
Pergamon 
lournal ofSmucrurn/ Geology, Vol. 17, No. 8, pp. 1139 to 1149, 1995 

Copyright @ 1995 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

0191-8141/95 $9.50+0.00 

0191_8141(95)oooo8-9 

The influence of pre-existing thrust faults on normal fault geometry in 
nature and in experiments 

CLAUDIO FACCENNA,* THIERRY NALPAS, JEAN-PIERRE BRUN 
and PHILIPPE DAVY 

Geosciences Rennes UPR4661 CNRS, Campus de Beaulieu, Universitt de Rennes I, 35042 Rennes Cedex, 
France 

and 

VITTORIO BOSI 

Istituto Nazionale di Geofisica, Via di Vigna Murata 605,00143 Roma, Italy 

(Received 4 January 1994; accepted in revised form 23 December 1994) 

Abstract-Relations between normal faults and pre-existing thrust faults are classically described in terms of 
three basic situations: normal faults can cross-cut thrust faults; they can branch out from thrust faults at depth on 
a ddcollement level, or they can entirely reactivate thrust planes. The mechanical aspects of these types of 
interaction were studied by analogue modelling in which sand simulates the ‘brittle’ rocks and silicone putty an 
interlayered decollement. The models underwent compression, producing thrust faults with variable dips, 
followed by extension. Three possible ways of interaction are described here: (a) no interaction occurs in the case 
of low-dip thrust faults (<32’ + 1”) and normal faults are developed independently, displaying a listric geometry; 
(b) branching at depth on the decollement level occurs when dip of the thrust faults reaches 32” 5 1”. In this case, 
the dip of the normal faults, whose geometry becomes planar, decreases with increasing thrust dip. We suggest 
that this change in dip of normal faults depends upon the rotation of stress tensor axes along the pre-existing fault 
zone, where a drop in the friction coefficient is likely to occur; (c) reactivation occurs in brittle material when dip 
of the pre-existing fault exceeds 41” + 1”. 

INTRODUCTION 

The way in which normal faults interact with pre-existing 
crustal anisotropies such as thrust planes is a crucial 
topic in understanding extensional processes. It is gener- 
ally accepted that pre-existing thrust systems exert an 
influence on the geometry (location, dip and direction) 
of the newly-formed normal faults, even if the thrust 
planes are partially-if at all-reactivated (Allmend- 
inger et aE. 1983, Brun & Choukroune 1983, Smith & 
Bruhn, 1984, Malavielle 1987, Seranne & Seguret 1987, 
Powell & Williams 1989, Jolivet et al. 1991). The geo- 
metrical relationship and/or interaction between normal 
faults and pre-existing thrust planes can be summarized 
in terms of three basic situations (Williams et al. 1989) 
(Fig. 1): 

(a) normal faults may cross-cut and offset the pre- 
existing thrust planes (Fig. la) (Wernicke 1981, Powell 
& Williams 1989). 

(b) Normal faults may branch out from thrust faults at 
depth on a weak fault zone or on a decollement level 
(Fig. lb), as often observed in the North Sea region 
(Stoneley 1982, Chadwick et al. 1983, Brewer & Smythe 
1984, Cheadle eta/. 1987, Enfield & Coward 1987, Gibbs 
1987, Stein & Blundell 1990). 

*Present address: Dipartimento di Scienze Geologiche, III 
Universita di Roma, Via Ostiense 169,00154 Roma, Italy. 

(c) Pre-existing thrust planes may be entirely (Fig. lc) 
(Ratcliffe et al. 1986) or partially reactivated, as sugges- 
ted for ramp and flat thrust geometries (Petersen er al. 

1984, Smith & Bruhn 1984, Arabasz & Julander 1986, 

a Cross-cutting a thrust fault 

b Branching at depth onto a decollement level 

r-v-l 
1 / I 
C Reactivation of a thrust fault -_- 

Fig. 1. Three basic geometries summarizing the possible relations 
between normal faults and pre-existing thrust faults. Grey omamen- 
tation indicates a decollement level. For references and other details 

see text. 
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Cooper 8z Burbi 1986, Powell & Williams 1989, Wil- 
liams et al. 1989, Gorini et al. 1991). 

From a mechanical point of view, reactivation pro- 
cesses occur because pre-existing fault zones are gener- 
ally weaker than the unfracturated surrounding rocks. 
Three critical weakness parameters are commonly 
invoked: a drop in cohesion between the fault zone and 
its surrounding rocks (Donath & Cronwell 1981, 
Huyghe & Mugnier 1992), a drop in friction coefficient 
(Ivins et al. 1990) and high pore-pressures within the 
fault zone (Hubbert & Rubey 1959, Sibson 1985, Ivins et 
al. 1990, Sibson, 1990). These three parameters induce a 
drop in shear strength along the pre-existing structure, 
thus limiting reactivation to faults that are properly 
oriented with respect to the subsequent principal stress 
directions (Ivins et al. 1990, Ranalli & Yin 1990, Yin & 
Ranalli 1992). 

The aim of this paper is to study the geometry of the 
normal faults as a function of pre-existing crustal aniso- 
tropies using small-scale models. The style of the models 
is based on the geometries observed in two natural 
examples, from the Apennines and from the North Sea 
region. 

TWO GEOLOGICAL EXAMPLES 

It is beyond the scope of the paper to carry out a 
through review of the extensional reactivation of thrust 
faults. Several papers (see references above) treat this 
topic. Our aim is to present field and seismic evidence of 
the extensional reactivation of thrust faults. The two 
examples studied here provide evidence for the role of 
thrust fault dip and decollement on the reactivation of 
thrust faults and on the location of newly formed normal 
faults. 

Central Apennines (Italy) 

Two main tectonic phases, first compressional 
(Miocene-Pliocene) and then extensional (Pliocene to 
recent) have traditionally been recognized in the central 
part of the Apennine chain (Parotto & Praturlon 1975, 
Funiciello et al. 1981). These tectonic phases at first 
produced stacking of the Meso-Cenozoic sedimentary 
sequences via NW-SE-striking thrust planes, and then 
extensional collapse with northwest-southeast normal 
faults and asymmetric basins (Fig. 2a). In this terrain 
extensional reactivation of thrust faults is widely recog 
nized and accepted as a suitable mechanism, acting both 
on superficial thrust faults (Cooper & Burbi 1986) and 
on deep decollement levels (Bally et al. 1986, Lavecchia 
et al. 1987, Ghisetti et al. 1993). 

Detailed structural and geological studies along part 
of a 40 km long northwest-southeast fault zone, de- 
scribed as an example of a reactivated thrust fault (Fig. 
2a) (Nijman 1971, Mariotti & Capotorti 1988, Bosi et al. 
in press), have been performed in order to acquire some 
insight into the geometrical aspects of reactivation. In 
this area. comnression develooed durina the Late 

Miocene-Early Pliocene with high- and low-angle imbri- 
cated thrust faults affecting carbonate and terrigenous 
sequences (Fig. 2b). Thin layers of clay, marl and sand 
are often intercalated inside the fault zone between the 
carbonate walls. A subsequent early Pleistocene exten- 
sional phase induced the reactivation of high-angle 
thrust faults and the formation of new normal faults 
parallel to the thrust planes (Fig. 2b). The attitude and 
the kinematics of the studied fault planes were recog- 
nized in the field by means of kinematic analysis and by 
geometrical reconstructions; in particular, the exten- 
sional reactivation of pre-existing thrust planes was 
inferred from stratigraphical criteria and by the super- 
position of slickensides on the same fault plane on 
mesoscopic and microscopic scale (details in Bosi et al. in 
press). Extensional reactivation has been observed 
mainly for 37O-40” and for 35“-37” dipping thrust planes, 
with a minimum normal offset of 500 m (Fig. 2c) (Nij- 
man 1971, Bosi et al. in press). On the contrary, shallow 
dipping thrust planes (31” and 16”-21”) do not display 
any evident traces of reactivation and are locally cut by 
newly-formed normal faults (dipping 57O-65”) (Fig. 2~). 
On the basis of these data, we suggest that extensional 
reactivation in this region is more frequent for high- 
angle than for low-angle thrust faults. 

Broad Fourteens Basin (North Sea) 

A good example of extensional reactivation of a thrust 
fault at depth-above a decollement level-is provided 
by the northwestern border of the Broad Fourteens 
Basin (BFB), which is located off the coast of the 
Netherlands on the southern edge of a Permian evapor- 
ite basin (Ziegler 1975) (Fig. 3a). In order to point out 
the structural relationship between pre-existing Upper 
Cretaceous thrust planes and Tertiary normal faults, a 
detailed analysis of seismic profiles along the western 
border of the BFB has been carried out (Nalpas 1994). 
The thrust system involves a significant component of 
dextral strike-slip motion and detaches-via the salt 
layer-the sedimentary cover from the basement 
(Bodenhausen & Ott 1981, Nalpas et al. in press). In the 
investigated area (Fig. 3b), thrust planes dip to the east- 
northeast. Normal faults are systematically located just 
behind the thrust tip, branching out from the termin- 
ation of the salt decollement level (Fig. 3~). This 
example indicates that the presence of a thrust plane 
connected to a basal decollement level is able to control 
the location of normal faults. Branching at depth on the 
thrust plane occurs preferentially at the top of the 
decollement level. 

ANALOGUE MODELLING 

Experimental procedure 

Models were performed to simulate geological situ- 
ations comparable to those described before. The mod- 
elling techniques are similar to those commonly used for 
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Fig. 2. Example of extensional reactivation of pre-existing thrust planes in the Central Apennines. (a) Simplified structural 
map of the Central Apennines (modified after Funiciello et al. 1981); (b) structural map of a part of the studied area; 

(c) schematic block diagram, not to scale (modified from Bosi ef al. in press). 

experiments on brittle-ductile systems at the Labora- 
tory of Experimental Tectonics of the Geosciences De- 
partment (Rennes) (e.g. Vendeville ef al. 1987, 
Allemand et al. 1989, Davy & Cobbold 1991, Nalpas & 
Brun 1993). The brittle behaviour of upper crustal rocks 
is simulated by dry sand and the ductile behaviour of the 
decollement layer (e.g. salt level) is simulated by sili- 
cone putty. The rheological properties of the materials 
have been described previously by Mandl et al. (1977), 
Davy (1986), Weijermars (1986), Davy & Cobbold 
1991, Krantz (1991a). Parameters for sand are given in 
the Appendix; the materials and experimental para- 
meters used in the present study are summarized in 
Table 1. 

The deformation apparatus is made up of a mobile 

basal plate attached to a vertical end wall, sliding at a 
constant velocity along an underlying fixed basal plate 
(Fig. 4). The displacement is applied by means of two 
screw jacks, which are fixed onto the mobile plate, thus 
inducing a velocity discontinuity at the base of the 
model. The velocity discontinuity (VD) induces the 
formation of faults in the central part of the model in 
order to simulate a deep crustal anisotropy. 

Two sets of experiments were carried out. In the first 
one, faulting is developed within a single brittle layer 
(set I of Fig. 4a and Table 1); in the second, the models 
involve an interlayered shallow-dipping (Y-6”) and vis- 
cous decollement layer (set II of Fig. 4b and Table 1). 
The dip-angle chosen for the ddcollement layer corre- 
sponds to the average dccollement angle observed in 
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a b 
SW NE 

Fig. 3. Example of branching at depth of normal faults onto a decollement level of a pre-existing thrust fault in the Broad 
Fourteens Basin (North Sea). (a) Location of the Broad Fourteen Basin (modified after Ziegler 1990); (b) location of the 

newly-formed normal faults inside the basin; (c) linedrawing. 

most accretionary wedges (see e.g. fig. 17 of Davis et al. 
1983). Moreover, the rate of displacement has been 
chosen in order to obtain a strength profile for the 
decollement level analogous to the one calculated for a 
salt level (Nalpas & Brun 1993). Finally in both sets of 
experiments, a 5 cm-wide and 1 cm-thick strip of silicone 
putty is placed at the base of the sand-pack along the VD 
(Fig. 4 and Table lj to avoid excessively restrictive 
control of fault location by the VD. 

Models were run in two steps: first by compression 

producing thrust faults, and then extension producing 
normal faults. Compression is applied to the model at a 
variable angle (a) between the direction of compression 
and the VD direction (Fig. 4). Each set of experiments is 
made up of at least six models grading from pure 
compression (a = 90”) to a strike-slip regime (a = 3”), in 
order to obtain variable dips for the compressional faults 
(see Richard & Cobbold 1990). Later extension is 
always applied perpendicularly to the VD. In the second 
set of experiments, a thin layer (1 cm) of fresh sand is 

Table 1. Main parameters of the materials used and the experimental procedure. Symbols for the parameters: p = density 
(g cmW3), 0 = angle between the fault plane and al-axis, h = thickness, L = width, r] = viscosity (measurement of viscosity was 

performed at 25”C, but experiments were performed at room temperature of 200-25°C). 

Set 
Sand before Sand after 

camp. camp. 
Basal 

silicone 
Interlayered 

silicone 
Comp. 
velocity 

Ext. 
velocity 

a (angle of 
camp.) 

p= 1.6 p= 1.7 q=104Pas - 1 cm h-i 1 cm h-’ 
I f3 = 28 I3 = 24” p= 1.4 

h=7cm h=7cm h=lcm 3”. 15 
L=Scm 

23’. 30” 

II 
p= 1.6 
0 = 28” 
h = 7.5 cm 

p= 1.7 
6 = 24” 
h = 8.5 cm 

r] = 104Pas q= 103Pas 
p= 1.4 p= 1.3 0.5 cm h-’ 0.25 cm h-’ 45”, 90” 
h=lcm h = 0.5 cm 
L=5cm L=30cm 
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Fig. 4. Experimental apparatus used for the first (a) and for the 
second (b) set of experiments. 

sieved onto the surface before extension in order to 
preserve the topography of the compressional struc- 
tures . 

Both compression and extension are interrupted at 
the first appearance of related faults. At the end of the 
experiment, the central part of the model is wetted and 
cut into serial sections perpendicular to the VD in order 
to examine the deformation pattern and measure fault 
dips. In the case of listric normal faults, dip is measured 
in the upper @‘-at the surface), middle (/I”) and lower 
parts of the fault @“-top of the silicone layer). 

Results-Set I 

After compression the models are characterized by at 
least one thrust fault, or by a conjugate set of thrust and 
back-thrust faults (Fig. 5). Under pure compression 
(a = 90”), thrust planes display a roughly planar geom- 

fault dip 
I o back-W@ . thrust 

70 

i 

-.--y 

60 

a=90" 

200 
90 60 60 40 20 0 

a angle of compression 

Fig. 5. Plot of fault dip (thrusts and back-thrusts) versus angle of 
compression (a), grading from a pure compressive regime to a strike- 
slip regime in the first set of experiments. The cross-section illustrates 
structures formed at the end of compression in the first set of experi- 

ments driven at a = 90”. 

etry with an average dip of 30”, whereas back-thrusts 
show an average slightly steeper dip of 33”. At the base 
of the thrust plane, a slice of silicone putty a few mm 
thick and a few mm long penetrates into the fault zone. 
A plot of experimental data shows the increase of thrust 
and back-thrust dip as a function of decreasing of a angle 
(Fig. 5). Moreover, with a decrease of the a angle (a I 
45”), thrust and back-thrusts are arranged ‘en echelon 
(Fig. 6b’). 

During subsequent extension, a main normal fault 
develops at first but, as observed in compression, an 
antithetic normal fault may then appear. The increase of 
the dip of the thrust fault causes a change in the geom- 
etry of the normal faults as follows: 
l when the thrust dip is less than 32” Z!Z l”, the main 

normal fault displays a listric geometry and is located in 
the centre of the basal silicone strip just above the VD 
(Figs. 6a and 7a); 
l when the thrust dip increases above a critical value 

of 32” + l”, normal fault branches out from the base of 
the pre-existing thrust at the basal silicone/sand inter- 
face. This normal fault displays an approximately planar 
geometry (Figs. 6b and 7b). The main normal fault is 
always located at the rear of the thrust or at the rear of 
the back-thrust, when the compressive structures are 
arranged ‘en echelon’ (Fig. 6b’); 
l when the dip of the thrust planes reaches a critical 

dip value of 41” + l”, thrust faults are reactivated (Fig. 
8). Due to the steeper dips, reactivation occurs preferen- 
tially on back-thrust faults during the early stages of 
extension. Then a conjugate normal fault develops at the 
rear of the thrust fault (Fig. 8a). 

Results-Set II 

The presence of an interlayered decollement level 
during compression produces a ramp and flat geometry 
(Figs. 6c and 9). At early stages of compression, a blind 
anticline structure develops above the basal ramp, and 
later a ‘pop-up’ structure appears at the upper termin- 
ation of the decollement level (Figs. 6c’ and 9). The 
minimum observed thrust dip is around 32” (Fig. 9). As 
observed in the previous set of experiments (Fig. 5), the 
dip of the thrust and back-thrusts (Fig. 9) as well as the 
basal ramp dip, increases with decreasing values of a 
angle. The increase of the basal ramp dip causes a 
backward migration of the related anticline. Moreover, 
during the final stage of deformation of experiment 
driven at a < 23”, dextral strike-slip Riedel-like features 
appear inside the pop-up structure (Fig. 6d’) (see also 
Naylor et al. 1986, Richard & Cobbold 1990). 

During the early stages of extension, a ramp syncline 
appears above the basal ramp, which causes a smoothing 
of the pre-existing ramp-anticline. Afterwards, one or 
two conjugate normal faults develop inside the pop-up 
structure (Figs. 6c” and 10a). Normal faults develop 
above the basal silicone strip, connected to the decolle- 
ment level and cutting through the pop-up structure 
(Figs 6c and 10a). It is important to point out that 
reactivation of the decollement level occurs only at low 
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a=45” unlinked listfic faults 

FzJqa 

n 

Eo- 0 

70 - dl 

0 

60- 

60- 0 

-I 

o intermediate 

fault dip ( p”) 
0 max. and min. 

fault dip (!J’. p”‘) 

+ mean fault dip (pl 

a = 30” 

i 

,I& 

~;.,,,..,,,,,,...,,,,,,,,I 

2s 30 32 34 36 3s Al 

dip of thrust 

Fig. 7. Variation in normal fault-dip as a function of thrust dip. The 
interval between the minimum and the maximum dip of each normal 
fault is plotted vs the dip of the thrust. Listric normal faults (a), not 
linked to thrust planes (average values: B’ = 90”, /3” = 73”, j3” = 48”, 
j3 = 70”), become closely linked to thrust planes when the thrust fault is 
steeper than 32” & l”, changing its geometry (b). A listric fault is 
defined in this study as a fault having minimum and maximum dips 
differing by more than 20”. Intermediate fault dip is measured in the 
central part of the model (at a height of 3 cm from the top of the basal 

silicone layer). 
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Fig. 8. Dip of the thrust and back-thrust vs dip of the normal fault in 
the first experimental set. In the case of listric faults, the mean of the 
three values is plotted (B = /?’ + @” + /?“‘/Z!-see Fig. 7 for the minimum 
and maximum dip value). Reactivation occurs at dips of more than 41” 
f 1”. The cross-section of a model driven at a = 23” indicates that 

reactivation occurs preferentially on back-thrusts. 

displacement velocity (0.25 cm h-l); in models driven at 
0.5 cm h-‘, normal faults are seen to cross-cut the 
dkcollement level. The shape of the normal faults is 
relatively constant with a near-planar geometry (mean 
value of /?‘-/I’” is around 20”); they are located at the rear 
of thrust faults, branching out from the silicone intruded 
at the base of the thrust. The dip of the normal faults is 
strongly influenced by the dip of the thrust: an increase 
56 ,,:t.* 

fault dip 

1145 
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0 
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cl 

200 
90 90 60 40 20 0 
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Fig. 9. Dip of thrusts and back-thrusts vs angle of compression (a), 
grading from a pure compressive to a strike-slip regime in the second 
set of experiments. The cross-section illustrates structures formed at 
the end of compression for the second set of experiments driven at 

Cf=W. 
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dip of thrust and back-thrust 

Fig. 10. Dip of the thrust and back-thrust vs dip of the normal faults in 
the second set of experiments. A linear regression is observed between 
the dip of the thrusts and the dip of the associated normal faults. Insert 
(a) & (b) contain line drawings of two cross-sections for models driven 

with a = 45” and 23”, respectively. 

of thrust fault dip of 6”-8” causes a decrease in the dip of 
normal faults of more than 15” (Fig. 10). Finally, reacti- 
vation of the upper thrust ramp is similar in type to that 
observed in the first set of experiments and occurs 
preferentially on the back-thrust planes (Figs. 6d and 
lob). The observed minimum angle of reactivation is 
around 44”, but no data are available for the 41”-44” 
interval. 

Interpretation 

Sand models without a basal silicone layer, driven 
only in extension (Vendeville et al. 1987) or in compres- 
sion and extension (Krantz 1991b), show normal faults 
with a quasi-planar geometry. Local steepening con- 
fined to the upper part of the fault is due to the sand 
dilatancy (Mandll988); local flattening in the lower part 
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h =32”* 1” h =41”*1” 
unlinked listric normal fault linked planar normal fault reactivation 

Fig. 11. Sketch of the geometrical relationships between a hypothetical pre-existing weakness zone and newly-formed 
normal faults. In the first case (,I < 32” + l”, where 1 is the dip of the thrust plane), listric normal faults are not linked to the 
thrust plane. For an angle A> 32” + l”, interaction between the normal fault and the weakness zone increases, while normal 
faults branch out from the base of the thrust at the interface with the d&ollement; the geometry of the fault is planar. For 

angles d > 41” + l”, complete reactivation occurs. 

of the fault is controlled by the basal friction. In a similar 
way, models with a continuous basal silicone layer 
frequently show planar normal faults (Allemand ef al. 
1989). In our models with a silicone layer of finite width, 
listric normal faults are able to develop. In extension, 
the basal silicone layer thins more heterogeneously 
above the VD in comparison to models with a continu- 
ous basal silicone layer, thus inducing an asymmetric 
and localized flexure of the sand-pack. This is believed 
to cause a bending of the principal stress trajectories 
(Sanford 1959, Horsfield 1977, Vendeville 1987, Mandl 
1988). The rotation of the principal stress axes allows the 
dip angle /?’ of the upper part of the fault to reach a value 
of 90” or more, causing a vertical or reverse displace- 
ment along the fault near the surface (Figs. 6a and 7a). 
As a result, a listric normal fault develops with a hanging 
wall roll-over anticline. In our models with a basal 
silicone layer, listric geometry is only observed when 
normal faults develop within undeformed sand [test 
model driven only in extension; Nalpas (in press)] or 
near a pre-existing thrust fault with a dip of less than 
32” f 1” (Figs. 6a and 11). When the dip of the thrusts 
reaches an angle of 32” f l”, normal faults branch out 
near the base of the thrust faults (Figs. 6b, 7b and 11). In 
this case, normal faults develop with a planar geometry 
at the rear of the thrusts. Then, the location and the 
geometry of normal faults are influenced by the pres- 
ence of the pre-existing thrust faults where a drop in 
shear strength due to the sand dilatancy is likely to occur 
(Mandl et al. 1977, see also Appendix). In the second set 
of experiments, normal faults always branch out near 
the bases of thrust faults (Figs. 6c and lOa), which show 
dips steeper than 32” + 1”. We observe that the dip of 
newly-formed normal faults progressively decreases 
with increasing dip of pre-existing thrust faults (Fig. 10). 
Similar phenomena have been observed in sand models 
(Krantz 1991b, Kiintz 1994) and are believed to be due 
to the presence of a pre-existing zone of weakness. In 
this study, we suggest that the change of the normal fault 
dip is due to a drop in frictional coefficient near a pre- 
existing zone of weakness (see Appendix). As proposed 
for natural examples (Zoback 1991, Zoback & Zoback 
1991), the presence of a zone of weakness could induce 
rotation of the principal stress axes. In extension, the 
maximum compressive stress gradually rotates from the 
vertical towards the dip of the weak pre-existing struc- 

ture (Ben-Avraham & Zoback 1992). The amount of 
rotation of the al-axis is related to the angle between the 
pre-existing weak structure (thrust plane) and the theor- 
etical vertical al-axis; the more this angle decreases- 
i.e. as thrust dip increases-the more the al-axis rotates, 
until a critical value is reached @back & Zoback 1991). 

Finally, when thrust planes reach a dip of about 41” rt 
l”, total reactivation occurs (Figs. 6d, 8a, lob and 11). 
This observed minimum critical angle of reactivation is 
in agreement with theoretical calculations (see Appen- 
dix) and with previous sand models (Krantz 1991b). 
Even this process could be due to a drop in the frictional 
coefficient along the weakness zone (see Appendix), 
occurring mainly in the early stages of extension. 
Furthermore, in the second set of experiments, exten- 
sional re-working of the silicone dCcollement level 
occurs only when a low rate of displacement, i.e. low 
shear strength, is imposed. 

DISCUSSION AND CONCLUSIONS 

The results of analogue modelling give some insights 
into the mechanical aspects of the interactions between 
newly-formed normal faults and pre-existing thrust 
faults. 

(a) The results of our experiments and observations 
from the Central Apennines indicate that normal faults 
only slightly interact-if at all-with shallow-dipping 
pre-existing thrust faults. In this case, the location and 
the geometry of the normal faults seem to be unaffected 
by the thrust faults. 

(b) The branching at depth of normal faults onto 
thrust planes occurs preferentially at the termination of 
a dCcollement level and induces a control upon the 
geometry of the normal faults. Experimental results 
indicate that, when the dip of the pre-existing thrust 
reaches a critical angle (32” + l”), normal faults branch 
out from the base of the thrust fault at the interface with 
the ductile dCcollement. The observations in the Broad 
Fourteens Basin are supported by these results, since 
normal faults branch out from the thrust fault at the 
termination of the evaporite dCcollement level. In this 
case, the location of the normal faults are controlled by 
the inherited configuration of the dCcollement level. 

The dip of the newly-formed normal faults may be 
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also controlled by the presence of a pre-existing thrust 
plane. In our model, when branching at depth occurs, 
the dip of normal faults decreases following an increase 
in the dip of the thrust plane. We suggest that this 
phenomenon is due to the presence of a pre-existing 
zone of weakness where shear strength decreases and 
the principal stress axes are rotated. This relation may 
offer a further explanation to the observation that very 
shallow-dipping normal faults [less than 30”; cf. Jackson 
(1987)] are recognized especially in areas of previous 
thickening and thrusting (e.g. Brun & Choukroune 
1983). 

(c) In both model and nature, the extensional reacti- 
vation of a thrust fault depends upon its shear strength. 
In dry sand, with a frictional angle of about 24”, com- 
plete extensional reactivation of a pre-existing thrust 
fault occurs only when the thrust plane dips at more than 
41” + 1”. We propose that this observed minimum 
critical angle of reactivation depends upon the drop in 
friction coefficient, and thus in shear strength, that 
occurs along a pre-existing faulted zone. In the brittle 
crust, the geometry of pre-existing thrust planes, the 
coefficient of friction, the cohesion and pore pressure 
are fundamental parameters which control fault reacti- 
vation. Accordingly, observations from the Central 
Apennines imply that the dip of the pre-existing thrust 
fault is indeed an important parameter controlling 
superficial reactivation processes. Even though reacti- 
vation of lower angle thrust planes is possible (e.g. 
Ratcliffe et al. 1986), this would require a major influ- 
ence of the parameters mentioned above (e.g. Sibson 
1985). As illustrated by the Broad Fourteens Basin (Fig. 
2), the extensional reactivation of thrust faults connec- 
ted to gently-dipping decollement level is commonly 
observed. Our experimental results indicate the reacti- 
vation of a Y-6” dipping decollement. In such cases, the 
reactivation is strongly dependent on the shear strength 
of the decollement layer, which for a given viscosity of 
the layer rocks is controlled by the strain rate. At high 
strain rates, a layer made of very weak rocks (e.g. salt) 
can be cross-cut by normal faults. 
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APPENDIX 

Dry Fontainebleau sand (quartzose, well sorted and well rounded- 
grains) was introduced and levelled in the experimental apparatus, 
being sieved with a 0.5 mm mesh from a height of 40 cm. This 
technique gives a density of 1.60-1.62 to the sand-pack. Several test 
models, driven in compression and in extension only, were performed 
to define the angle 0 between the fault plane trace and the principal 
stress axis 01. Fault dip measurements yield an average of 0 = 28”. 

R=al /a3 
10000 
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100 4 

1 optimum reactivation 
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1147 

p = 0.9 p = p.6 

critiil reactivation angles 

Fig. Al. Stress ratio (R) versus the angle between the fault plane and 
the a,-axis (6) for different friction coefficients. The diagram shows 
that a critical reactivation angle of 41.5” occurs for a sand with a friction 

coefficient of 0.9. 

To model extensional reactivation of pre-existing thrust faults, we 
performed a two-stage run consisting firstly of compression and then 
extension. A certain degree of compaction is preserved by the sand at 
the end of compression, and the observed 0 angle decreases to about 
24”. The coefficient of internal friction @), as expressed by Anderson 
(1951), is given by: 

j4 = tan(26 - 90”) = tan f$, (Al) 

where @ is the angle of internal friction (42”). This equation yields ap 
value of 0.9. The stress ratio (R) necessary to reactivate a pre-existing 
plane with variable dip is given by the following relation (Sibson 1985): 

R = o,/us = (1 + p c0tge)qi - p tge). (A2) 

For the above parameter 01 = 0.9), the minimum dip of the 
preexisting reactivated plane is of 41O-42” (Fig. Al). This value is in 
good agreement with the models of Krantz (1991b) as well as the 
results presented here. 

As described by Mandl ef al. (1977), the uncompacted sand reaches 
the rupture peak through a softening process that causes the formation 
of a narrow dilatancy zone whose width depends upon the initial 
density of the material. 

From equation (A2) we also obtain: 

us = 0.19 ut. (A3) 

At a depth of 6 cm, assuming a density of 1.7, the differential stress 
al-u3 is ~810 Pa (Fig. A2b). The construction of the Mohr circle, 
assuming a cohesionless material, allows us to trace a failure envelope 
for the intact sand and for reactivation of the preexisting anisotropy 
(Fig. A2a). This envelope corresponds to an angle of internal friction 
(g’) fixed by the experimental and theoretical value of 32”, and a 
related friction coefficient ,# = 0.6. 

The stress ratio for reactivation (R*) has a minimum positive value 
(Sibson 1985): 

R* = ((l+~*Z)‘n+~*)*, (A4) 

which, for the above values gives R’ = 3.1. 
In an extensional regime, the differential stress required to reacti- 

vate a pre-existing anisotropy (Ranalli &Yin 1990) is given as follows: 

u:-s: = ((R-l)lR)(pgz)(l-rl), (A5) 

yielding a value of 677 Pa, where L is the depth and L the pore pressure, 
equal to zero in our models (Fig. A2b). 

Finally, we propose that, assuming a cohesionless sand, reactivation 
processes can be explained by a fall in the friction coefficient within the 
dilatancy zone (Fig. A2b). From our experiments we estimate a drop 
in friction coefficient of about 30%. 
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Fig. A2. Mohr circles for stress (at a depth of 6 cm) and a related shear strength profile for the intact sand and reactivated 
planes (main parameters for the sand used are p = 0.9 and p = 1.7). 
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