to the west and being parallel to the ramp. In contrast,
the layers near the upper flat of the main thrust fault zone are gently folded and dip to the
east. The deepest layer of the model thickens significantly above the ramp.
The map views (figures 7 and 8) together with the cross-section views (figures 5
and 6) show the development of the faults and anticline through time. The anticline forms
first, and is then cut by the first backthrust and the main thrust fault zone. The main thrust
fault zone remains active throughout the model run. The bottom of its ramp remains fixed
to the edge of the upper plate. However, the location at its top surface changes as the
anticline widens through time (see figure 8). In contrast, the backthrusts move up the
ramp through time, becoming steeper and inactive. All backthrusts originally emanated
from the edge of the upper plate. Thus, the oldest backthrust is near crest of the anticline
and easternmost, and the youngest backthrust is furthest from the crest of the anticline
and westernmost. Secondary normal faults form near the crest of the anticline near the
end of the experiment (figure 9). For a more detailed summary of the fault and fold
evolution through time, see figure 10a.
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Erosion model with sand (S2)
The standard model (S1) and the erosion model with sand (S2) are similar (figures
4 and 11) in terms of the number and attitude of the fault zones, the fold geometries, and
the presence and location of minor secondary normal faults. However, the models differ
in terms of the shape of the backthrusts, the fault evolution through time, and the number
and spacing of backthrusts.
The cross sections of the erosion model (S2) (figures 12 and 13) show that the dip
of the backthrust decreases near the upper surface of the model, similar to that as in the
standard model (S1). The throw and the heave on the main thrust fault zone are greater in
S2 than in S1. The main thrust fault zone in S2 has a shorter top flat and longer ramp than
those in S1. The map-view photos through time (figures 14 and 15) show that the early
stages of S2 are similar to those of S1. A series of backthrusts forms, a main thrust forms,
and an anticline develops between them. The main difference occurs at 5 cm of
displacement when erosion temporarily creates a flat surface. The youngest backthrust
and a main thrust are reactivated and begin to cut the model surface. Then, new
backthrusts form, and the old backthrusts move up the ramp, becoming steeper and
inactive. As in model S1, a series of new backthrusts develop; the youngest backthrust is
the westernmost. Secondary normal faults form near the end of the experiment (figure
16). As in S1, the secondary normal faults in S2 models are located near the crest of the
anticline and strike to the north. At the end of the experiment, the erosion model has six
to seven backthrusts and the standard model has five to six backthrusts. Moreover, the
erosion model (S2) has a closer backthrust spacing than S1, creating a steeper backlimb
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and narrower deformation zone. For a more detailed summary of the fault and fold
evolution through time, see figure 10b.

Growth model with sand (S3s)
The growth model with sand (S3s) and the standard model (S1) are similar in
terms of the number of fault zones and their attitudes (figures 4 and 17). However, the
models have differences in terms of the main-thrust geometry, the development of
secondary normal faults, the shape of the monocline, the shape of the backthrusts, and the
fault evolution through time.
The main thrust fault zone in S3s has a flat-ramp geometry rather than a flatramp-flat geometry as in S1 (figures 18 and 19). The dip of the ramp in S3s is steeper
(~36.50 W) than that in S1 (~300 W). As in model S1, a fault-bend fold develops in the
hanging wall of the main fault. However, the fold geometry in S3s differs from than that
in S1. The main thrust in S1 has two bends, forming a monocline. In contrast, the main
thrust in S3s only has one bend. As a result, a monocline forms, which is bounded by the
main thrust fault zone and a set of faulted beds that appear to dip to the west creating a
monoclinal structure. In S3s, the main thrust zone widens upward. It consists of several
closely spaced thrust faults, as shown by the map-view photos (figures 20 and 21). The
backthrusts in S3s are planar and dip about 250-350. The zone of backthrusts is wider in
S3s than in S1 and S2. Unlike the standard model (S1) or erosion model (S2), no
secondary normal faults form in the growth model with sand (S3s).
The map-view photos show the fault evolution through time (figures 20 and 21).
The early stages of S3s are similar to those of S1. A series of backthrusts form, a main
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thrust fault zone forms, and a monocline develops between them. The main difference is
that sedimentation takes place after every 2 cm of displacement to temporarily create a
flat surface. The youngest backthrust and the main thrust fault zone are reactivated after
the addition of the growth layers, followed by the deactivation of that backthrust and the
formation of a new backthrust. As in model S1, a series of new backthrusts develop; the
youngest backthrust is the westernmost. The backthrust spacing is smaller in S3s than in
S1. Unlike S1, a series of closely spaced main thrusts faults develop in S3s. Additionally,
the entire deformation zone in S3s is wider than in S1. For a detailed description of fault
and fold evolution of S3s, see figure 22a.

Growth model with clay (S3c)
The growth model with clay (S3c) and the growth model with sand (S3s) are
similar in terms of fault and fold geometries and the number of fault zones (figure 23).
Additionally, S3c also has fault-propagation fold creating anticline above the main thrust.
However, they differ in terms of the width of the backthrust zone, the number of
backthrusts and main thrusts, the degree of folding, and the fault evolution through time.
The clay model has more backthrusts (4-15) than the identical sand model (S3s)
(4-6) as found in extensional model (Withjack et al., 2007). Moreover, many of the
backthrusts in the clay model die out within the model. The backthrusts dip about 300-450
E. The main thrust fault zone in the clay model is a zone consisting of a main thrust with
some splays and steeply dipping beds to overturned beds (figures 24 and 25). The
backthrusts and main thrust fault zone in S3c have less displacement than equivalent
faults in the sand model (S3s). Furthermore, the anticline is smaller in S3c than in S3s.
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The fault zones in the S3c are narrower than those in S3s. In S3c, most of the layers are
folded, especially the layers above the ramp and above the tip of main thrust, whereas
little folding occurs in S3s.
The map-view photos show that the fault evolution (figures 26 and 27) is different
for the growth sand and clay models. Faults in S3c develop later and propagate more
slowly along strike relative to those in S3s. In the sand model, the thrusts are fewer and
more widely spaced. In contrast, in the clay model, the faults are smaller and exhibit
more lateral variation along strike. Additionally, most of the backthrusts do not cut
through the model surface. In contrast, all of the faults cut the surface in the growth sand
model. Deformation is accommodated by folding and small-scale faulting in the clay
model, whereas deformation is accommodated by mostly faulting in the sand model. For
detailed summary of fault and fold evolution, see figure 22b.

Indentor model with sand (S4)
This model is significantly different than the other models because of the more
complicated shape of the upper plate (figure 3). Three anticlines develop in S4, and they
approximately parallel the N-striking traces of the edge of the upper plate (figure 28).
Anticline A is doubly plunging, whereas the folds are upright; fold B plunges to S at its
southern end and fold C plunges N at its northern end, The model has a variety of faults:
main thrusts fault zone, numerous backthrusts, secondary normal faults, and secondary
reverse/thrust faults. As in the standard model, the anticlines form between the main
thrusts fault zone and backthrusts. As in the standard model, secondary normal faults
striking N-S develop on the crests of anticlines B and C. Additional secondary normal
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faults striking ~ E-W and subparallel to the displacement direction form near the
plunging ends of anticlines A, B, and C. These faults may have a strike-slip component as
well as a normal component. Secondary N-striking reverse/thrust faults develop between
anticlines A and B and between anticlines A and C, and appear as a train of small folds in
the map-view photos (figure 29).
The model cross sections show that the geometry, number, and dip of the main
thrust faults vary along strike (figures 30 and 31). At the northern end of the model (CS#
46.1 and 42.9), the main thrust fault is a single fault and has a flat-ramp-flat geometry,
similar to the main thrust fault in S1. Its ramp dip is ~320 W. At the transition between
the main plate and the indentor (CS# 38), the deformation zone widens as two anticlines
A and B overlap. On the indentor plate (CS# 36.4 to 33.6), the two main thrust faults are
present where the two anticlines overlap. The main thrust faults have either flat-ramp-flat
and/or flat-ramp geometries. The dip of the upper flat and the ramp of the main thrust
vary along strike. The two main thrust faults are farther apart at the northern end of the
model (CS# 36.4-34.8). Moving to the south, the faults get closer together (CS# 33.6).
The western fault (~270 W) is steeper than the eastern fault (~110 W). The eastern fault is
significantly gentler than that the western fault because its dip is apparent (i.e., the crosssection is not perpendicular to the strike of the fault). I called them apparent dip because
the dips measured not perpendicular to the strike.
At the center of the indentor (CS# 28 and 27.5), the main thrust fault zone is a
single fault with the same dip as the main thrust fault at the northern end (CS# 46.1 and
42.9). Deformation in this area is as narrow as at the northern end. At the transition
between the indentor and the main plate at the southern end (CS# 22.5), the number and
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geometry of main thrust fault, the ramp dip of the main thrust fault, and the width of the
deformation zone are similar to those at the transition in the northern part. At the southern
end (CS# 13.9-19.5), structural features are about the same as those in the northern end.
The map views (figures 32 and 33) show how the faults and folds develop through
time. The three anticlines form and are cut by the main thrust fault zone and the first
backthrust. As in the S1 model, a series of new backthrusts develop; the youngest is the
westernmost. Once a new backthrust forms, the older backthrust becomes inactive. The
N-S striking secondary reverse/thrusts, the E-W-striking secondary normal faults, and the
N-S striking secondary normal faults develop in sequence. The E-W striking secondary
normal faults develop near the plunging end of anticlines A, B, and C. The N-S striking
secondary normal faults develop near the crest of anticlines B and C. For more detailed
summary of the fault and fold evolution, see figure 34.

Discussion
Summary of modeling results (S1, S2, S3s, and S3c): Effect of erosion and sedimentation
The results of models S1, S2, S3s, and S3c show that erosion and sedimentation
affect deformation patterns. Moreover, the results of models S3s and S3c show that the
modeling material also affects the defomation patterns. The similarities and differences
among these models (table 4) are:
1. All models have two major fault zones: a main thrust fault zone and a backthrust
fault zone (figure 35). This result implies that main thrust commonly forms
together with backthrusts (antithetic faults) in nature. Thus, If we found a main
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thrust in nature, we should be looking for backthrusts. Backthrusts is not
commonly found in seismic because they are to small and not resolvable.
2. The main thrust faults in the standard model (S1) and erosion model (S2) has a
flat-ramp-flat geometry. Consequently, layers above the main thrust fault fold into
an asymmetric anticline with a dipping backlimb and forelimb. These models
show that very low sedimentation rates and/or erosion trigger the development of
a main thrust with a flat-ramp-flat geometry.
3. The main thrusts in models with sedimentation during faulting (S3s and S3c) have
a flat-ramp geometry. Layers above the main thrust fault fold into a monocline for
the sand model bounded on one side by the main thrust fault zone and an anticline
for the clay model with a dipping backlimb and forelimb. Thus, high
sedimentation rates create a main thrust fault zone with a flat-ramp geometry.
4. The main thrust fault zone remains active throughout the experiments, whereas
backthrusts are short-lived. Both the main thrust fault zone and backthrusts
initiate at the edge of the upper plate. The location of the lower bend (flat-ramp) is
fixed during the experiment. The main thrust fault zone remains attached to the
edge of the upper plate. However, the backthrusts move up the ramp, become
steeper and inactive as new backthrusts form.
5. The main thrust fault zone widens upward in all models. The sand models show
widening upward fault zone with multiple faults, whereas in the clay model, the
zone appears as steeply dipping to overturned beds and several individual faults.
6. Erosion and sedimentation affect the number of backthrusts. Specifically, more
backthrusts form with erosion, and fewer backthrusts form with sedimentation.
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7. Secondary normal faults commonly form near the crests of the anticline in the
standard and erosion models.
8. The clay model differs from the identical sand model in several ways. More
backthrusts form in the clay model. Moreover, most of the backthrusts die out
within the model. In contrast, all faults cut the surface in the sand model. Most of
deformation is accommodated by folding in the clay model, whereas most of
deformation is accommodated by faulting in the sand model.

Detailed observations from S1, S2, S3s, and S3c
The models show that the ramp-dip angle depends on erosion and sedimentation
(figure 36). The model without erosion and sedimentation (S1) has the lowest ramp-dip
angle (~ 300), whereas the model with sedimentation (S3s) has the steepest ramp-dip
angle (~ 360). Barrier et al. (2000) and Pichot and Nalpas (2009) similarly determined
that the ramp-dip angle increases with increasing sedimentation. Why does erosion and
sedimentation influence ramp-dip angle? I propose that shortening and thickening at the
center of the model focused near the edge of the upper plate rotates the ramp. As a result,
the ramp progressively steepens (figure 37). The sedimentation process creates a flat
surface after every 2 cm of displacement in S3s, causing the overburden in S3s to be
more evenly distributed throughout the model. In the standard model, however, the
overburden progressively increases above the edge of the upper plate, inhibiting
thickening compared to S2 and S3s.
Erosion and sedimentation also influence the magnitude of displacement on the
main thrust fault zone. The S1 model has the smallest displacement on the main thrust
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fault (figure 38). However, the main thrust fault zone in the erosion and growth models
have larger displacement. The reason why erosion and sedimentation affect the amount of
displacement is related to the geometry of the main thrust fault zone. In S1 and S2, the
fault continues to move along the upper flat producing less displacement. However, in
S3s, the main thrust fault zone continues propagating upward, creating larger
displacement. The modeling results show that erosion and sedimentation also influence
the height of the uplift (figure 39). The growth model (S3s) has the greatest uplift,
whereas the standard model (S1) has the least uplift. Why does erosion and sedimentation
affect the height of uplift? I propose that the flat-ramp geometry with the larger
displacement creates greater uplift as shown in S3s. In contrast, the flat-ramp-flat
geometry with smaller displacement creates less uplift as shown in S1.
The modeling results show that the erosion and sedimentation affect the width of
the deformation zone (figure 40). S2 has the narrowest deformation zone, whereas the
S3s has the widest deformation zone. These results show that the thicker the model, the
wider the deformation zone. S2 is a thin model and it creates a narrow deformation zone.
In contrast, S3s is a thick model and it creates a wide deformation zone.
Erosion and sedimentation does not affect the number of backthrusts. Instead, the
number of backthrusts is similar in all models. Additionally, S2 and S3s have narrower
backthrust spacing than S1 and, thus, a steeper backlimb (figures 41 and 42). The steeper
backlimb relates to backthrust rotation as shortening and thickening occur at the center of
the model focused near the edge of the upper plate (figure 37).
The models show that erosion and sedimentation also influence the dip of the
backthrusts with depth. In models S1 and S2, the dip of the backthrusts decreases near the
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upper surface of the model, whereas in model S3s, the dips of the backthrust are
consistent with depth. The dip of the upper part of the backthrust relates to the
topography of the model when the fault develops. Applying sedimentation on the model
temporarily creates a flat surface that triggers the steeper dip of the backthrusts in S3s
because faults commonly form at 300 relative to the free surface (figures 43 and 44).
Thus, a flat surface creates a steeper backkthrust than a dipping surface. However,
creating a flat surface in S2 did not appear to significantly affect the steepness of the
backthrust because the erosion occurred only once, not repeatedly as in S3s.
The sand and clay growth models (S3s and S3c) have a similar large-scale
geometry (figure 35). However, the main thrust in S3s has larger displacement than that
in S3c (figure 38). S3c has steeper (figure 44) and more backthrusts (figure 41) than the
identical sand model. S3s has a wider deformation zone than S3c because all the faults
cut the surface in the sand model (figure 40). However, most of the faults in the clay
model are blind faults. Modeling results from the other researchers support these
observations about sand and clay (Withjack and Callaway, 2000; Eisenstadt and Sims,
2005). These differences in the deformation patterns in S3s and S3c relate, at least in part,
to the strength of the modeling material. The sand is weaker than clay. Thus, faults form
in sand sooner than in clay. The ductility of the modeling material also influences the
magnitude of displacement. Clay, a ductile material, has distributed deformation with
numerous smaller faults with smaller displacement. In contrast, sand, a brittle material,
has more focused deformation with few faults with larger displacement.

Summary of modeling results (S1 and S4): Effect of basal boundary condition
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Model S1 and S4 have different basal boundary conditions: overlapping plates (S1)
and overlapping plates with an indentor (S4). The experimental results show that basal
boundary conditions affect the deformation patterns. The similarities and differences
among these models (S1 and S4) are:
1. S1 and S4 have two fault zones: a main thrust fault zone and a backthrust fault
zone.
2. S1 has similar fault geometries along strike. In contrast, S4 has highly variable
fault geometries along strike.
3. The main thrust fault zone remains active throughout S1 and S4, whereas the
numerous backthrusts are short-lived. The main thrust and backthrusts initiate at
the edge of the upper plate. The backthrusts move up the ramp, becoming steeper
and inactive as each new backthrust forms.
4. A single upright anticline forms in S1. S4 has three offset anticlines. All anticlines
are parallel to the edge of the upper plate and form between the main thrust fault
zone and the backthrusts.
5. Secondary normal faults commonly form near the crest of the anticline in S1 and
S4. Additionally, secondary normal faults striking E-W (sub-parallel to the
displacement direction) form near the plunging end of the anticlines in S4. Small
reverse faults also form in S4 but they do not form in S1.

Shortening calculations
I determined the shortening accommodated by visible faulting using two different
methods: 1) the difference between the original length and final length of a layer, and 2)
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the sum of the heaves on the backthrusts and the main thrust fault. Both methods
indicate that the shortening accommodated by visible faulting for the sand and clay
models is ~ 50% and ~ 45 – 50% of the total imposed displacement (10 cm),
respectively (figures 45 and 46). The calculations for S2 differ slightly, probably
because the upper part of the model (including the blue layer) were eroded away. The
percentage of visible deformation accommodated by faulting in sand and clay models of
extension differs from that in sand and clay compressional models. Withjack et al.
(2007) determined that 85% of the total displacement is accommodated by the normal
faults in the extension models with sand. In the clay models, the normal faults account
for 44% of total imposed displacement. The remainder of the imposed displacement is
accommodated by small-scale faulting and thinning.
These shortening calculations for compressional structures suggest that the
restoration approach, assuming line-length balancing, may be seriously flawed. Linelength balancing is a common assumption for restoration of compressional structures.
My shortening calculations, however, show that the original length and final length of a
bed are different. The results imply that small-scale deformation and thickening account
for the remainder of total imposed displacement. Thus, the assumption of line-length
balancing is incorrect. If real rock behaves like to the models, then the restorations either
using line-length balancing may underestimate the strain by up to 50 %.

Comparison with other published models
In this section, I will compare models in this thesis and other published models.
First, I am going to compare standard model (S1) with other published models with no
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erosion and no sedimentation. Second, I compare the erosion (S2) and growth models
(S3s) from Casas et al. (2000) to the identical models in this thesis. Third, I compare the
growth model with clay in this thesis to the identical model from Eisenstadt and Sims
(2005). Finally, I compare the doubly-plunging anticline in this thesis to the elliptical
domes in Withjack and Scheiner (1982).

Comparison with standard model (S1)
In this section, I compare S1 with similar published models with overlapping
plates. Additionally, I compare the S1 model to models of flat-ramp-flat fault geometries
including rock models and numerical models.
Casas et al. (2000) studied orthogonal shortening with overlapping plates as the
basal boundary condition. A layer of putty and a layer of sand covered the plates.
Eisenstadt and Sims (2005) conducted sand and clay models of orthogonal shortening
with overlapping plates for two different modeling materials (sand and clay). The results
of the published experimental models are, in some respects, similar to the results of my
standard model (figures 47 and 48). The similarities are: (1) the deformed zone is above
the edge of the upper plate; (2) an asymmetric anticlinal structure bounded by two sets of
thrust faults with opposite dips overlies the edge of the upper plate; (3) the main thrust
fault has a flat-ramp-flat geometry; and (4) the reverse/thrust faults originate at the edge
of the upper plate. Final cross-sectional views (figure 45) show a larger number of
backthrusts in S1 than the other models. This relates to the total displacement (10 cm in
S1 vs. 4 cm or 5 cm for the other models). The faults strike perpendicular to the
shortening direction. The results of the models by Casas et al. (2000) differ from those
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the standard model. Faults do not extend into the putty layer, and the ductile putty
separates the deep and shallow structures (Withjack and Callaway, 2000).
Additionally, Morse (1978) (figure 49a) used high-pressure rock models to study
the folding and secondary faulting associated with displacement on a flat-ramp-flat
reverse fault. The final cross-sectional view of Morse (1978) shows decreasing dip of the
backthrusts near the upper surface as shown in S1. Strayer et al. (2004) (figure 50) and
Erickson et al. (2004) (figure 49b) studied the development of reverse/thrust faults with a
flat-ramp-flat geometry and their associated secondary fault shows secondary normal
faults near the crest of the anticline (figure 51, similar to S1). The final cross section of
Erickson et al. (2004) shows that the fault bend is the area with high shear strain where
the backthrusts form.

Comparison of models without putty (this study) and with putty (Casas et al., 2000)
Casas et al. (2000) also studied the deformation patterns associated with
shortening with erosion and sedimentation (figure 52). Their models, like my models, had
overlapping plates as the basal boundary condition and sand as modeling material. Unlike
my models, Casas et al. (2000) had a layer of silicone polymer. Their models, like my
models, show with low sedimentation rates or erosion the main fault thrust zones flattens
upward. High rates of sedimentation produce a planar main thrust fault zone. Moreover,
sedimentation during shortening produces larger displacement on the main thrust fault
and greater uplift. Contrary to the models in this thesis, the models of Casas et al. (2000)
show that faults do not extend through the entire model because of the silicone layer
below the sand layers.
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Comparison with growth model with clay (S3c)
Eisenstadt and Sims (2005) studied deformation patterns associated with focused
shortening in clay. Their model and my S3c model had similar basal boundary conditions
but differed in terms of thickness (4 cm and 3 cm, respectively), total displacement (4 cm
and 10 cm, respectively), displacement rate (4 cm/hr and 8 cm/hr, respectively), and the
presence of growth layers (no and yes, respectively). Despite these differences, the
shortening model with clay of Eisenstadt and Sims (2005) shares some similarities with
my model (S3c) (figure 53): (1) the uplifted area is located above the edge of the upper
plate; (2) the main thrust fault zone consists of several faults; (3) the fault zones are
narrow; and (4) all the faults emanate from the edge of the upper plate.

Comparison with doubly plunging model (S4)
Withjack and Scheiner (1982) used clay models to study the fault patterns that
develop above elliptical domes subjected to shortening. In their models, a doublyplunging anticline formed with minor faults on its crest and flanks (figure 54). Many of
the normal faults on the crest and flanks of the anticline formed parallel to the shortening
direction. A series of reverse/thrust faults developed near the periphery of the anticline
and formed perpendicular to the shortening direction. The modeling results from
Withjack and Scheiner (1982) are similar to the results from the indentor model (S4),
where secondary normal faults formed parallel to the shortening direction on the ends of
the doubly-plunging anticline.

Comparison with natural examples
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The seismic line from offshore Nigeria (figure 55) shows a large faulted anticline
bounded by an upward-widening major thrust fault zone with secondary faults on its
flank. At shallower levels, the major fault zone appears as a no-record zone, lacking
structural details. The main thrust fault zone detaches in a ductile unit (shale) in the upper
crust. The anticline and fault are truncated by an unconformity.
The structural geometries in the final cross section from the growth model with
clay (S3c) are similar to those observed on the seismic line from Nigeria (figure 55c).
The experimental models suggest that the no-record zone could consist of multiple faults,
steeply dipping beds, and/or overturned beds. The growth model with clay (S3c) better
represents the geometries on the seismic line because clay models better replicate
smaller-scale deformation than the sand models (1 cm in clay models equals to 0.1-10 km
in nature; 1 cm in sand models equal to 1-100 km in nature). The experimental models
show significant differences in terms of the number of backthrusts: four backthrusts in
the model and one to two for the natural example. The natural example may represent
less strain; the models indicate that the number of backthrusts increases with increasing
strain. The other reason is perhaps the backthrust are very small and not resolvable on the
seismic data.
A time-structure map of seismic horizon from offshore Borneo (figure 56b) shows
a doubly-plunging anticline (anticline IX) and an anticline with singly-plunging
termination (anticline X) similar to that in the map-view photo of folds in the indentor
model (S4) (figure 56c). The time-structure map and map-view photo of S4 show that
most secondary normal faults form parallel to the hinge line of the anticline. Moreover,
secondary normal faults form at a high angle to the hinge line at the plunging ends of the
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anticline where two offset anticlines propagated together (saddle). However, anticline A
in S4 does not have any secondary hinge-line parallel normal faults on its crest, possibly
because the fold is not long enough (i.e., almost circular in shape).

Conclusions
1. Focused shortening in experimental models produces two major fault zones: a
main thrust fault zone and a backthrust fault zone.
2. Very low sedimentation rates and/or erosion trigger the development of a main
thrust with a flat-ramp-flat geometry. Consequently, layers above the main thrust
fold into an asymmetric anticline with a dipping backlimb and forelimb.
3. High sedimentation rates during faulting trigger the development of a main thrust
with a flat-ramp geometry. Layers above the main thrust fault fold into a
monocline, bounded on one side by the main thrust fault.
4. The main thrust fault remains active throughout shortening, whereas the
numerous backthrusts are short-lived. The location of the lower bend (at the flatramp) is stable during the experiment. However, the backthrusts move up the
ramp, become steeper and inactive as each new backthrusts form.
5. Thrust faults with a flat-ramp geometry have higher displacement and higher
uplift compared to thrust faults with flat-ramp-flat geometry.
6. Dipping beds on the limbs of the anticlines formed above the main thrust fault
create backthrusts whose dip decreases upward. This is because faults commonly
form at 300 relative to the surface (figure 43).
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7.

Sand and clay models have similar large-scale geometries. However, deformation
in the sand model is focused on a few faults with large displacement, whereas the
clay model tends to produce distributed deformation consisting of numerous faults
with small displacements. Moreover, most of the backthrusts are blind within the
clay model. The sand model has larger fault displacement because it is weaker
than clay. The sand model yield faults at lower strains.

8. Normal faults commonly appear on the crest of the anticline parallel to the fold
hinge. However, normal faults form at a high angle relative to the fold hinge at
the plunging end of an anticline where two offset anticlines propagated together.
9. Faulting accounts for only ~ 50% of visible deformation in the sand and clay
models. Small-scale deformation and thickening account for the remainder of the
total imposed displacement, see table 5 for conclusions.
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Layer
Thickness
0.5

2

0.33

Layer #

3

0.33

4

0.33

5

0.33

6

0.33

7

0.33

8

0.5

Layer
Color
Light Brown
Light
Red

0.5-0.25 mm

< 0.177 mm

1982.5

White
Red
Beige

34.10

Light
White
Blue
Blue
Light Brown

34.10

Light
White
Red
Red
Light
White
Black Black
Light Brown

Sand grain-size distribution in volume (cm3)
0.25-0.21 mm
0.21-0.177 mm
226.01
34.10

216.22
34.10

742.63
34.10

216.22
34.10

742.63
34.10

1321.67
226.01
34.10
1321.67
34.10

226.01
34.10

216.22
34.10

742.63
34.10

34.10

226.01
34.10

216.22
34.10

742.63
34.10

1982.5

Table 1. Sand grain-size distribution
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29

ρ

g

C

L

Model

1.4 g cm-3

9.8 m s-2

1-10 Pa

10-5 km

Nature

2.3 g cm-3

9.8 m s-2

106-107 Pa

1-100 km

10-5-10-7

10-5-10-7

Model/nature
0.52-0.65
1
ratio
Note: the density of sand is an average value.
Table 2. Sand scaling parameters

ρ

g

C

L

Model

1.6 g cm-3

9.8 m s-2

10-100 Pa

10-5 km

Nature

2.3 g cm-3

9.8 m s-2

106-107 Pa

0.1-1 km

Model/nature
ratio

0.7

1

10-4-10-6

10-4-10-6

Table 3. Clay scaling parameters

Types of faults

Geometry of major
faults and related
folds

Sand, no erosion,

Sand, erosion, no

Sand, no erosion,

Clay, no erosion,

no growth (S1)

growth (S2)

with growth (S3s)

with growth (S3c)

Main thrust,

Main thrust,

backthrusts, normal

backthrusts, normal

faults

faults

Flat-ramp-flat / faultbend fold (2 bends)

Flat-ramp-flat /
fault-bend fold (2
bends)

Sand, no erosion,
no growth, with
indentor (S4)
Main thrust,

Main thrust and

Main thrust and

backthrusts, normal

backthrusts

backthrusts

faults, and reverse
faults.

Flat-ramp / fault-bend
fold (1 bend)

Flat-ramp / fault-bend
fold (1 bend) and
fault-propagation fold

Fault-ramp-flat or
flat-ramp / fault
bend fold (1 bend
or 2 bends)

Number of major

1 major fault / 5-6

1 major fault / 6-7

1 major fault / 5-6

1 major fault / 4-15

1-2 major faults/5-7

faults / backthrusts

backthrusts

backthrusts

backthrusts

backthrusts

backthrusts

Ramp dip

280 - 330

320 - 350

350 - 380

340 - 380

4.3

4.9

5.4

4.3

2.9

3.4

3.8

3.2

19.9

14.5

23.5

14

200 - 300

320 - 400

300 - 430

270 - 430

Displacement (cm) on
main fault
Height of uplift (cm)
Width of deformation
Zone (cm)
Backlimb dip

Highly variable
along strike
Highly variable
along strike
2.6
Highly variable
along stike
Highly variable
along strike
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Dip of upper part of

Highly variable

00 - 200

160 - 270

250 - 340

260 - 370

Backthrust dip

180 - 350

250 - 330

260 - 350

290 - 460

Backthrust spacing

1.5 – 2 cm

1 – 1.5 cm

1 – 1.5 cm

0.6 – 1.2 cm

Highly variable

47 % - 52 %

57 % - 64 %

47 % - 53.5 %

39 % - 58 %

Not applicable

33 % - 36 %

43 % - 44 %

37 % - 40 %

31% - 42 %

Not applicable

13 % - 19 %

14 % - 20 %

10 % - 13.5 %

8 % - 16 %

Not applicable

44 % – 51 %

33 % - 69 %

49 % - 52 %

46 % - 49 %

42 % - 43 %

backthrust

along strike
Highly variable
along strike

% of visible
deformation based on
heave calculation
% heave of major
faults
% heave of minor
faults
% of visible
deformation based on
strain calculation

Table.4 Modeling Results of S1, S2, S3s, S3c, and S4
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shallower

Dip of
backthrusts

Table 5. Conclusions

shallower

Fault-bend fold
(2 bends)

Flat-ramp-flat

Ramp dip
angles

Fold
&
fault
geometries

Anticline

Standard model

The effect of erosion and sedimentation

Fault-bend fold
(2 bends)

Fault-bend fold
(1 bends)

Flat-ramp

Monocline

Anticline

Flat-ramp-flat

Growth model with sand

Erosion model

steeper

steeper

Fault-bend fold
(1 bends)
Fault-propagation fold

Flat-ramp

Anticline

Growth model with clay
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a
)

No-record zone
zone

9.5 km

b)
0S

IL
XL

110
140

110
105

110
70

E

W
No-record zone

1S

2S

1 km

VE 1:1
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between, and d) a main thrust with splays.
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Figure 4. Final map view of standard model (S1) showing main thrust fault zone,
backthrusts, and anticlinal structure. The numbers indicate the order of backthrust
formation (1 is the oldest). The deformed circles near the side walls are strain markers. The black lines show locations of cross sections in figures 5 and 6. Numbers
indicate distance from the southern side wall in centimeters. D is the displacement
magnitude.
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numbers are the distance from the southern sidewall. Red arrows indicate displacement direction of lower metal plate relative to upper metal plate. The mapview locations of the cross sections are shown in figure 4.
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Figure 9. Enlargement of parts of standard model (S1), showing small secondary normal faults cutting the anticlinal
structure: a) uninterpreted and b) interpreted. White box in (c) shows location of
enlargement.
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Figure 11. Final map view of erosion model with sand (S2) showing main thrust fault
zone, backthrusts, and anticlinal structure. The numbers show the order of backthrust
formation (7 is the youngest). Backthrusts 1, 2, and 3 are inactive and their upper surface
was removed during erosion. The black lines show locations of cross sections in figures
12 and 13. Numbers indicate distance from the southern side wall in centimeters. D is the
displacement magnitude.
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Figure 12. Erosion model with sand (S2). Cross-section images after 10 cm of
displacement. Black boxes show locations of line drawings of cross sections in
figure 13. The cross-section numbers show the distance from the southern side
wall. Red arrows indicate displacement direction of lower plate relative to
upper plate. The map-view locations of the cross sections are shown in figure
10.
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Figure 17. Final map view before addition of final growth layer of model S3s showing
main thrust fault zone, backthrusts, and monoclinal structure. The numbers show the
order of backthrust formation (faults with higher numbers are younger). The black lines
show locations of cross sections in figures 18 and 19. Numbers indicate distance from the
southern side wall in centimeters. Dtotal is the total displacement; Dinc is the total displacement accrued since the addition of the most recent growth layer.
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Figure 20. Uninterpreted map views of growth model with sand (S3s) at: a) 2.5 cm, b) 5 cm, c) 7.5 cm, and
d) 10 cm of displacement but before addition of final growth layer. Dtot is the total displacement; Dinc
is total displacement accrued since the addition of the most recent growth layer.
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Figure 23. Final map view before addition of final growth layer of model S3c showing
main thrust fault zone, anticlinal structure, and dipping limb. The black lines show locations of cross sections in figures 24 and 25. Numbers indicate distance from the southern
side wall in centimeters. Dtotal is the total displacement; Dinc is the total displacement
accrued since the addition of the most recent growth layer.
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Figure 24. Growth model with clay (S3c). Cross-section images after 10 cm displacement. Black boxes show location of line drawings of cross sections in figure 25. The
cross-section numbers show the distance from the southern sidewall. Red arrows indicate displacement direction of lower plate relative to upper plate. The locations of the
five cross sections in map view are shown in figure 23.
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is total displacement accrued since the addition of the growth layer.
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Figure 27. Interpreted map views of growth model with clay (S3c) at: a) 2.5 cm, b) 5 cm, c) 7.5 cm,
and d) 10 cm of displacement before the addition of final growth layer. Dtotal is the total displacement;
Dinc is total displacement accrued since the addition of the growth layer.
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Figure 28. Final map view of indentor model with sand (S4) showing main thrusts,
backthrusts, and anticlinal structures. The numbers in parenthesis show the order of
backthrust formation (1 is the oldest). Segments of the anticline are labeled A, B, and C.
The deformed circles are strain markers. The black lines show locations of cross sections
in figures 29 and 30. Numbers indicate distance from the southern side wall in
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Figure 29. Enlargement of parts of model with indentor (S4), showing
small secondary normal faults cutting the anticlinal structure: a), b), c), d),
f), g), h), and i). Red box in (e) and (j) show location of enlargement. The
yellow circles show lighting direction.
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Figure 30. Indentor model with sand (S4). Cross-section images after 10 cm of
displacement. Black boxes show location of line drawings of cross sections in
figure 31. The cross-section numbers show the distance from the southern
sidewall. Red arrows indicate displacement direction of lower plate relative to
upper plate. The map-view locations of the cross sections are shown in figure 28.
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markers. D is the displacement magnitude. A, B, and C are anticlines.
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Figure 33. Interpreted map views of indentor model with sand (S4) at: a) 2.5 cm, b) 5 cm, c) 7.5 cm,
and d) 10 cm of displacement. The deformed circles are strain markers. D is the displacement magnitude.
A, B, and C are anticlines.
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Figure 35. Line drawings of final cross sections for: a) standard model (S1),
b) erosion model (S2), c) growth model with sand (S3s), and d) growth model
with clay (S3c). Red arrows show relative displacement direction. The numbers
show the order of backthrusts formation (1 is the oldest). It is hard to determine
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Figure 36. Ramp-dip angles. a) Cross section of standard model showing ramp-dip angle
( ).b) Ramp-dip angles for S1, S2, S3s, and S3c. Each symbol represents a measurement from
a cross section.
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Figure 37. Showing fault rotation during deformation. Length of thick and black arrows represents the load at the base of the
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is uniform. Small black arrows show rotation direction of faults with less rotation in the standard model and more rotation in the
growth model.

More distributed shortening
less uplift, less fault rotation.
The load is unequal within the model.

Standard model (S1)

72

73
2 cm

a)
on
nt t
e
m s
ce h ru
pla in t
s
i
a
d m

b)

6
Sand standard Model (S1)
Sand erosion model (S2)
Sand growth model (S3s)
Clay growth model (S3c)

Displacement on main thrust (cm)

5.5

5

4.5

4

3.5
Standard
model (S1)

Erosion
model (S2)

Growth sand
model (S3s)

Growth clay
model (S3c)

Figure 38. Displacement on the main thrust. a) Cross section of standard model showing
displacement on the main thrust. Displacement is the straight-measurement distance of
the hanging wall and footwall cut offs for the top of the blue layer. b) Displacement on
main thrust for S1, S2, S3s, and S3c. Each symbol represents a measurement from a
cross section.
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Figure 39. Height of uplift. a) Cross section of standard model showing height of uplift. b)
Height of uplift for S1, S2, S3s, and S3c. Each symbol represents a measurement from a cross
section.
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Figure 40. Width of deformation zone for final map views: a) standard model (S1),
b) erosion model (S2), c) growth model with sand (S3s), and d) growth model with
clay (S3c). Gray light polygon represents deformation zone excluding edge effects.
The dashed box represents the maximum width of the deformation zone.
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Figure 41. Backthrust spacing, average fault spacing, and number of backthrusts. a) Cross
section of standard model showing method for measuring backthrust spacing, average fault
spacing, and number of backthrusts. b) Backthrust spacing, average fault spacing, and number of backthrusts for S1, S2, S3s, and S3c. Each symbol represents a measurement from a
cross section.

77
2 cm

a)
klim

bac

b)

55

b1

b

Backlimb dip angles for sand model
Average backlimb dip angles for sand model

50

Backlimb dip angle (degrees)

45

Backlimb dip angles for clay model
Average backlimb dip angles for clay model

40
35
30
25
20
15
10
5

Standard
model (S1)

Erosion
model (S2)

Growth sand
model (S3s)

Growth clay
model (S3c)

Figure 42. Backlimb-dip angle. a) Cross section of standard model showing method for
measuring backlimb-dip angle. b) Backlimb-dip angle for S1, S2, S3s, and S3c. Each
symbol represents a measurement from a cross section.
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Figure 44. Backthrust dip angles. a) Cross section of standard model showing method
for measuring dip angle for upper and lower segments of backthrusts. b) Dip angles of
upper segments of backthrust for S1, S2, S3s, and S3c. c) Dip angles of lower segments
of backthrust for S1, S2, S3s, and S3c. Each symbol represents a measurement from a
cross section.
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Figure 47. Comparison part of map views of published models and model S1: a). from
Eisenstadt and Sims (2005) with 4 cm of sand, 4 cm of total displacement, and a displacement
-1
rate of 4 cm hr ; b.) from Casas et al. (2000) with 1 cm of silicone overlain by 2 cm of sand,
-1
5 cm of total displacement, and a displacement rate of 5 cm hr ; c and d.) standard model
with 3 cm of sand and a displacement rate of 8 cm/hr. The displacement is 4 cm in c and 5 cm
in d. Red arrows indicate relative displacement direction between upper and lower plates. The
dashed line shows the location of the edge of the upper plate. The numbers show the order of
backthrust formation (1 is the oldest). Blue backthrusts are inactive and black backthrusts are
active at the indicated displacement (D) value.
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Figure 48. Cross sections of models with sand: a) modified from Eisenstadt
and Sims (2005) with 4 cm thick sand, 4 cm of total displacement, and rate of
4 cm/hr, b) modified from Casas et al. (2000) with 1 cm of silicone overlain
by 2 cm of sand, 5 cm of total displacement, and a displacement rate of 5
cm/hr, c) from this study with 3 cm of sand, 10 cm of total displacement, and
a displacement rate of 8 cm/hr. Cross section for 4 cm and 5 cm of displacement are not available from this study. Red arrows indicate relative displacement direction.
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Figure 49. Cross sections of models: a) Drawing of thin section of rock-mechanics model from
Morse (1978). The backthrusts are shown in gray as gouge zones, b) Numerical model from
Erickson et al. (2004) showing a series of backthrusts that form above the fault bend and move
up the ramp. Numbers show the amount of shear strain. The areas with high shear strain represent the backthrusts. The scale of the model is not important because there is no gravitationalbody force in the simulation.
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Figure 50. Cross sections from numerical model: a) Uninterpreted model of Strayer et al.
(2004), and b) interpreted model of Strayer et al. (2004). This light blue lines represent
broken contact bonds or fractures.
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Figure 51. Comparison of numerical model and standard model. a) Enlarged version of area in white
box in b, showing small secondary normal faults cutting the crest of the anticlinal in standard model
(S1). d) Enlarged version of area in red box in c, showing normal faults cutting the anticlinal structure
in the numerical model with no growth strata (Strayer et al., 2004).
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Figure 53. Comparison of growth models with clay: a) Map
and cross section views from Eisenstadt and Sims (2005)
with 4 cm of sand, 4 cm of total displacement, and a displacement rate of 4 cm/hr, and b) map and cross section
views of S3c with 3 cm of sand, 10 cm of total displacement,
and a displacement rate of 8 cm/hr. Red arrows indicate relative displacement direction.
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Figure 54. Comparisons of secondary structures associated with doubly-plunging
anticlines. a) Map view of model with compression rate about half of uplift rate
(from Withjack and Scheiner, 1982) with 1.8 cm of clay. b) Map view of model
with compression rate equal to uplift rate (from Withjack and Scheiner, 1982) with
1.8 cm of clay. Dashed-black line shows the edge of the anticline. d) Enlarged
version of area in red box in figure c. The model in figures c and d has 3 cm of sand.
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Figure 55. Comparison of natural example from offshore Nigeria with model S3c:
a) uninterpreted seismic line modified from CGGVeritas, b) interpreted seismic line modified from CGGVeritas, and c) cross section of growth model with clay (S3c).

91
a)
Anticline XI
IX

NW

Anticline XI
XI

a

Water bottom

Horizon B
4

c)
3050

X

D == 10
10 cm
cm
D
10 cm

A

Ma i n th r u s t

XI
2 km

-Anticllinal structure

Saddle

B

4500

Fluid-escape
pockmarks

time-depth (ms)

b)

Backthrusts

Two way time (seconds)

SE
3

Crestal normal fault traces

IX

Legend:
Displacement direction of
lower plate relative to upper
plate
Thrust faults; black
are active, white are inactive
(triangles show dip direction)

Edge of upper plate
Secondary faults (Normal,
oblique, strike-slip)
Secondary thrust/
reverse faults.

Figure 56. a) Seismic line from offshore Borneo with blind thrusts present in the lower part
of the seismic section and secondary normal faults on the crest of the anticline; modified
from Morley (2009). b) Time-structure map for horizon B in a) for anticline IX; modified
from Morley (2009). c) Map-view photo of S4 model.
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Appendix A
Characteristics of sand
Composition: quartz and corundum
Cohesion: ~ zero
Coefficient and angle of internal friction: 0.55 and 300 (Huiqi et al., 1992 in Eisenstadt and
Sims, 2005); (Krantz, 1991 in Nalpas 2003).
Density of colored sand (g cm-3):
Light brown

1.43 g cm-3

Blue

1.4 g cm-3

Red

1.48 g cm-3

Black

1.39 g cm-3

Beige (corundum sand) 1.36 g cm-3

White

1.24 g cm-3

Note: For additional information about sand grain size distribution, see table 3.
The colored sand was ordered from
Sand Blast Entertainment, Inc
1511 Golden Rod Rd, Cantonment, FL 32533.
1-800-697-7263
1-850-968-9206 (local)
1-850-968-9208 (fax)
Email: info@sandartsupplies.com
www.coloredsand.com
The white sand was donated by Lehigh University.
The brown corundum sand was donated by GEOMOD.

Characteristics of wet clay
Composition: 40% water and 60% kaolinite by weight
Cohesion: 10-100 Pa
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Coefficient of internal friction: 0.6 (Henza et al., 2009)
Density: 1.6 g cm-3
Grain size: < 0.005 mm (Withjack et al., 2007)

Appendix B
Building the model
1. I used a pair of metal spacers (one on the moving-plate side and one on the fixedplate side) to control the thickness of the layers. I gently poured the sand and
scraped the surface carefully in two directions (to the north and south) to make the
layer flat. The sand was slightly compacted during the application. After making
the first layer, I built the second layer by adding another pair of metal spacers and
adding the sand. The process was repeated until all sand layers were added.
Building the clay layers was similar to building the sand layers. Before
application, the clay was mixed thoroughly with a hand drill to the proper
consistency and allowed to set to reduce the number of air bubbles. During layer
construction, the majority of the remaining air bubbles were eliminated.
2. To simulate erosion, I scraped the uplifted area to create a flat surface. After
erosion, the model thickness was 3 cm.
3. To simulate deposition, I sprinkled sand or applied the clay to create a flat surface
every 2 cm of displacement.
4. After the sand experiment, I covered the surface with sand, creating a flat surface.
I then thoroughly wetted the sand using a sprayer. I let the model sit overnight and
then cut it into slices and photographed the slices. After the clay experiment, I
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spread an additional layer of clay on top of the model. I then let the model dry for
about one month. When the model dried, I sectioned the model, and photographed
the sides of the sections.
5. The clay shrinks as it dries. I determined the amount of shortening by comparing
the length, width, and the thickness of the model at the end of the model and after
it dried. In my model, the vertical contraction is about 28%, and the horizontal
contraction is about 9%. Using the Canvas program, I enlarged the cross-section
images in the vertical and horizontal directions independently to remove the
effects of compaction.

Appendix C List of Models
Model Name
Standard model
(S1)

Date
10-Feb-09

Boundary Condition
Width = 61 cm
Length = 65 cm
Thickness = 3 cm
Basal = overlapping plate
without erosion and sedimentation

Erosion Model
(S2)

9-Mar-09

Width = 61 cm
Length = 65 cm
Thickness = 3 cm
Basal = overlapping plate
with erosion and without
sedimentation
Erosion at 5 cm of displacement

Growth Model
(S3s)

13-Mar-09

Width = 61 cm
Length = 65 cm
Thickness = 3 cm
Basal = overlapping plate
with sedimentation and without
erosion
Sedimentation every 2 cm of
displacement

Layer #
1
2
3
4
5
6
7
8
Cover
1
2
3
4

Thickness
1/2
1/3
1/3
1/3
1/3
1/3
1/3
1/2
3
1/2
1/3
1/3
1/3

Color
Light brown
Red
Beige
Blue
Light brown
Red
Black
Light brown
Green
Light brown
Red
Beige
Blue

5
6
7
8
Cover
1
2
3
4

1/3
1/3
1/3
1/2
3
1/2
1/3
1/3
1/3

Light brown
Red
Black
Light brown
White
Light brown
Red
White
Blue

5

1/3

Light brown

6
7
8
9
10
11
12
13

1/3
1/3
1/2
2/3
2/3
2/3
3/4
3/4

Red
Black
Light brown
White
Black
White
Red
White

Modeling Materials
sand

File Name on CD
Photos_S1

sand

Photos_S2

sand

Photos_S3s
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Growth Model
(S3c)

Model with
indentor
(S4)

18-Mar-09

13-Feb-09

Width = 61 cm
Length = 65 cm
Thickness = 3 cm
Basal = overlapping plate
with sedimentation and without
erosion
Sedimentation every 2 cm of
displacement

Width = 61 cm
Length = 65 cm
Thickness = 3 cm
Basal = overlapping plate with
indentor
without erosion and sedimentation

1
2
3
4

1/2
1/3
1/3
1/3

white
red
grey
white

5

1/3

red

6
7
8
9
10
11
12
13
1
2
3

1/3
1/3
1/2
2/3
2/3
2/3
3/4
3/4
1/2
1/3
1/3

grey
white
red
grey
white
red
grey
white
Light brown
Red
Beige

4
5
6
7
8
Cover

1/3
1/3
1/3
1/3
1/2
3

Blue
Light brown
Red
Black
Light brown
Green

clay

Photos_S3c

sand

Photos_S4
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Appendix D. Run sheet of models
Standard model (S1)
Temperature at start
75.2 F Humidity at start
Temperature at end
75.4 Humidity at end

Displ. (cm)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4

Chk
6,5,7
8,9,10
11,12,13
14,15,16
17,18,19
20,21,22
24,23,25
27,26,28
29,30,31
33,32,34
36,35,37
39.38.40
42,41,43
44,45,46
48,47,49
51,50,52
54,53,55
57,56,58
60,59,61
63,62,64
66,65,67
69.68.70
72,71,73
75,74.76
78,77,79
81.80,82
84.83.85
87,86,88
90,89,91
93,92,94
96,95,97
99,98,100
102.101.103
105,104,106
108,107,109
111,110,112
114,113,115
117,116,118
120,119,121
123,122,124
126,125,127

Map-view pictures
Displ. (cm)
Chk
4.1 129,128,130
4.2 132,131,133
4.3 135,134,136
4.4 138,137,139
4.5 140,141,142
4.6 143,144,145
4.7 146,147,148
4.8 149,150,151
4.9 153,152,154
5 155,156,157
5.1 158,159,160
5.2 161,162,163
5.3 164,165,166
5.4 167,168,169
5.5 171,170, 172
5.6 174,173,175
5.7 176,177,178
5.8 180.179.181
5.9 182,183,184
6 186,185,187
6.1 189,188,190
6.2 191,192,193
6.3 195,194,196
6.4 198,197,199
6.5 201,200,202
6.6 204,203,205
6.7 206,207,208
6.8 209,210,211
6.9 212,213,214
7 216,215,217
7.1 219,218,220
7.2 222,221,223
7.3
225,224
7.4 227,226,228
7.5 230,229,231
7.6 232,233,234
7.7 236,235,237
7.8 239,238,240
7.9 241,242,243
8 244,245,246
8.1 248,247,249

22%
26%

Displ. (cm)
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
10

Chk
251,250,252 MW, FW, Both
253,254,255
258,257,259
261,260,262
263,264,265
266,267,268
270,269,271
272,273,274
276,275,277
278,279,280
281,282,283
284,285,286
287,288,289
290,291,294
295,296,297
298,299,300
301,302,5
7,6,8
9,10,11

no both

First map-view file
Last map-view file

Time at start
Time at end

IMG_0005.jpg
IMG_0011.jpg

10-Feb-09
14:20

98

Model with indentor (S4)
Temperature at start
Temperature at end

Displ. (cm)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4

Chk
7,8,9

11,10,12
13,15,14
17,16,18
19,20,21
23,24,22
26,25,27
28,29,30
31,32,33
34,35,36
37,38,39
40,41,42
43,44,45
46,47,48
49,50,51
52,53,54
55,56,57
58,59,60
61,62,63
64,65,66
67,68,69
70,71,72
73,74,75
76,77,78
79,80,81
82,83,84
85,86,87
88,89,90
91,92,93
94,95,96
97,98,99
100,101,102
103,104,105
106,107,108
109,110,111
112,113,114

75.9 F Humidity at start
77 F Humidity at end

Map-view pictures
Displ. (cm)
Chk
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8
8.1

115,116,117
118,119,120
121,122,123
124,125,126
127,128,129
130,131,132
133,134,135
136,137,138
139,140,141
142,143,144
145,146,147
148,149,150
151,152,153
154,155,156
157,158,159
160,161,162
163,164,165
166,167,168
169,170,171
172,173,174
175,176,177
178,179,180
181,182,183
184,185,186
187,188,189
190,191,192
193,194,195
196,197,198
199,200,201
202,203,204
205,206,207
208,209,210
211,212,213
214,215,216
217,218,219
220,221,222
223,224,225
226,227,228
229,230,231
232,233,234
235,236,237

21%
19%

Displ. (cm)
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
10

Time at start
Time at end

Chk
238,239,240 MW, FW, Both
242,243,241
246,245,244
248,249,247
251,252,250
254,255,253
257,258,256
260,261,259
263,264,262
266,267,265
269,270,268
272,273,271
275,276,274
278,279,277
281,282,280
284,285,283
287,288,286
290,291,289
293,294,295

First map-view file
Last map-view file

IMG_0007.jpg
IMG_0295.jpg

13-Feb-09
13:03
14:19

99
Experiment 3. Focused Shortening Layered Sand with Erosion
Temperature at start
Temperature at end

Displ. (cm)

Chk

13-Feb-09
32% Time at start 12:00
Time at end

75.4 F Humidity at start
Humidity at end
Map-view pictures
Displ. (cm)
Chk

0
2,3,4
4.1 125,126,127
0.1
5,6,7
4.2 128,129,130
0.2
8,9,10
4.3 131,132,133
0.3
11,12,13
4.4 134,135,136
0.4
14,15,16
4.5 137,138,139
0.5
17,18,19
4.6 140,141,142
0.6
20,21,22
4.7 143,144,145
0.7
23,24,25
4.8 146,147,148
0.8
26,27,28
4.9 149,150,151
0.9
29,30,31
5 152,153,154
1
32,33,34
5.1 158,159,160
1.1
35,36,37
5.2 161,162,163
1.2
38,39,40
5.3 164,165,166
1.3
41,42,43
5.4 167,168,169
1.4
44,45,46
5.5 170,171,172
1.5
47,48,49
5.6 173,174,175
1.6
50,51,52
5.7 176,177,178
1.7
53,54,55
5.8 179,180,181
1.8
56,57,58
5.9 182,183,184
1.9
59,60,61
6 185,186,187
2
62,63,64
6.1 188,189,190
2.1
65,66,67
6.2 191,192,193
2.2
68,69,70
6.3 194,195,196
2.3
71,72,73
6.4 197,198,199
2.4
74,75,76
6.5 200,201,202
2.5
77,78,79
6.6 203,204,205
2.6
80,81,82
6.7 206,207,208
2.7
83,84,85
6.8 209,210,211
2.8
86,87,88
6.9 212,213,214
2.9
89,90,91
7 215,216,217
3
92,93,94
7.1 218,219,220
3.1
95,96,97
7.2 221,222,223
3.2
98,99,100
7.3 224,225,226
3.3 101,102,103
7.4 227,228,229
3.4 104,105,106
7.5 230,231,232
3.5 107,108,109
7.6 233,234,235
3.6 110,111,112
7.7 236,237,238
3.7 113,114,115
7.8 239,240,241
3.8 116,117,118
7.9 242,243,244
3.9 119,120,121
8 245,246,247
4 122,123, 124
8.1 248,249,250
Note: Erosion at 5 cm of displacement

Displ. (cm)
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
10

Chk
251,252,253 MW, FW, Both
254,255,256
257,258,259
260,261,262
263,264,265
266,267,268 Erosion 155,156,157
269,270,271
272,273,274
275,276,277
278,279,280
281,282,283
284,285,286
287,288,289
290,291,292
293,294,295
296,297,298
299,300,301
302,303,304
305,306,307

First map-view file
Last map-view file

IMG_0002.jpg
IMG_0307.jpg

100
Growth model with sand (S3s)
Temperature at start
74.80 F Humidity at start
Temperature at end
76.50 F Humidity at end
Displ. (cm)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4
Note : We

Chk

Map-view pictures
Displ. (cm)
Chk

2,3,1
4,5,6
7,8,9
10,11,12
13,14,15
16,17,18
19,20,21
22,23,24
25,26,27
28,29,30
31,32,33
34,35,36
37,38,39
40,41,42
43,44,45
46,47,48
49,50,51
52,53,54
55,56,57
58,59,60
61,62,63
64,65,66
67,68,69
70,71,72
73,74,75
76,77,78
79,80,81
82,83,84
85,86,87
88,89,90
91,92,93
94,95,96
97,98,99
100,101,102
103,104,105
106,107,108
109,110,111
112,113,114
115,116,117
118,119,120
121,122,123
124,125,126
127,128,129
put growth beds

Displ. (cm)

20%
19%

Time at start
Time at end

Chk

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6

130,131,132
8.2 259,260,261
133,134,135
8.3 262,263,264
136,137,138
8.4 265,266,267
139,140,141
8.5 268,269,270
142,143,144
8.6 271,272,273
145,146,147
8.7 274,275,276
148,149,150
8.8 277,278,279
151,152,153
8.9 280,281,282
154,155,156
9 283,284,285
157,158,159
9.1 286,287,288
160,161,162
9.2 289,290,291
163,164,165
9.3 292,293,294
166,167,168
9.4 295,296,297
169,170,171
9.5 298,299,300
172,173,174
9.6 301,302,303
175,176,177
9.7 304,305,306
178,179,180
9.8
307,308,1
181,182,183
9.9
2,3,4
184,185,186
10
5,6,7
187,188,189
9,10,11
190,191,192
6.1 193,194,195
6.2 196,197,198
6.3 199,200,201
6.4 202,203,204
6.5 205,206,207
6.6 208,209,210
6.7 211,212,213
6.8 214,215,216
6.9 217,218,219
7 220,221,222
7.1 223,224,225
7.2 226,227,228
7.3 229,230,231
7.4 232,233,234
7.5 235,236,237
7.6 238,239,240
7.7 241,242,243
7.8 244,245,246
7.9 247,248,249
8 250,251,252
253,254,255
8.1 256,257,258
every 2 cm of displacement

First map-view file
Last map-view file

MW,FW,BOTH

IMG_0001.jpg
IMG_0011.jpg

13-Mar-09
11:55
15:15

101
Growth model with clay (S3c)
Temperature at start
74.7 F Humidity at start
Temperature at end
Humidity at end
Displ. (cm)

Chk

Displ. (cm)

Chk

Displ. (cm)

30%

Time at start
Time at end

Chk

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

2,3,4
4.1 132,133,134
8.2 53,54,55
5,6,7
4.2 135,136,137
8.3 56,57,58
8,9,10
4.3 138,139,140
8.4 59,60,61
11,12,13
4.4 141,142,143
8.5 62,63,64
14,15,16
4.5 144,145,146
8.6 65,66,67
17,18,19
4.6 147,148,149
8.7 68,69,70
20,21,22
4.7 150,151,152
8.8 71,72,73
23,24,25
4.8 153,154,155
8.9 74,75,76
26,27,28
4.9 156,157,158
9 77,78,79
29,30,31
5 159,160,161
9.1 80,81,82
32,33,34
5.1 162,163,164
9.2 83,84,85
35,36,37
5.2 165,166,167
9.3 86,87,88
38,39,40
5.3 168,169,170
9.4 89,90,91
41,42,43
5.4 171,172,173
9.5
92,93,94
44,45,46
5.5 174,175,176
9.6
95,96,97
47,48,49
5.6 177,178,179
9.7
98,99,100
50,51,52
5.7 180,181,182
9.8 101,102,103
53,54,55
5.8 183,184,185
9.9 104,105,106
56,57,58
5.9 186,187,188
10 107,108,109
59,60,61
6 189,190,191
112,113,114
62,63,64
192,193,194
66,67,68
6.1 195,196,197
2.1
69,70,71
6.2 198,199,200
2.2
72,73,74
6.3 201,202,203
2.3
75,76,77
6.4 204,205,206
2.4
78,79,80
6.5
207,208,1
2.5
81,82,83
6.6
2,3,4
2.6
84,85,86
6.7
5,6,7
2.7
87,88,89
6.8
8,9,10
2.8
90,91,92
6.9
11,12,13
2.9
93,94,95
7
14,15,16
3
96,97,98
7.1
17,18,19
3.1 99,100,101
7.2
20,21,22
3.2 102,103,104
7.3
23,24,25
3.3 105,106,107
7.4
26,27,28
3.4 108,109,110
7.5
29,30,31
3.5 111,112,113
7.6
32,33,34
3.6 114,115,116
7.7
35,36,37
3.7 117,118,119
7.8
38,39,40
3.8 120,121,122
7.9
41,42,43
3.9 123,124,125
8
44,45,46
4 126,127,128
47,48,49
129,130,131
8.1
50,51,52
Note : Every 2 cm of displacement we put growth on top

First map-view file
Last map-view file

MW,FW,BOTH

IMG_0002.jpg
IMG_0114.jpg

18-Mar-09
14:52

