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Abstract. Using geophysical observations and some ba- 
sic geological ideas on the present structure of the Ventura 
basin, we model its possible mechanical evolution during the 
last 4 million years. We use a two-dimensional finite element 
model with frictional and elastoviscoplastic rheologies that 
allow strain localization. This allows us to study the me- 
chanical origin of the San Cayetano thrust fault (SCF) and 
its interaction with the Oak Ridge fault (ORF). The results 
of our modeling indicate that the geometry and activity of a 
shear zone which mimics the San Cayetano fault are condi- 
tioned both by the preexistence of the Oak Ridge fault and 
by the shape of the brittle-ductile transition. Furthermore, 
the presence of a d6collement level is shown to favor the 
development of the San Cayetano fault shear zone as a low- 
angle structure. The value of the effective friction on the 
Oak Ridge fault is evaluated from this model. Possible val- 
ues of the viscosity of the sediments are also estimated; it 
is shown that low sediment viscosity may completely hin- 
der the activity of such a fault at the surface, while slip at 
depth continues. The stratigraphic profile of the basin is also 
shown to depend on the relative strengths of the ORF and 
SCF, which also provide an explanation for the shortening 
and rapid subsidence of the basin. 

1. Introduction 

Tectonic phenomena are the consequence of the complex 
interaction of a large number of factors, including the state of 
stress, crustal geometry, rheology, fault activity, erosion and 
sedimentation. The temporal evolution of such a geodynam- 
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ical system can be calculated in the framework of continuum 
mechanics, and it can be used to study the simultaneous ef- 
fects of many geological processes. Mechanical modeling 
is thus a useful tool for gaining insights into the physical 
behavior of complex geodynamical systems, using available 
data as the main constraints on the inputs and results of the 
models. 

The development of compressional basins is a good exam- 
ple of such complex interactions, and the Ventura compres- 
sional basin is used here to show how numerical modeling 
may help us understand the development and interaction of 
complex structures. As the Ventura basin is a zone of high 
potential seismic hazard, this approach may also prove use- 
ful by giving a better view of recent crustal deformation in 
this area. 

The Ventura basin, in the Transverse Ranges (southern 
California), is a particularly well-studied zone that has un- 
dergone tectonic inversion (a compressional phase which 
follows an extensional one) and which shows the develop- 
ment of a compressional basin bounded by thrusts with op- 
posite dips. Extensive geological studies have been carried 
out in this zone, giving an accurate idea of present-day sub- 
surface geometry (to a depth of •5 km). Seismic, geodetic, 
and geochronological data give further information on struc- 
ture, stratigraphy, and deformation rates. As in many in- 
verted basins, structures created throughout the extensional 
phase have an important influence on the behavior of the tec- 
tonic system during transpression [Butler, 1989]. Forward 
modeling of the evolution of the Ventura basin is thus use- 
ful for asserting some basic mechanical properties of this 
tectonic system and for constraining the geometry of faults 
at depth. We undertook a parametrical study of the cou- 
pled effects of erosion, fault strength, and the presence of 
a d6collement during the compressional phase of the Ven- 
tura basin (last 4 m.y.), and we compared its results with 
present-day fault surface geometry, topography, and stratig- 
raphy to reconstruct the tectonic history. The present study 
attempts to explain two interesting processes: (1) the forma- 
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tion of the San Cayetano fault, and (2) the subsidence of the 
basin bounded by the Oak Ridge and San Cayetano faults. 
After a brief presentation of the tectonic setting of the Ven- 
tura basin, we present an historic reconstruction of the re- 
cent deformation in this basin in order to determine the gen- 
eral assumptions of the model for the geometry of the early 
structure, for the kinematics of the deformation, and for the 
boundary conditions. Then we establish the principles of the 
numerical method and the rheological model used, before 
presenting and discussing the results. 

2. Tectonic History: The Kinematic 
Constraint 

The Ventura basin (Figure 1) is bounded to the north 
by the San Cayetano fault and to the south by the Oak 
Ridge fault. The 1971 San Fernando (Mw=6.6), the 1994 
Northridge (Mw=6.7), and some other earthquakes have been 
associated with thrust faults within this basin or with their 

eastern prolongations [Yeats and Hufiile, 1995; Davis and 
Namson, 1994]. Because of the importance of accurately es- 
tablishing earthquake hazards in the region, the entire Los 
Angeles area has been extensively studied, and particularly 
the Los Angeles and Ventura basins [Hauksson, 1990; Shaw 
and Suppe, 1996; Yeats et al., 1994]. The Ventura basin was 
formed by large-scale crustal extension in the late Oligocene; 
subsequent tectonic movements have created a clockwise 
rotation of the western Transverse Ranges block of more 
than 90 ø [Luyendyk et al., 1980; Crouch and Suppe, 1993; 
Nicholson et al., 1994]. About 6 m.y. ago, sedimenta- 
tion and subsidence rates in the basin were such that the 

Miocene-Pliocene sequence now observed is one of the thick- 
est in the world [Yeats, 1978], making it an interesting case 
for basin subsidence modeling. The present-day compres- 
sive regime began 3-4 m.y. ago as the area experienced up- 
lift, active faulting, and folding [Molnar, 1992]. However, 
stress in the Ventura basin since Pliocene times has remained 

approximately constant in direction (NNE) and perpendicu- 
lar to the basin axis, as deduced from fold axes [Yeats et al., 
1994; Gratier, 1995] and the thread geometry of the San 
Cayetano fault [Thibaut et al., 1996]. Consequently, the last 
4 m.y. of tectonic history of the Ventura basin can be mod- 
eled, to a first approximation, as a two-dimensional process 
on a vertical cross section. 

2.1. Preexisting Faults 

The Oak Ridge is assumed to be a reactivated Miocene 
normal fault, possibly a ring fault with northward curvature 
related to emplacement of a large volcanic caldera in the 
western Santa Monica Mountain [Yeats, 1987a; Yeats and 
Hufiile, 1995]. Evidence that the Oak Ridge fault was ac- 
tive as a normal fault during Miocene time is found in the 
field [Yeats, 1987b]. Yeats et al. [1994] proposed a west dip- 
ping Oak Ridge normal fault during Miocene times, which 
was subsequently rotated clockwise. However, neither the 

exact location of this fault nor the evolution of its dip dur- 
ing the rotation is known. The dip of the Oak Ridge fault is 
presently toward the south (between 60 ø and 80 ø , as in Fig- 
ure lb, although in some localities, dips outside this range 
are observed), as is confirmed by well data to a depth of sev- 
eral kilometers. The possible inversion of the dip direction 
during the initial stages of compression, or the crosscutting 
of a preexisting normal fault by a thrust fault [Hufiile and 
Yeats, 1996] is difficult to reconstruct, and we did not try to 
model this early evolution. Following the model proposed 
by Hufiile and Yeats [1996, in their Figure 3], we started 
the modeling process with the Oak Ridge fault dipping to- 
ward the south, as it does at present. The recent earthquake 
[Yeats and Hufiile, 1995] on the Northridge south dipping 
fault, presumed to be part of the Oak Ridge system, attests 
to the large lateral extent of the south dipping structure (af- 
tershocks image the fault up to 20 km of depth) and justifies 
our choice of a preexisting south dipping Oak Ridge fault for 
the first step of the modeling of the N-S compression (Fig- 
ure 2). 

The San Cayetano thrust fault is rather different from the 
Oak Ridge fault. The average northward dip is lower (about 
40ø), and stratigraphic relations indicate that thrust displace- 
ment occurred on previously folded structures [Hufiile and 
Yeats, 1996, Figure 3]. It appears then that the development 
of the San Cayetano fault may have been related to the early 
thrust movement on the south dipping Oak Ridge fault, one 
of the ideas motivating the present study. 

2.2. Stratigraphy and Folding 

The stratigraphic composition of the cross section in Fig- 
ure 2 is well constrained to a depth of 5 km, since a num- 
ber of exploration wells have been drilled in the basin (a 
full description of stratigraphy was made by Yeats et al. 
[1994]). The main stratigraphic features in which we are 
interested are simple, and we describe them briefly. South of 
the Oak Ridge fault the basement is overlain by Eocene and 
Paleocene series, where almost no deformation is observed. 

North of the Oak Ridge fault, 1 m.y. ago, the basement un- 
der the basin and that beneath the block north of the San 

Cayetano fault were at the same level, overlain by the Mod- 
elo formation (Figure 2c) [Hufiile and Yeats, 1996]. How- 
ever, at that time the sedimentary cover north of the Oak 
Ridge fault was probably already deformed as attested by 
large folds, which developed prior to the formation of the 
San Cayetano fault; this is seen in the reconstruction of cross 
section AA' (near the Topatopa mountains in Figures lb, 2b, 
and 2c) [Hufiile and Yeats, 1996]. Such early folds are also 
present on cross section BB' (west of AA', Figure 1), but 
they were not cut at the same level by the San Cayetano fault, 
probably because this fault is oriented obliquely, relative to 
these early structures. The folded sedimentary sequence is 
found to be a succession of alternating shales and sandstones 
and is therefore relatively weak. It is calculated to be ~7 km 
thick [Hufiile and Yeats, 1996]. 
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Figure 1. (a) Map view of southern California showing the location of cross sections AA' and BB' 
(modified from Hufiile and Yeats [ 1996], (•) 1996 Seismological Society of America. All rights reserved). 
Focal mechanisms for three earthquakes in the zone are also plotted, including a small one north of the 
San Cayetano fault [Yerkes and Lee, 1979]. Four fold axes have also been included: HCS, Happy Camp 
Syncline; LCS, Long Canyon Syncline; SCS, Santa Clara Syncline; VAA, Ventura Avenue Anticline. 
(b) Schematic cross section showing the present day geometry of the Ventura basin along profile AA' 
(modified from Hufiile and Yeats [ 1996]). The black stratigraphic marker is the Sespe formation. The 
dotted line indicates the base of the Pleistocene Saugus formation, whose dating has provided the main 
constraints for the tectonic history of the basin (see legend of Figure 2). This sequence is •4 km thick 
in the footwalls of the Oak Ridge and San Cayetano faults. (c) Schematic cross section along profile 
BB', west of profile AA'; the blind thrust shown and the prolongation of the San Cayetano fault can be 
interpreted as consequence of a d6collement at depth (see section 4.1.4; modified from Figure 3 of Hufiile 
and Yeats [ 1995]). SCF, San Cayetano thrust fault; ORF, Oak Ridge fault. 



958 NII•O ET AL.: MECHANICAL MODELING OF COMPRESSIONAL BASINS 

S N 

Topatopa Mts. 

A 
+ + 

+ 
+ 

+ + + + + + + 

10 

15 km 

Present 

, ++ 
0.5 m.y. 

.............. •• Saugus 

-'•• Fernando 

• Middle Modelo 

• Sespe 
I+++] Basement 

c 
+ + 

+ + + 

+ + 

+ + 

3-4 m.y. 

Figure 2. Schematic evolution of the east central Ventura basin along profile AA' of Figure 1 for (a) 
preent, (b) 0.5 m.y., (c) 1 m.y., and (d) 3-4 m.y. (simplified after Hufiile and Yeats [1996]). The San 
Cayetano fault appears between 3-4 and 1 m.y. ago (steps d =• c); this deformation phase is modeled with 
the continuum approach for strain localization. The phase of basin subsidence (steps c =• a) is modeled 
assuming that both the Oak Ridge and San Cayetano faults are frictional surfaces (with Coulomb's law 
for friction). The Saugus formation varies upward from shallow marine to nonmarine strata, and it has 
been dated to 975 q- 75 thousand years. The Fernando formation is of Pliocene age. The middle Modelo 
formation was deposited in a middle-late Miocene and comprises shales and sandstones. The Sespe 
formation is a nonmarine Eocene-Oligocene sequence. 

2.3. Deformation Rates 

Geodetic velocities throughout the Ventura basin have an 
important spatial variation; however, measurements made 
by various authors of the N-S shortening rates are consis- 
tent: 4.6-7 mrrdyr [Feigl et al., 1993] and 5-8 mm/yr [Larsen 
et aL, 1993; Donnellan et al., 1993]. Contraction rates esti- 
mated from geological observations are highly variable since 
they depend largely on the uncertainty, on the age of the for- 

mations, and on the duration of the N-S compression phase 
[Molnar, 1992]. Recent determinations of shortening rates 
through the Ventura basin using geological observations are 
more and more consistent: 6 mm/yr [Gratier, 1995] and 
5.8-10.6 mm/yr [Hufiile and Yeats, 1996], which also agree 
with estimates based on available Global Positioning System 
data. For simplicity, we will assume a constant shortening 
rate of 1 cm/yr for the Ventura basin. 
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3. Mechanical Modeling: Principles 
and Parameters 

3.1. Fault Modeling: Continuum and Frictional 
Approaches 

Faulting in the Earth's crust can be understood as the ex- 
pression of brittle fracture of rock on a large scale. In the lab- 
oratory, large-scale deformation of solids is rarely attained 
homogeneously; more often than not, deformation becomes 
intensely concentrated in a narrow zone where fractures fi- 
nally develop (this may result from stress concentrations, in- 
homogeneities, or any other physical mechanism that greatly 
reduces the strength of the material). Consequently, rather 
than studying the very complex process of dynamic brittle 
fracture of solids, faulting can be represented by mecha- 
nisms of strain localization in continua, provided mesh de- 
pendency problems are suitably addressed. The framework 
within which this phenomenon of strain localization can be 
understood has been established for solids obeying a cer- 
tain kind of elastic-plastic constitutive law [Rudnicki and 
Rice, 1975], and it treats strain localization as a disconti- 
nuity in strain rate [Ode, 1960]. With this approach we can 
study the mechanical parameters that condition the origin of 
the San Cayetano fault. However, preexisting faults need 
not be modeled as zones of plastic weakness and can be 
treated more simply as surfaces with frictional properties. 
In this case, slip along these surfaces will be governed by 
Coulomb's friction law, using the nonsmooth contact dy- 
namic method [Jean and Touzot, 1988; Jean and Moreau, 
1991]. 

3.2. Finite Element Method Analysis 

Modeling of geodynamical processes in two dimensions 
is done by using a finite element code in large strain under 
quasi-static conditions. We use a Lagrangian description of 
the geological medium with quadrilateral elements formed 
by assembling pairs of triangular elements of constant strain 
(this code is fully described by Hassani [1994]). The im- 
plementation of the dynamic relaxation technique [Board, 
1989; Cundall, 1989] permits the explicit solution of the 
system's governing equations. An elastoplastic material fol- 
lowing a Drucker-Prager theology that allows strain local- 
ization [Leroy and Ortiz, 1989] is used to model the upper 
crust, while some sediments and the middle and lower crust 
are supposed to be linear viscous materials. Boundary con- 
ditions are imposed both as velocities (imposed horizontal 
shortening rate) and as a hydrostatic pressure at the base. 

To ensure stability of the solution and to guarantee the 
fulfillment of the quasi-static assumption, a remeshing tech- 
nique is applied to the system when either the overall quality 
of the mesh is under a certain threshold or when erosion re- 

duces the surface of any element to half its initial value (for 
details, see Appendix A). Immediately after remeshing, in- 
terpolation of scalar (e.g. velocity components and eroded 
and sedimented masses) and tensorial quantities (stress and 

strain) is needed to transfer this information from the pre- 
vious mesh to the new mesh. This is a purely mathemat- 
ical procedure, where no physical principles are imposed. 
Finally, a stabilization phase permits the system to regain 
equilibrium while verifying stress admissibility conditions. 

To avoid the phenomenon of mesh locking in our calcula- 
tions of strain localization [Nagtegaal et al., 1974], we use a 
mixed formulation technique [Cundall, 1989]. Our numeri- 
cal experiments were done with an average number of 2500 
quadrilateral elements and 200,000 time steps to ensure both 
stability of the solution and quasi-static conditions (the re- 
laxation time of the viscous middle and lower crusts should 

also be much greater than the time step). 

3.3. Crustal Rheology 

The composition of the continental crust has been exten- 
sively studied, and some relatively standard models of it 
have been put forward [Brace and Kohlstedt, 1980; Kirby, 
1983; Carter and Tsenn, 1987]. Depending on which de- 
formation processes are to be modeled, the rheological be- 
havior of the upper crust can be approximated by elastic, 
viscoelastic, or elastoplastic laws. Elastic behavior is ex- 
tensively used to model coseismic deformation with disloca- 
tion models [Ben-Menahern and Singh, 1968; Savage, 1980; 
Okada, 1992] but is not suited to model long term geody- 
namic processes since elastic deformation is, by definition, 
reversible, and owing to the occurrence of irrealistically high 
stresses. In contrast, both viscous and elastoplastic theolo- 
gies can model large geological deformations. For example, 
linear viscoelasticity is widely used for analytically studying 
the mechanics of folds in geology [Ramberg, 1964; Ram- 
say and Huber, 1987] and is one of the rheological laws 
that we will adopt for studying the behavior of basin sed- 
iments. Inverse modeling on basin deflection [Bills et al., 
1994] showed that the upper crust may behave as a linear 
viscous material with viscosity between 1026 and 10 x8 Pa.s • 
(0-15 km depth); we will use viscosity values close to 1020 
Pa.s as in Gratier and Garnond [ 1990]. Elastoplasticity takes 
into account the qualitative change in the response of a mate- 
rial to deformation when strain is greater than a yield limit, 
the boundary between reversible and irreversible deforma- 
tion. One of the simplest laws of this kind, which is de- 
pendent on both deviatoric stress and hydrostatic pressure, 
is Drucker-Prager's law. Its main parameters are similar to 
those of Mohr-Coulomb's law, namely cohesion c and the 
angle of internal friction, •p. We will assume a low-cohesion 
upper crust with a value c = 105 Pa, a Young's modulus 
E: = 10 TM Pa, a Poisson's ratio of t/= 0.25, and an angle 
of internal friction •p = 30 ø, the average values for cohesive 
rocks [Jaeger and Cook, 1976]. In our models, sediments 
will be considered either as being an integral part of the crust 
(with the same elastoplastic theology) or as a separate (vis- 
cous) region. 

The theology of the middle and lower crusts will be as 
simple as possible, using linear viscosity. The standard val- 
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ues of linear viscosity for this part of the crust range between 
1020 and 1023 Pa.s [Strehlau and Meissner, 1987]. We will 
assume an average value of 102• Pa.s. Other thermally ac- 
tivated power-laws are possible but will not be considered 
here [Chopra and Paterson, 1984]. 

3.4. Erosional and Depositional Processes 

As mentioned in section 2, erosion and sedimentation 

rates in the Ventura basin were extremely high during the 
Pleistocene and therefore cannot be neglected. In our mod- 
els we reproduce the behavior of the crust undergoing short- 
ening of almost 10%. This amount of shortening is enough 
to produce significant displacements on the faults which, if 
erosion was not present, would lead to clearly unrealistic to- 
pography. Besides, the influence of mass transport on tec- 
tonic activity should not be neglected. We use an erosion- 
sedimentation model whose main parameters are pluviosity, 
intensity of river flow, and slope (details in Appendix B). We 
assume that mass is constant, despite the fact that sediment 
transport usually occurs in a direction perpendicular to the 
basin axis; thus the parameters that we used are not easily 
related to their natural counterparts. However, the imple- 
mentation of this process enables the modeling of basin fill 
and provides a way of following the formation of the strati- 
graphic sequence, the latter being one of the main controls 
on the model's output. Two types of erosion will be used in 
the model. "Weak" erosion is our reference process, which 
takes into account river flow, pluviosity, and slope control. 
"Strong" erosion multiplies mass transport by 10, providing 
a more efficient basin fill and migration of the watershed. 

3.5. Geometrical and Rheological Setup of the Model 

As stated in the introduction, we discuss separately the 
formation of the San Cayetano fault and the process of subsi- 
dence of the Ventura basin. In the former case, two different 
aspects are considered: (1) the effect of erosion, rheology, 
and preexisting structures on the development of a strain lo- 
calization zone, which mimics the San Cayetano fault and 
(2) the effect of sediment rheology on the geometry and the 
kinematics of the basin structure and the shear zones created. 

In the latter case the emphasis is on the relative strengths of 
the Oak Ridge and San Cayetano faults, when considered as 
fully developed frictional structures. 

3.5.1. Formation of the San Cayetano fault. By mod- 
eling the compression of the Oak Ridge fault in a context 
of an asymmetrically thinned crust (Figure 3), we try to find 
a mechanical argument to explain the geometry of the San 
Cayetano fault at depth. All blocks presented in Figure 3 
are initially intact, the only preexisting weaknesses (inher- 
ited from the initial extensional phase) being geometrical i.e. 
the presence of the Oak Ridge fault and a thin crust to the 
north. There is friction on the surfaces in contact along the 
Oak Ridge fault, with a friction coefficient •u _< 0.35. For 
boundary conditions we impose shortening at both sides of 
the model at a constant rate of 1 cm/yr, while the model lies 
in equilibrium over a dense viscous fluid (hydrostatic condi- 
tions at the base of the model). The initial width of the model 
is 120 km, and we model deformation to a depth of 35 km. 
The overall shortening of the model is 10 km (8.33%). 

One of the key assumptions for this model is the south dip- 
ping geometry of the Oak Ridge fault. As this fault initiated 

• / Sedime_.•nts IC• 
........ t!t'l'e,Cr_ ust 

---• Relative Slip (possible ddcollement) 
0 10 20 30 40 50 km l• Imposed Velocity 
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Figure 3. Mechanical model used to study the origin of the San Cayetano fault. The base of the model 
experiences hydrostatic pressure (represented by the "approximate" symbols). The relative slip marks the 
possible d6collement surface used in some examples. When this d6collement is not present, the interface 
acts as a deformation marker. In our numerical experiments the upper crust will always be elastoplastic 
and the sediments will be either elastoplastic with a low ({p=21 ø) or a normal ({p=30 ø) friction angle, or 
linear viscous. Friction along the Oak Ridge fault obeys Coulomb's friction law. 
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as a normal fault, it could possibly dip to the north. How- 
ever, we believe that because of the major crustal rotations in 
the zone (of -,,90 ø) [Luyendyk, 1991], it is possible that this 
fault completely changed its dip to become a south dipping 
fault 4 million years ago. Other interpretations [Namson and 
Davis, 1988] consider the possibility of a variable dip Oak 
Ridge fault: to a depth of 5-7 km the Oak Ridge fault is 
definitely south dipping (as confirmed by control Wells), but 
at greater depths they believe this fault is still north dipping 
(a hypothetical south dipping blind thrust is also proposed 
to explain the observed topography). To explore the conse- 
quences of Narnson and Davis's [ 1988] hypothesis, we made 
a simulation to check if it was mechanically possible to find a 
south dipping Oak Ridge fault that changes dip at depth. We 
found that the problem with such a configuration is that un- 
der compression a pop-up block is created south of the Oak 
Ridge fault, as a prolongation of the deep branch of this sec- 
tion (see Figure 4). Such a feature would be clearly visible 
in the field and is not observed. Another interpretation is that 
the Oak Ridge fault separates into two branches at depth, the 
Oak Ridge fault and the Oak Ridge normal fault [Hufiile and 
Yeats, 1995]; however, under compression the south dipping 
branch will always play the dominant role. Furthermore, the 
analysis of geodetic data [Donnellan et al., 1993] provides 
a better fit when slip on faults of constant dip (as proposed 
in our mechanical model) are considered. These arguments 
provide a good degree of plausibility for our geometrical 
setup. Nevertheless, a complete treatment of this problem 
falls beyond the scope of this study and would certainly re- 
quire the analysis of the three-dimensional behavior of the 
fault during the crustal rotations of southern California. 

Assuming the geometrical setup shown in Figure 3, we 
have undertaken a parametrical study of the position and 

geometry of the generated strain localization zone that we 
associate with the San Cayetano fault. The parameters we 
have considered are both the position' and width of the crust 
thinning as well as the strength (the friction coefficient) of 
the Oak Ridge fault. On the basis of observations, our main 
constraint is that only one strain localization zone (the San 
Cayetano fault) should be generated (instead of a pair of an- 
tithetic faults), with a northward dip and whose surface trace 
is at a distance of -,, 10 km to that of the Oak Ridge fault 
[Hufiile and Yeats, 1996]. The optimal width of the thinned 
crust was found to be 80 km (as is shown in Figure 3), with 
its minimum thickness being 15 km, as constrained by seis- 
mic activity (although deep earthquakes of depth -,,25 km 
have been documented in the zone [Bryant and Jones, 1992], 
this is not in contradiction with the results obtained, see sec- 
tion 4.4). The only effect of varying width is to displace the 
position of the strain localization zone to one side or another; 
strain localization almost always occurred with the expected 
dip direction (except in the extreme cases of a very wide or 
narrow anomaly where two antithetic bands appeared simul- 
taneously). 

3.5.2. Basin subsidence. If we accept that the San 
Cayetano fault has the subsurface geometry described by 
Hufiile and Yeats [ 1996], we can use their retrodeformed 
cross section (simplified in Figure 2) as the starting point 
for the modeling of the behavior of the basin during the last 
million years, assuming that the zone of high strain localiza- 
tion that we associate with the San Cayetano fault becomes 
a fault zone (see section 3.5.1). In this case, we are inter- 
ested in analyzing the competing effects of fault slip on the 
Oak Ridge and San Cayetano faults for filling the basin and 
generating the observed topography, after the San Cayetano 
fault has been created (from 1 m.y. to present time, steps 
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Figure 4. Results of the mechanical model used to study the effect of a variable dip Oak Ridge fault. Well 
data constrain this fault to be south dipping at the surface; however, its geometry at depth is discussed, as 
this was originally a normal fault and is expected to be north dipping. The mechanical setup is exactly 
the same as that of Figure 3, except that below a depth of 7 km the fault changes from southern to a 
60 ø north dip. The starting point of the modeling is -4 m.y.; after only 0.216 m.y., a strain localization 
zone is developed, indicating that a fault is formed along the prolongation of the hypothetically north 
dipping Oak Ridge fault. We plot with a gray scale the intensity of deformation (second invariant of the 
deviatoric strain tensor) while the arrows indicate the displacement field. Such a geometrical setup subject 
to compression creates a pop-up structure that is not observed on the field, providing an argument against 
a north dipping Oak Ridge fault at depth. 
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Figure 5. Mechanical model used to study the subsidence of the Ventura basin. The configuration is very 
similar to that of Figure 3. We suppose here that 1 m.y. ago the Oak Ridge and San Cayetano faults were 
fully developed and can be considered as frictional surfaces obeying Coulomb's friction law. We study 
the influence of the relative strengths of these faults on the shape of the generated basin and the way the 
basin subsides. 

c =• a in Figure 2). As described in section 3.1, this anal- 
ysis is done by treating the faults as purely frictional sur- 
faces obeying Coulomb's friction law, where deformation is 
absorbed both by slip on the faults and by strain in the sur- 
rounding medium. The mechanical model used is shown in 
Figure 5. We impose a shortening rate of 1 cm/yr, the dura- 
tion of the experiment being 1 m.y. We study the variation 
of strength (friction coefficient) of the San Cayetano fault 
while leaving that of the Oak Ridge fault fixed to the value 
that gives the "best fit" for the formation of the San Cayetano 
fault. 

4. Results 

We will obviously not present the results of all our exper- 
iments but rather concentrate on the most significant ones. 
For the study of the formation of the San Cayetano fault by 
strain localization, we present the results of the variations 
of three basic parameters: the friction coefficient/z on the 
Oak Ridge fault, the rate of erosion (weak or strong) and 
the presence or absence of a d6collement in the northern 
block (under the Modelo formation, at a depth of 7 km). 
Since we seek to maximize the effects of the d6collement 

surface for making them clearly visible, we have chosen to 
impose on it a very weak friction coefficient of/z = 0.05. 
The other mechanical parameters are given in Table 1. The 
results of our numerical experiments are presented in Fig- 
ures 6-9, where we show the intensity of the deviatoric strain 
tensor (which directly shows the amount of deformation or 
strain localization), the generated topography, the topogra- 
phy that would be present if no erosion or sedimentation 
were present, and the amount of fault slip on the Oak Ridge 
fault. The case where a d6collement was present between 
the deep upper crust and the layer of sediments is also con- 
sidered. Total slip along this d6collement surface is shown 

under each d6collement model. Our reference case is de- 

formation with weak erosion and no d6collement surface (a 
minimum of erosion is needed to ensure the continuity of to- 
pographical slopes and allow basin fill). In figures 6-9, even 
if no d6collement is present, the 7 km interface between sed- 
iments and the rest of the upper crust is maintained as a pas- 
sive marker of deformation. Even though we have studied 
many other cases (/z = 0.15, 0.20, 0.25, 0.30, and 0.35), we 
will present only those where qualitative differences can be 
seen. 

For the analysis of subsidence there is no need to show the 
evolution of the geometry of faults at depth, as it is imposed. 
In this case, the relevant parameter is the relative strength of 
the San Cayetano and Oak Ridge faults. We present both the 
topographic-basin profiles (Figure 10) and the slip on both 
faults (Figure 11) for the six cases analyzed. 

4.1. Development of Strain Localization Zones: 
Erosion, Friction and D6collement Effects 

4.1.1. Cases 1-3:/z = 0.15 (Figure 6). In case 1 the ex- 
periment with weak erosion, we can clearly see that the Oak 

Table 1. Parameters of me Numerical Experi- 
ments 

Case /ZORF Erosion D6collement Figure 
1 0.15 Weak Absent 6 

2 0.15 Strong Absent 6 
3 0.15 Strong Present 6 
4 0.25 Weak Absent 7 

5 0.25 Strong Absent 7 
6 0.25 Strong Present 7 
7 0.35 Weak Absent 8 

8 0.35 Strong Absent 8 
9 0.35 Strong Present 8 

All sediments are elastoplastic with •o = 30 ø. 
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Figure 6. Total strain in the Ventura basin for an Oak Ridge fault (ORF, south dipping of strength pom• = 
0.15) in a roughly S-N cross section. The gray scale shows the intensity of deformation (second invariant 
of the strain tensor); thus black zones correspond to strain localization regions (i.e. shear bands/faults). 
Fault slip on the Oak Ridge fault is shown at the left of each case. D6collement slip (at the 7 km depth 
interface of case 3) is shown in the lower plot. Superposed on the cross section, the dashed line shows 
the topography that would exist if no erosion or sedimentation were present (see Table 1 for parameters 
used). 

Ridge fault is so weak that most of the shortening is absorbed 
by displacement on this fault. The 10 km shortening creates 
an almost 10 km slip on the Oak Ridge fault. The activa- 
tion of a strong erosional process (case 2) does not change 
the slip rate of the Oak Ridge fault; however, it does signifi- 
cantly modify the shape of the basin, and strain localization 
takes place in the southern block instead of in the northern 
one. In case 3, where a d6collement is present, a total of 

nearly 8 km slip is observed on the Oak Ridge fault, with a 
2 km slip on the d6collement surface. Deformation imposed 
by shortening is absorbed mainly by slip on these two sur- 
faces, creating a rather homogeneous overall deformation. 

4.1.2. Cases 4-6: /z = 0.25 (Figure 7). Increasing the 
strength of the Oak Ridge fault has the obvious effect of 
diminishing slip along it. In all three cases the strain lo- 
calization zone formed occurs roughly at the same place, at 



964 NII•O ET AL.: MECHANICAL MODELING OF COMPRESSIONAL BASINS 

S N 
o 

-25 
-30 

T 

I 

•'• I 

I 

i 

I 

I 

-35 : • ......... 
0 5 10 

Fault Slip (km) 

Weak Erosion 

Case 4 

o 

- 

! 

o 5 lO 

Fault Slip (kin) 

Strong Erosion 

Case 5 (Best fit) 
. 

0 100% 

o 

-25 
-30 

-35 

0 

Strong Erosion 
+ Decoilement 

' .:;•½•:;.-.:-:: ..... :•:•::/.:•:-½%.-.;-•'::::•:':::-:•': '•" •'•-'-•.••-:;:.•:•.":':•:•::•;::•:•:.::•::•:.:: ........ :::;-:•:•';:::•-•?" :5:'•<:'-;.. 

• •o 0 100% 

, 

_ 

20 40 60 80 100 115 

Case 6 

Horizontal Distance (km) 

Figure 7. Same as Figure 6, but for/zo• = 0.25. 

,,o 10 km north of the Oak Ridge fault (at the surface), its dip 
being between 45 ø and 50 ø . The main difference between 
cases 4 and 5 is the shape of the basin; in the former the 
basin has a width of 20 km, while case 5 creates a deeper 
and narrower basin. For the d6collement model (case 6), 
deformation is more easily absorbed by the d6collement sur- 
face, which slips twice as much as when p - 0.15 (case 3). 
We observe the formation of a low-angle fault beneath the 
d6collement, which steepens after passing the d6collement 
interface and a second zone of localization, ,,o 15 km north of 
the basin. 

4.1.3. Cases 7-9: /z = 0.35 (Figure 8). A further in- 
crease in the friction coefficient locks the Oak Ridge fault. 
Slip along this fault is virtually zero, except for case 7 (weak 

erosion), where the thickening of the crust is accompanied 
by a (relatively) small slip along the Oak Ridge fault. A 
negligible amount of deformation is absorbed by slip on the 
Oak Ridge fault, so bulk deformation is much more intense 
than in the other cases the result being that sediments over- 
flow the basin (no attempt to modify the "standard" param- 
eters of erosion was made). In cases 7 and 8, a pair of anti- 
thetic shear zones is formed, though the northward dipping 
one (San Cayetano) predominates. In case 9, deformation 
is more easily absorbed by slip on the d6collement surface; 
relative slip attains the value of 11 km.(the greatest slip ob- 
served in cases 1-9). 

4.1.4. Discussion of cases 1-9. The San Cayetano fault 
is modeled as a strain localization zone; we are more con- 
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Figure 8. Same as l•'•gure b, but for/•o• = 0.35. 

cerned with obtaining information on what conditions its 
position and geometry (the compressional event between 3- 
4 and 1 m.y., Figures 2d and 2c) than its tectonic activity. 
Nevertheless, we can evaluate the results of our models by 
comparing the overall shape of the generated basins and to- 
pography with the information we have from actual geolog- 
ical and geophysical surveys (Figures lb and l c). Of these 
criteria, basin shape is the most significant, since topograph- 
ical elevation strongly depends on the initial configuration of 
the system, which we have assumed to be fiat. However, a 

very marked general trend in topography can still be mean- 
ingful. The general behavior of the watershed is also worth 
noting. It is clear that cases 1-3 (/• = 0.15) and 4 (/• = 0.25) 
create a basin that is far too wide, compared to reality (Fig- 
ure lb). Cases 5 and 6 (/• = 0.25) give a more plausible 
picture of the basin. Case 5,/• = 0.25 and strong erosion, 
provides the best fit with basin shape, width, and position of 
the San Cayetano fault. In this case, however, topography is 
not correct. Contrary to observations, in this simulation the 
southern shoulder of the basin predominates over the north- 
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Figure 9. Same as Figure 6, but for/•ORF = 0.25 and a weak sediment layer. In case 10 the sediments are 
elastoplastic with a low internal friction angle. In cases 11 and 12, sediments are linear viscous (see Table 
2 for parameters used). 

ern one. Case 6 (d6collement with/• = 0.25) creates a basin 
whose base is very asymmetrical in shape and with oppo- 
site slope to that observed. However, it is interesting to note 
the striking resemblance of this case with cross section BB' 
(Figure l c). In this parametrical study the best fit is case 5, 
and it will be the starting point for a refinement of our model, 
where different rheologies for sediments will be used. 

4.2. Geometry of the Basin: Sediment Rheology Effect 

Using the results of the best case of section 4.1 (/t = 0.25 
with strong erosion), we study the effect of using a different 
rheology for the layer of sediments on the northern block. As 
discussed before (section 3.3), two approaches are possible: 

either an elastoplastic rheology with a low t•iction angle or 
a viscous rheology. Both possibilities are studied using the 
three cases described in Table 2. 

4.2.1. Case 10: tt = 0.25, sediments with low friction 
angle (Figure 9). As the sediments overlyingthe Modelo 
formation (7 km thickness) have been identified as an al- 
ternating sequence of shales and sandstones, we can model 
their behavior by using the Drucker-Prager elastic-plastic 
rheology with a smaller friction angle than the standard 
value of 30 ø. The experimental data of a variety of shales 
and sandstones Handin and Hager [1957, 1958] can be re- 
produced numerically by using friction angles between qo = 
17 ø (Green River shale) and qo = 27 ø (Barnes sandstone). 
We shall assume an intermediate value of qo = 21 ø for the 



NI]•O ET AL.: MECHANICAL MODELING OF COMPRESSIONAL BASINS 967 

S N 

13 

14 

15 

16 

17 

18 

Ltsc F 

0.35 

Best fit '_' 0.45 

...... -L• '- 0.55 

0.35 

0.45 

0.55 

5 20 40 60 80 100 115 -5 

Horizontal/Vertical Scale (km) 

Figure 10. Profiles of the basins created in cases 13-18, for 
the modeling of subsidence on the Ventura basin. See text 
for discussion and Table 3 for parameters used. 

sediment layer of case 10. The model shows a slight fault 
slip damping near the surface, as well as a moderate strain 
localization within the basin. 

4.2.2. Cases 11-12: /• = 0.25, viscous sediments (Fig- 
ure 9). We have no a priori information of the value of 
viscosity that we should use to model the sediment layer, 
but it seems plausible that it should be no greater than 10 TM 
Pa.s, the value used to model the middle and lower crust. We 
use two values of viscosity that produce qualitatively differ- 
ent results; as in cases 7-9, there is sediment overflow. In 

case 11, a low-viscosity layer of sediments (r/ - 109'øPa.s) 
is used. The qualitative result is completely different from 
both case 10 and the reference case. The north dipping strain 
localization zone that is formed at depth is flat and is con- 
nected to a relatively shallow basin that suffers intense de- 
formation and thickening, with virtually no topography. Slip 
on the Oak Ridge fault is completely attenuated at the sur- 
face (above 4 km depth). In case 12, with a higher viscosity 
(r/= 102•Pa.s), the qualitative result is relatively similar to 
case 11, but there is much less damping of fault slip at the 
surface. The San Cayetano fault at depth shows approxi- 
mately the same dip. The basin is deeper than that in case 
11, but again erosion has completely erased the topographic 
profile of the basin. 
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Figure 11. Slip versus depth in cases 13-18, while both the coefficient of friction along the San Cayetano 
fault (the Oak Ridge fault is assumed to have a constant friction coefficient of 0.25) and the rate of erosion 
in the basin are varied. On the basis of basin shape and topography height, the best fit is found to be case 
14. See text for discussion and Table 3 for parameters used. 
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Table 2. Numerical Parameters for the Weak Sediments Ex- 

periments 

Case /•ORF Erosion D6collement Sediments Figure 
10 0.25 Strong Absent go = 21 ø 9 

11 0.25 Strong Absent r/= 10 •'ø* 9 
12 0.25 Strong Absent r/= 109'•* 9 
* Units are pascals.seconds. 

4.3. Basin Subsidence: Effect of the Relative Strength of 
the Oak Ridge and San Cayetano Faults 

We consider the effect of varying the strength of the San 
Cayetano fault, once it is a fully developed frictional surface 
(the last 1 m.y.). The value of friction on the Oak Ridge 
fault is that of the best fit of section 4.1, i.e.,/•ORF = 0.25. 
The parameters used are shown in Table 3; the effects of 
erosion are also taken into account. The main criterion for 

establishing a "goodness of fit" in these models is the overall 
shape of the basin and the position of the watershed. 

4.3.1. Cases 13-15: Weak erosion (Figures 10 and 11). 
In case 13, the strength of the San Cayetano fault is too low 
to avoid dominant slip on its surface, almost twice as much 
as the slip on the Oak Ridge fault. Case 14, with/•SCF = 0.45, 
is almost an equilibrium situation, slip on the Oak Ridge and 
San Cayetano faults being comparable. Increasing the San 
Cayetano fault's strength diminishes slip on it significantly, 
while slip mainly takes place on the Oak Ridge fault. The 
depth of the basin in all three cases is approximately the 
same, ranging from 4000 to 4500 m. The main difference 
between these 3 cases is mostly seen in the topography. As 
shown in Figure 10, the low-strength San Cayetano fault of 
case 13 creates high relief to the north, almost flat to the 
south. With/•SCF = 0.55, fault slip on the Oak Ridge fault 
creates a dominant topography to the south, the inverse of 
what is seen in the field. Intermediate case 14 can be shown 

to be the best case, topographical relief being comparable to 
that shown on Figure lb. 

4.3.2. Cases 16-18: Strong erosion (Figures 10 and 11). 
As in cases 13-15, increasing strength on the San Cayetano 
fault diminishes fault slip on this structure, while increas- 
ing slip on the Oak Ridge fault. Qualitative results are the 
same as in cases 13-15. The generated topography is in fact 
very different to the case of weak erosion, concerning abso- 
lute altitudes. However, the main fact is that the dominant 
character of the southern or northern topography is the same 
in both models and, hence, does not depend greatly on the 
details of the erosion-sedimentation algorithm. 

An example of how the subsidence takes place through 
time is shown in Figure 12, showing three snapshots of the 
deviatoric stress and the displacement vectors after 0.25, 0.5, 
and 1 m.y. of simulation (i.e., from-0.75 m.y. to present 
time). Note that there is a small discontinuity in displace- 
ment between the southern block and the basin, while there 

is a big difference in the relative displacements of the basin 
and the northern blocks. 

4.4. Discussion 

The results of our modeling seem to indicate that the pres- 
ence of weak sediments in the northern block of the Ven- 

tura basin system does influence the shape of the basin. Of 
the values tested, the most "realistic" results were obtained 

with elastoplastic sediments having a low friction angle. In 
this experiment (case 10), the observed width of the basin is 
roughly 10 km, the value calculated for -1 m.y. [Hufiile and 
Yeats, 1996]. In our model, low-viscosity sedimentary layers 
create a basin that absorbs slip on the Oak Ridge fault, while 
extending deformation to the base of the brittle-ductile tran- 
sition. The same is also true for high-viscosity sediments, 
except in this case, slip on the Oak Ridge fault does reach 
the surface. 

Most north dipping strain localization zones created in our 
models dip between 40 ø and 50 ø . One remarkable exception 
is the d6collement model of case 6 (and to a lesser extent, 
that of case 9). Its presence creates an important flexure 
at the base of the d6collement surface, which seems to be 

responsible for an abrupt change in dip of the shear zone, 
increasing above the d6collement level and decreasing un- 
der it. The resulting fault geometry closely resembles cross 
section BB' of Figure l c. Close to this profile an abnor- 
mally thick sequence and the dipmeter readings of the Tay- 
lor 653 well (passing beneath the Ventura Avenue Anticline) 
indicate the possible presence of a d6collement under this 
anticline [Yeats, 1983]. The present result of these mod- 
els is another argument for considering the existence of a 
d6collement under the east central Ventura basin. If this is 

so, one possible important effect is the presence of a low- 
angle fault at depth, which steepens near the surface. 

Sediment viscosity seems to play a very important role in 
fault slip. We have observed in our models that the presence 
of low-viscosity sediments can completely damp fault slip so 
as to make it zero at the surface, even when fault slip contin- 
ues at depth. There is a qualitative difference in behavior for 
viscosities between 1020 and 102• Pa.s, the former stopping 
fault slip on the Oak Ridge fault and the latter propagating 
it. However, even if this qualitative jump exists in nature, 
the actual values of viscosity are expected to be different 
from those presented because of all the simplifications that 
we have assumed when establishing our models. 

Table 3. Parameters of the Experiments of 
the Frictional Approach 

Case /•om• /•scv Erosion Figure 
13 0.25 0.35 Weak 10 and 11 
14 0.25 0.45 Weak 10 and 11 
15 0.25 0.55 Weak 10 and 11 

16 0.25 0.35 Strong 10 and 11 
17 0.25 0.45 Strong 10 and 11 
18 0.25 0.55 Strong 10 and 11 
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As stated in the discussion of the geometrical setup (sec- 
tion 3.5), deep earthquakes have been recorded in the Ven- 
tura basin [Bryant and Jones, 1992]. It is easy to see by 
looking at Figures 6-9 that after deformation the base of the 
basin is found at depths •25 km and our models are hence 
compatible with these observations. 

The relative strengths of the Oak Ridge fault (ORF) and 
San Cayetano fault (SCF), control the activity of these faults 
and the related uplift. Using our fault geometry, the effective 
friction coefficient of the San Cayetano fault should be much 
higher than that of the Oak Ridge fault. For a fixed value of 
strength of the Oak Ridge fault (/•om: = 0.25, the best fit of 
the strain localization analysis), the most realistic generated 
topograph3/is obtained for/•scv = 0.45 and weak erosion. 
The Oak Ridge fault therefore appears to be more lubricated 

than the San Cayetano fault, as is expected for an older fault. 
Sediment thickness and basin subsidence are very similar for 
all cases, all being compatible with observations. 

Intuitively, the San Cayetano fault must be much stronger 
than the Oak Ridge fault; if this were not the case, because 
of its shallower dip, most deformation would be absorbed 
by slip on this fault thus generating a very steep topography 
on the northern side (Topatopa mountains). Our modeling 
shows that this is indeed the case, the qualitative change in 
behavior occurring for/•sc• •0.45. However, we must bear 
in mind that this is true under the major assumption that the 
strength of the Oak Ridge fault is/•om: = 0.25. It is almost 
certain that the resulting topographic configuration depends 
more on the ratio of these strengths than on their absolute 
value. However, this strength ratio is also a function of the 
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dip ratio of the faults. If the dip of the San Cayetano fault is 
lower than the one we took, the SCF/ORF strength ratio must 
be even higher. However, values for/• cannot be arbitrary, an 
upper limit being given by the tangent of the angle of internal 
friction and the value of/•om• having been constrained in the 
continuum approach modeling of the Ventura basin. 

Again, these values are only average values used in our 
models; the actual values of the friction coefficient in na- 
ture can be different and even depth dependent. In the field 
the maximum altitudes in the area spanned by our model 
are of ,,• 1000 m to the north and 400 m to the south; case 

14 can be selected on those grounds as providing the best 
fit (sediment thickness being comparable for cases 13-18). 
Furthermore, one can say that being an older fault, the Oak 
Ridge fault should be better lubricated than the younger San 
Cayetano fault and thus should have a lower strength than 
the San Cayetano fault, an argument that agrees with our re- 
sults. 

5. Conclusion 

We have presented a model of the behavior of the east cen- 
tral Ventura basin, which allows us to study the simultane- 
ous effects of the response of a faulted crust to compression, 
erosion and sedimentation, and fault activity. We use a con- 
tinuum approach with an embedded frictional fault (the Oak 
Ridge fault) to study the conditions under which strain lo- 
calization could have occurred in the crust to create the San 

Cayetano fault; this may model the beginning of the short- 
ening process (steps d =• c in Figure 2), from -4 to -1 m.y. 
As in all types of modeling, the conclusions obtained are 
valid only within the framework of the model. The major 
assumption that we have made, other than the average theo- 
logical behavior described in section 3.3, is the assumption 
that the evolution of the geological system can be modeled 
in quasi-static conditions. Furthermore, we assume that the 
Oak Ridge fault is a preexisting fault of constant southern 
dip, that the geometry of the brittle-ductile transition under 
the northern block we have supposed is correct, and that 
initial topography on the zone was negligible. With these 
limitations in mind, several conclusions can nevertheless be 
drawn from our models: 

1. The mechanical models constructed using a south dip- 
ping Oak Ridge fault at depth provide results which are con- 
sistent with available data. The activity of a deep north dip- 
ping Oak Ridge fault has been shown to be mechanically 
inconsistent with structural observations (although its pres- 
ence has not been ruled out). 

2. Compression of a system consisting of a preexisting 
fault (Oak Ridge fault) and a crustal thinning (north of the 
Oak Ridge fault) are sufficient conditions for the creation of 
an antithetic thrust fault (San Cayetano fault), which allows 
a large basin subsidence. In our model a crustal thinning 40 
km north of the Oak Ridge fault creates a strain localization 
band at the place where the San Cayetano fault is found. 

3. The parametrical study that has been carried out con- 
strains the effective friction of the Oak Ridge fault to be be- 
tween 0.15 and 0.35 in order to get a basin shape and topog- 
raphy consistent with current observations. 

4. There is a need to involve relatively major erosion 
(2-3 km) and sedimentation (5 km) to reduce topographic 
amplitude toward realistic values, fill the basin and obtain a 
good fit on basin shape. 

5. The presence of a d6collement level (under the Mod- 
elo formation, at a depth of 7 km) can induce the formation 
of a fault having a low-angle dip below the d6collement and 
a high-angle dip above it (case 6). This angular offset is 
accommodated by the d6collement, itself acting as a back- 
thrust. 

6. When weak sediments are included in our modeling, 
the main result is that a low internal friction angle gives a 
better fit on basin geometry and that viscous sediments can 
be the cause of a flat and buried fault (no slip at the surface, 
despite fault activity at depth). For a critical viscosity be- 
tween 1020 and 1021 Pa.s, a qualitative change in behavior 
has been observed. The topographic response of the model 
precludes the use of effective viscosities lower than 1021 for 
the sediments, since they lead to basin thickening and there- 
fore inhibit subsidence. 

7. In our second model a frictional discontinuous ap- 
proach to the interaction of the Oak Ridge and San Cayetano 
faults permits us to quantify the relative strengths of these 
faults and model the main phase of shortening (steps c =• 
b =• a in Figure 2), from-1 m.y. to the present. On 
the basis of the qualitative shape of the basin and the po- 
sition of the watershed, we found that the best fit was that 
of case 14, with weak erosion and relative fault strengths of 
pom•/PscI• = 0.25/0.45. We also observed that in an ini- 
tial phase the southern block and the basin subside at the 
same rate (while the fault is still locked), while later both the 
southern and northern blocks move upward relative to the 
basin block. 

8. The results presented in this study appear to be com- 
patible with all available data and thus provide another ar- 
gument in favor of a south dipping Oak Ridge fault at depth 
(although the existence of an inactive north dipping branch 
and a slightly variable dip have not been ruled out). 

Appendix A: Remeshing Criteria 

The quadrilateral elements used in our finite element me- 
thod analysis are composed of pairs of triangular elements. 
The accuracy and stability of numerical computations of 
strain localization, depend to a great extent on the good nu- 
merical behavior of the spatial discretization and in partic- 
ular on how precisely the variations in the states of strain 
and stress can be described. This is directly related to the 
size and shape of each and every element. The relationship 
between element size and precision is obvious. The shape 
of the element is also important, as the calculations done at 
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the element nodes are interpolated throughout its volume via 
the shape functions which are optimal for a given geometry. 
Hence a "bad" geometry can lead to physically imprecise 
results. 

The quality of such quadrilateral mesh is that of the poor- 
est triangular element in it. The quality Q of an individual 
element is proportional to the ratio of the length œmax of the 
longest side of the triangle, and the radius R of the maximum 
inscribed circle, in such a way that a rectangular isosceles 
triangle has a quality factor Q of 1: 

Q _ tan(•r/8)Lmax (A1) 
Note that a bigger value of Q indicates an increasingly 

bad geometry. In the case of sedimentation and erosion, the 
shape of the elements is modified to account for increasing 
or decreasing volume. This change of shape modifies the 
quality factor and is also true for elements undergoing strain. 
By monitoring the evolution of the quality of the mesh, at 
the same time we control the accuracy of the solution. The 
remeshing process in these simulations was triggered either 
when this quality factor Q was greater than 2.8 or when the 
surface area of an element changed by more than half its 
initial value. 

Appendix B: Erosion and Sedimentation 
Processes 

eroded. We calculate the diffusion coefficient at point i ,Qi, 
as a function of the altitudes of its neighbors, times a trans- 
port coefficient CT, which takes into account both pluviosity 
and river transport (equation B 1). The total diffusion coeffi- 
cient will then be modified to enhance the diffusion of high 
slopes (as compared to a critical slope, slopec; Qo is a min- 
imal slope diffusivity) but limiting its value by the exponen- 
tial term that fixes a characteristic length of transport Cs 
(equation B2). This recursive equation is then solved at each 
time step by implicit integration, giving the new altitudes of 
the eroded surface: 

Qi 

Qi 

f (altitude/_ 1, altitude/+ 1 ) CT (B 1 ) 

(sløpe) 2 Q0 1 + slope½ + 
Qi (1- e -Q•/(c•'cR)) (B2) 

Erosion is modeled by diminishing the surface area of ero- 
ded elements, while sedimentation is simulated by increas- 
ing the surface area of elements where sediments are to be 
deposited. Therefore sedimented layers have the same rhe- 
ology as that of the surface on which they are on. When 
the surface area of an element is less than half of its initial 

value, remeshing is undertaken to ensure the stability of the 
computation by avoiding poor-quality elements. 

Supposing that the mass is constant throughout the expe- 
rience (although mass transport takes place essentially in a 
direction perpendicular to the basin axis), we calculate the 
eroded or sedimented mass as a function of slope and river 
flow, by solving the one-dimensional diffusion equation. To 
solve this equation, we need to define the topography (ini- 
tially zero, then given by the geodynamical calculation) and 
a diffusion coefficient at each point i on the surface to be 
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