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Abstract--Two series of experiments were undertaken to investigate the development  of faults in a cover 
sequence overlying a reactivated basement fault with oblique-slip. The experiments represent physical models 
properly scaled to account for gravitational forces, brittle behaviour of the upper cover and ductile behaviour of 
evaporites in the lower cover. Models were made with a Coulomb layer (sand) overlying a Newtonian ductile 
layer (silicone putty). In each series, the thickness of the silicone layer was varied from each experiment to the 
next. In all normal-wrench experiments,  a domain of faults appeared in the brittle layer. Vertical offsets were 
mostly of normal sense, but some reverse faults occurred in experiments with thick silicone layers. The thicker 
the silicone, the wider the fault domain. The deformation zone was, in all cases, limited to the faulted domain. In 
the reverse-wrench experiments ,  discrete reverse Riedel faults appeared without a silicone layer. As the silicone 
layer became thicker, the importance of the reverse faults diminished. With the thickest layer of silicone (3 cm), 
no faults appeared in the overburden, but a monoclinal flexure accommodated the dip-slip component.  In the 
presence of silicone, the deformation zone was not limited to a faulted domain,  and the strike-slip component  was 
accommodated by a bulk shearing of the overburden in the uplifted compartment .  These experiments 
demonstrate that, in basins deformed in oblique-slip mode, any deformation that is localized along discrete faults 
at the basement level becomes distributed over a much wider zone of overburden when this overlies an interval of 
evaporites. 

INTRODUCTION 

IN MANY areas, sedimentary cover overlies a faulted 
basement. In such cases, deformation in the brittle cover 
is strongly dependent on the localization of deformation 
on the basement faults. When an interval of evaporites 
or clay lies between the cover and the basement, the 
deformation in the cover is often geometrically indepen- 
dent from the deformation accommodated in the base- 
ment (Fig. 1). This structural influence of evaporites or 
clay is caused mainly by its contrast in flow. In the 
present experimental study, we have modelled the influ- 
ence of an interval of evaporites on the deformation of a 
brittle cover overlying a basement fault reactivated in 
oblique (reverse-wrench or normal-wrench) mode. 

Previous work 

EXPERIMENTS 

Many experimental studies (Cloos 1928, Riedel 1929, 
Wilcox et al. 1973) have simulated the deformation of a 
sedimentary cover above a reactivated single basement 
fault in strike-slip mode, by placing a cake of unbroken 
clay on two basal rigid plates which could be moved 
parallel to one another. Sand has also been used for 
wrench faulting experiments (Naylor et al. 1986, 
Richard & Cobbold 1989). The clay and sand were used 
to model the brittle behaviour of natural rocks. To 
model the behaviour of ductile natural rocks, silicone 

putty has been used (Davy 1986, Vendeville et al. 1986). 
The formation of positive flower structures at various 
scales has been investigated in experiments in which a 
pack of sand overlying a silicone layer was deformed in a 
convergent wrench context (Richard & Cobbold 1989, 
Richard 1990). Simultaneous folding and faulting of a 
multilayered ductile-brittle cover in strike-slip mode has 
been performed by deforming multilayered silicone- 
sand models (Richard 1990, Richard et al. in press). 
With this present work, the influence of a viscous layer 
on the faulting of a sedimentary cover in oblique-slip 
mode has been investigated. 

Scaling of  brittle-ductile experiments 

The theory of scale models has been applied to the 
earth sciences by Hubbert (1937) and Ramberg (1967). 
An analogue model is representative of a natural 
example if the experimental and natural systems are 
dynamically similar; this requires both (1) similar distri- 
butions of stresses and forces and (2) similar rheologies 
and densities. 

If inertial forces are negligible, the balance of forces is 
expressed as 

Ouij/OXj + Pgi = 0, (1) 

where trij are stresses, Xj are length vectors, gi are 
components of the gravity vector and p is density. In 
equation (1) we use Cartesian vector and tensor com- 
ponents, with the summation convention for repeated 
suffixes. To compare an experimental and a natural 
system which have different geometrical and temporal 
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Fig. 1. Interpretat ion of  a seismic line across the  Sole Pit High (Nor th  Sea). A de tachment  zone (Lower  Triassic evapori tes)  
separates  cover and b a s e m e n t  fault systems ( redrawn from Van H o o r n  1987). 

scales, it is convenient to consider scale ratios, between 
an experimental parameter (force, stress, length, etc.) 
and its natural counterpart.  Various scale ratios have 
been defined (subscript m and n refer to model and 
nature,  respectively): 

length ratio = L* = Lm/L n 

stress ratio = o* = am/O n 

gravity ratio = g* = gm/gn (2) 

density ratio = p* = pm/Pn 

viscosity ratio = H* = H m/fl n "  

Equation (1) applied to the model can be written using 
the parameters of the natural system and the scale ratios: 

+ * * .  ( 3 )  P "g i  ( P n ' g i n )  = 0 .  

To be verified in nature, this equation requires that 

a* = L* .p* .g*. (4) 

All the experiments were done in the Earth 's  field of 
gravity and thus g* = 1. The difference in density 
between analogue materials and natural rocks is negli- 
gible and thus we consider p* = 1. Equation (4) reduces 
to 

a* = L*. (5) 

For a brittle material with a Mohr-Coulomb criterion 
of failure, 

r = C + on tan @, (6) 

where r and an are, respectively, the shear stress and the 
normal stress acting on the failure surface. @ is the angle 
of internal friction of  the material and C is the cohesion 
with dimensions of stress. This equation expresses a 
t ime-independent  rheological behaviour. 

In the upper brittle crust (5-10 km) rocks apparently 
have an angle of internal friction close to 30 °, and a 
cohesion that is negligible compared with values of mean 
stress in the crust (Byerlee 1978, Vendeville 1987). The 
sand used in the experiments is a dry quartz sand with 
negligible cohesion and an angle of internal friction @ = 
30-32 ° . Thus both the natural example and the model 
satisfy equation (6) and the sand is correctly scaled for 
the brittle behaviour of the upper crust. 

A Newtonian ductile material has rheological behav- 
iour according to the equation 

°;~ = ~ " G  (7) 

where/~ is viscosity, k is strain-rate and a '  is deviatoric 
stress. 

Using the scale ratios (2) and the equations (6) and (4) 
yields 

o *  = , u * . / ~ *  = L * .  ( 8 )  

Instead of using the ratio of strain-rates, k*, we can 
use the ratio of boundary velocities (displacement 
rates), U*, and write 

~*= U*/L*. (9) 

Substituting (9) in (8), we obtain 

H*" U* = (L * )  2. ( 1 0 )  

Equation (10) can be written 

flm/,t.Zn" Um/U n = ( Z m / L n )  2 (11) 

with H in Pa s, U in m s - t  and L in m. 
Figure 2 shows the predicted natural rock viscosity, 

H,,  calculated according to equation (11), for silicone 
viscosity of 2 x 104 Pa s and for various fixed values of 
L*, Um and U,. For reasonable ranges of the latter 
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Fig. 3. Block diagram of the experimental apparatus. A and B--Basal plates (150 x 50 cm each); C and D---Characteristic 
section of an undeformed sand-silicone model; E---Grid of passive markers on the free surface of the model; F and G-- 
Variable attitude flaps; H and I--Imposed displacements to plate B. During the deformation, a velocity discontinuity is 

created beneath the middle plane of the model. 

parameter, /~n ranges from 1017 tO 1019 Pa s. This is 
consistent with the evaporite viscosities estimated by 
Od6 (1968). 

Experimental apparatus 

The experimental apparatus used for the oblique-slip 
experiments consisted of a large table (2 x 1.5 m) 
divided into two halves. The central part of the appar- 
atus is represented in Fig. 3. One half (B) can be moved 
simultaneously laterally (H) and vertically (I) past the 
other (A), which is fixed, by two geared motor  drives, 
thus modelling oblique-slip motions on a single base- 
ment fault. The dip of the basement fault can be changed 
by varying the attitude of two flaps (F, G),  and thus, 
reverse or normal motions on the basement fault can be 
obtained. Different ratios of strike-slip/dip-slip motions 
(SS/DS) are fixed by changing the respective speed of 
the two geared motor  drives. Each SS/DS ratio corre- 
sponds to a particular oblique-slip motion (OS), and to a 
particular angle, with the relation SS/DS = tan a,  where 
a is the pitch of the slip vector upon the fault plane. 

Vendeville 1987). The silicone putty has an almost 
perfectly Newtonian ductile behaviour, a viscosity of 
2 x 104 Pa s, and a density of 1.15. These properties 
make the silicone a good analogue for ductile evaporites 
at the basin scale (Vendeville et al. 1986, Vendeville 
1987). 

Models were scaled using the equations previously 
discussed. Scale ratios between models and natural 
examples are, respectively, 2 × 10 -5 for length (10 -2 m 
represents 500 m), 1.3 × 10-14 for viscosities (implying a 
viscosity of 1.5 × 1018pa s for evaporites) and 7 x 10 -1° 
for time (1 h of experiment  represents 170,000 years). A 
length ratio (L*) of 2 × 10 -5 (10 -2 m represents 500 m) 
has been chosen. For  a fixed natural displacement rate of 
3 cm yr -1 (9.5 x 10 -1° m s - l ) ,  an experimental displace- 
ment rate in the range 5-20 cm h -1 (1.4 × 10-5-5.6 x 
10 -5 m s -1, can then be used without influence on the 
natural rock viscosity (Fig. 2), which ranges between 1 × 
1018 and 3 x 1018 Pa s. These values are consistent with 
the evaporite viscosities (Od6 1968). 

Experimental procedure 

Model materials 

Experiments were made using two different 
materials: a sand (100% quartz) and a silicone putty 
(gomme GS1R, manufactured by Rhrne-Poulenc,  
France). The sand is a Coulomb material, with an angle 
of internal friction qb = 30-32 °, similar to the angle of 
internal friction determined experimentally for rocks 
under low pressures and temperatures  (Byerlee 1978). 
The deformation of the sand is t ime-independent.  The 
sand is appropriate for  modelling the brittle behaviour 
of upper crustal rocks at basin scale (Horsfield 1977, 

Reverse or normal oblique-slip faulting were each 
studied in a series of  four experiments. The total thick- 
ness of each model was 8 cm. The horizontal dimensions 
were about  70-80 cm (length) by 50-450 cm (width). In 
each series, four types of models were used: type 1, an 8 
cm thick layer of sand; type 2, a 7 cm thick layer of sand 
overlying a 1 cm thick layer of silicone; type 3, 6 cm of 
sand overlying 2 cm of silicone; type 4, 5 cm of sand 
overlying 3 cm of  silicone. The strike-slip/dip-slip ratio 
was the same for each experiment (SS/DS = 1). The 
oblique-slip has been fixed, in each experiment,  at 4 cm. 
In normal oblique-slip experiments,  the dip of the base- 
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Fig. 4. Normal  oblique-slip experiments  (SS/DS = 1). Photographs and line drawings of faults developed with the same 
normal  oblique-slip (4 cm), above a 45 ° basement  fault, with an underlying 0, 1 ,2  and 3 cm thick (a-d) layer of silicone. 
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Fig. 5. Reverse oblique-slip cxperiments (SS/DS = I). Photographs and line drawings of faults developed with the same 
reverse oblique-slip (4 cm), above a 54 ° basement fault, with an underlying 0, 1,2 and 3 cm thick (a--d) layer of silicone. Note 

the bulk shearing of the overburden in cases (c) and (d). 
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ment  fault was 45 ° and in reverse oblique-slip experi- 
ments,  54 ° . Thin markers of white sand were deposi ted 
on the free surface of  each model  to serve as material  
grids for registering displacements and fault motions.  
Vertical components  of  fault mot ion  were  detec ted  by 
photographing the free surface unde r  obl ique lighting. 
After  faulting, each model was impregna ted  with water  
to give cohesion,  and cut in a series of  vertical cross- 
sections perpendicular  to the basemen t  fault. 

E X P E R I M E N T A L  RESULTS 

Normal oblique-slip experiments 

In surface views of  the pure  sand model  (Fig. 4a), a 
g raben  was c rea ted  parallel  and directly above  the 
basemen t  fault.  This g raben  was formed by a normal  
anti thetic fault  (in the down-d ropped  block)  and a 
no rma l -wrench  synthet ic  fault (in the uplifted block).  A 

Sand 

(a) 

Sand 

ment block 

(b) 

Basement block 

(c) 

c m  

(d) ' ' ' 

Fig. 6. Normal oblique-slip experiments (SS/DS = 1). Line drawings of cross-sections through faulted zone formed above a 
45 ° basement fault, with the same normal oblique-slip (4 cm), with an underlying 0, 1, 2 and 3 cm thick (a--d) layer of 

silicone. Note the shifted graben in the uplifted compartment in cases (c) and (d). 
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Fig. 7. Reverse oblique-slip experiments (SS/DS = 1). Line drawings of cross-sections through faulted zone formed above a 
54 ° basement fault, with the same reverse oblique-slip (4 cm), with an underlying 0, I, 2 and 3 cm thick (a-d)  layer of 

silicone. Note the absence of faulting with the thickest (3 cm) silicone layer. 

U Z 4 cm 
i i I 

Fig. 8. Interpretation of the flow of the silicone, from the uplifted compartment to the down-dropped compartment, 
involving the widening of the deformation zone and the creation of a shifted graben in the uplifted compartment. 
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Fig. 9. Alternative interpretation of the same seismic profile. Oblique-slip experiments might favour the compressional 
interpretation.  

strike-slip fault was visible in the middle of the graben. 
Deformation was strictly limited to the graben. 

With a 1 cm thick basal silicone layer (Fig. 4b), no 
large-displacement antithetic fault was visible. An en 
Echelon pattern of faults appeared directly above the 
basement fault. This pattern consisted of small- 
displacement antithetic normal-wrench faults and a 
large-displacement synthetic normal-wrench fault. Nor- 
mal oblique-slip motion was seen on each fault. The 
deformation was limited to the faulted zone. 

With a 2 cm thick basal silicone layer (Fig. 4c), 
deformation was located mostly in the uplifted compart- 
ment. Two en Echelon small reverse-wrench faults 
appeared above the basement fault. A large graben, 
nearly parallel to the basement fault, was created in the 
uplifted compartment.  This graben was formed by two 
normal-wrench faults, and the outer  fault was 7 cm from 
the basement fault. Many small normal faults were en 
Echelon to the trace of the basement fault, in the uplifted 
block. Except on the pure normal fault in the lower left 
corner  of the photograph,  oblique-slip was observed on 
the fault planes. The deformation was limited to the 
faulted zone. 

With a 3 cm thick basal silicone layer (Fig. 4d), 
deformation was located mostly in the uplifted block. 

Many faults were created en Echelon to the trace of the 
basement fault. One large oblique displacement fault 
crossed the model,  which was reverse-wrench in the left 
part of the model (close to the basement fault); normal- 
wrench in the right part (far from the basement fault) 
and accommodated most of the imposed strike-slip 
motion. Two grabens were created en Echelon to the 
trace of the basement fault. The outer  graben was 
bounded by two pure normal faults, with no visible 
lateral offset. The outer  fault was 10-12 cm from the 
basement fault and deformation was limited to the 
faulted zone. 

In cross-sections of the pure sand model (Fig. 6a), a 
normal antithetic fault with small vertical offset was seen 
in the down-dropped block. A normal synthetic fault 
with the large vertical offset was created in the uplifted 
compartment.  The dip of these two faults was about 70 ° . 
In the middle of the graben formed by these two faults, 
were two small vertical offset faults, which were strike- 
slip. All the faults root  in the basement fault. 

With a 1 cm thick basal silicone layer (Fig. 6b), most of 
the faults were synthetic normal faults located in the 
uplifted compartment.  No large antithetic faults were 
visible in the down-dropped compartment.  The faults 
took root in the sand-silicone interface, on a 3 cm wide 
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zone. The silicone has been thinned on the border  of the 
uplifted compartment. 

With a 2 cm thick basal silicone layer (Fig. 6c), a 
graben appeared in the uplifted block, far from the 
basement fault. Two curved reverse faults were created 
above the basement fault. These faults were en 6chelon 
reverse wrench faults, which root in the sand-silicone 
interface, on a 7 cm wide zone. The silicone has been 
thickened under the graben and on the border  of the 
down-dropped block and thinned in the uplifted com- 
partment.  

With a 3 cm thick basal silicone layer (Fig. 6d), one 
reverse fault was visible above the basement fault. Two 
grabens have been created in the uplifted compartment .  
The silicone has been thickened under the grabens and 
in the down-dropped compartment  and thinned in the 
uplifted compartment. Faults root  in the sand-silicone 
interface, on a 10 cm wide zone. 

Reverse oblique-slip experiments 

In surface views, without a silicone layer (Fig. 5a), 
reverse-wrench faults, slightly en 6chelon to the trace of 
the basement fault, characterized the structural pattern 
in the sand. These faults were located in the down- 
dropped compartment,  and deformation was strictly 
localized in the faulted zone. With a 1 and 2 cm thick 
basal silicone layer (Fig. 5b and 5c), one major reverse- 
wrench fault was created parallel to the basement fault, 
in the down-dropped compartment .  These faults seem 
to accommodate most of the imposed dip-slip motion 
and a small part of the imposed strike-slip motion. The 
marker  deformation indicated that most of the strike- 
slip motion was accommodated by a bulk shearing of the 
cover, particularly in the hangingwall of the uplifted 
compartment.  With a 3 cm thick basal silicone layer 
(Fig. 5d), no fault appeared in the overburden,  but a 
bulk shearing of the overburden was visible. Without 
silicone the deformation zone was 10 cm wide and 
limited to the faulted zone. With silicone, the defor- 
mation zone was no longer limited to the faulted zone, 
and was 15-17 cm wide with a 1 cm thick silicone layer, 
20 cm wide with a 2 cm thick silicone layer, and 24-28 cm 
wide with a 3 cm thick silicone layer. 

In cross-sections of the brittle experiment (Fig. 7a), 
oblique reverse faults were developed in the down- 
dropped compartment ,  which root in the basement 
fault. The deformation was located in the faulted zone. 
With 1 and 2 cm of silicone (Figs. 7b & c), the import- 
ance of the reverse faults diminished. Faults root in the 
sand-silicone interface on the uplifted compartment  and 
the deformation zone was no longer limited to the 
faulted area, but a flexure of the overburden was evident 
in the uplifted compartment .  With a 3 cm thick basal 
silicone layer (Fig. 7d), no fault appeared in the over- 
burden.  The reverse dip-slip component  was accommo- 
dated in a gentle monocline in the sand layers and by 
flow in the silicone. The silicone was thinned in the 
uplifted compar tment  and thickened in the down- 
dropped compartment .  

CONCLUSION-DISCUSSION 

To model deformation during oblique-slip, layered 
silicone-sand models have been deformed.  With a basal 
silicone layer, the influence of the basement fault on the 
deformation in the overburden decreased. With no 
silicone layer, all faults root in the basement fault, but 
with a basal silicone layer, faults root in the sand- 
silicone interface over a wide zone. In each experiment 
with a basal silicone layer, the silicone has been thick- 
ened in the down-dropped compartment  and thinned in 
the uplifted compartment .  In fact, during the defor- 
mation, the silicone flowed (Fig. 8) from the uplifted 
compartment  to the down-dropped compartment.  This 
flow involved a widening of the zone of deformation. 
Thus, in reverse oblique-slip experiments (convergent 
wrenching), the overburden deformation changed from 
localized faults originating at the basement fault to 
distributed bulk shearing of the cover as a viscous 
silicone layer was introduced above the basement fault. 
The thicker the silicone, the larger the bulk shearing. In 
normal oblique-slip experiments (divergent wrenching), 
en 6chelon grabens spread the deformation of the cover 
into a wide strip, which was nearly parallel to the 
basement fault, but shifted into the uplifted compart- 
ment. The thicker the silicone, the wider the strip in the 
uplifted compartment .  Vertical offsets have significant 
consequences on structural style, provided there is a 
basal silicone layer. Deformation then migrates into the 
uplifted block. 

The contrast between the geometries developed in 
experiments of convergent and divergent wrenching in 
the presence of a thick viscous horizon is to be noted. 
Faulting in the cover is absent in the convergent case 
(Fig. 5a) but present in the divergent case (Fig. 4a). This 
may help the petroleum geologist to deduce the move- 
ment pattern in horizons below an evaporite interval 
from the structures developed above it. Figure 9 shows 
alternative interpretations of the same confidential seis- 
mic data. The mode of deformation in the basement of 
Fig. 9(a) is extensional; the mode of deformation of Fig. 
9(b) compressional. The gentle warping and the absence 
of well-developed extensional structures in the horizon 
above the salt may be interpreted as an indication that 
shortening rather  than extension produced this struc- 
ture. A comparison with the sand and putty experiments 
would favour the interpretation of Fig. 9(b). 

Discontinuity between basement faulting and faulting 
in the cover-rocks over an interval deformed by ductile 
creep can be produced in simple experiments. Faults do 
not line up across the viscous interval. This is an import- 
ant conclusion from the experiments. The deformation 
accommodated above an evaporite interval may well 
appear to be geometrically independent from the defor- 
mation accommodated in the basement below, even 
when both were caused by the same deformation event. 
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