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Abstract

Dry sand and wet clay are the most frequently used materials for physical modeling of brittle deformation. We present a series of

experiments that shows when the two materials can be used interchangeably, document the differences in deformation patterns and discuss

how best to evaluate and apply results of physical models.

Extension and shortening produce similar large-scale deformation patterns in dry sand and wet clay models, indicating that the two

materials can be used interchangeably for analysis of gross deformation geometries. There are subtle deformation features that are

significantly different: (1) fault propagation and fault linkage; (2) fault width, spacing and displacement; (3) extent of deformation zone; and

(4) amount of folding vs. faulting. These differences are primarily due to the lower cohesion of sand and its larger grain size. If these features

are of interest, the best practice would be to repeat the experiments with more than one material to ensure that rheological differences are not

biasing results.

Dry sand and wet clay produce very different results in inversion models; almost all faults are reactivated in wet clay, and few, if any, are

significantly reactivated in sand models. Fault reactivation is attributed to high fluid pressure along the fault zone in the wet clay, a situation

that may be analogous to many rocks. Sand inversion models may be best applied to areas where most faults experience little to no

reactivation, while clay models best fit areas where most pre-existing normal faults are reactivated.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Geologists have used physical modeling for over a

century as a tool for understanding the development of

geologic structures (e.g. Cadell, 1889; Willis, 1893). The

earliest models employed a wide variety of materials in an

effort to empirically replicate natural rock deformation. In

1937, methods of selecting modeling materials became

more rigorous when Hubbert (1937) introduced dimensional

analysis (to the English-speaking geologic community) and

defined the necessary requirements for a material to be

properly scaled for physical modeling.

Today, the most commonly used materials to model

deformation of brittle rocks are dry sand and wet clay, but

there is little agreement on their properties and suitability.
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While many researchers use wet clay (e.g. Cloos, 1929;

Oertel, 1965; Withjack and Jamison, 1986), others maintain

that clay is unsuitable for scaled modeling (Naylor et al.,

1986; Mandl, 1988), suggesting that clay has a high

cohesive strength that would only be appropriate for

extremely high strength rocks. Additionally, critics suggest

that because the effective pressure remains constant (due to

the high water content of the clay), the frictional component

of yield strength is independent of the confining pressure.

These objections imply that wet clay would be a suitable

analog only for highly cohesive rocks that deform ductility

before brittle failure (Naylor et al., 1986).

There is no comparable controversy in the literature

about the use of dry sand, although Mandl (1988) pointed

out two problems with using sand as a modeling material.

He noted that sand does not behave as an ideal frictional

plastic material and so pre-faulting behavior of sand does

not accurately scale to real rocks, and that the high shear

dilatancy of sand creates faults whose width does not scale

to actual faults.

The purpose of this study is to compare the deformation
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patterns produced by dry sand and wet clay in controlled

experiments of extension, compression, and inversion. We

address the following questions. (1) What are the basic

rheological properties of dry sand and wet clay? (2) Do sand

and clay produce similar deformation patterns under the

same boundary conditions? (3) How should one best

evaluate and apply modeling results to studies of actual

brittle rock deformation?
2. Rheological properties of sand

While some researchers characterize granular materials

such as sand as having inelastic behavior (Jaeger et al.,

1996), Lohrmann et al. (2003) demonstrate that sand

actually displays a more complicated rheology. Their

measurements show that sand displays an elastic/frictional

plastic behavior with transient strain hardening prior to

failure. After failure, it exhibits strain softening until the

beginning of stable sliding at constant friction. They point

out that this behavior mimics that of brittle crustal rocks.

Faulting in sand is accomplished by zones of dilatancy

(e.g. Reynolds, 1885; Casagrande, 1940; Mandl et al.,

1977). These zones are wide, due to the relatively large size

of individual sand grains. The dilatant nature of faulting in

sand has no correspondence in actual rock, and the size of

the fault zones and displacements in sand models do not

properly scale to match real rocks (Horsfield, 1977; Mandl,

1988).

Dry sand is often selected as a material for experimental

models due to ease of construction and dissection. The exact

strength of sand is difficult to measure at very low values of

normal stress so many researchers have linearly extrapo-

lated from measurements made at higher values. This

extrapolation yields a wide range of values of cohesive

strength; 12–500 Pa (Table 1). The higher extrapolated

values contradict the common observation that dry sand is

virtually cohesionless, and have been the subject of

discussion (Schellart, 2000; Mourgues and Cobbold, 2003).

Schellart (2000) concluded that the discrepancy between

extrapolated values and observed behavior is because linear

extrapolation is not a correct method for estimating the

strength of sand under very low normal stresses. He showed

that the failure envelope for sand, glass microspheres, and

sugar at low normal stresses is convex upwards, and only

approaches a straight line at higher normal stresses.

Schellart measured the cohesive strength of sand as 0 Pa

(G15 Pa) at zero normal stress and established that the

values of cohesive strength and coefficient of internal

friction are primarily dependent on rounding and sphericity

and not grain size.

In contrast, Mourgues and Cobbold (2003) suggest that

linear extrapolation is not the cause of erroneous large

values for sand cohesion. Rather, they showed that by

neglecting to account for sidewall friction in measuring sand
strength, researchers have overestimated cohesion and

underestimated internal friction.

Our experience comparing the behavior of dry sand and

wet clay leads us to conclude that the cohesive strength of

sand must be much less than wet clay but nominally greater

than zero. Sand’s value of cohesion is greater than zero

because there may be other parameters that control sand

behavior at the granular level. Sture et al. (1998) studied the

behavior of sand at low stresses in the microgravity

environment of space and demonstrated that the primary

control on the behavior of cohesionless granular material is

interparticle friction and not Coulombic forces. We

observed that the behavior of sand is highly dependent on

the ambient humidity, with sand appearing to have more

cohesion with higher levels of humidity. This suggests that

static electricity between individual sand grains may affect

sand cohesion.
3. Rheological properties of wet clay

Because of the controversy over whether the cohesive

strength of clay is too high to be suitable for scaled models,

we measured the yield strength of the clay with several

methods (Fig. 1). The wet clay (used at a density of 1.60–

1.63 g/cm3) had a cohesive strength of 60–65 Pa, measured

by a controlled-stress rheometer (Appendix B). These

measurements are close to an earlier published average

measurement of 40 Pa (Sims, 1993) also measured by a

controlled-stress rheometer, and to measurements made by

an outside laboratory (Fugro-McClelland, Inc., pers.

comm.) using a Fall Cone apparatus. The data definitely

show that the yield strength of wet clay (in 1.58–1.82 g/cm3

density range) is of the same order of magnitude as that of

dry sand (between 0 and 100 Pa).

The data also show an increase in cohesive strength with

increasing density (i.e. less water) (Fig. 1). This is in

agreement with other work that shows the cohesive strength

of clay is controlled primarily by water content (Terzaghi

and Peck, 1948). The soil mechanics literature also

documents a dramatic increase in cohesive strength of

clays with increasing density (see Krynine, 1947).

Other published clay models used a variety of bulk clay

densities, but do not report corresponding cohesive strength.

For example, a low density value of 1.43 g/cm3 was used by

Bain and Beebe (1954), whereas Oertel (1965) reported a

density of 1.75–1.80 g/cm3. It is unknown what exact

densities were used by Cloos (1929) in his clay experiments,

but he noted that his most liquid clay had the consistency of

sweet cream. Based on our experience, this description is

consistent with a density of about 1.4–1.5 g/cm3. Terzaghi

and Peck (1948) attempted to explain the relationship

between water content and cohesive strength by suggesting

that cohesion in wet clays is related to the shearing strength

of the adsorbed water that separate the grains and is not due

to direct mechanical interaction between particles.



Table 1

Physical properties of dry sand and wet clay used in this paper and other published experiments

Modeling material Composition and

particle size (mm)

Density (g/cm3) Normal-fault dip Coefficient of internal

friction

Cohesion (Pa)

Dry sand (poured)a Quartz%0.5 1.53 56–57 0.40–0.45 !300b

Dry sand (poured)c Quartz%0.15 0.53 103b

Dry ‘Craft’ sandc

(poured)

Quartz %0.6 0.48 (yellow and

black)

!208 (black); 110

(yellow)b

Dry sand (sifted)a Quartz%0.5 1.75–1.78 67–68 0.93–1.04 !520b

Dry sand (sifted)d QuartzZ0.2–0.3 1.5 0.50–0.55 !190b

Dry sand (sifted)e QuartzZ0.3 0.61 (unfaulted); 0.55

(faulted)

!300b

Dry sand (poured and

sifted)f
QuartzZ0.2–0.63 1.51–1.73 0.52–0.56 37–95b

Dry sandg QuartzZ0.125–0.4 1.6 1.18 12–72b

Dry sand (poured)h Quartz !0.4 1.73 60–61 0.89 0G15 (245)b

Quartz !0.09–0.18 1.67 – 0.88 0G15 (230)b

Wet clayi Powdered kaolin,

nepheline–syenite,

and flint%0.1

1.63 (wet) 62 (average) 40 (average)

Wet clayc Powdered kaolin,

nepheline–syenite,

and flint%0.1

1.57–1.82 (wet) 60–65 54–130

a From Krantz (1991).
b Linear extrapolation.
c This paper.
d From Huiqi et al. (1992).
e From McClay (1995) and Campbell (1994).
f From Lohrmann et al. (2003).
g From Mourgues and Cobbold (2003).
h From Schellart (2000).
i From Sims (1993).

Fig. 1. Graph showing relationship between wet clay bulk density and yield strength. Values of gray and white clay and data from Sims (1993) were measured

by controlled-stress rheometer, data from Fugro-McClelland, Inc., were measured by a Fall Cone apparatus. Percent water content for clay mixture was

calculated using a dry bulk density of 1.68 g/cm3. Shaded gray area shows range of values for yield strength. See Appendix B for discussion of yield strength.

The same clay recipe was used for all measurements.
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Fig. 2. Drawing of apparatus showing experimental set-up of layered sand

or clay on overlapping metal plates.
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Because differences in deformation patterns produced

in clay could also be caused by variation in strain rate,

several studies have addressed the question of whether

water content or strain rate is the primary control on

patterns of clay deformation. All data agree that density

rather than strain rate is the most important variable

controlling wet clay deformation. Bain and Beebe (1954)

were the first to compare the effects of varying clay

density and strain rate on resulting deformation patterns.

They showed that in low-density clay (1.40 g/cm3) faults

had much lower displacements, more shallow dips, and

were more closely spaced than in denser clay. The only

fault parameter not affected by changes in clay density

was the length of fault traces. When examining the effect

of varying strain rate on fault linkage, they found that

the effect of decreasing displacement rate was not

constant: a marked change in fault linkage occurred

when the displacement rate reduced from 33 to 11 cm/h

(9.2!10K3–3.1!10K3 cm/s), but little change occurred

when the displacement rate dropped from 11 to 5.7 cm/h

(3.1!10K3–1.6!10K3 cm/s). Oertel (1965) showed that

the primary effects of decreasing the strain rate (by an

order of magnitude) on the final deformation pattern

were less acute angles between fault traces and fewer

faults with greater displacement along each fault.

Other researchers have looked at the effect of varying

density and/or strain rate on the nature of the faults

themselves. Maltman (1987) tested clays ranging from 15

to 60% water content. He showed that deformation occurs

along discrete shear zones that are 20–100 mm wide. Even

low-density clays that appear to have undergone ‘plastic’

deformation show microscopic shear zones. Arch et al.

(1988) investigated the effect of water content, strain rate,

and primary fabric on shear zone geometries. They

compared the geometry of shear zones over four orders of

magnitude of displacement rate (10K4–10K8 cm/s) and

found no significant differences. However, they demon-

strated that a change in density (20–34% water content) had

a large impact on the geometry of the shear zone. In clays

with low water content, the shear zones were discrete and

planar, while the high water content clays had more

complex and more numerous shear zones.
4. Experimental set-up

To compare the results of using dry sand vs. wet clay in

physical models, we conducted a series of experiments with

similar boundary conditions so that the deformation of the

two materials could be compared. We chose three structural

styles: extension, contraction and inversion, and repeated

each with wet clay and dry sand. For all the models, layers

of colored homogeneous sand or clay (4 cm total thickness)

covered two overlapping thin metal plates; one attached to a

fixed wall and one attached to a moveable wall (Fig. 2). The

side walls were fixed.
The sand used in our experiments was either pure quartz

sand or OK No. 1 (Table 1), which was either colored with

organic dyes or mixed with a commercially dyed sand called

‘Craft’ sand (see Appendix A). Use of the Craft sand saved

much preparation time (in dyeing the sand) but we found

that the unadulterated Craft sand exhibited adhesive

qualities. When a vertical cut was made in the Craft sand,

the remaining face forms a slope with the uppermost 0.2–

0.5 cm being vertical. When the Craft sand was mixed with

50% non-dyed OK No. 1 sand, it no longer exhibited the

adhesive behavior.

The wet clay in this study was made from No. 6 tile clay

(94% kaolin, 6% illite/smectitie), with minor amounts of

powered feldspar and flint (Table 1). The dry clay was

mixed with water to a bulk density of 1.68 g/cm3 and

colored by a local pottery supplier (the white clay was

colored by adding minor amounts of minerals). The wet clay

is classified as a ‘sensitive’ clay (Terzaghi and Peck, 1948)

because it loses strength when remolded (vigorously mixed)

but regains its original strength after rest.

All models were initially 60 cm long and 4 cm high. The

extension models were initially 24 cm wide and were

extended 4 cm (Fig. 2). The inversion models were also

initially 24 cm wide, after 4 cm of extension they were

shortened 4 cm. The shortening models were initially 28 cm

wide, and were shortened 4 cm. The models were deformed

at a rate of 1!10K3 cm/s (4 cm/h). We added growth layers

during extension at every 1 cm of horizontal displacement.

The position of the overlapping metal edge at the base

determined the location of the major boundary fault in the

models. This fault location remained fixed throughout the

experiment, but the locations of other faults varied through

time.

The sand models were wetted, sectioned, and photo-

graphed at the end of the experiments. The clay models were

allowed to dry in the apparatus, then were sectioned and

photographed. The clay models shrink at an average of 8%

in the horizontal direction and 25% in the vertical direction,

thus requiring decompaction before analysis.
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5. Deformation patterns of sand vs. clay during extension
5.1. Modeling results

Final cross-sections of the extensional sand and clay

experiments, cut from the center of the model, show a half-

graben bounded by a master normal fault and cut by

multiple antithetic faults (Fig. 3a and b). As noted by Cloos

(1968) in comparable models, these sand and clay cross-

sections have a similar geometry. In detail, however, two

models differ. The sand model has few minor synthetic

faults while the clay model has many. In the sand model, the

deformed zone is narrow, there are fewer faults, each fault

has more displacement, and the faults themselves are diffuse

shear zones (Fig. 3a). In the clay model (Fig. 3b), many

more faults are distributed over a wider zone, each fault has

less displacement, and the faults are discrete, sharp

boundaries. Folding also differs between the sand and clay

models. Little folding occurs in the sand model, whereas

most of the initial strain in the clay is accommodated by

folding. The final deformation pattern of the clay model is a

fault-bend fold cut by antithetic faults (Withjack et al.,

1995). The same observations can be made from a

comparison of clay and sand models published by Cloos

(1968). His cross-section photographs show that folding
Fig. 3. Comparison of extensional models. Cross-sections were cut from the center

Gray layers are growth layers added every 1 cm of extension. Clay model was dec

bounded by large normal fault and cut by several large antithetic faults. (b) Clay

many more antithetic and synthetic faults, deforming a broader zone.
accommodates a large amount of the initial deformation in

the clay, and while faults initiate at the model’s base, they

do not propagate very quickly to the surface. In contrast,

corresponding faults in his sand models appear early and

quickly propagate to the surface.

Differences in deformation patterns produced by the

two modeling materials are more marked if we compare

the development of faults and folds throughout their

deformation history (Fig. 4). The development of faults in

the two materials in both cross-section and map view

(only one half of the model is shown) were analyzed.

Faults develop very early in sand models (at 0.25 cm), and

quickly propagate upward and along strike. In contrast,

through-going faults form only after 1.75 cm of displace-

ment in the clay model. At 2 cm of extension, the

deformation in the sand model (Fig. 4a) occurs primarily

on a few large-displacement faults, whereas in the clay it

is by folding and small-scale faulting (Fig. 4b). The faults

have much greater displacement in the sand models and

the deformation zone is confined to a smaller area,

whereas the deformation zone is distributed over a wider

area in the clay models.

There is a significant difference in how faults propagate

and link in three dimensions in the two materials. There is a

lack of extensive development of relay ramps in the sand
of the model after 4 cm of extension. Insert is photograph of original model.

ompacted to show pre-drying geometry. (a) Sand model shows half-graben

model also shows half-graben bounded by large normal fault, but there are



Fig. 4. Comparison of map view and cross-sections of fault development in

(a) sand and (b) clay models during extension. The 2 and 4 cm diagrams are

taken from separate models. Note that faults in the sand model cut the

whole volume of the model at 2 cm of extension, while many in the clay

model have not yet propagated to the surface. At 4 cm of extension, the

sand model has fewer faults, with more linear map traces, than the clay

model. The faults in the clay model form a wider zone of deformation with

many relay ramps and discontinuous faults. Only one half of model is

shown in map view.
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model as compared with the clay. This can be clearly seen in

a comparison of fault development in map view: the faults in

sand are very linear, whereas the clay model has more

discontinuous faults with more sinuous traces (Fig. 4a).

Even at 4 cm of extension, when cross-sections of both

models show a through-going master fault bounding the

half-graben, these differences persist (Fig. 4b). Individual

faults in the sand model have large displacements and very

linear map traces, as compared with the distributed

deformation and sinuous fault traces in the clay model.

The sand model has few relay ramps, which are confined to

a narrow band. In contrast, the relay ramps in the clay model

are a complex array of many small faults distributed over a

much broader deformation zone.
5.2. Discussion

The difference in faulting between dry sand and wet clay

was addressed by Kautz and Sclater (1988) who compared

deformation in extensional experiments. They showed that

displacements on faults in sand models accounted for 70–

80% of the known extension, whereas in extensional clay

experiments, the slip along faults accommodated only 40–

50% of the total extension. They suggested that faulting

occurs over a range of scales and that the lower end of the

scale is determined by grain size. Because sand has a larger

grain size, it will have fewer small faults and will show

more of the extension on visible faults; in clay much of the

displacement occurs along very small faults.

The differences in extensional deformation patterns

between dry sand and clay are important when applying

modeling results to natural structures. For example, because

faults propagate so quickly through sand, it is difficult to use

that material to study the development and linkage of faults.

In contrast, clay models show initially isolated faults that

grow laterally and vertically until linked, creating complex

relay zones. The development of these zones and their fault

pattern is similar to those documented in natural examples

(e.g. Ferrill et at., 1999; Peacock and Parfitt, 2002).

Allemand and Brun (1991) used results of a series of sand

models to categorize rift basins according to width. From

their experiments, they concluded that rift basin width was a

function of sediment thickness and presence or absence of a

ductile layer at depth. We agree with the analysis of their

experimental results but caution that a direct quantitative

application to real rocks may be more complicated. By

comparing the same extensional models in sand and clay

(Fig. 4), one can readily see that the rheology of the

modeling material is an important parameter in determining

the final width of the deformation zone, and that the width of

the deformation zone in real rifts may not only depend on

upper crustal thickness or the presence or absence of a

ductile layer at depth, but also on the rheology of the

overlying cover rocks themselves. Withjack and Callaway

(2000) discussed this point when comparing identical sand

and wet clay models of cover deformation over a basement

fault. They concluded that the ductility and cohesion of the

cover rocks would determine the geometry and distribution

of deformation.
6. Deformation patterns in sand vs. clay during

shortening

6.1. Modeling results

Cross-sections of the sand and clay shortening models,

taken from the center of the models, show a similar final

geometry: a flat-topped uplift bounded by conjugate thrusts

dipping approximately 30–358 (Fig. 5a and b). The major

difference between the two materials is that more



Fig. 5. Comparison of shortening models. Cross-sections from (a) sand and (b) clay models after 4 cm shortening. Cross-sections are from the center of the

model. Insert is photograph of the original model. Clay model was decompacted to show pre-drying geometry.

G. Eisenstadt, D. Sims / Journal of Structural Geology 27 (2005) 1399–1412 1405
displacement has occurred along the conjugate thrusts in the

sand model, creating a wider, higher uplift. There are more

subtle differences: in the sand model the main thrust, dipping

toward the moving wall, is a single fault, whereas the clay

model has several faults. In the sand model, the thrusts are

fewer and more widely spaced, and are diffuse zones having

more displacement than the thrusts in the clay models. The

faults in the claymodel aremorenumerous and closely spaced,

and are discrete boundaries. The clay model also has many

small incipient thrust faults dipping in both directions.

As in the extensional models, there is a difference in the

development of structures (Fig. 6). At 2 cm of shortening,

the sand model is already cut by conjugate thrusts while in

the clay model there is little surface deformation and only a

small incipient thrust in cross-section. A comparison of map

patterns (Fig. 6) shows similar results to the extensional

experiments. The sand model shows a simple map pattern of

conjugate thrusts with little along-strike variation. In

contrast, the clay model shows many small thrusts that

link along strike, creating a sinuous fault zone with many

small lateral ramps.

6.2. Discussion

The overall deformation geometry of the shortening

models is very similar in sand and wet clay, although the
detailed fault pattern, as in extension, is more complicated

in the clay models. The sand model shows little-to-no lateral

variation and the fault traces are very linear. In the clay

model, the faults are much smaller and there is more lateral

variation as faults link along strike. The shortening models

are similar to the extensional models in that faults in the wet

clay form much later than in the corresponding sand models.

The most interesting result in the shortening models is

how much less fault displacement occurs in the clay model

than in the sand. Although there are a few distributed small-

scale faults, they cannot account for the difference (unlike

the myriad of small-scale faults in the extensional clay

model). In fact, the wet clay appears to deform differently in

shortening than in extension. In the clay extension model

(Fig. 3b), faults cut the whole model by 1.75 cm of

displacement. In the shortening model (Fig. 5b), there is

bulk thickening but little faulting for the same amount of

displacement. Only at 2.4 cm of horizontal displacement do

backthrusts (dipping toward the fixed wall) appear. Thus, it

seems that much more strain is required to produce faulting

in shortening than in extension. We suspect that shortening

causes an increase in pore fluid pressure, which is not

released as readily as it is during extension. The presence of

high-pore fluid pressure likely delays the onset of brittle

failure, and may allow appreciable ductile deformation

before brittle faulting (Naylor et al., 1986).



Fig. 6. Comparison of map view and cross sections of fault development in (a) sand and (b) clay models during shortening. The 2 and 4 cm diagrams are taken

from separate models. Note that faults in sand model are fully formed at 2 cm of shortening while those in the clay model have not yet propagated to the surface.

At 4 cm of shortening both the cross-sections and map patterns are similar, but the clay model shows multiple sinuous faults that connect with lateral ramps.

Only one half of the model is shown in map view.
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7. Deformation patterns of sand vs. clay during inversion
7.1. Modeling results

Cross-sections from sand and clay inversion exper-

iments, cut from the center of the models, show dramatically

different final deformation patterns (Fig. 7a and b). The sand

inversion model (Fig. 7a) shows an extensional half-graben

(similar to Fig. 3a) uplifted along opposing thrusts. The

extensional master normal fault bounding the half-graben is

barely reactivated and the extensional fault pattern is

relatively undeformed as the half-graben is uplifted along

the new reverse faults. In contrast, the clay cross-section

(Fig. 7b) shows an uplift caused by reactivation along the

original master normal fault. The original half-graben

undergoes distributed deformation with reverse displace-

ment occurring along almost all small-scale normal faults.

As the half-graben is thrust along the master normal fault,

secondary faults in the hanging wall are rotated into both

steeper and gentler dips, and the original extensional fault-

bend fold (Fig. 3b) is modified into a gentle synclinal fold

(see Eisenstadt and Withjack (1995) for a full discussion of
deformation features). In contrast to the sand model, where

the newly formed thrusts cut the entire model thickness

(Fig. 7a), the clay model (Fig. 7b) shows reverse offset

along the master fault only at the uppermost growth layer. In

fact, if the upper layers were removed, there would be little

evidence of inversion.
7.2. Discussion

In contrast to the other experiments, deformation of wet

clay and dry sand produces very different final geometries

during inversion. To determine whether this difference is

due to how faults are reactivated in sand vs. clay, we

compared the final geometry of models that were shortened

without any prior extension (Fig. 5) with models that were

shortened after extension (Fig. 7). One would expect that if

pre-existing faults in sand or clay were behaving as zones of

weakness, they would influence the inversion geometry.

This means that a model that was shortened with pre-

existing faults would have a different geometry than a model

that was shortened using undeformed sand or clay.

Analysis of the sand inversion experiment (Fig. 7a)



Fig. 7. Comparison of inversion models. Cross-sections were cut from the center of the model after deformation (4 cm extension followed by 4 cm shortening).

Insert is photograph of the original model. Gray layers are growth layers added every 1 cm of extension. Clay model was decompacted to show pre-drying

geometry. (a) Sand model shows original extensional half-graben passively uplifted along two thrust faults. (b) Clay model shows the master normal fault and

many secondary faults reactivated, producing a broad uplift. Newly formed thrust faults only occur outside of the half-graben.
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shows that the majority of shortening occurs along newly

created conjugate thrusts, while the original normal faults

are largely undeformed. This deformation is similar to that

of the shortening models (without pre-existing normal

faults) in both sand and clay; a pair of new conjugate thrusts

bound an uplifted zone (see Figs. 5 and 8a).

The analysis is very different for the clay models; there is

a striking difference between the clay inversion model

(Fig. 7b) that contained pre-existing faults and the model

that was shortened with no previous extension.(Fig. 5b).

Large conjugate thrusts are absent in the clay inversion

model, rather reverse movement is distributed amongst the

pre-existing normal faults.

It is significant to note that the results of the sand

inversion models are consistent with published models

(Buchanan and McClay, 1991; McClay, 1991; Simmons,

1991; Krantz, 1991; Nalpas et al., 1995; Brun and Nalpas,

1996). When a sand model is inverted under various

boundary conditions, sets of conjugate thrusts form that

produce an uplift. The internal geometry of different sand

inversion models appears complicated, but once the pattern

of newly formed conjugate thrusts is recognized, the basic
deformation pattern of the models is the same (Fig. 8). The

pre-existing normal faults, even if they are slightly

reactivated, do not significantly influence the deformation

pattern. We found that regardless of differences in boundary

conditions, footwall geometry, and sand composition, sand

inversion models with pre-existing normal faults behave

almost exactly like undeformed sand or clay.

The clay models show the other extreme of deformation:

almost every fault, no matter how steeply dipping, is

reactivated. The result is a zone of deformation that is

distributed throughout the original half-graben. Newly

formed minor thrusts are concentrated in the areas with no

pre-existing normal faults. With wet clay, the pre-existing

extensional faults do act as zones of weakness and exert a

strong control on the resulting inversion geometry.

The ability of faults (regardless of their original dip) to

reactivate in the wet clay models may be due to the high

fluid pressure that exists in the clay during shortening.

Experiments at Mobil Technology Company, using water-

soluble coloring for the clay layers, clearly showed that

colored water was expelled at the model surface along thrust

fault traces during shortening. This experimental condition



Fig. 8. Comparison of thrust patterns formed in a variety of sand experiments during shortening and inversion. Note that in dry sand, both the shortening and

inversion experiments produce a conjugate thrust fault system that bypasses the original normal faults, despite variation in footwall geometry, displacement,

sand composition, and experimental apparatus. (a) Shortening model (this paper) using dry sand over metal plates. Conjugate thrusts form when sand is

shortened (4 cm). (b) Inversion model (this paper) using dry sand (4 cm extension, 4 cm shortening) over metal plates. (c) Inversion model using a mixture of

dry sand and mica (12.5 cm extension, 7.1 cm shortening) over a horizontal detachment. Interpreted and redrawn from McClay (1989). (d) Inversion model

using dry sand (7 cm extension, 8.1 cm shortening) over rigid listric footwall. Extension used a moving mylar sheet, shortening occurred with a fixed mylar

sheet. Interpreted and redrawn from Buchanan and McClay (1991). (e) Inversion model using dry sand (6 cm extension, 5.5 cm shortening) over a rigid

footwall with a ramp/flat geometry. Extension used a movingmylar sheet, shortening occurred with a fixed mylar sheet. Interpreted and redrawn from Simmons

(1991).
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may be similar to situations in real rocks where high fluid

pressure enables inversion of faults that are theoretically too

steep to be mechanically reactivated (Sibson, 1995).

The observation that most normal faults in sand models

show little to no reactivation has been noted before, and has

led researchers to a variety of conclusions about inversion

structures in general. For example, Koopman et al. (1987)

conducted two different sand models of inversion, both with

rigid basement blocks under layered sand. They noted that

the inversion was either partly or completely accommodated
along new reverse faults instead of reactivating pre-existing

normal faults. They concluded that the experimental models

support the theoretical analysis that it becomes mechani-

cally unfavorable to reactivate a steeply dipping normal

fault as a reverse fault (Jaeger, 1960; Stearns et al., 1981;

Sibson, 1985). This analysis was supported by Krantz

(1991) who was only able to get fault zones in sand to

reactivate by tilting the model and thereby lowering the dip

of the pre-existing faults.

Nalpas et al. (1995) and Brun and Nalpas (1996) tested
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the tendency of normal faults in sand to be reactivated

depending on the obliquity of the shortening direction. They

extended layered sand under boundary conditions similar to

those in our models, and then tested different angles for the

shortening direction. They showed that the pre-existing

normal faults in the sand were only reactivated when the

obliquity angle was lower than 458 (i.e. when there was a

significant strike-slip component to the shortening). Both

papers concluded that a strike-slip component of defor-

mation was essential for fault reactivation in real rocks. We

concur that there is little to no reactivation of the pre-

existing normal faults in sand models without oblique

shortening, but point out that this conclusion is material-

dependent. Our wet clay models showed strong fault

reactivation of both steep and gently dipping faults, even

when the direction of later shortening is orthogonal to the

trend of the normal faults.

Simmons (1991), Brun and Nalpas (1996), and McClay

and Buchanan (1992) all describe similar behavior in sand

during inversion experiments: little to no fault reactivation

and thrust faults emanating from the tips of pre-existing

normal faults. Because of the uniformity of deformation

features seen in a wide variety of sand inversion models,

McClay and Buchanan (1992) suggest that footwall short-

cuts, out-of-the graben thrusts, and backthrusts may be

diagnostic characteristics of inversion structures. In con-

trast, Eisenstadt and Withjack (1995) noted that these

deformation features only occur in clay models after

extreme amounts of shortening and that most deformation

features in the clay inversion models are extremely subtle.

The fact that faults in dry sand actually show any

reactivation under some circumstances has produced

speculation about the nature of faulting in dry sand.

Simmons (1991) noted that normal faults in the sand

models have ‘no memory’. He speculated that the dilatancy

that occurs within fault zones in sand disappears as the sand

settles and becomes re-packed, therefore removing any

mechanical contrast between the fault zones and the

unfaulted sand. If true, then one would expect no

reactivation, no matter what the boundary condition is.

The evidence of slight reactivation of faults in sand may

indicate that dilatancy along fault zones does not completely

disappear (Sims et al., 1999), and therefore faults in sand

have some ‘memory’ of deformation (Krantz, 1991;

Lohrmann et al., 2003).

Sand and clay inversion experiments represent two end

members of the behavior of real rocks. Sand models with

forced motion along a rigid footwall (i.e. Fig. 8d and e) may

be most analogous to inversion structures where defor-

mation occurs only along the boundary fault. Sand models

with a deformable footwall may best represent cases where

there is little to no reactivation of any normal faults (Fig. 8b

and c). Clay models represent the other extreme—where

most pre-existing normal faults are reactivated, regardless

of fault dip. In the models, this may be due to the presence of

high fluid pressure along the fault zone.
8. Conclusions and application of modeling results to

natural rocks

Both dry sand and wet clay are considered to behave as

Mohr–Coulomb materials for the purpose of physical

modeling, though neither material exhibits perfect frictional

plastic behavior. Ode’ (1960) pointed out that both wet clay

and dry sand deviate from idealized rock behavior in that the

faulting in both materials can be stopped with the removal

of applied stress, leaving the areas between faults

permanently deformed; while Griffith cracks propagate

close to the speed of sound and once started, cannot stop.

While neither material is theoretically perfect for scaled

modeling, it is remarkable how well both dry sand and wet

clay reproduce deformation patterns that occur in brittle

crustal rock.

By testing both materials in a series of extensional,

compressional, and inversion experiments, we demonstrate

that the different rheological properties of the two materials

cause both subtle and significant differences in deformation

patterns. The choice of which material to use in an analogue

modeling depends on the deformation feature or process

being investigated.

The gross deformation geometries of extensional and

compressional models are similar with both sand and clay.

Therefore, if large-scale geometric features are being

studied, both materials will yield similar results. However,

caution must be used when comparing sand and clay models

because the development of the structures through time is

different; through-going faults in clay do not form as

quickly as they do in sand.

Rheological differences between dry sand and wet clay

do cause subtle but important small-scale differences in

deformation during extension and shortening. Dry sand has

lower cohesion and a larger grain size than wet clay. These

factors create the following differences:

1. Fault propagation rate and fault linkage. Faults develop

and link rapidly in dry sand while initiating and

propagating slowly in wet clay. The slower fault linkage

in wet clay, coupled with more numerous and sinuous

faults, creates more relay ramps in extension and more

lateral ramps in compression.

2. Fault width, spacing, and displacement. The larger grain

size of dry sand is responsible for wider fault zones in

sand models. Because dry sand is weaker than wet clay,

faults form more quickly in sand. There is more

displacement along individual faults, and fewer faults

are formed in sand than in wet clay.

3. Extent of deformation zone. Because faults form and

propagate so rapidly in sand, deformation is quickly

accommodated along those faults, creating a limited

deformed volume. Much of the early faulting in clay is

microscopic in scale, and is manifested as distributed

deformation. The slower rate of fault propagation in clay

means that more deformation is distributed along small
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faults before they finally link and form through-going

faults.

4. Amount of folding vs. faulting. The low cohesion of sand

precludes any significant folding; most strain is

accommodated by faulting. In contrast, wet clay deforms

by both faulting and folding.

If physical modeling is being used to study the above

deformation features, it may be necessary to repeat

experiments with both dry sand and wet clay. This

precaution will prevent properties specific to either sand

or clay from biasing the results.

We found that fault reactivation is the deformation

feature most sensitive to rheological differences. There is a

large difference in both large-scale and detailed inversion

geometries between dry sand and wet clay models. Faults in

sand are barely reactivated. There are some thrusts that

emanate from the tips of pre-existing normal faults, but most

shortening is accommodated along newly formed sets of

conjugate thrusts. The geometry of inverted sand models

closely resembles that of sand models without pre-existing

normal faults.

In contrast, almost all pre-existing extensional faults in

wet clay behave as zones of weakness and show reactivation

during inversion. The shortening is distributed throughout

the original extensional half-graben; small thrusts appear

primarily in areas of the model that contained no pre-

existing normal faults. Our experiments suggest that the

high water content of wet clay (Fig. 1) may have an effect on

its behavior during shortening and inversion. During

shortening, the high pore fluid pressure seems to delay

fault formation, so that less displacement is observed along

faults than in corresponding extensional experiments.

During inversion, the high fluid pressure appears to

facilitate fault reactivation along pre-existing extensional

faults regardless of dip or orientation.

Many conclusions about the geometry and kinematics of

inversion structures have been derived from sand models

and may not apply to all natural examples. Clay models, in

contrast to sand, show that steeply dipping faults can be

significantly reactivated in pure orthogonal shortening;

strike-slip displacement is not necessary. Deformation

patterns in clay models suggest that footwall shortcuts,

backthrusts, and out-of-graben thrusts (common features of

sand inversion models) may not be ubiquitous features of

actual inversion structures. Instead, in the clay models,

inversion is distributed throughout the original extensional

half-graben along many small-scale normal faults. The

nature of the small-scale deformation in the clay models

means that such features, if occurring with inversion in

natural rocks, would be very difficult to image on seismic

data. We suggest that clay models are most applicable to

inversion structures with fault zones substantially weaker

than the host rock; either because of high fluid pressure

along fault zones (Sibson, 1995) or because the fault gouge

itself is weaker than the host rock (Stearns et al., 1981).
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Appendix A. Pre-dyed Sand

Pre-dyed silica craft sand is available from Activa

Products, Inc. The sand needs to be sieved to remove coarser

fractions and mixed with 50% (by volume) non-dyed sand.

It is currently available in 22 colors.

Activa Products, Inc., P.O. Box 472, Westford, MA

01886, USA. C1 508 692 9300. www.activa-products.com
Appendix B. Measuring cohesive strength of wet clay

The cohesive strength of clay was determined by

measurements using a CarrieMede CSL 100 controlled

stress rheometer with a parallel plate configuration. The clay

sample is placed between two horizontal circular plates. The

bottom plate is lowered to facilitate sample loading and then

raised to a pre-determined height, but it does not rotate. The

4 cm diameter upper plate is fixed to a vertical shaft that is

supported by an air bearing. Torque is imparted to the shaft

via induction, and the torque translates to a recorded

shearing stress proportional to the area of the plate

contacting the sample. Supported by the air bearing, the

vertical stress exerted upon the sample via the upper plate is

virtually zero. For the clay measurements, the distance

between the plates is 1500 mm, more than 10 times the

diameter of the largest particle (100 mm) within the sample.

The rheometer surfaces in contact with the sample are

machined stainless steel and while not polished are

relatively smooth. Slippage was observed in some tests,

identified by carefully lowering the bottom plate and

examining the clay surface after each test. Results with

evidence of slip between the plate and sample were

discarded.

Sample thickness, when loaded between the upper and

lower plates, is so small that vertical stress imparted by

sample mass is assumed to be negligible. The sample is

placed between the plates and allowed to equilibrate for

10 min before the test begins. Equilibration allows elastic

strains imparted during sample loading to relax (Sims,

1993). After equilibration, shear stress is increased linearly

mailto:www.activa-products.com
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from zero and shear strain and stress recorded. When non-

recoverable shear strain is greater than zero, the correspond-

ing shear stress (yield stress) is recorded.

Failure was observed to occur along a discrete surface

invariably in the uppermost portion of the sample. In some

tests, vertical markers were applied to the clay when

exposed at the edge of the parallel plate system. Markers

were applied by touching the clay with a thin knife blade,

taking care not to touch the rheometer plates. This produced

a very narrow ridge in the clay that was oriented

perpendicular to the rheometer plates. Visual comparison

using a small machinist’s square as reference before and

after testing showed no detectable shearing of the markers,

except at the discrete failure plane.

The failure plane in the clay sample was observed as

parallel with the rheometer plates. Because the upper plate

is supported by an air bearing, and because the failure plate

occurred near, but not at, the contact between the sample

and the upper plate, the normal stress across the failure

plane was assumed to be zero. Yield stress of the clay is

recorded at the amount of shear stress required to induce

non-recoverable shear strain in the test sample. Frictional or

Mohr–Coulomb materials are said to have cohesive strength

if a plane with zero normal stress will support some shear

stress without displacement. From simple observation, it is

clear that frictional failure models such as Mohr–Coulomb

do not adequately describe the material properties of the

clay mix used in these experiments. In the case of the clay

tests reported here, clay yield stress is similar to cohesive

strength in that it is a measure of resistance to shearing along

a plane with zero normal stress. For convenience, we refer to

the clay yield stress as cohesive strength.
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