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Mode) experiments were carried out in order to analyse the behaviour of ductile, brittle or 
ductile-brittle basement with pre-existing faults beneath a sedimentary cover during defor
mation by finite simple shear. 

Processes which have been studied in detail are the rotation of the fractures in different 
experimental materials; the sense of strike-slip motions and dip-slip motions along the 
faults; strain patteros along the faults; the opening and closing of the fractures as a function 
of their initial orientation; and the mechanisms responsible for the observed deformation. 

In the basement, all faults rotated in the same sense as the bulk shear but the sense of 
finite strike-slip displacement is practically the same as the infinitesimal state. A shortening 
at the leading edge and an extension at the trailing edge on both sides of the faults accom
modate the relative displacement and are responsible for uplifts facing depressed areas at 
fault ends and for dip-slip motions. Only the faults situated in the shortening field of the 
infinitesimal strain ellipsoid can open. Those in the extension field always close, even 
though the opening is essentially due to pull-apart parallel to the master-shear plane. 

In the cover, basins only form along faults in the shortening field. The deformation in the 
basin over all basement faults is a combination of shortening and strike-slip simple shear 
parallel to the fault, dip-slip motion at fault tips and pull-apart parallel to the master shear 
plane. Pull-apart and push-up structures form only above basement faults at a Iow angle to 
the master shear plane where the simple shear component is dominant. Shortening parallel 
to the basement faults is dominant when these faults are at moderate angles (30 to 60°) to 
the master shear plane and is responsible for conjugate faults with acute bisectrices parallel 
to the basement fault and symmetrical structures in the cover. 

Structures similar to those observed in natural basins are seen in the models, e.g. col
lapsed rhombohedral and triaugular blocks, and lateral debris cones developing from in
tersecting conjugate faults arranged on both sides of a drainage axis. 

Experimental resulls are campared to the Miocene Bierzo basin, NW Spain, which is in
terpreted as due to a regional left-lateral strike-slip shearing acting along NW-SE trending 
regional major faults responsible for the opening of pre-existing NE-SW and E-W faults 
with dextral antithetic strike-slip relative displacement along the NE-SW faults. 
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Scaled experimental models have Iong been used to 
investigate structural patterns in strike-slip zones. 
Early models analysed the behaviour of a brittle or 
ductile-brittle cover above a strike-slip fault and 
modelied fault patterns in strike-slip zon e s ( e.g. 
Cloos 1928 , Cloos 1955 , Oertel 1965 , Tchalenko 
1970, Wilcox et al. 1973 , Gamond & Giraud 1982, 
Deramond et al. 1983 , Gamond 1985). The faults in 
these simple shear experiments developed as conju
gate systems with acute bisectrices at 45° to the mas
ter shear plane , i.e. parallel to the major com-

pressive stress and to the axis of maximum com
pressive infinitesimal strain. The conjugate faults 
are well-known as Riedel shears. Even though not 
always explicitely quoted by the authors, the ex
perimental alternation of pull-aparts and push-ups 
would be capable of controlling the sedimentation 
in natural basins. Recent! y, mode! experiments 
were done by Whithjack & Jamison ( 1986) to inves
tigate the effects of oblique extension, i.e. strike
slip shearing with an extensional component (com
bination of simultaneous simple shear and pure 
shear in the sense of Ramberg 1975a ,  b). However ,  
these mode! experiments are focused on fault patc 
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terns in oblique rifting but not on the tectonic con
tro! of sedimentation. 

Recent studies associating sedimentological and 
structural field studies have improved our know
ledge of the tectonic control of sedimentation, 
especially in detrital deposits (e.g. control of the 
origin of debris cones by intersecting faults, sedi
mentation controlied by tilted blocks at high angles 
to the master fault, location of depocentres in pull
apart structures, development of rhombohedral 
basins). Som e sedimentolagists working in areas 
where a strike-slip system is suspected have used 
previous experimental models as a key to interpret 
their sedimentological data ( e.g. Garfunkel et al. 
1981, Cabrera et al. 1988, De broas 1987, Larouziere 
et al. 1987, Montenat et al. 1987). However, strict 
application of the models has been restricted to 
simple situations such as basins developed at the 
ends of single strike-slip faults or relays of en eche
lon faults. Concurrently other sedimentolagists have 
proposed conceptual tectonic models involving a 
tectonic control of sedimentation from their observ
ations of natural sedimentary structures but 
whithout the support of experimental or theorical 
mechanical models (e.g. Crowell 1974 or Steel & 
Gloppen 1980). However some of the mechanisms 
proposed by these authors, such as the development 
of normal faults at much more than 90° to the shear 
plane in simple shear, seem at first sight contradie
tory to the previous experimental models and need 
to be tested. In any event, empirical rules for the 
diagnosis of sedimentation related to strike-slip 
shearing have been deduced from these sedimento
logical - structural studies. 

The fundamental goal of the present study is to 
investigate the development and evolution of basins 
related to the activity of several preexisting faults 
with differing orientations capable of interfering. 
Experiments will also be used to test previous con
ceptual models. The experimental approach has 
been ehosen because theoretical or numerical 
approaches to this problem are still complex. One 
of the long-term goals of this study is to use the 
results as a basis for theoretical studies. Another 
advantage is that some large-scale sedimentary 
structures can be duplicated (Soula et al. 1979). 

The study is focused on inter-mountain basins be
cause numerous tectonic and sedimentological data 
are now available for these basins and because their 
limited dimensions allow a detailed analysis of the 
individual troughs in a composite basin. The struc
tures in the basement are often rather well-known 
and it is possible to observe their activity within the 
basin. In addition, the effects of thermal phenom
ena or of large-scale subsidence have no noticiable 
consequence. 

Experimental models of strike-slip 
deformation 

Methods 

The shear box used in the present experiments is 
composed of two sliding rigid half-plates with an L 
section and is similar to the apparatus used by pre
vious workers (e.g. Tchalenko 1970, Wilcox et al. 
1973, Gamond et Giraud 1982, Soula 1984, amongst 
others). Because of the camplexity of the problem, 
the experiments were done in simple shear. 

As in most of the previous experiments, tests 
have been carried out in order to analyse the be
haviour of a brittle or a ductile-brittle cover above a 
strike-slip master fault in a rigid basement. How
ever, because of the fundamental goal of this study, 
ductile basement with or without discontinuities was 
also used. Even though it seems obvious that the 
actual "basement" of the basins, i.e. the uppermost 
crust, had a ductile-brittle behaviour, a ductile layer 
has been used because ductile syn-sedimentary de
formation is effectively observed in many rock types 
and marked by e.g. synsedimentary folds or roll
avers. Moreover, the basement rocks are not 
necessarily very brittle (e.g. marls, schists) and may 
deform by continuous deformation or by slip along 
discrete but penetrative discontinuities (pre-existing 
cleavages, foliations or mesoscopic faults). These 
preexisting penetrative discontinuities might have 
acted together and the von Mises ductility criterion 
which requires 5 independent slip systems for the 
rock to have a ductile behaviour was probably satis
fied. In addition, because the faults have finite 
lengths, ductile deformation is necessary at their 
ends for displacement along them to occur. On 
more general grounds, little is known concerning 
the possible consequences in the cover of ductile 
deformation of basement. In any event, the exag
geration arising from the use of ductile material 
makes easier a detailed qualitative analysis of the 
deformation. 

Mode/ materials. 

Plasticine has been frequently used for simulating 
rock behaviour (e.g. Ramberg 1982, Dixon & Sum
mers 1985). lts properties and its suitability as a 
scaled analog for rocks have been analysed in detail 
by McClay (1976) and Dixon & Summers ( 1985). 
McClay ( 1976) found a power law flow behaviour 
with a stress exponent within the range n = 6-9. 
However, Dixon and Summers ( 1985) found that a 
simple extrapolation of McClay's results to high 
strain rates, i.e. 10·2 s·1 and faster, is not valid and 
they proposed a readjusted curve based on experi-
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mental analyses of enbankment slopes carried out 
by Stevens ( 1983). The plasticine we used in our 
models was tested in a shear box for soil mechanics 
and displayed a cohesion of 50- 60 kPa at l8°C at 
strain rates of about 10-1 s-1• Shear yield strength 
has the same value of 55 kPa for normal applied 
loads of 150 to 750 kPa. This is similar to Stevens' 
( 1983) results . 

Clay has frequently been used in order to 
simulate faulting in the upper crust (e .g .  Oertel 
1965). The "day" used in the present models is a 
mixture of about 40- 50 % by weight water with a 
commercial talc powder. The yield strength is about 
102- 103 Pa, which is very dose to the previously 
published values for argillaceous days. 

Dry talc powder is a very suitable material for 
simulating brittle materials under natural gravity, 
especially because the progressive development of 
faults or tension gashes is very similar to that ob
served in rocks . Dry talc powder is a very soft ma
terial under the conditions of tectonic modelling. lt 
was not possible to measure the cohesion in the 
shear box used for the other materials because of 
the lack of sufficiently soft dynamometric rings . 
Comparison with the other experimental materials 
in the apparatus used for tectonic modeBing gives 
an estimate of the shear strength of about 10 to 102 

Pa. 
Dry sand is the most commonly used material in 

scaled faulting experiments because it has no co
hesion . In fact , this is true only for very pure quartz 

Table J. Correspondence between geometrical and mech
anical parameters for the basement of the models, rocks, 
natural basins and a prototype scaled from the models. 
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Table 2. Correspondence between geometrical and mech
anical parameters for the upper layer of the models, rocks, 
natural basins, a prototype scaled from the models and an 
ideal mode! scaled from rocks. 
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sand and the presence of day minerals eauses co
hesion to appear . Howeve r, this cohesion has been 
found too small to be measured and has been con
sidered to be negligible . The grain size of the sands 
we used is 125 micrometres. 

Tables l and 2 give the geometrical and mechani
cal parameters for basement and cover respectively. 
Because of the definition of the models , s tresses du e 
to gravity need not be scaled in basement if the rela
tive displacement along the faults and the strain at 
their tips is to be analysed only qualitatively. How
ever, i t is essential to tak e them in to account in the 
cover where structures due to gravity are studied. 
Note that grain size used for sand earresponds to 
detrital blocks much larger than the average size 
observed in natural basins. This seems of minor im
portance in the present experiments because the 
mechanism of transport and the geometry of depo
sition structures are roughly the same for blocks of 
mo re t han som e centimetres re gardless of the actual 
size of the blocks (only the transport distances differ 
in nature). 

Models 

Three types of models were used: 
- Type l models are tests of a cover above rigid 

basement with a master fault parallel to the shear 
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plane . This was done by simply depositing a l cm 
thick layer of clay or dry talc directly above the slid
ing plates. 67 model experiments were carried out 
with dry talc and 18 with clay. 

- Type 2 models are tests of a cover above duc
tile basement with no discontinuities .  In these mod
els a l cm thick layer of clay was deposited over a 
silicone putty slab which deforms almost homo
geneausly at the strain rates we used and show little 
boundary effects (type 2 models had wider shear 
zones than type l models) . 11 mode! experiments 
were carried out . 

- Type 3 models are tests of basement with vari
ously trending discontinuities. Dry talc is too soft to 
cut sections. However, the Riedel fractures formed 
at any given time may be considered - and will be
have - as pre-existing faults with respect to the 
subsequent strain increments. In all the runs, it is 
then possible to study the behaviour of pre-existing 
faults situated within the shortening field, i . e .  faults 
at angles between O and +90° to the shear plane . 
Faults situated in the elongation field, i . e .  at angles 
between +90° and + 180° to the shear plane, were 
created by pre-shearing the model in the opposite 
sense (e .g .  fig .  4) . In clay models, both proeectures 
were used. In plasticine models, pre-existing 
"faults" are hand-made cuts and the behaviour of 
139 individual "faults" with various trends were ana
lysed in 62 models. Models with intersecting faults 
were not investigated in this dass of models. Ex
periments with pre-existing faults focused on five 
processes: the rotations of the "faults" in the differ
ent experimental materials; the sense of strike-slip 
displacement along them; deformation at their ends; 
dip-slip motion associated with the strike-slip 
motion; and the occurrence and amount of opening 
as a function of fault trend . 

- Type 4 models were similar to type 3 models 
with covers of dry sand or dry talc, but intersecting 
faults were also considered.  For convenience, plasti
cine basements have been used in most of the ex
periments . Clay basements were tested but were 
abandoned because water frequently diffused into 
the cover. Howeve r, the few models which we re run 
gave results similar to plasticine . 

Results. 

Type l models 

Type l models with dry talc have been partly des
cribed prevbiously (Deramond et al .  1983, Soula 
1984) and are rewieved only briefly here . The most 
interesting result is the development of primary and 
secondary Riedel shears . Primary Riedel shears 

(PRS) earrespond to the usual Riedel shears ob
served by e .g .  Wilcox et al . (1973), i . e .  conjugate 
faults with acute bisectrices at 45° to the shear 
plane . Secondary Riedel shears (SRS) are conjugate 
shears associated with acute bisectrices at 45o to 
PRS . During the early stages (overall gamma value 
smaller than 0.05) the development of PRS is pre
dated by the development of en echelons SRS along 
the potential PRS which are still shear zones and 
not fractures. However, shearing prior to the devel
opment of PRS is small (local gamma value smaller 
than 0.1). The angles between the principal com
pressive stress and the PRS were measured in 67 
mode! experiments . The arithmetic mean is 33° 
which is similar to the values measured in both pre
vious clay experiments and in rocks. Primary and 
secondary tension gashes at 45° to the master shear 
plan and to the PRS respectively are also observed 
(fig.  5 in Soula 1984). With larger shearing (overall 
gamma values greater than 0.3) the development of 
alternating pull-apart and push-up structures is ob
served (Fig.  l a) .  Pull-apart "basins" from along 
open Riedel shears or tension gashes and their de
velopment is enhanced by interference between 
these faults . (Fig . 1). Push-ups are responsible for 
uplifts similar to those observed in other mode! ex
periments (e .g .  Groshang and Rodgers 1978). As a 
rule, the behaviour of dry talc is very brittle: ductile 
deformation before faulting is negligible and the 
shortening occurring within the push-ups is accom
modated by thrusting with sub-harizontal thrusts (t 
in Fig . la) .  

Type l models with clay give results roughly simi
lar to those obtained in dry talc and in other clay 
models (e . g .  Wilcox et al. 1973). Conjugate primary 
Riedel shears with acute bisectrices at 45° to the 
shear plane, and tension gashes also at 45° to this 
shear plane, are similar to those observed in dry 
talc . Secondary Riedel shears also developed but 
rarely as arrays of en echelon faults predating the 
PRS . The angle between the principal compressive 
stress and the faults is very similar to dry talc with 
an arithmetic mean of 31°. Clay is more ductile than 
dry talc and falding is observed before faulting . 
Alternating pull-apart and push-up structures also 
formed but shortening is accommodated in the 
push-ups by folding instead of thrusting . The aper
tures often have triangular shapes and the largest 
initiate where a Riedel shear cross-cuts fractures 
parallel to the master shear plane (Figs. lb, c). In 
both clay and talc type l models, the push-up and 
pull-apart structures are rather similar to those pre
dicted by Rodgers' (1980) numerical models for infi
nitesimal strain . However, the orientation of faults 
differ from those shown by Rodgers and no normal 
fault formed at more than 90° to the shear piane . 
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Fig. l. 
a) Type l modet with dry talc. y = 0.4. Development of a 
triangular pull-apart basin at a junction between secondary 
and primary Riedel shears (arrow). sprs = synthetic pri
mary Riedel shear; ssrs = synthetic secondary Riedel 
shear; t = thrust sheels with shallow dips verging to the 
right. Scale bar is l cm. 
b, c) Type l modet with day. In a: y = 0.2; in b: y = 0.35. 
Development of triangular pull-apart basins at junctions 
between secondary and primary Riedel shears (arrows), 
alternating with push-tips (p u). sprs = synthetic primary 
Riedel shears; aprs := antithetic primary Riedel shears; 
ssrs = synthetic secondary Riedel shears; f = folds. Note 
that the folds axes in the push-ups are at 60° to the shear 
plane in (a) and at 65° in (b) and developed as a resull of 
the local deformation in the push-ups. Scale bar is l cm. 

This discrepancy might be only apparent since 
Radgers assumes, for convenience , that shear fai
lure occurs at an angle of ± 45° to the most com
pressive principal stress axis and not at angles be
tween 20-40° as observed in rocks and in the pres
ent experiments. 

Type l models with plasticine show a much larger 
amount of ductile deformation before faulting. In 
the conditions of modelling , faulting is observed 
only in thin sheets (thinner than 0.3 cm) and after a 
shear strain greater than 0.4-0.5 (cf. Soula 1984 fig .  
2). 
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Fig. 2. Type 2 modet with day cover above a silicone putty 
basement with no preexisting faults. Shear strain, y = l in 
(a) and y = 1.25 in (b). The conjugate primary Riedel 
shear initialed 13° and 78° to the shear plane. Note dip-slip 
motion associated with push-ups (pu) at fault tips (lowered 
side arrowed) and opening at junctions between primary 
and secondary shears (o pen arrows). sprs = synthetic pri
mary Riedel shears; aprs = antithetic primary Riedel 
shears; ssrs = synthetic secondary Riedel shears. 

Type 2 models 

Type 2 models show fault patteros similar to type l 
models but , because of the almost homogeneous 
deformation of basement , the shear zone is not 
localised in the central part of the model but devel
ops over its complete width . The angles of faults 
with the shear plane are the same as in type l mod
els with day . With pragressing sh ear, the fractures 
rotate and the high angle antithetic Riedel shears 
show a much larger rotation than the low angle syn
thetic Riedel shears and the antithetic relative dis
placement is weil marked (Fig .  2a, b) . 

Type 3 models 

Type 3 models give results qualitatively similar for 
all tested materials. 

The rotation of the fractures is obvious in plasti
cine models where all 139 faults rotated in the same 
sense as the bulk shear . The rotation is slower than 
that of passive marker Iines for faults at angles to 
the shear plane less than - 45o and more than 
+ 135° and faster for faults between + 45° and 
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Fig. 3. Type 3 models in plasticine. Shear strain, y = 0.35 
in (a), y =  0.2 in (b) and y =  0.45 in (c). Relative displace
ment is antithetic for faults at angles between + 45° and 
+ 135° to the plane and synthetic for the others. Relative 
displacement is small for faults at an angle of about 45° to 
the sh ear plane, and shortening paralle l to the fault is 
dominant (third fauld from the right in b). In (c), strain 
ellipses show shortening on the leading ed ges on both sides 
of the faults (first and seeond faults from the right) with 
uplifts (ul) and dip-slip motion. 

+ 135° (Fig. 3). This is less apparent for faults at 
angles greater than + 90° because the compression 
perpendicular to the faults makes sliding paraHel to 
the faults less easy. Howeve r, the difference in fin
ite rotation between "faults" and passive marker 
Iines does not exceed 10° for a shear strain of l .  The 
finite rotation is less in day models than in plasti
cine models for a same bulk shear strain in aH types 
of models. This rotation is similar to that observed 
in plasticine for the ear! y ductile stages of the defor
mation . It is smaHer in the late stages when the 

puH-apart structures and displacement paraHel to 
the shear plane became prominent. The finite 
rotation in dry talc models is stiH less than in day 
models but the faults also rotate with pragressing 
shearing ,  except in the very late stages of the defor
mation. The rotation with pragressing shear of frac
tures which formed in type 2 models is consistent 
with type 3 models. As a consequence of rotation ,  a 
certain amount of either shortening paraHel and ex
tension perpendicular to the fractures , or extension 
paraHel and shortening perpendicular to the fractu
res, opens or doses the fractures (Figs. 2 and 3). 
Plasticine models obviously exaggerate this effect 
because the rocks in the uppermost crust are more 
brittle. However, this effect is also present in day -
which has a behaviour very similar to rocks - and 
in dry talc which has a behaviour at !east as brittle 
as the most brittle rocks in nature (compare , for 
example , the results of the present experiments with 
the development of tension gashes in rocks). There
fore , this effect has to be taken into account when 
studying the development of natural basins. It is 
also of some importance because most previous 
models for the opening of basins seem to consicler 
only puH-apart due to displacement paraHel to the 
shear plane (e.g. BaHance & Reading 1980). The 
models reported here show that puH-apart opening 
is present in the more brittle materials but that a 
component of local shortening paraHel ,  and local 
extension perpendicular , to the faults is part! y res
ponsible for the opening of the faults in any mater
ial. IncidentaHy , this shows that basement stuetures 
reponsible for the development of basins cannot be 
accurately simulated if basement is simulated by 
rigid materials (e.g. wooden blocks). 

The sense of strike-slip displacement along finite 
faults is praticaHy the same as for infinitesimal 
strain. This can be shown statisticaHy for plasticine 
models where the displacements are the largest : of 
the 139 "faults" shown in Figure 5, only 21 faults 
(trending at angles between + 20° and + 35° to the 
sh ear plane) rotated in a sense opposite to that of 
infinitesimal strain. In aH the experiments per
formed with day and dry ta le , the sense of finite dis
placements was the same as the infinitesimal dis
placement. 

Deformation at fault tips is dear in aH materials. 
The relative displacement along the faults is accom
modated on each side by a shortening at the leading 
edge and an extension at the trailing edge. This is 

Fig. 4 Type 3 models with dry talc. Left-lateral shear strain, y =  0.05 in (a) and y =  0.08 in (b). Right
lateral shear strain, y =  0.1 in (c), y =  0.15 in (d) and y =  0.65 in (e). Same key as Figs. l and 2. In 
(a) and (b), note the development of en echelon secondary Riedel shears along a potential primary 
Riedel shear to the right of the picture. The triangular mark in (d) and (e) shows the same point. 
Note that the pre-existing NW trending shears act as reverse faults in (e). 
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Fig. 5. Sense of displacement observed along pre-existing 
faults in plasticine models. The angle between the shear 
plane and the initial orientation of the fault is on the ordi
nate axis. For convenience, it has been noted as positive 
when it was synthetic and negative when it was antithetic 
(an angle of- 45° earresponds to an angle of + 135°). The 
percentages on the abcissa are for each orientation dass. 
The small numbers are the numbers of faults which have 
been measured for each orientation dass. 

especially clear in plasticine models where ductile 
behaviour allows large straining whithout fracturing 
(Fig. 3) but is also seen in type 2 clay models (Fig. 
2). Deformation at fault tips explains why finite dis
placement is in the same sense as infinitesimal dis
placement: in materials with oblique pre-existing 
discontinuities two mechanisms may cause relative 
displacement: l) "block rotation", i.e. rotation of 
the blocks situated between two adjacent discon
tinuities , eventually associated with intemal ductile 
deformation , giving rise to relative displacement 
along the discontinuities with senses systematically 
opposite to that of bulk shear (Wilcox's 1973 inter
na( rotation) and 2) the addition of infinitesimal dis
placements , i.e. the integration of the displacements 
related to infinitesimal strain. Because the faults 
have finite lengths ,  the latter mechanism is possible 
only if displacement is accommodated by ductile 
strain (with surface changes). Clear evidence of this 
mechanism is given by plasticine models. Block 

rotation was small or absent in the present experi
ments. In fact , block rotation is observed qualita
tively in plasticine or clay models but the relative 
displacement along the faults related to it is small 
compared to the finite displacement. The relative 
displacement related to block rotation is more im
portant in plasticine or clay models where interfer
ence effects occur between intersecting faults (Soula 
et al. , 1979; Soula 1984). The present study shows 
that block rotation cannot be generalized to situ
ations without interfering faults. Rotation of en
tirely rigid blocks can only lead to an increase in 
width of the shear zones if the boundaries to the 
rigid blocks are at angles between O and + 90° to 
the shear plane; the shear zone decreases in width 
if these are at angles between + 90° and + 180° to 
the shear plane. This emphasises that basements to 
sedimentary basins cannot be accurately simulated 
by rigid materials such as wooden blocks , because in 
this case , only motions parallel to the master shear 
plane are possible. 

Dip-slip motions are observed in all models. They 
are a consequence of the uplift of the compressed 
zone and depression of the extended zone at fault 
tips and are systematically associated with the 
strike-slip motions. As one might expect , the values 
of dip-slip displacement appear to be functions of 
the local strain along the fault and vary with the 
length of the faults , with the value of strike-slip dis
placement and with the concentration of strain 
along the fault. Because of the interaction of these 
factors , it has not been possible to study statistically 
the ro le of each process. However ,  in plasticine 
dip-slip motion is greater for "short" (l to 2 cm 
Iong) faults than for "Iong" (3 to 5 cm Iong) faults 
with values of about 2 to 3 mm and l mm respect
ively , for a gamma value of about 0.3-0 .4 and in
itial angle to the shear plane between 60 and 75°. In 
any event , because deformation at fault ends is 
necessary for strike-slip displacements to occur, 
dip-slip motion is necessarily associated with strike
slip motion with uplifted zones facing depressed 
zones at fault ends (Figs. 2 & 3). Recognition of 
such uplifted and depressed zones at fault ends may 
be a useful shear criterion in sedimentary basins. 

The opening of the faults is essentially due to two 
mechanisms (Fig. 6) . The first possible mechanism 
is a displacement parallel to the shear plane which 
opens faults (or seetians of non-linear faults) 
oblique to the shear plane acting as relays between 
faults paralle l to the sh ear plane (or between en ec
helon faults along which there is a strike-slip dis
placement without noticeable opening). This mech
anism is weil documented in the literature (e.g. Bal
lance & Reading 1980 or Gamond 1985) and very 
often thought to account for pull-apart structures. 
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Fig. 6. Possible mechanisms of opening pre-existing faults. 
(a) Pull-apart as a result of relative displacement parallel 
to the bulk shear plane. (b) Opening due to compression 
parallel, and extension perpendicular, to the faults as a 
result of their rotation within the extension field of the in
finitesimal strain ellipse (stippled area). The initial orien
tation of open faults is shown by thick Iines. 

For convenience , it will be refered to as pull-apart 
in the remainder of the present paper. Alterna
tively, opening ma y be the result of shortening par
alle( , and extension perpendicular ,  to faults situated 
within the extensional field of overall strain. In 
simple shear , this is the case of faults rotating within 
the infinitesimal extension field , i.e. faults with in
itial and final trends at angles between oo and + 90° 
to the shear plane. 

In plasticine models , opening of the faults occurs 
essentially as a result of their rotation within the 
shortening field. Conversely , in the extension field , 
the faults close because of the combination of exten
sion parallel to them and shortening perpendicular 
to them. Pull-apart only occurs where there are in
tersecting faults (see Soula 1984 fig. 4 b). 

In dry talc and clay experiments , opening is 
mainly due to pull-apart parallel to the master shear 
plane. However, some shortening always occurs due 
to the rotation of the faults. This is especially clear 
in clay models where there is a noticiable rotation 
before pull-apart becomes dominant (Fig. 1b ,  c). 
This is observed also in dry talc where the rotation 
is much smaller. In fact , in both talc and clay mod
els, careful observation shows that pull-apart occurs 
only where two or more intersecting faults are pres-
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Fig. 7 .  Development of  Riedel shears with respect to  the 
infinitesimal strain ellipse. Thick continuous Iines are se
condary Riedel shears with acute bisectrix at 45° to the 
primary Riedel shears. Double Iines are primary Riedel 
shears. Thin interrupted Iines show the boundaries of the 
shear zones corresponding to the potential primary Riedel 
shears before rupture. 

Fig. 8. Displacement and deformation along variously 
trending pre-existing faults with small finite shearing. The 
thin half-arrows show relative displacement. The small 
thick arrows show the compression or extension parallel 
or perpendicular to the faults. Stippled area is the shorten
ing field of the infinitesimal strain ellipse. 
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Fig. 9. Behaviour of primary Riedel shears after !arge shearing. Shear strain, y = 0.7. (l) = initial 
orientation of fractures; (2) = fractures acting as normal faults; (3) = fractures which opened and then 
closed when passing from the shortening field to the extension field; (4) = closed faults possibly acting 
as reverse faults; sprs = synthetic primary Riedel shears; aprs = antithetic primary Riedel shears, in
itial orientation; aprs = antithetic primary Riedel shears, final orientation; tg = tension gashes, initial 
orientation; tg' = tension gashes, final orientation; slippled area = shortening field of the finite strain 
ellipse. 

ent (Figs . l, 2 4a) . It seems then that one of the 
reasons why pull-apart rapidly becomes dominant in 
day and talc is that no isolated faults form in these 
materials . 

In any event , the experiments show that only 
faults situated within the shortening field of the infi
nitesimal strain open , even though the opening is 
mainly due to pull-apart parailet to the master shear 
plane . In the same way , all the faults initially situ
ated with in the extension field will close . Figures 7 ,  
8 and 9 show a synthesis of  the results of  type l, 
type 2 and type 3 modets . 

Type 4 models 

Type 4 models have been already described in pre
vious papers (Soula et al. 1979 , Soula 1984) . In 
these preliminary modets , structures similar to sedi-

mentary basins were duplicated in the cover above 
open faults. In the more brittle cover materials such 
as dry talc , "sedimentation" was marked by collapse 
of rhombohedral fragments of various size along 
normal listric faults, giving rise to lozenge-shaped 
"basins" . Less cohesive materials such quartz-rich 
sand developed debris cones symmetrically disposed 
about the axis of the structure , duplicating natural 
lateral debris cones or alluvial fans on both sides of 
a drainage axis. These models also showed syste
matic characteristics: (l) basins in the cover were 
considerably wider than the opening of the fault in 
basement; (2) the faults which developed in the 
cover were essentially normal faults even though the 
faults in the basement acted as strike-slip faults; (3) 
conjugate fault systems in the cover had an acute 
bisectrix parailet to the open basement faults trend
ing at angle between 0° and + 90° to the overall 
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shear plane; (4) normal faults developed in several 
successive generations during progressive strain and 
sedimentation was progressive , as frequently ob
served in natural basins. 

The present experiments permit refinement of the 
preliminary findings (Soula 1984) . The most import
ant refinement concerns the mechanisms of opening 
of basins. Basins form only above basement faults in 
the shortening field , regardless of how they open. 
The deformation in the basin over the fault is a 
combination of several mechanisms: i) shortening 
paraHel to the fault occurs by conjugate cover faults 
with acute bisectrices paraHel to the basement fault , 
ii) strike-slip simple shear paraHel to the basement 
fault is responsible for Riedel fractures and tension 
gashes in the cover, iii) extension perpendicular to 
the basement fault results in extensional normal 
cover faults or reactivation of previously formed 
cover faults and iv) dip-slip motions at the tips of 
the basement faults. The prominence of one or 
other of these mechanisms depends essentially on 
the original trend of the basement fault and on the 
shear value. Shortening paraHel to the basement 
fault , with normal or conjugate faults with acute 
bisectrices also paraHel to it, is prominent for faults 
with trends close to 45° to the shear plane. Structu
res develop similar to those observed in pure exten
sional models, i. e. extensional normal faults, tilted 
blocks etc. Pull-apart and push-up structures similar 
to those observed above the master shear plane in 
single layer models form only above faults at low 
angles (less than 10-15°) to the master shear plane. 
Therefore , the morphologic and tectonic structures 
observed in the experimental basins (Fig. 10) are , in 
some cases, similar to structures frequently des
cribed in basins formed in strike-slip zones. Exam
ples of these are rhombohedral or parallelogram 
shapes of basins or of sub-basins, oblique margins 
of the basins and transport of deposits paraHel to 
the strike-slip faults. Others , however ,  show no 
marked differences with structures observed in 
purely extensional basins such as dip-slip faults , 
tilted blocks, listric faults, symmetrical arrangement 
of debris cones , and conjugate faults. This may be 
explained by the fact that there is always a com
ponent of extension perpendicular to the basement 
fault along which the "basin" develops , especially 
when taking into account the fact that "basins" form 
only along fractures in the extension field. However 
the ratio between the extensional component per
pendieular to the basement fault and of strike-slip 
simple shear component paraHel to it vary as a func
tion of the trend of the fault with respect to the 
master shear plane. The component of infinitesimal 
strike-slip simple shear is minimum for faults at 
angles close to 45o to the shear plane and vanishes 
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Fig. JO. Type 4 models, structures in the cover above a 
basement fault. (a) Dry talc cover. Shear strain, y = 0.35. 
Symmetrical arrangement of the fractures with collapsing 
rhombohedral or triangular blocks. (b) Micaeous sand. 
Shear strain, y = 0.25. Development of Riedel shears, 
conjugate faults and normal faults paraHel to the basement 
fault. (c) Mica-poor sand. Shear strain, y = 0.4. Develop
ment of conjugate faults which then acted as normal faults 
with collapsing rhombohedral blocks. Debris cones formed 
at the intersection of conjugate faults. In all pictures: cf = 
conjugate faults; rs = Riedel shears; rb = rhombohedral 
blocks; dc = debris cones. The thick arrows show the 
direction of local shortening or extension. 

at 45°, w h e reas the component of inifinitesimal ex
tension is maximum for the same angle of 45°. This 
explains why symmetrical depositional arrange
ments and tectonic structures are observed for base
ment faults trending at angles close to 45° to the 
master shear plane (Lucas 1985 figs. 8 and 35) . 

An important result of the experimental models 
above is the fact that no normal (extensional) fault 
can form at angles between 90° and 180° to the shear 
plane and that no pre-existing faults with such initial 
orientations can open or act as normal faults. Con
ceptual models involving pull-apart basin develop
ment along or with faults at angles greater than 
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+ 90° to the master shear plane (i.e. within the ex
tension field) are not consistent with the present 
mode! experiments, regardless of the origin of the 
faults or the boundary conditions. As far as we are 
aware , no previous experimental works supported 
such conceptions (e.g. Wilcox et al. 1973 or Ga
mond 1985). Nevertheless, several models were 
especially designed to test the corceptual models of 
Crowell (1974, fig. 3) or Steel & Gloppen (1980, fig. 
14) widely accepted amongst sedimentologists. The 
resulting structures were similar to those described 
above and it was impossible to obtain the structures 
predicted by the authors with the mechanisms and 
initial conditions they envisage. 

Another important result is the development of 
uplifts and depressions at the leading and trailing 
edges, diammetrically opposed on either side of the 
faults. Even though not observed in the cover of 
mode! experiments, the recognition of uplifted and 
depressed zones is one of the most important cri
teria for determining the sense of shear along 
strike-slip related basins. Taking into account the 
effects of erosion , possible sedimentary patterns 
which are Iikely to result from these structures are 
shown in Figure 11. 

The structures observed in the cover are diagnos
tic only for faults at a low angle to the shear plane. 
Howeve r, w hen considering a population of faults 
(and/or basins with differing trends) rather than 
single faults (and/or basins) , it will be possible to 
recognize strike-slip systems if the orientations of
basins and extensional syn-sedimentary faults per
mit determination of the shortening and extension 
fields of the strain ellipsoid (Figs. 8 and 9). 

A point not taken into account in the models is 
that natural basins might develop from faults in the 
extension field because of rivers preferently devel-

Fig. 1 1 .  Block diagram of possible deposition structures 
and morphology associated with the deformation at fault 
tips. The asymmetry will resull from the asymmetry of the 
slopes on both sides of the fault. 

oped along fault zones which are less resistant to 
erosion than the surround in g material. However , in 
this case , neither extensional tectonic structures par
alle! to the fault within the basin,  nor deposition 
structures related to extensional structures in the 
bed rocks (e.g. tilted blocks or collapsed rhombo
hedral blocks) will be observed. 

Comparison to the Bierzo basin (NW Spain) 

The post-Pyrenean Miocene Bierzo basin in NW 
Spain (Fig. 12) has been selected for comparison 
with some of the models presented here. A detailed 
sedimentological , geomorphological and structural 
study of this basin is reported in Herail (1983). The 
experimental results above lead us to refine the ear
lier interpretations (Herail 1983) and suggest a re
gional structural mode! for NW Spain. 

The Bierzo basin is the easternmost inter-moun
tain Miocene basin of the Galician-Leonese massif. 
To the west , it is connected with the basins of cen
tral Galicia through the Rubiana basin and smaller 

Fig. 12. Location of the Bierzo basin with respect to the 
principal faults in NW Spain. The thin Iines are from Lan
sal imagery (IFP-CNEXO 1976). The thick Iines are from 
the seismo-leetonic map of Spain. Line with intermediate 
thickness are faults which have been recognized from field 
studies. The faults from Lansal imagery have been con
firmed by field examination in the Bierzo area. SCF = 
South Can ta bric fault zon e; SF = Sil fault. (l) Santalla 
Formation; (2) Miocene uplift; (3) Undifferentiated San
talla & Las Medulas formations. 
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Fig. 13. Bierzo basin. Structure and origin of the materials constituting the Santalla and Las Medulas 
formations. (l) Santalla Formation; (2) Las Medulas Formation; (3) Undifferentiated Santalla and Las 
Medulas formations, (4) Uplifted areas eroded before the deposition of the plateau conglomerates; (5) 
Miocene uplifts. The open arrows show directions of the principal rivers. Solid arrows show the origin 
and directions of local deposits. The double thick Iines represent the overall trend of the major re
gional faults (South Cantabric and Sil faults); the sense of shear in inferred from the structures within 
the basin. 

basins arranged along the Sil and Bibey valleys . To 
the East , the most recent deposits of the Bierzo 
basin are related to those of the North-West of the 
Duero basin. As a whole , the Hesperic massit was 
affected by an important late-Hercynian faulting 
(e .g. Parga 1969, Mareos 1973, Perez Estaun 1973, 
Arthaud & Matte 1975). The late-Hercynian faults 
we re reactivated later , especially during the 
Cainozoic (Herail 1983) . Figure 12 shows the large
scale fault pattern taken from the seismo-tectonic 
map of Spain and from a Landsat imagery study by 
IFP-Cnexo (1976). 

The basin formed during a short period during 
the Miocene: the sedimentary units which charac
terize the basin, the Santallas and Las Medulas for
mations , unconformably overlie the Toral For
mation which represents a part of a widespread se
dimentary series. They are unconformably overlain 

by a flat lying formation of plateau conglomerates 
which has no special regional name . In the Santalla 
and Las Medulas formations , sedimentation is 
clearly associated with fault activity: the sediments 
were derived locally and originated from the fault 
zones as shown by their composition and the direc
tions of palaeocurrents; the coarser deposits are 
found against faults acting as normal faults , with lat
eral debris cones spreading from them (Herail 
1983) ; faults belonging to a same system formed 
progressively during the deposition as shown by the 
fact that , at any level of Santallas and Las Medulas 
formations , the faults deformed part of the pre
viously deposited sediments and were covered by 
later deposits of the same unit . In the Toral For
mation , deposits have a mpre distant origin and the 
sedimentation shows no relation with the faults . 

Two sub-basins may be distinguished within the 
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Fig. 14.  Orientation of faults in the Bierzo area. The rose 
diagram show the mesoscopic and medium sized faults 
(with length between 100 m and l km). Slippled area = 
extensional synsedimentary faults; black area: reverse 
faults. The Iines added on the diagram show the regional 
faults (e a ch Iine re presents l fault). The interrupted Iines 
are the extensional synsedimentary faults and the continu
ous Iines the reverse or wrench faults not open during sedi
mentation. The thick continuous Iines show the orien
tation of the major regional faults (SCF = South Can ta bric 
Fault; SF = Sil Fault) and the thick interrupted Iines show 
the perpendicular to them. 

Bierzo basin: the major NE-SW trending Pon
ferrada sub-basin , which earresponds to the deepest 
trough , and the E-W trending Bembibre sub-basin 
(Fig. 13). Secondary troughs are observed to the 
north of the Bembibre sub-basin with E-W trend 
(Noceda) and to the north-west of Ponferrada sub
basin with NE-SW trend (Fabero) . 

The basement of the Bierzo basin is composed of 
Palaeozoic sediments unconformably covered by 

Stephanian sandstones and is affected by numerous 
reactivated late Hercynian faults . Field and aerial 
photo structural studies show that there are two 
major basement faults with N 1 1 5 - 120 E trends , 
the South Cantabrian and Sil faults . Other import
ant preexisting regional faults with NE-SW, ENE
WSW to E-W and NW-SE to NNW-SSE trends are 
also observed (Herail 1983) (Figs . 13 and 14). Other 
map-seale faults with N-S to NNE-SSW trends are 
also observed .  Statistical study of smaller faults, i . e .  
with lengths ranging from 100 m to  l km , gives 
maxima for N20-50 E ,  N 70 E and N 140 E (Fig. 
14). These field data are consistent with large-scale 
fault patterns of NW Spain (Figs . 12) which show 
that the dominant lineaments have N 1 15 E and N 
50 E trends in the Bierzo area.  Most of the faults 
were reactivated before and after the deposition of 
the Santallas and Las Medulas formations. 

Both Bembibre and Ponferrada sub-basins devel
oped along regional major fault zones with NNW
SSW and E-W trends w h ich we suggest calling the 
Villafranca-Ponferrada and Bembibre-Noceda fault 
zones,  respectively . The relationship between fault
ing and sedimentation show that the most important 
of the faults active during sedimentation paraHel the 
trends of the Ponferrada and Bebibre sub-basins, 
i . e .  N 45 -50 E and N 95 E to N 1 10 E respectively. 
Other but less important synsedimentary faults 
trend N 60 E, and N 75 E. In the north-western 
area, minor synsedimentary faults with N 60 E and 
N 95 E trends are associated with a major N 50 
trending fault . Minor faults which opened or acted 
as extensional faults during sedimentation of the 
Santalla and Las Medulas formations , i . e .  during 
opening of the basin,  have trends ranging between 
N 20 E and N 120 E (Fig . 14). No opening or synse
dimentary normal faulting has been observed for 
faults of other orientations and it seems acceptable 
to assume that the N 20 E to N 120 E represented 
the shortening field. When considering either the 
major or the minor faults , the boundaries between 
the shortening and extension fields earrespond to 
the trend of the South Cantabrian and Sill faults and 
to the perpendicular to this trend respectively. The 
location of the major Ponferrada and Bembibre 
sub-basins along the NE-SW and EW Ponferrada 
and Bembibre major fault zones show that their de
velopment was due to preterred opening of these 
faults . This is also supported by the directions of the 
palaeocurrents , local deposits and debris cones 
which originated from boundary faults paraHel to 
the major faults in both sub-basins (Fig. 13),  as ob
served in experimental models (Fig. lOc) . On the 
north-western side of the Ponferrada sub-basin, 
near Fabero (Fig . 13),  minor synsedimentary faults 
are oblique to the NE-SW pre-existing fault and not 
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Fig. 15. Schematic interpretation of the Bierzo basin from 
experimental models . The thick Iines represent the base
ment faults from which developed the Ponferrada and 
Bembibre sub-basins. Psb = Ponferrada sub-basin; Bsb = 

Bembibre sub-basin; SCF = South Cantabric Fault; SF = 
Sil Fault; ( l )  normal faults parallel to the basement faults; 
(2) uplifted areas. 

in continuity with any major regional preex1stmg 
fault. These might be conjugate faults developed 
during the formation of the basin , similar to those 
in Figure lOb . They may indicate a compressional 
component acting in combination with dextral 
shearing along the Villafranca fault as suggested by 
their orientation with respect to the Villafranca fault 
zone similar to cover faults developed in the models 
(Fig. lOa, b) . The best evidence for a component of 
dextral shearing occurring along the Ponferrada 
fault is the development of local uplifts north and 
south of the Ponferrada trough , i . e .  at its NW and 
SW edges . These zones correspond to topographic 
relief with associated local coarse facies of the San
talla and Las Medulas formations during the open
ing of the basins. Evidence for this interpretation 
includes : i) eonstant sedimentation in the Tora! For
mation in their vieini ty , and ii) the up lifts and the 
basin are unconformably cut by an erosion surface 
covered by flat-lying plateau conglomerates . Com
pared with experimental models , the location of the 
uplifts on the NW and SE edges of the Ponferrada 
fault zone can be considered as a result of shorten
ing on the leading edge and extension on the trailing 
edge on either sides of the fault (see Figs . 2 and 3) . 

Put together and compared with experimental 
models (Fig. 3 and 10), the results reported above 
suggests that the Bierzo basin formed during a 
large-scale left-lateral strike-slip shearing paraHel to 
the major WNW-ESE trending South Cantabrian 
and Sil faults acting on major E-W and NNW-SSW 
faults (Figs . 15 and 16) .  These allowed dextral 
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Fig. 16. The formation of the Bierzo basin is attributed to 
regional sinistra( shearing along the major WNW - ESE 
trending regional faults. Antithetic shearing occurred 
along NE-SW trending pre-existing faults, and synthetic 
shearing along ENE-WSW trending pre-existing faults. 
SCF = South Cantabric Fault ; SF = Sil Fault. 

shearing along the Ponferrada-Villafranca fault 
zone which is at an angle of about 75° to the major 
South Cantabrian and Sil faults . In this interpre
tation , the maj or WNW-ESE trending lineament 
passing through the Bierzo basin may be considered 
as a wide regional shear zone . 

The data on Figure 12 show that the Bierzo basin 
formed at the junction between this WNW-ESE 
major fault zone and another major fault zone with 
NE-SW trend , which could explain the importance 
of this basin (Fig. 15) . lt is Iikely that the left-lateral 
strike-slip shearing which occurred along the 
WNW-ESE major fault zone on the scale of the 
Bierzo basin also occurred along this fault zone on 
the scale of NW Spain . Most of the other important 
Miocene basins of NW Spain are situated along re
gional faults with similar NNW-SSW to NE-SW 
trends (Fig. 12) . This suggests that the interpre
tation which is proposed for the Bierzo basin could 
be extended to the other Miocene basins of NW 
Spain . A more detailed structural and sedimento
logical study of these basins will be necessary in or
der to confirm or deny this hypothesis .  However, 
the present study suggests that the mode! experi
ments could be used to guide or control these 
studies . 
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General discussion and conclusion 

The mode! described in this paper emphasize the 
role of pre-existing faults in the control of basin 
opening, a factor not taken into account during pre
vious mode! studies.  Comparison with natural struc
tures e . g .  the Bierzo basin or the Permian and 
Triassic basins in the Pyrenees (Soula et al . 1979) 
suggests that such pre-existing faults with differing 
trends are important in nature and play a major role 
during basin development in wrench fault zones.  

The principal results of the experiments are : 
l) Only discontinuities in the infinitesimal shor

tening field can open . lt is not possible for even 
pull-apart basins to form along discontinuities situ
ated within the infinitesimal extension field what
ever the boundary conditions or the interna! con
figuration . 

2) Deformation always occurs at the edges of the 
faults as a result of relative displacement along the 
faults and is responsible for uplifts . The actual 
amount of the uplifts is not important. Most import
ant is the fact that they exist and that it is possible 
to prediet their location . Modelling only "simple" 
situations such as structures developing above the 
master faults , will have applications limited to only 
!arge basins in major fault zones.  

3) Ductile materials exaggerate the ductile part of 
the deformation compared to the more brittle ex
perimental and natural materials , but do not funda
mentally change the results.  For example , the defor
mation at fault ends will be accommodated in the 
more brittle material by thrusting at the leading 
edge or extensional faulting at the trailing edge . 
Even so,  there will be a shortened zone with a ear
relative uplift at the leading edge and an elongated 
zone with a earrelative depression at the trailing 
edge , diametrically opposed on either side of each 
fault . lt is clear that simulating faulted basements 
by rigid blocks will be much more unrealistic and 
will give rise to oversimplifications rather than sim
plifications . 

4) Interference between pre-existing faults may 
considerably affect the behaviour of the basement 
and of the basins . The development of structures 
such as pull-apart "basins" is greatly helped or made 
possible by fault interferences , even in the most 
brittle materials used in the experiments (dry talc) . 

The example of the Bierzo basin show that our 
mode! experiments may be used as guides for inter
preting natural basins . Field data show that some 
pre-existing faults opened while other closed during 
sedimentation . Such observations constrain the 
elongation and shortening fields at this time . Defor
mation at fault tips eaused uplifts and depressions 
which may be used to determine the sense of rela-

tive strike-slip displacement. The two major sub
basins which constitute the basin developed along 
NNE-SSW and E-W trending faults situated within 

the regional shortening field . Comparison with ex
perimental models suggests attributing the develop
ment of the basin to a !arge scale Ieft-lateral shear
ing along a WNW-ESE trending major fault zone 
across NW Spain . 

The present models cannot aspire to be exact rep
resentations of natural structures.  This is because 
erosion or sedimentary processes not directly 
related to gravity will not be duplicated on the scale 
of the basins and because the faults extend as nor
mal faults rather than by actual opening. Howeve r, 
gravity-contralied processes such as development of 
debris cones or alluvial fans,  collapse of fault blocks 
and related structures may be obtained experimen
tally . Therefore , although the experiments do not 
prediet the exact geometries , they are though cap
able of predieting the location and the type of depo
sitional structures controlied by tectonic events . 
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