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Introduction 
Detailed mapping of small-displacement, predominantly high-angle reverse faults of the 
late Miocene Cedar Springs System was performed in the Silverwood Lake area in the 
western San Bernardino Mountains, California (Figure 1) in the spring of 2003 in order to 
compare structural and lithologic variations between faults with varying degrees of slip.  
The faults have been exhumed from 1-1.7 km depth due to the late Miocene to early 
Pleistocene uplift of the Big Bear Block portion of the range (Spotila and Sieh, 2000). 
Faults range in slip from several cm to 3.5 km.  This uplift allows the examination of 
faults in outcrop that are analogous to seismogenic faults at depth, instead of the surface 
expression of a fault.  The host rock is the Mesozoic crystalline basement complex of 
granodiorite, diorite, and quartz-monzonite, with Precambrian to Paleozoic 
metasedimentary roof pendants (Meisling and Weldon, 1982). All these lithologies are 
cut by abundant dikes which serve as excellent offset markers.  The Miocene Crowder 
Formation (17-9.5 Ma; Reynolds, 1985) consists of arkosic sandstone and conglomerate, 
and is also a useful marker unit for determining the amount of slip on the faults. 
 

 

Figure 1.  Oblique 
view to the northwest 
showing the Los 
Angeles vicinity, the 
San Gabriel 
mountains, and the 
San Bernardino 
mountains.  White box 
shows approximate 
extent of field area.  
Original image from 
Bowen, 2003. 
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Role within SCEC 
This work contributes to several of the disciplinary and interdisciplinary groups’ research 
objectives outlined in the 2004 RFP.  Contributions to these groups are described below. 

• Data gathering for the Earthquake Geology group consists of “… detailed studies 
of fault zone materials and structures in and adjacent to exhumed faults in order to 
understand deformation processes and conditions, and their implications for the 
nucleation and propagation of earthquake ruptures”.  Work done on exhumed 
faults in the western San Bernardino Mountains directly contributes data to this 
focus group. 

• A major component of this work is to characterize the development and effect of 
clay gouge and ultracataclasite in the fault core.  This contributes to the Fault and 
Rock Mechanics’ (FARM) research objective to detect and characterize 
rheologically important materials on slip surfaces in natural fault zones. 

• This work directly contributes to the in-situ study of fault zones for the 
Earthquake Source Physics group.  Specific topics addressed in this work and 
pertinent to the group are fault core thickness, meso-scale fault zone geometry 
and kinematics, extent and nature of damage zone, and fluid-rock interactions at 
seismogenic depths.   

 
Field Methods 
Faults were located in the field primarily from geologic maps (Weldon, 1986).  Detailed 
outcrop sketches were made to record fault geometries, offsets, and cross-cutting 
relationships of faults, fractures, and veins.  Photomosaics were also made in order to aid 
in the small-scale mapping of structures.  Damage element densities were determined in 
the damage zone by using a linear point intercept method combined with 70 cm vertical 
and horizontal linear transects (e.g., record everything under line) in order to capture 
orientations of faults, fractures, and veins.   
 
An outcrop-specific, systematic (i.e., non-random) sampling plan was developed to 
representatively sample the host rock, damage zone, and fault core at the various fault 
zones studied.  A total of 83 hand samples were collected during the field season. 
 
Laboratory Methods 
Impregnation, orienting, and cutting of samples that represent various locations 
throughout the studied fault zones were performed at Utah State University.  A total of 68 
standard thin sections were professionally prepared by Burnham Petrographics.  All 83 
samples have been “powdered” using a Rocklabs grinding mill, and X-ray diffraction 
(XRD) and X-ray fluorescence (XRF) analyses are currently underway at Utah State 
University.  These geochemical analyses will help to constrain fluid-rock interactions, 
such as fluid migration throughout the fault zone and the alteration of minerals.   
 
Results 

Fault Inventory 
A total of 49 fault zones were examined in this study.  Of these, slip on 31 faults was 
constrained from offset markers, and the data are summarized in Table 1. 
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Table 1: List of all constrained faults with calculated slip and fault core width. 
 

fault zone fault fault type orientation; rake slip; certainty1 FC width 
Water Tank (St. 15)           

AOC-1 5 normal,llss 098/65 N; 30 R W 10.5 m; poor2 10 cm 
AOC-2 2 reverse, rlss 165/13 E; 50 R N 78 cm; fair 3 mm 

  2 normal,llss 165/13 E; 50 R N 35 cm; fair 3 mm 
  5 llss 108/90; 08 R W 6 cm; fair open fracture 

Eastwood Reverse            
(St. 17) main reverse 136/55 NE; 90 R > 390 m; good 2-5 cm 

  6 reverse, rlss 086/88 N; 45 R N 1.5 m; good 1-3 cm 
Grass Valley (St. 32)           

Main fault 1 reverse, rlss 285/45 S; 55 R SE 39 m; good 2-12 cm 
 HW 2 reverse, rlss 285/46 S; 20 R E 1.9-2.7 m; good 1-2 cm 

  3 reverse, rlss 090/46 S; 30 R E 1.5 m; good 1-2 cm 
  4 reverse, rlss 285/53 S; 30 R E 2.3-3.3 m; good < 1 cm 
  6 reverse, rlss 275/52 S; 30 R E 23.2 m; good 8 cm 
  11 reverse, rlss 297/79 S; 35 R E 44 cm; good < 1 cm 

FW 4 reverse, rlss 271/55 S; 50 R E 5.7 cm; fair 1-2 cm 
  6 normal, rlss 287/61 S; 50 R W 4 m; fair 3 cm 
  16 normal, rlss 340/69 W; 40 R N 22 cm; fair 2 cm 

Clipper Reverse 
(St.9) 

9 reverse 102/65 N; 90 R 3 m; good 2 mm-3 cm 

Cleghorn (St. 3) main llss 095/85 N 3-4 km*; good2 30 cm 
Seeley Jr (St. 40) main reverse, rlss 022/78 E; 40 R N 40 cm; good 1 cm 

St. 37           
  3 reverse, rlss 163/76 W; 63 R S 55 cm; good 2 cm hard fin 
  5 normal, rlss 112/81 S; 43 R W 28 cm; fair2 3-15 cm 

small sketch 4 reverse, llss 081/81 S; 57 R W 14 cm; good 2 mm 
St. 47 20 normal, llss 122/30 NE; 70 R W 2.4-3.4 cm; poor2 2 mm 
St. 54           

  2 reverse, rlss 338/18 SW; 45 R S 9.4 cm; good 1-2 mm 
  21 reverse, rlss 340/23 W; 55 R S 6.7-14.5 cm; 

good 
1 mm 

  57 reverse, llss 060/70 NW; 50 R E 3 cm; good 1-3 cm 
St. 56           

  9 normal 292/77 S; 85 R W 5.2-9 cm; good 1-2 cm 
    normal 292/62 S; 85 R E 17 cm; good 2-3 cm 
    reverse, llss 273/60 N; 70 R E 22 cm; poor2 30-45 cm 

"main fault" sketch 8 reverse  295/71 N; 90 R 2 cm; fair minimal 
St. 58 1 reverse 010/78 E; 70 R S 3.2 cm; fair 3-4 cm hard 

fin 
  5 normal 210/66 SE; 80 R S 7.5 cm; fair 2 cm 

Fault: number assigned in the field; fault type: shows dip-slip and strike-slip components, llss = left-lateral 
strike slip, rlss = right-lateral strike slip; orientation of fault plane shown with strike, dip, and dip direction; 
30 R W = 30 degree rake from the west (i.e. slip vector on the fault plane); 1: Certainty of slip calculation = 
poor, fair, or good (subjective rating based on quality of slip vector and confidence of offset); 2: Not used 
in fault core versus slip plot due to uncertainty of calculated slip; *: Offset only; FC: fault core 
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Slip constraint required the presence of an offset marker and slip vector on the fault 
plane.  Fault displacements span 5 orders of magnitude and range from 2 cm to > 390 m 
on the Eastwood Reverse.  The Cleghorn fault accumulated ~ 300 m vertical separation 
as a south-block-down reverse fault in the late Miocene, and has since been reactivated as 
a left-lateral strike-slip fault accumulating ~ 3.5 km of offset throughout the Quaternary 
(Meisling and Weldon, 1989).   
 

Fault Zone Structure 
Fault Core 
A defined fault core was present at all scales of faulting, but some trends were observed.  
An asymmetric slip preference was observed in faults that place granitic rocks over the 
softer Crowder Formation, such as the Cleghorn fault and the Eastwood Reverse.  This is 
manifested as a thin foliated layer of maroon clay gouge along the Crowder Formation 
fault wall (i.e., footwall).  Another trend observed is that faults through the pegmatitic 
granite dikes at the Grass Valley fault zone are manifested as a zone of dense fractures 
and faults instead of the more defined clay gouge/(ultra)cataclasite fault core 
characteristic of the softer granodiorite. 
 
         Figure 2.  Fault core thickness versus slip plot. 
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Damage Zone 
Linear Transects through damage zones show that damage elements (subsidiary faults 
and fractures) often exhibit two main orientations; one sub-parallel to and the other at a 
high angle to the main fault.  This is seen most clearly at the Grass Valley fault zone and 
the Cleghorn fault zone.  Another observation is that damage zones of larger-
displacement faults contain more subsidiary faults than smaller-displacement faults, 
which are characterized more by mode I fractures.   
 
Microstructure 
Highly damaged fault rocks are characterized by clay gouge, ultracataclasite, and 
cataclasite with some remnant clasts.  Chlorite alteration is prevalent in some samples in 
or near the fault core.  Open and filled (with ultracataclasite, iron oxide, or vein fill) 
fractures are common features throughout the damage zone.  The extent of intensely 
damaged rocks (highly comminuted and altered) varies between the fault zones.  As 
observed in previous work (Schulz and Evans, 2000; Chester and Chester, 1998), the 

group 1 

group 2

A log-log plot of fault core 
thickness with respect to slip 
indicates that fault core thickness 
initially increases with slip amount, 
but core thickening slows 
substantially around 10 m of slip, 
shown as a break in slope of the 
regression line (Figure 2).  There 
also appears to be two different 
groups of faults in Figure 2. Fault 
core thickness of group 1 does not 
have any correlation with fault slip, 
while group 2 appears to have a 
relatively strong correlation.  The 
reasons for this grouping is still 
being studied, but may be controlled 
by position to the main fault (i.e.,
hangingwall versus footwall). 
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thickness of damage tends to increase with larger-displacement faults.  For example, 
severe microstructural damage is confined to within one meter of the main Grass Valley 
fault, which has 39 m of slip.  However, the Eastwood Reverse has > 390 m of slip and is 
defined by approximately 6 m of highly damaged rocks, or “primary damage zone”.   

 
Geochemistry 

XRD analysis thus far indicates the presence of clay-rich gouge (illite, laumontite, and 
others) in fault core samples from the Grass Valley and Eastwood faults.  As expected, 
the bulk mineralogy is typically a mixture of quartz, various feldspars, micas, and minor 
mafics.  Epidote has also been detected in some samples, which is a common secondary 
mineral in fault zones and may be a good pressure and temperature indicator.  No XRF 
analysis has been performed yet. 
 
Interpretations 
The goal of this work is to provide accurate field observations and interpretations that 
will help to constrain modeling of seismic processes and further our understanding of 
brittle failure in the earth’s crust.   
 

Fault Zone Structure 
Fault Core 
As shown in Figure 2, the fault core slows the thickening process at around 10 m of slip. 
This may suggest that the fault core develops early and large amounts of displacement 
can be accommodated on relatively narrow, discrete slip surfaces.  The asymmetry 
observed at faults juxtaposing different lithologies may help to localize slip along the 
softer side of the fault wall and seems to make sense mechanically.   
  
Damage Zone 
More subsidiary faults are seen in damage zones of larger-displacement faults.  The 
following model explains this observation.  During initial rupture events, mode I fractures 
are formed around the primary slip surface due to radiated energy.  As slip events 
continue along the fault, these fractures are converted to subsidiary faults.  This process 
may be a substantial sink of energy during seismic events.   
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