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Abstract--Scaled sandbox experiments were used to generate models for relative ages, dip, strike and 
three-dimensional shape of faults in basement-controlled wrench faulting. The basic fault sequence runs from 
early en dchelon Riedel shears and splay faults through 'lower-angle' shears to P shears. The Riedel shears are 
concave upwards and define a tulip structure in cross-section. In three dimensions, each Riedel shear has a 
helicoidal form. The sequence of faults and three-dimensional geometry are rationalized in terms of the 
prevailing stress field and Coulomb-Mohr theory of shear failure. The stress state in the sedimentary overburden 
before wrenching begins has a substantial influence on the fault geometries and on the final complexity of the fault 
zone. With the maximum compressive stress (~r 1) initially parallel to the basement fault (transtension), Riedel 
shears are only slightly en dchelon, sub-parallel to the basement fault, steeply dipping with a reduced helicoidal 
aspect. Conversely, with ~1 initially perpendicular to the basement fault (transpression), Riedel shears are 
strongly oblique to the basement fault strike, have lower dips and an exaggerated helicoidal form; the final fault 
zone is both wide and complex. We find good agreement between the models and both mechanical theory and 
natural examples of wrench faulting. 

INTRODUCTION EXPERIMENTAL TECHNIQUE 

THE MOST varied styles of faulting are probably those 
induced in a lithified sedimentary sequence by transcur- 
rent movements on an underlying basement fault. The 
complexities can be attributed to three causes: (a) the en 
dchelon nature of faults and folds associated with wrench 
tectonics, (b) complications due to components of 
reverse or normal dip-slip on the basement fault and (c) 
lateral offsets of basement wrench faults, which create 
local extensional or compressional structures (e.g. 
Rodgers 1980, Crowell 1974, Segall & Pollard 1980). 

A prerequisite for full understanding of wrench fault 
assemblages is a set of models for faults in a sedimentary 
overburden above a single basement wrench fault. We 
integrate scaled model experiments, mechanical theory 
and natural examples. We describe for the first time: (a) 
the sequence of faults in unconsolidated sand models, 
(b) their cross-sectional and three-dimensional 
geometry and (c) the important role of initial stress state 
in modifying the fault patterns. 

Our experiments emphasize the process of faulting 
whilst neglecting, for example, folding, the role of 
lithologic and mechanical layering and pre-existing 
planes of weakness in the sedimentary overburden. 
Despite such idealizations, we find the models essential 
in the recognition and accurate interpretation of wrench 
fault zones. 

Cloos (1928) and Riedel (1929) were amongst the first 
to employ clay-cake models of wrench faulting, followed 
by Wilcox et al. (1973), Rixon (1978) and the shear-box 
models of Tchalenko (1968). More recently, Bartlett et 
al. (1981) examined wrench faulting, with small high- 
pressure rock models. Only Emmons (1969) has pub- 
lished a very limited account on sandbox models. 

Scaling 

A full discussion of scaling is beyond the scope of this 
paper, but the account below suffices to justify our 
approach. Certain idealizations of reality are needed to 
model faulting in the brittle crust. We neglect continuous 
deformation by time-dependent processes such as visc- 
ous flow and creep, which may occur during folding and 
ductile behaviour. 

To ensure correspondence between fault structures in 
the model and nature (the 'geological prototype'), 
scaling rules have to be satisfied (Hubbert 1937, 1951). 
These rules are derived from a mechanical theory appli- 
cable to faulting in both model and prototype. The stress 
limits for faulting, that is the formation of slip-type 
discontinuities, are described by Coulomb-Mohr fric- 
tional plastic behaviour, in which the yield strength 
"/'max = C J r - O "  n tan 4' (where c = cohesive strength, 
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~r n = normal stress and ~b = angle of internal friction). 
Dry sand is a typical frictional plastic material, and its 

use has a long and respected history in soil mechanical 
and geological modelling (e.g. Hubbert 1951, Sanford 
1959). Horsfield (1977) has shown that use of dry sand 
allows proper downscaling of frictional strength of 
natural rocks; stresses are scaled in the ratio of the length 
dimensions of the model and prototype. However, use 
of sand neglects the effect of cohesive strength (c) in the 
geological prototype, because c is practically zero in dry 
sand. 

Clay models have the apparent advantage of generat- 
ing folds and faults, but do not properly scale the yield 
strength (Tm~x) of brittle rocks for two reasons. Firstly, 
the cohesive strength of clay, when scaled up to geo- 
logical units several kilometres thick, implies very high 
cohesive strengths of natural rock. Secondly, the short 
duration of an experiment may not allow water in the 
clay to drain out under increased normal loads. In such 
undrained deformation, the effective confining pressure 
(total pressure minus fluid pressure) remains 
unchanged; the frictional component of yield strength is 
thus constant and not dependent on confining pressure. 
Clay will thus model the behaviour of rocks without 
pressure dependence of yield strength, and with a high 
cohesive strength. Such rocks will show highly ductile 
behaviour before faulting. 

We conclude that whilst clay models may be appli- 
cable for the ductile lower crust, sand models are more 
appropriate to faulting in sedimentary rocks of the brittle 
upper crust. 

Operation of the sandbox 
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Fig. 1. (a) Sandbox used for wrench fault modelling• (b and c) 
Perspective and sectional views of the pre-stressing apparatus fitted to 

the sandbox• See text for discussion. 

The sandbox used for wrench fault modelling is basi- 
cally a table divided into two halves; one half of the table 
can be displaced laterally past the other by a motor 
drive, imitating movement on a single basement wrench 
fault (Fig. la). The rate at which the basement is dis- 
placed is a matter of experimental convenience since 
deformation is not dependent on strain rate in Coulomb- 
Mohr behaviour. 

A pack of dry sand (grain size 0.15-0.3 mm), 10 cm 
thick, is deposited on the table from an overhead hopper 
moving to and fro on rails. This ensures a reproducible, 
uniform density in the pack. According to our scaling 
equation (Horsfield 1977), 10 cm of sand corresponds to 
3 km of sediment resting on basement. Sand stained with 
methylene blue dye is used to make internal marker 
layers within the pack, and a grid of marker lines is 
created at the sandpack surface by sprinkling the dyed 
sand through a slotted stencil. Sandbox models have 
practical advantages over clay models in terms of repro- 
ducibility, ease and speed of preparation and in analysis 
of completed experiments. 

Inspection of resuhs 

Photographs of the evolving experiment are taken at 
regular intervals with an overhead camera. Oblique 

illumination aids recognition of the faults which are 
manifested as brighter or darker surface escarpments 
and as offsets of marker lines. Selected completed 
experiments were impregnated with a dilute gelatin 
solution. The cohesion thus gained by the sand allows 
closely spaced (5 mm apart) horizontal or vertical serial 
sections to be made. Because fluid imbibes less into the 
dilated shear zones (faults) than into the unsheared 
material, faults are visible as lighter coloured zones of 
unwetted sand, as well as by small offsets of the marker 
layers. 

Pre-stressing the sandpack 

In order to apply a stress state other than that which 
results from sedimentation of the sandpack, a modifi- 
cation to the sandbox is needed. This consists of two 
rubber sheets, one fixed to each half of the sandbox by 
runners (Figs. lb & c). For each table-half, two of the 
runners were fixed (at the centre-line and at one end), 
the other two being moved inwards and outwards using 
a crank, chain drives and threaded axles. With this 
apparatus, it is possible to stretch or relax the rubber 
sheet in directions parallel and perpendicular to the 
basement fault. For example, to apply an initial stress to 
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the overburden with ~l (maximum compressive stress) 
parallel to the basement fault and ~3 (minimum principal 
stress) perpendicular to the basement fault, we would 
proceed as follows: (1) stretch the rubber in the direction 
parallel to the basement fault; (2) deposit the sandpack 
in the usual way and (3) allow the rubber to shorten in 
the direction parallel to the basement fault, at the same 
time applying a smaller extension in the perpendicular 
direction. A number of trials are required to determine 
the shortening and extension needed to give the required 
stress state without forming faults which could influence 
the course of the wrench experiment. 

EVOLUTION OF A WRENCH ZONE: 
NO PRE-STRESSES 

Experimental resuhs 

The evolution of experimental wrench fault zones has 
been discussed by several authors (e.g. Cloos 1928, 
Riede11929, Tchalenko 1968, Wilcox etal. 1973, Bartlett 
et al. 1981). Our results are largely compatible with their 
descriptions. With increasing basement displacement, 
the faults developing at surface are (Table 1, Case A, 
Fig. 2): 

(1) En (chelon Riedel shears. Their average strike is at 
17 ° to the basement fault. The shears have lengths of 1 to 
2 times the overburden thickness and overlap slightly 
with one another. Each shear is a 'scissor fault': its sense 
of vertical displacement reverses at its mid-point (where 
it crosses the basement fault). The region between two 
Riedels is always an up-squeezed block (Fig. 3a). 

(2) Short-lived splay faults. These faults develop at or 
near the tips of Riedel shears, and strike at more than 17 ° 
to the basement fault. 

10 cm 

Displ. 2t cm Riedel shears 

Displ 28  cm Riedel shears and first splays (S)  

Displ 5 5  cm Lower angle shears/first P shears (P) 

Disp149 cm More P shears; first shear lenses (L) 

DispL 70 cm Throughgoing fautt zone with shear lenses 

J Active faults / Inactive/partially active faults / /  

Fig. 2. Plan views drawn from photographs showing the evolution of an 
experimental  wrench fault zone. Sandpack is 1() cm thick; no pre-stress 

applied. 

Table 1. Summary  of the characteristics of faults formed in the wrench fault experiments  under  
different initial stress states 

Case A Case B Case C 

O'Hma x O'Hmax 
parallel perpendicular 

No pre-stress to basement  fault 

Strike of first Riedels (1) Mean 17 05 37 
95% are < 30 14 50 

Dip at surface (degrees) Mean 86 83 75 
95% are > 75 70 45 
Range 64-90 61-90 41-90 

Dip at basement  (degrees) Mean 77 83 63 
95% are > 65 70 35 
Range 50-90 64-90 20-90 

Displacement  (2) 37 ° Riedel - -  - -  0.3" 
17° Riedel 0.15" - -  0.4 
0 ° Riedel 0.25 0.1" 0.8 
Complete  zone 0.35 0.2 0.8 

Surface width of fault zone (2) 1.0 0.4 2.1 
Length of first Riedels (2) 1.6 1.6 3.6 

4 .1+  

( 1 ) Strike in degrees,  measured  with respect to basement-faul t  direction. These are apparent  dips 
(in degrees) seen in vertical sections perpendicular to the basement  fault. Corrections to true dip are 
generally minimal (see text). 

(2) Measured as fraction of overburden thickness. 
*, indicates first fault to form; - - ,  indicates this fault type not formed and + ,  for slightly en ~chelon 

and a single s inuous or straight fault. 
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(3) Lower-angle shears (striking at <17°). These 0. 
shears develop when the splays are inactive, either from 
the tips of Riedel or splay faults or entirely between two 
Riedels. Antithetic Riedel shears (Fig. 4a), striking at 
~72 ° to the basement fault, and with an opposite sense 
of shear to the Riedels, are only occasionally developed; 
their development is dependent on there being a sub- 
stantial overlap between adjacent Riedel shears. 

(4) P shears. These shears are occasionally formed; 
they have the same sense of shear displacement as the 
Riedels but cross the basement fault in the opposite 
direction (ideally at -15  ° to the basement fault). The 
lower-angle shears and P shears connect the discon- 
tinuous Riedel shears. 

The final fault pattern is thus an anastomosing zone of 
faults defining shear lenses, with the displacement being 
concentrated on the central throughgoing faults. 

Experiments with different sandpack thicknesses 
show that the Riedel shear lengths can be used to 
determine the approximate depth of sediment overlying 
basement (Table 1). The stage reached by a fault pattern c. 
is indicative of the total basement displacement, expres- 
sed in units of overburden thickness (Table 1, Fig. 2). 

Significance of  Riedel shears 

During simple shear of a frictional plastic material, tr~ 
attains an orientation at 45 ° to the imposed shear direc- 
tion (Mandl et al. 1977). However, frictional plastic 
material tends to deform according to the Coulomb- 
Mohr slip concept (e.g. Jaeger & Cook 1976), faults 
being oriented at 45 ° - ~b/2 to ol. Riedel shears are 
Coulomb-Mohr faults, at least at the free surface where 
tr~ and tr3 are horizontal. Densely packed sand has an 
angle of internal friction (tk) of 35-40 °, which implies 
that the angle between a shear and o-~ should be 28-25 °, 
or that the shear strikes at 17-20 ° to the basement fault, 
as observed (Fig. 4a, Table 1). 

Significance of  later faults 

The surface strikes of these faults also fit a Coulomb- 
Mohr slip model. We consider splay faults, lower-angle 
shears and P shears as due to modification of the initial 
stress field. At  the tip of a fault, stresses will be re- 
oriented as indicated schematically in Fig. 4(b). On the 
extensional side of the fault tip, ~r I will swing into 
orientations striking at >45 ° to the basement fault, and 
in addition the mean stress will be reduced. Faults will 
form readily under such conditions [cf. the active state of 
soil mechanics, e.g. Terzaghi (1966)]. The experimental 
splay faults are of this type and form consistently on the 
extensional side of the tip of a Riedel shear. They are 
short lived for kinematic reasons: their orientation is not 
suitable to take up large displacements imposed by the 
basement shear. 

Similarly, the discontinuous Riedel shears are in- 
capable of taking up all the basement displacement; 
interconnecting faults are clearly needed. On the com- 
pressional side of the Riedel shear tip, and more gener- 

Synthetic Riedel 
sheer, R ~@ 

- " - = - -  . . . . .  ~ - - V - ) 7 - - "  - ' - - .~,r -  - 

~ ] ~ l e O e l  sneaq t~ 

b. 

6~ "~6Xec~°6~? x~ 

Ried re[ ~ P Shears 

R ~ (rotated) 

P Shear 

Fig. 4. Mechanical basis for the observed wrench fault pattern. (a) 
Riedel shears developed as Coulomb slip planes, tr 1 oriented at 45 ° to 
the basement fault strike. (b) Stress re-orientation on the compres- 
sional and extensional sides of the tip of a Riedel shear, showing 
potential secondary faults. (c) Stress re-orientation between two 

Riedel shears, generating lower-angle Riedel shears or P shears. 

ally between two overlapping Riedel shears, tr 1 will be 
rotated towards the Riedel shear direction. Faults 
formed in this stress field will thus strike at < 17 ° to the 
basement fault. The maximum stress rotation would 
occur if the Riedel shears were planes of no shear stress, 
when ~r I would be parallel to the Riedels. P shears 
striking at -15  ° to the basement fault closely approach 
this condition. 

Discussion 

High-pressure experiments with rock models do not 
predict identical development of a wrench zone (Bartlett 
et al. 1981). Riedels and P shears develop (almost) 
simultaneously (Table 2). This difference is attributed to 

Table 2. Sequence of active faults in different wrench fault models 

Sandbox Clay Rock 
models models models 

(this study) (e.g. Wilcoxetal. 1 9 7 3 )  (Bartlettetal. 1981) 

R R ,R '  R,P 
R,S - -  - -  
R,Y (R') R , P : X , R '  
R ,Y,P  (R,P) ,Y Y 

R, synthetic Riedel shear; R',  antithetic Riedel shear; S, splay fault; Y, 
Y shear (= lower angle Riedel shear of this paper) parallel to basement 
fault and X, X shear, perpendicular to basement fault. 



S a n d b o x  m o d e l s  o f  w r e n c h  f au l t i ng  

O"Hmax 

_¢ 

Fig. 3. Photographs showing typical Riedel shear patterns in the three types of experiment. (a) Case A, no pre-stress (as in 
Fig. 2). (b) Case B, sandpack pre-stressed with o'1 parallel to the basement fault. (c) Case C, sandpack pre-stressed with tr 1 
perpendicular to the basement fault. In all cases, sandpack is 10 cm thick and illumination is from the northern (top) side of 

the picture. 
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R R 

I0 cm 

I 

R R 

R R 

L 

R 

Basement I 
fau l t  R = RiedeL shear 

Fig. 6. Typical cross-sectional views of experimental Riedel shears, after impregnation and slicing of the sandpack. (a, b and 
c) correspond to the three stress states shown in Fig. 3. 
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the far greater elastic stiffness of limestone compared 
with sand; limestone will accommodate very limited 
displacements on Riedel shears before P shears have to 
form. The X shears in Bartlett's experiment may be 
rotated antithetic Riedel shears (cf. Mandl in press), 
post-peak strength faults allowing shear under reduced 
load (Bartlett et al. 1981). The Y shears in these experi- 
ments, and principal displacement shears in clay models 
are equivalent kinematically to our lower-angle Riedel 
shears, the late developed faults allowing development 
of a throughgoing fault zone. 

It may be noted that experiments, and our analysis of 
stresses during wrench faulting, predict only two types of 
faults after Riedel shears: splay faults and lower-angle 
shears (including P shears). These two types, amongst 
several others of doubtful significance were predicted by 
Chinnery (1966a, b) in a more sophisticated, but no 
more physically appropriate, model of elastic dislocation 
theory. 

a. 

The examples shown in Fig. 5 demonstrate the com- 
patibility of the experimental results with natural cases 

of wrench faulting. En 6chelon fault patterns charac- 
terize the early stages of wrench and oblique-slip tec- 
tonics on various scales (Figs. 5a & c), for example in the 
Najd fault zone, Saudi Arabia (Moore 1979), the Alpine 
fault, New Zealand (Bishop 1968), the Fitzroy Trough, 
Australia (Smith 1968), the Dasht-e-Bayaz fault, Iran 
(Tchalenko & Ambraseys 1970, Tchalenko 1970), the 
faults of Shikoku Island, Japan (Kaneko 1966), the 
Newport-Inglewood trend, California (Wilcox et al. 
1973), the San Andreas fault (Sharp 1975), and the Dead 
Sea Rift (Garfunkel et al. 1981). In many field cases, 
wrenching does not progress beyond the first set of 
Riedel shears. 

Scissor faults comparable with those in experiments 
include faults in the Taranaki graben, New Zealand 
(Pilaar & Wakefield 1978), the Seal Beach oilfield, 
California (California Division of Oil and Gas 1960) and 
the Highland Boundary Fault, Scotland (Anderson 
1946). 

Examples of splay faults (Fig. 5b) include the faulting 
in the Al~s coal basin, France (Arthaud & Matte 1977), 
the Alpine fault, New Zealand (Chinnery 1966b), possi- 
bly the Craven Fault system of northern England (An- 
derson 1951) and the faults of Shetland (Flinn 1977). 
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Fig. 5. Natural examples of wrench fault patterns. (a) Riedel and P shears in the Dasht-e-Bayaz fault zone, Iran (after 
Tchalenko 1970). (b) Splay faults in the Al~s coal basin, France (after Arthaud & Matte 1977). (c) En 6chelon shears 
showing characteristic scissor faulting in the Taranaki graben, New Zealand, where wrenching post-dated graben formation 
(after Pilaar & Wakefield 1978). (d) Seal Beach oilfield, on the Newport-Inglewood trend, California (after California 

Division of Oil and Gas 1960). 
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The anastomosing faults typical of fully developed 
wrench systems are seen in, amongst others, the San 
Andreas fault system (Diblee 1968, Scholz 1977, Blake 
et al. 1978), the North Anatolian fault and the Dasht-e- 
Bayaz fault zone (Tchalenko 1970, fig. 5a). Anastomos- 
ing fault patterns are themselves often used as evidence 
for strike-slip faulting (e.g. Woodcock & Robertson 
1982). 

THREE-DIMENSIONAL GEOMETRY OF FAULTS 

Riedel  shears 

A typical vertical section through the early stage of an 
experimental wrench zone (Fig. 6a) shows two concave- 
upwards Riedel shears, diverging from the basement 
fault, forming a 'tulip structure'. The shears have steep 
dips, typically 65 ° near the basement and 75-90 ° near the 
surface (Table 1). The degree of symmetry and width of 
the pattern depend primarily on the location of the 
section. 

The three-dimensional geometries of many individual 
Riedel shears have been reconstructed from vertical and 
horizontal serial sections. Each shear has a helicoidal or 
'plough-share' shape (Fig. 7a), which is a consequence 
of three factors: the en 6chelon nature of the shears at 
the surface, their concave-upwards geometry and the 
need to join a single basement fault at depth. The 
geometry of these shear faults is analogous to the form of 
en 6chelon tension cracks in small-scale shear zones 
(Wilson 1970, Pouba 1974, Knipe & White 1979, Pollard 
et al. 1982) and in glaciers (Meier 1960, Hambrey & 
Milnes, 1977). Of course, extension fractures are gener- 
ally parallel to the local cr x direction, whereas shear 
faults are oriented at 45 ° - ~b/2 to o x. 

Reconstructions from serial sections indicate that each 
shear has the form of a parallelogram in lateral view 
(Fig. 7b). The terminations of faults are not vertical and 
may thus be seen to die out downwards or upwards in 
vertical sections. The horizontal displacement on a shear 
dies out towards its ends, where it is taken up by 
adjacent, overlapping faults. 

:L 

/ I/O~verburden~X~ / .k/ V /  

Basement 

Sand surface 

Basement surface 

............ • / ,,,,,, / \ ................ 
C. 

Contour map 

0 

9 - - - - _ _ . . _ _ _  . . . . .  

5 cm . . . . . .  5 cm ~ 2  9 

c 6 
Contours: cm below sand surface 

Sense of strike-slip 

Fig. 7. (a) Helicoidal geometry of an individual Riedel shear, reconstructed from horizontal serial sections. (b) Schematic 
lateral view and (c) contour map, showing the parallelogram form of Riedel shears and their non-vertical terminations. 
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Mechanical significance of  cross-sectional shape 

Before wrench faulting begins, the horizontal normal 
stresses have equal magnitudes in all directions. Near 
the free surface, the shearing action of the basement will 
increase the horizontal stress at 45 ° to the basement 
fault, making it cr H max and eventually ~1, the maximum 
compressive stress. The stresses in the subsurface will 
differ from these because of shear stresses ('drag') 
induced in the overburden by the strike-slip movement 
of the basement (Fig. 8a). These shear stresses are zero 
at the free surface and increase towards the basement. 
The resultant changes in cq direction are shown sche- 
matically in Fig. 8(b). 

The amount of stress rotation increases towards the 
basement fault; ~h rotates (a) towards parallelism with 
the vertical plane containing the basement fault strike 
and simultaneously (b) to a greater inclination with 
respect to the basement surface. Figure 8(b) indicates 

Basement 

Strike-slip 
a, movement 

b 

Strike of 
basement 
fault 
projected up 
into 
overburden 

Slip element 
\ 

i , p .  hori,onta, ood at 
~ 45 ° to strike of 

i I ~ .  | basement fault 

~ j 

that Coulomb slip elements associated with these rotated 
directions define a concave-upwards form of Riedel 
shear. 

Tulip or palm-tree structure? 

Convex-upwards fault patterns, 'flower' or 'palm tree' 
structures, are commonly loosely attributed to wrench 
faulting (e.g. Lowell 1972, Sylvester & Smith 1976, 
Harding & Lowell 1979). Our experiments and the 
independent mechanical analysis (above) suggest that 
overburden wrench faults (Riedel shears) due to pure 
strike-slip basement movement are concave-upwards. 
This conclusion is borne out by natural examples, such 
as the Long Beach oilfield in California (Fig. 9b), faults 
in the Moray Firth, Scotland (Fig. 9a) (McQuillin et al. 

WNW ESE 
0 

a. 

X RIEDEL SHEARS Y 

t 

Two-way 
travel time, 
seconds 

2 

b. 

E::/ 
o > t ~m 

Fig. 8 (a) Shear stresses (shown as paired half-arrows) induced in the 
overburden by basement transcurrent movement. (b) Detail of part of 
the overburden in (a), showing the principal stress directions and 

associated Coulomb slip elements. See text for discussion. 

Fig. 9. Natural Riedel shears in cross-section. (a) Seismic line in the 
Moray Firth, Scotland; with permission of Shell U.K. Expro. (b) Long 
Beach oilfield, California (after California Division of Oil and Gas 

1960). 
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1982). Many examples seen on seismic sections are of 
the early stages of wrench faulting, comparable with 
simple Riedel shear patterns (Figs. 3a and l la ) .  Larger 
displacements result in complex fault zones which are 
generally beyond the resolution of seismic data. 

We believe that convex-upwards faults in palm-tree 
structures are due primarily to oblique-slip faulting 
(combined dip-slip and strike-slip movement) on steeply 
dipping basement faults, particularly where the dip-slip 
component is a reverse displacement. Horsfield (1977) 
has shown that such dip-slip movements produce 
appropriately shaped, convex-upwards high-angle 
reverse faults• Furthermore, many natural palm tree 
structures made up of en 6chelon, apparently strike-slip 
faults have large components of dip-slip movement (Fig. 
10) (Allen 1965, Wilcox etal. 1973, Crowel11975, Sylves- 
ter & Smith 1976)• In other cases, there may be 
ambiguity in interpreting the fault shapes from the avail- 
able data (e.g. Harding 1985). Here, the use of models 

and correct identification of pure strike slip or oblique 
slip is important• 

Variations in Riedel shear patterns 

The 'model' Riedel shear geometry, often observed in 
experiments, gives an insight into the stresses associated 
with wrench faulting• A knowledge of the variations is 
needed to aid structural and seismic interpretation. Vari- 
ations are of two types• (a) Variations in width and 
symmetry of the fault zone, and in dip of the faults (Fig. 
11 a) arise due to the position of the section with respect 
to the surface location of the Riedel shears• Near vertical 
Riedel shears, that is those sectioned near their mid- 
point, are commonly bowed with a 'sideways facing 
concavity'• (b) Kinks and feathering of Riedel shears 
(Fig. l lb )  occur due to simultaneous initiation of shears 
at different levels in the overburden, such that segments 
do not coalesce to form a single smoothly curving fault. 
Kinked and branching faults may be more common in 
the lithologically heterogeneous overburdens of nature• 

Splay faults, lower-angle shears and P shears 

Splay faults initiate either smoothly or abruptly from 
Riedel shears, both in plan and cross section (Figs. 2 and 
1 lc). The splays are relatively straight or slightly convex- 
upwards in section and have lower dips than the Riedel 
shears. In the case of a smooth transition, the fault 
changes from a steep concave-upwards Riedel into a 
flatter, straighter splay fault (Fig. 11). Splays may swing 
back into lower-angle shear, P-shear, or orientations, 
with the appropriate change of shape (see below), which 
contributes in plan view to the 'shear lens' structure of 
the fault zone. 

Lower-angle Riedels and P shears, lying within the 
zone defined by the first Riedels, have steeper dips and a 
less pronounced helicoidal aspect than the Riedels. Near 
its mid-point, a P shear joins the basement fault directly, 
but tends to merge, towards its ends, at progressively 
higher levels with the bounding Riedel shears (Fig. 11d). 
Fault patterns similar to those shown in Fig. l l (d)  are 
occasionally seen on seismic sections of exceptionally 
good definition. 

ROLE OF INITIAL STRESS STATE 

Rationale 

Thus far, we have considered the simplest initial stress 
state (Case A, Table 1), with OrH1 = OrH2 < O" v (OrH1 , GH2 
are the two horizontal principal stresses; Orv is the vertical 
principal stress). This state arises from sedimentation 
and uniaxial compaction of the laterally constrained 
sandpack. In such cases, o'H1 = o'ia2 = K0 (rv, where K0 is 
a constant less than unity (cf. Hafner 1951, Terzaghi 
1966). This stress state may be applicable to certain 
'undisturbed' sedimentary basins• However, there is 
abundant literature to suggest that (a) o'H/Gv can exceed 
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1 and (b) o'H1 # OrH2 (Jamison & Cook 1980, Brown & 
Hoek  1978). Such variations in stress state are to be 
expected from such diverse effects as active tectonic 
stresses (e.g. Solomon et al. 1980), relict tectonic stresses 
from earlier deformation episodes, uplift and erosion 
(Voight 1966) and subsidence and/or uplift of non- 
circular sedimentary basins (Dallmus 1958, Price 1974). 

In our experiments, two extreme cases were con- 
sidered, each with OVHmin "~ o" v < O'Hmax and with ~r 1 par- 
allel or perpendicular to the basement fault (Cases B and 
C, respectively, in Table 1). These stresses states were 
introduced in the sandpack using the pre-stressing 
apparatus described earlier. For simplicity, we describe 
models in which the stresses are applied before wrench- 
ing begins. Other experiments confirm that the results 
are essentially identical if the stressing and wrenching 
are simultaneous. We may therefore equate our Cases B 
and C with transtension (strike-slip plus extension) and 
transpression (strike-slip plus shortening), respectively. 

Results with ~Hma×parallel to the basement fault (Case B) 

This stress state is characterized by the simplest and 
narrowest fault zone. En 6chelon Riedel shears are rare, 
but a single long wrench fault in the overburden is 

common. All faults are almost parallel to the basement 
fault (Figs. 3b and 12a). A throughgoing fault zone is 
generated after very small basement displacements 
(Table 1) and there is little tendency for an anastomosing 
fault zone with P shears to develop. The Riedels have 
steep dips, greater than 70 ° , and are almost straight in 
cross-section (Figs. 6b and 12b), where it is usual to see 
only one fault, or occasionally a fault bifurcating near 
surface into two weakly en 6chelon shears. 

Results with O'Hmax perpendicular to the basement fault 
(Case C) 

A wide, complex fault zone results from wrench fault- 
ing with this initial stress state (Fig. 3c). The first en 
6chelon Riedels strike at up to 60 ° (mean 37 °) to the 
basement fault, and may swing round into reverse faults 
parallel to the basement fault. Increasing basement 
displacement generates shears at progressively smaller 
angles (as in Case A, Table 1) and the final braided fault 
zone may also contain P shears. In section (Figs. 3c and 
13b) the faults have dips as low as 25 ° near basement and 
from 40 to 90 ° at surface (after correction for obliquity of 
section plane and dip direction). The helicoidal aspect of 
the Riedel shears is thus greatly exaggerated. 
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Comparison of the three stress states 

Salient observations from the three types of experi- 
ment are summarized in Table 1 (Cases A, B and C). 
Points of similarity include: (a) the en 6chelon character 
of the faults (in plan view); (b) development of a tulip 
structure with concave-upwards faults (in section) and 
(c) scissor faulting, in which the faults change their sense 
of throw along their length. It should be noted that these 
characteristics are only weakly developed in Case B 
(O'Hmax initially parallel to the basement fault). Differ- 
ences between the three cases lie in the dip and strike 
angles of the first Riedel shears, the complexity and 
width of the fully developed fault zone and the displace- 
ments required to generate a particular stage in the fault 
zone development. 

Mechanical analysis 

The strike orientation of the Riedel shears in the three 
initial stress cases can be explained as follows. In the case 
of no 'pre-stress', as already discussed, all horizontal 
normal stresses are initially equal (tr 3 undefined) and less 
than t~ v. Under the shear imposed by the basement 
movement, the horizontal stress at 45 ° to the basement 
fault immediately becomes O'Hmax and eventually cq (Fig. 
14a), with its associated Riedel shears. In contrast, in the 
pre-stressed experiments, o1 is already defined, and 
must therefore rotate into the same 45 ° position. It 
appears that as o'1 is rotating, differential stresses large 
enough to cause faulting arise. Thus in Case B, as o1 
rotates from its initial position parallel to the basement 
fault, the Riedel shears which form will lie at a small 
angle to the basement fault (Fig. 14b). Furthermore, 
because these faults are almost parallel to the basement 
fault they are able to take up most or all of the applied 

displacement. As a result, few additional faults (if any) 
are formed as or 1 continues rotating to the 45 ° position. 
In Case C, the first Riedel shears form as ~r 1 rotates away 
from its initial position perpendicular to the basement 
fault (Fig. 14c). These faults thus strike at high angles to 
the basement fault, and are therefore kinematically able 
to accommodate little displacement. As o- 1 continues 
rotating, Riedel shears with smaller strike angles, and 
ultimately P shears have to form. These arguments, 
illustrated schematically in Fig. 14, can be shown more 
rigorously using the 'pole construction' on the Mohr 
stress circle. 

From an entirely different, theoretical approach, 
using strain analysis, Sanderson & Marchini (1984) 
reached similar conclusions regarding the orientations 
of Riedel shears (their fig. 5). Under transtension (Case 
B), Riedels are subparallel to the shear direction (base- 
ment fault), and under transpression (Case C), they lie 
at high angles to the shear direction. 

Natural examples 

Despite the idealizations inherent in the experiments, 
we have found the models applicable in a number of 
situations where the initial stress field can be inferred 
from regional geological considerations. 

An outstanding example of wrench faults formed with 
OrHmax initially (sub-) parallel to the basement wrench 
fault are the Icotea and La Paz-Mara faults in Ven- 
ezuela. Regional tectonic synthesis shows a phase of 
E -W extension to have preceded wrench movements 
along an approximately N-S basement fault system. The 
Icotea fault, for example, is a scissor fault, which we 
consider to be a single Riedel shear more than 50 km 
long (Fig. 15a). It appears in cross section as a single 
fault, which changes dip along its length and therefore 
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Fig. 14. Schematic explanation for the different Riedel shear orientations in the three experimental  cases. (a) No pre-stress. 
(b) ~rHmax parallel to basement  fault. (c) ~rHm.x perpendicular to basement  fault. 
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has a helicoidal form. In plan and cross-section, its 
simple geometry shows a strong resemblance to the 
appropriate experimental models (Figs. 3b, 6b and 12). 
Similarly, cross-sections through faults of the La Paz- 
Mara trend (Fig. 15a) are comparable with Fig. 3(b) with 
a single wrench fault bifurcating near surface. 

Obliquely subducting plate boundaries commonly 
show adjacent parallel zones of thrusting and strike-slip 
tectonics (e.g. Fitch 1972, Lewis 1980), as well as (more 
distant) extensional tectonics in rear-arc spreading 
basins. One might expect that the shortening associated 
with the thrusting would have a pre-stressing effect such 
that gl would be (sub-) perpendicular to the adjacent 
strike-slip zone, as in the experiments of Case C. This 
appears to be case; shears striking at high angles (>25 ° ) 
to the throughgoing wrench zone are commonly 
developed, as illustrated in strands of the Zagros fault in 
Iran (Adamia et al. 1980). At the risk of oversimplifi- 
cation, the same appears to hold in the oblique subduc- 
tion zone of Sumatra (Fig. 15b) where high-angle wrench 
fault strands cut the compressional part of the fore-arc. 

The offset between the Rhine and Bresse grabens has 

been interpreted as a left-lateral transform zone separat- 
ing the two rifts (Bergerat 1977). Since the grabens are 
parallel to the greater horizontal stress, (72, one may 
expect O'Hmax to have been initially perpendicular to the 
transform zone. This would account for the high angles 
between the Riedel faults and the transform zone 
(Fig. 15c). 

A tectonic synthesis of Turkey (Sengor & Yilmaz 
1981) may illustrate an example where both pre-stress 
states were active simultaneously. Sengor & Yilmaz 
postulate that the North Anatolian fault was a right 
lateral fault in Pliocene time, when Turkey was 
experiencing N-S extension in the western (Aegean) 
region and N-S compression due to microplate collision 
in the east. The 'initial' O'Hmax orientations on the E-W 
North Anatolian fault were thus parallel and perpen- 
dicular to the fault in the west and east, respectively. In 
overall terms, this is in accord with the experimental 
models: in the west, a simple pattern of relatively straight 
faults with only slight en 6chelon character, and in the 
east, a complex system of faults striking at high angles to 
the trend of the zone (Fig. 15d). 
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CONCLUSIONS 

(1) Basement controlled wrench faulting creates en 
6chelon Riedel shears which have a helicoidal geometry, 
are concave upwards in cross section, and are scissor 
faults. 

(2) The surface strike orientations of the early Riedel 
shears, and their dips are determined by the initial stress 
state (Table 1). For O"Hmax parallel and perpendicular to 
the basement fault, the shears have respectively low and 
high strike angles and higher and lower dips. Popular 
representations of wrench fault orientation on a strain 
ellipse (e.g. Wilcox et al. 1973) are only valid for our 
Case A (no pre-stress). 

(3) The width and complexity of the strike-slip zone is 
determined by the total basement displacement and by 
the initial stress state. The fault patterns are simplest and 
most complex for O'Hmax initially parallel (transtension) 
and perpendicular (transpression) to the basement fault, 
respectively. 

(4) The basement displacement required to generate 
the first faults at the surface is a small fraction of the 
overburden thickness and varies according to the initial 
stress state. 

(5) After the first Riedel shears, further faults will 
develop unless the Riedel shears are parallel to the 
basement fault (as is the case when O'Hmax is initially 
parallel to the basement fault). This development is 
characterized by short-lived splay faults at higher strike 
angles, and then by 1Gwer-angle Riedel shears and by P 
shears. 

(6) Pure strike-slip displacements generate concave- 
upwards faults arranged in a tulip structure. Convex- 
upwards faults in the form of a palm-tree structure 
(when associated with an en 6chelon fault pattern in map 
view) are attributable to transpression or to combined 
strike-slip and dip-slip movements on steeply dipping 
basement faults. 

(7) These models are of practical value in the in- 
terpretation (in cross-section and map) of often poorly 
defined wrench fault patterns seen on seismic sections in 
the uppermost few kilometres of the earth's crust. 
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