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aftershocks, while the damage zones host a majority of aftershocks due to stress concentration 

and fault growth after main rupture (19, 24–28).

Fig. 1. A complete shear crack system. Schematic map view of shear-crack 

damage zones around left-lateral, strike-slip faulting cores separated by a contractional, linking

stepover.  SHmin and SHmax show directions of minimum and maximum compressive stress,

respectively.

 Though many large, hazardous faults are considered “mature”, with cumulative slip of 

10-100’s of km and composed of few segments relative to their length (6, 29), seismicity on 

these faults usually does not clearly exhibit features of shear cracks other than a high-strain core. 

High-accuracy and high-precision earthquake relocations allow inference of three-dimensional 

faults geometry at seismogenic depths and sometimes resolve apparent shear-crack features, such

as tip, linking or wall damage zones, step-overs, and orthogonal antithetic faulting, as 

components of overall faulting patterns in complex or diffuse seismicity (30–38). Identification 

of a majority of the primary slip surfaces and aftershock seismicity for a large-earthquake at 

seismogenic depth with the expected geometry and features of a complete shear-crack system 

would clearly emphasize how earthquakes are rupture of shear cracks, and should be modeled as 

such to advance quantitative, monitoring and hazard seismology.

The 2020-05-15, Mw 6.5 Monte Cristo Range, Nevada earthquake occurred in western 

Nevada in the Mina deflection, a major structural right-step with block rotation and east-

northeast trending sinistral faulting within the northwest trending, dextral, eastern California 

shear zone to Walker Lane belt system (39, 40). Left-lateral, strike-slip faulting on a steep, 

N73ºE striking plane for the Mw 6.5 mainshock is indicated by the distribution of aftershocks and

by the USGS, W-phase centroid moment tensor (USGS-CMT; Hayes et al., 2009; Benz, 2017), 

the Nevada Seismological Laboratory (NSL) regional moment tensor  (NSL-RMT; 41), and other

mechanism solutions. The Monte Cristo event has a productive aftershock sequence (over 12,000

events detected up to 2020-07-31), while numerous nearby stations, a low-noise monitoring 

environment, and high-quality event detection, processing and data archiving at the NSL, USGS 

and IRIS Data Management Center (IRIS-DMC) make this sequence an excellent opportunity for

high-precision aftershock relocation to resolve detailed, 3D features of seismicity for a large 

earthquake.
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Fig. 7. Fault patterns formed above two parallel interfering basement 
faults in the case of a relatively thick overburden (a) and a relatively 
thin overburden (b). In both cases, the basement fault separation is 
5 cm, but the sandpack is 10 cm thick in (a) and 2.5 cm thick in (b). 
(S/T = ratio of basement fault separation to overburden thickness.) 

Traces of basement 
fault at surface 

(a) 

(b) 

Fig. 8. Block diagram illustrating the three dimensional geometry of 
Riedel shears above a double (a) and a single (b) basement fault. 

thickness of 10 cm), further displacement was applied. On 
cross-sections, in both types of model, the Riedel shears 
branch upwards at the interfaces. When the Riedel shears 
propagate into a layer of coarser sand, they are significantly 
deflected at the interface. In map view, the faulted zone is 
wider than expected for pure strike-slip and Riedel shears 
develop with strike orientations of up to 30° relative to the 
trace of the basement fault. 

OBLIQUE-SLIP FAULTING 
We investigated the effect of a dip-slip component of 
movement on the fault patterns. The three main parameters 
to consider here are: (i) the dip of the basement fault; (ii) the 
sense of displacement; and (Hi) the ratio of strike-slip to dip-
slip movements on the basement fault. Two opposite 
configurations were considered: (i) extensional oblique-slip 
(strike-slip associated with normal dip-slip component); and 
(ii) compressional oblique-slip (strike-slip associated with 
reverse dip-slip component). 

Compressional oblique-slip 
In the case of compressional oblique-slip above a 45° 
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Fig. 9. Upwards branching Riedel shears as seen on cross-sections in 
multi-layered models, (a) A 10 cm thick two-layer sandpack was built 
of finer and coarser sand and then deformed, (b) Syn-sedimentary 
model, in which a single Riedel pattern was generated in layer 1; and 
after addition of layer 2 further displacement was applied. In both 
cases, the Riedel shears branch upwards at the interface. 

Elements of a shear crack system

• Tip splays (e.g. horse tail)

• Edge splays (e.g. R1 Riedel shears) 

• Linking fractures (e.g. R2 and P shears)

• Wall damage zone (halo zone)2.
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environment of the Atacama desert. The fault has been
passively exhumed from depths greater than 3 km, and hence
the structures preserved at the surface are representative
of those that formed at depth. Minor recent reactivation of
the AFS has been attributed to passive responses of the AFS
to large subduction earthquakes [González et al., 2003],
but this late deformation is easily distinguishable from the
deeper‐seated one.
[12] In more detail, the Coloso duplex is flanked by two,

NNW striking, subvertical master faults (Jorgillo Fault,
Bolfin Fault) that splay off the Coloso Fault [Cembrano
et al., 2005]. These faults are in turn joined by a set of
second‐order NW‐striking and third‐order EW‐striking
imbricate splay faults (Figure 1b). Both master and subsidiary
faults of the Coloso Duplex host spatially and temporally
related epidote–chlorite–quartz–calcite veins suggesting a
strong link between fluid transport and duplex development.
[13] The study area is in the southern termination of

the Bolfín fault (Figures 1b and 2). Here, the fault terminates
in a distributed network of low‐displacement strike‐slip
fault zones in a horsetail‐type structure. A similar type
structure was described in the Sierra Nevada in California
by Kirkpatrick et al. [2008]. The faults cut through meta-
diorites that, although deformed in an earlier and higher
temperature (plastic) regime, are relatively isotropic because
they have been annealed by a late static recrystallization event
[González, 1996]. The metadiorites host meter‐wide, amphi-

bolitic, subvertical dykes that lie at a high angle to the later
faults and therefore form excellent displacement markers.

3. Faults Studied

[14] The faults studied are part of a population of low‐
displacement features (less than 3.5 m strike‐slip displace-
ment) surrounding the termination of a larger fault. In the
field, they are surrounded by a “halo” marked by differential
weathering, where immediately adjacent to the fault, the
dioritic protolith forms a zone that appears altered in com-
parison to the surrounding material (Figure 3). In the area,
there are a number of fractures with halo zones, and some
fractures show no offset. We interpret these as mode I
fractures. However, we made measurements on a subset
of the fractures with a strike between 120° and 160°. This
subset shows subhorizontal slickenlines, strike‐slip dis-
placements, and well‐developed halo zones. The strike‐slip
nature of the faults studied has the added advantage that the
rocks were more or less at the same crustal level during
formation and hence any depth dependency of the damage
zone formation will be minimized.
[15] Microstructural investigations show that these halo

zones appear to be related to the microfracture damage zone
that surrounds the faults (Figure 4). Figure 4a shows a thin
section scan of one of the faults, displaying the fault core
and associated halo/damage zone. Propylitic alteration of
biotite and feldspars to chlorite give the halo zone its overall
green color. Figures 4b–4f clearly show chlorite preferen-
tially forming along microfractures, which indicate an
interconnected network of microfractures along which fluid
was able to flow. Alteration is most extensive in areas where
larger intergranular microfractures crosscut many grains,
as seen in Figure 4b, where such fractures can be seen in
blue where the resin using for thin sample preparation has
infiltrated. Presumably such fractures had higher perme-
ability and provided a relatively larger flow of fluids to the
surrounding rock mass. Figures 4g and 4h show scanning
electron microprobe images of the same sample, where
extensive alteration to chlorite can be clearly seen in both
the fault core and damage zone. Figure 4h shows a good
example of alteration preferentially occurring surrounding
a microcrack. The halo zone appears to be related to a
higher incidence of microfracturing (e.g., Figure 4c which is
an example of damage close to the fault core) that has
subsequently been sealed by the chlorite mineralization
(Figures 4b–4f). This has resulted in preservation of the
microfracture damage zone during exhumation and weath-
ering of the faults at the surface (Figure 3).
[16] Engvik et al. [2005] noted similar features in higher‐

grade rocks during mode I fracturing when magma was
emplaced in dykes. They noted that microfracture densities
were an order of magnitude greater within the halo zone
than outside of it. In order to verify that the halo zone was a
product of the microfracture damage zone, we measured the
microfracture density as a function of distance from the fault
using a similar methodology as Mitchell and Faulkner
[2009] for two of our faults (Figure 5).
[17 ] In Figure 5 the microfracture densities as a function

of perpendicular distance for two faults that were studied
microstructurally are presented. Unlike other studies, where
quartz has been used as a proxy for the total amount of

Figure 3. A field photograph showing the development of
alteration “halos” surrounding faults. The halos are marked
by a light‐colored altered zone surrounding them, while
the host rock is weathered a rusty orange/brown color.
Three faults with associated halo zones are indicated to
act as examples.
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Halo (Faulkner and Mitchell, 2011)

Tip (Granier, 1985; Kim et al., 2004)

Edge (Richard  et al., 1995)

Linking (Katz  et al., 2004)

segments is mainly controlled by extension fractures
approximately parallel to the local s1 orientation, and the
extension fractures are dominantly developed in the
extensional quadrants of fault segments. The extension
fractures abut the fault segments, and some link the two
fault segments (Fig. 6a; e.g. Segall and Pollard, 1983;
Peacock and Sanderson, 1995a).

† Pull-aparts are a type of extension fracture that open up
between two fault segments (Figs. 5a and c and 6b; e.g.
Aydin and Nur, 1982; Royden, 1985; Peacock and
Sanderson, 1995b) due to increasing slip on the fault
segments (e.g. Segall and Pollard, 1983). The shape of
pull-aparts is controlled by the geometries of associated
secondary fractures that form the pull-apart boundaries,

Fig. 3. Examples of damage zones at the mode II tips of strike-slip faults. Sinistral examples are reflected into a dextral sense for ease of comparison. Thick

line ¼ major fault, thin line ¼ minor fault, shading ¼ vein, which is part of the damage zone. The dotted shadings indicate tip damage zones. (a) Wing cracks

in limestone from the Les Matalles outcrop, Languedoc region, France (Rispoli, 1981). (b) Horsetail fractures in slates at Crackington Haven, Cornwall, UK

(Kim et al., 2000). (c) Horsetail fractures in schists and Carboniferous sedimentary rocks at Villefort’s region, France (Granier, 1985). (d) Branch faults, normal
faults and antithetic faults in the Dead Sea region, Lebanon (Butler et al., 1997). (e) Antithetic faults in limestone on Gozo, Maltese islands (Kim et al., 2003).

(f) Antithetic faults in limestone at Kilve, Somerset, UK (McGrath and Davison, 1995). (g) Antithetic faults in limestone on Gozo, Maltese islands (Kim, 2000).

(h) Antithetic faults at Dasht-e Bayaz, Iran (Tchalenko and Ambraseys, 1970).

Y.-S. Kim et al. / Journal of Structural Geology 26 (2004) 503–517506



A complete shear crack system
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foreshock on one of these structures that incited nearby rupture on the other structure or on the 

western principal slip surface.

Fig. 7. Schematic interpretation of Monte Cristo seismicity. Perspective view 

downwards from the south-southwest showing NLL-SSST-coherence absolute relocations 

and simpliFed interpretations of primary fault planes, main fault damage zones and surface 

fracturing. Red star shows the proxy, mainshock hypocenter (Table 1). Orange shapes show 

the two, principal, left-lateral slip surfaces and the western, shallow, synthetic splay; green 

shape shows faulting across the contractional stepover; yellow shapes show selected tip 

damage zones consisting of mainly right-lateral, synthetic branch faults and extensional, 

horsetail splays; blue shapes show a sample of, mainly strike-slip, tip, upper and lower edge 

and wall damage zones including possible Riedel shears; purple shapes show likely triggered,

right-and left-lateral secondary faulting. Event Fltering and other map elements as in Fig. 2.

Orthogonal faulting to the east

Near the eastern end of the aftershock zone and perpendicular to the main trend is an ~5 

km long linear trend of seismicity which aligns with unnamed faults further to the northeast 
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aftershocks, while the damage zones host a majority of aftershocks due to stress concentration 

and fault growth after main rupture (19, 24–28).

Fig. 1. A complete shear crack system. Schematic map view of shear-crack 

damage zones around left-lateral, strike-slip faulting cores separated by a contractional, linking

stepover.  SHmin and SHmax show directions of minimum and maximum compressive stress,

respectively.

 Though many large, hazardous faults are considered “mature”, with cumulative slip of 

10-100’s of km and composed of few segments relative to their length (6, 29), seismicity on 

these faults usually does not clearly exhibit features of shear cracks other than a high-strain core. 

High-accuracy and high-precision earthquake relocations allow inference of three-dimensional 

faults geometry at seismogenic depths and sometimes resolve apparent shear-crack features, such

as tip, linking or wall damage zones, step-overs, and orthogonal antithetic faulting, as 

components of overall faulting patterns in complex or diffuse seismicity (30–38). Identification 

of a majority of the primary slip surfaces and aftershock seismicity for a large-earthquake at 

seismogenic depth with the expected geometry and features of a complete shear-crack system 

would clearly emphasize how earthquakes are rupture of shear cracks, and should be modeled as 

such to advance quantitative, monitoring and hazard seismology.

The 2020-05-15, Mw 6.5 Monte Cristo Range, Nevada earthquake occurred in western 

Nevada in the Mina deflection, a major structural right-step with block rotation and east-

northeast trending sinistral faulting within the northwest trending, dextral, eastern California 

shear zone to Walker Lane belt system (39, 40). Left-lateral, strike-slip faulting on a steep, 

N73ºE striking plane for the Mw 6.5 mainshock is indicated by the distribution of aftershocks and

by the USGS, W-phase centroid moment tensor (USGS-CMT; Hayes et al., 2009; Benz, 2017), 

the Nevada Seismological Laboratory (NSL) regional moment tensor  (NSL-RMT; 41), and other

mechanism solutions. The Monte Cristo event has a productive aftershock sequence (over 12,000

events detected up to 2020-07-31), while numerous nearby stations, a low-noise monitoring 

environment, and high-quality event detection, processing and data archiving at the NSL, USGS 

and IRIS Data Management Center (IRIS-DMC) make this sequence an excellent opportunity for

high-precision aftershock relocation to resolve detailed, 3D features of seismicity for a large 

earthquake.
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2020 Monte Cristo, NV sequence, Mw 6.5
(Lomax, 2021, Eartharxiv preprint )
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damage zone. In our hypothesis, well‐localized, isolated
faults are expected to have a narrow decay of damage with
distance from a strand. Faults with more secondary strands
are expected to have a broader distribution of damage due to
the superposition of multiple loci of fracturing (Figure 15a)

[Chester et al., 2004]. This superposition results in a change
in the apparent decay from any one strand.

7.1. Stochastic Model of Fracture Density Decay
[29] To evaluate the plausibility of strand evolution

influencing the observed damage decay with displacement,
we utilize a simple stochastic model to combine the ob-
servations made from small and large faults. Stochastic si-
mulations are a way of exploring a data set by imposing a
small set of probabilistic rules governing the behavior in the
distributions and then randomly sampling the proposed
distributions to see how robustly the major observations are
recreated. This method has been used to model fault net-
works [Kagan, 1982; Harris et al., 2003] and aftershock
sequences [Ogata, 1988]. The stochastic method allows us
to explore the data, investigate hypotheses, and tease out
various relationships. The appeal to this simplistic approach
is that no specific physical mechanism (e.g., fault strand
interaction, stress shadows) needs to be invoked, so that we
can determine if the strand scenario is plausible without also
determining the exact mechanics involved.
[30] We simulate the development of fault strands in a

damage zone by distributing fractures throughout a set
damage zone thickness, randomly allowing some of them to
become secondary faults. The decay of damage away from a
single fault is set as r−0.8, as observed along the small faults
in our study. In this way, we allow strands to form anywhere
in the damage zone; however, they are more likely to form
close to the main fault. The number of fractures in the
system is generated proportional to the total displacement on
the main fault and each new fracture has a very small
probability of becoming a secondary fault with its own
damage profile. This probability is the only free parameter
in the model.
[31] We use a stochastic model to simulate the fracture

distribution. We start by assigning a total number of frac-
tures N to be simulated in the damage zone based on the
total slip on the fault system S as

N ¼ kS ð2Þ

where k is a constant for all faults. The total number of
fractures that can be generated is capped at 1000. TheFigure 15. (a) Cartoon of fault zones with localized and

distributed slip surfaces.(b) Stochastic model prediction of
the damage decay exponent for pshear = 0.05% (blue). Error
bars are the mean absolute deviation from bootstrapping on
10,000 realizations. Data from Figure 5 are shown in black
and gray, where gray represents faults with binned fracture
densities. (c) Recreation of fracture distribution at the
Punchbowl fault using a fracture decay of r−0.8 for each
reported secondary strand within the damage zone [Chester
and Logan, 1986; Wilson et al., 2003]. Arrows delineate the
position of reported strands. A maximum fracture density of
106 fractures per meter (density closest to the main fault)
was imposed, and the fault constant c was determined for
each strand by the fit to the data.

Table 4. Stochastic Model Parameters

Model
Parameter Value Constraint

k 30 fractures per
meter of slip

Average number of
fractures in the damage
zone of a fault divided
by total displacement,
based on faults at Four
Mile Beach

xmin 3 mm Smallest spacing between
main fault and first
fracture measured in
the field studies
in this paper

xmax 500 m Half thickness of the
largest fault thickness
on Figure 5
(Carboneras Fault
[Faulkner et al., 2003])

pshear ∼0.05% Free
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damage zone. In our hypothesis, well‐localized, isolated
faults are expected to have a narrow decay of damage with
distance from a strand. Faults with more secondary strands
are expected to have a broader distribution of damage due to
the superposition of multiple loci of fracturing (Figure 15a)

[Chester et al., 2004]. This superposition results in a change
in the apparent decay from any one strand.

7.1. Stochastic Model of Fracture Density Decay
[29] To evaluate the plausibility of strand evolution

influencing the observed damage decay with displacement,
we utilize a simple stochastic model to combine the ob-
servations made from small and large faults. Stochastic si-
mulations are a way of exploring a data set by imposing a
small set of probabilistic rules governing the behavior in the
distributions and then randomly sampling the proposed
distributions to see how robustly the major observations are
recreated. This method has been used to model fault net-
works [Kagan, 1982; Harris et al., 2003] and aftershock
sequences [Ogata, 1988]. The stochastic method allows us
to explore the data, investigate hypotheses, and tease out
various relationships. The appeal to this simplistic approach
is that no specific physical mechanism (e.g., fault strand
interaction, stress shadows) needs to be invoked, so that we
can determine if the strand scenario is plausible without also
determining the exact mechanics involved.
[30] We simulate the development of fault strands in a

damage zone by distributing fractures throughout a set
damage zone thickness, randomly allowing some of them to
become secondary faults. The decay of damage away from a
single fault is set as r−0.8, as observed along the small faults
in our study. In this way, we allow strands to form anywhere
in the damage zone; however, they are more likely to form
close to the main fault. The number of fractures in the
system is generated proportional to the total displacement on
the main fault and each new fracture has a very small
probability of becoming a secondary fault with its own
damage profile. This probability is the only free parameter
in the model.
[31] We use a stochastic model to simulate the fracture

distribution. We start by assigning a total number of frac-
tures N to be simulated in the damage zone based on the
total slip on the fault system S as

N ¼ kS ð2Þ

where k is a constant for all faults. The total number of
fractures that can be generated is capped at 1000. TheFigure 15. (a) Cartoon of fault zones with localized and

distributed slip surfaces.(b) Stochastic model prediction of
the damage decay exponent for pshear = 0.05% (blue). Error
bars are the mean absolute deviation from bootstrapping on
10,000 realizations. Data from Figure 5 are shown in black
and gray, where gray represents faults with binned fracture
densities. (c) Recreation of fracture distribution at the
Punchbowl fault using a fracture decay of r−0.8 for each
reported secondary strand within the damage zone [Chester
and Logan, 1986; Wilson et al., 2003]. Arrows delineate the
position of reported strands. A maximum fracture density of
106 fractures per meter (density closest to the main fault)
was imposed, and the fault constant c was determined for
each strand by the fit to the data.

Table 4. Stochastic Model Parameters

Model
Parameter Value Constraint

k 30 fractures per
meter of slip

Average number of
fractures in the damage
zone of a fault divided
by total displacement,
based on faults at Four
Mile Beach

xmin 3 mm Smallest spacing between
main fault and first
fracture measured in
the field studies
in this paper

xmax 500 m Half thickness of the
largest fault thickness
on Figure 5
(Carboneras Fault
[Faulkner et al., 2003])

pshear ∼0.05% Free
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2004 Parkfield California sequence
Mw6.0, strike-slip

• Hypocenters focussed
within a few hundreds
of m of the principal 
slipping plane
• Mature fault zone with

>150 km displacement
• Narrower hypocenter

zone than suggested
by the average
damage zone vs 
displacement scaling
relationship



2020 Monte Cristo, NV
sequence
Mw 6.5, strike-slip
• Hypocenters spread in 5 km 

wide zone
• Fault does not have a 

conAnuous expression on 
the surface
• Hypocenters are more 

focussed at depth, around
two main en-echellon
segments
• Zone of aFershocks

broadens toward the 
surface

Revised manuscript after peer review and rejection

Fig. 2. Map view of Monte Cristo seismicity. NLL-SSST-coherence absolute 

relocations for ~11,000 events 2020-01-01 to 2020-07-31 with error-ellipsoid, semi-major 

axis ≤ 5 km. Map view with event color showing hypocenter depth and symbol size 

proportional to magnitude. Re-picked Mw6.5 hypocenter and its proxy (mean hypocenter of 3

well constrained foreshocks) indicated by small and large, dark red, cross symbols, 

respectively. Blue focal mechanisms show Mw 6.5 mainshock USGS-CMT W‐phase and 

2020-12-18  10:17:23           Earthquake on a complete shear-crack system 7

Lomax (2021) 
Eartharxiv preprint

Revised manuscript after peer review and rejection

elements as in Fig. 2.

Fig. 4. Vertical section through western principal slip zone. Depth-distance 

view from N73ºE of NLL-SSST-coherence absolute relocations within the polygon shown in 

Fig. 3. Mw6.5 hypocenter and its proxy (dark red crosses) are projected from ~1 km east of 

section. Event Fltering and map elements as in Fig. 2.

The eastern and western ends of each principal surface abut zones of seismicity to the 

northeast and southwest, respectively, of the trend of the surfaces, thus in the dilatational 

quadrant for sinistral faulting. (Fig. 5).  Note that the western part of the western principal slip 

zone is dipping and offsets to the north at shallow depth, so the majority of shallow seismicity to 

the west (Fig. 3a; <4km) is in the dilatational quadrant of this slip surface. The zones of 

seismicity abutting the principal slip surfaces exhibit lineations striking about 40º 

counterclockwise to the strike of the principal slip surfaces and sub-parallel to the regional 

maximum compressive stress (Shmax). Events in these zones show normal-faulting mechanisms,

indicating northwest-southeast extension, sub-parallel to the regional minimum compressive 

stress (SHmin), and strike-slip mechanisms with pressure and tension axes aligned with SHmax 

2020-12-18  10:17:23           Earthquake on a complete shear-crack system 10



2020 Lone Pine, CA sequence
Mw 5.8, normal 

• Most hypocenters are located
close to a bent surface that
may be interpreted as a 
unique slip surface or as a 
series of steeply dipping, sub-
parallel faults
• Hypocenters on map define a 

boundary on this surface, 
presumably the edge of slip 
zones, combining a foreshock, 
the main shock and one large 
aftershock

ALomax Scientific
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0 km

10 km

2020 Mw 5.8 Lone Pine sequence: complex normal faulting, few nearby stations

NLL-SSST-coherence shows increased organization, clustering and depth resolution over 
USGS catalog and Hauksson et al. 2020 relative locations.

NLL-SSST-coherence

0 km

10 km

USGS-SCSN catalog absolute Hauksson et al. 2020: relative



2020 Magna, UT sequence
Mw 5.7, normal

• Main fault plane is a W-dipping
normal fault
• AFershocks forms a complex

paJern updip of the hypocenter, 
imaging anAtheAc faults in the 
hanging wall and their
intersecAons with the main fault
• This seismicity and a shallower 

up-dip cluster of aFershock 
seismicity correspond to clusters 
of background seismicity

Main fault

Antithetic

faults



Scaling depends on fault maturity

• In analog experiments
(edge dislocaAon case), 
the width of shear zones 
peaks just before the 
formaAon of connecAng
faults
• Shear localizaAon along a 

fault implies narrowing of 
the zone of acAve 
damage with Ame

Sandbox models of wrench faulting 739 

the overburden with ~l (maximum compressive stress) 
parallel to the basement fault and ~3 (minimum principal 
stress) perpendicular to the basement fault, we would 
proceed as follows: (1) stretch the rubber in the direction 
parallel to the basement fault; (2) deposit the sandpack 
in the usual way and (3) allow the rubber to shorten in 
the direction parallel to the basement fault, at the same 
time applying a smaller extension in the perpendicular 
direction. A number of trials are required to determine 
the shortening and extension needed to give the required 
stress state without forming faults which could influence 
the course of the wrench experiment. 

EVOLUTION OF A WRENCH ZONE: 
NO PRE-STRESSES 

Experimental resuhs 

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

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

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

10 cm 

Displ. 2t cm Riedel shears 

Displ 28  cm Riedel shears and first splays (S)  

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

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

DispL 70 cm Throughgoing fautt zone with shear lenses 

J Active faults / Inactive/partially active faults / /  

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

applied. 

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

Case A Case B Case C 

O'Hma x O'Hmax 
parallel perpendicular 

No pre-stress to basement  fault 

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

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

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

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

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

4 .1+  

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

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

and a single s inuous or straight fault. 
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Fault maturity at a given time depends on scale
Sandbox models of wrench faulting 739 
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in the usual way and (3) allow the rubber to shorten in 
the direction parallel to the basement fault, at the same 
time applying a smaller extension in the perpendicular 
direction. A number of trials are required to determine 
the shortening and extension needed to give the required 
stress state without forming faults which could influence 
the course of the wrench experiment. 

EVOLUTION OF A WRENCH ZONE: 
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Experimental resuhs 

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

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

(2) Short-lived splay faults. These faults develop at or 
near the tips of Riedel shears, and strike at more than 17 ° 
to the basement fault. 
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Fig. 2. Plan views drawn from photographs showing the evolution of an 
experimental  wrench fault zone. Sandpack is 1() cm thick; no pre-stress 

applied. 

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

Case A Case B Case C 

O'Hma x O'Hmax 
parallel perpendicular 

No pre-stress to basement  fault 

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

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

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

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

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

4 .1+  

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

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

and a single s inuous or straight fault. 
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• Would a M8 on the 
SAF activate a lot more 
aftershocks off the 
main slip plane than
Parkfield?
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Conclusions

• Seismicity distribution during an earthquake sequence reveals the 
geometrical complexity of the activated fault system.
• Geometrical complexity is highly variable depending on case, and 

may relate to the « maturity » of the fault system.
• Interpreting aftershock distribution as damage suggests a distinction 

should be made between
• Near fault damage, which may persists along mature faults in relation with

rupture related stress (dynamic and rupture tips) and asperity abrasion
• Off fault damage related to various secondary structures, the number and 

size of which presumably peak during fault growth

• Damage zones observed on the field may integrate the whole history
of fault growth and slip, complicating their understanding in term of 
scaling relationships


