
Bulletin of the Seismological Society of America, Vol. 88, No. 6, pp. 1379-1391, December 1998 

Faulting Apparently Related to the 1994 Northridge, California, Earthquake 

and Possible Co-seismic Origin of Surface Cracks in Potrero Canyon, 

Los Angeles County, California 

by R. D. Catchings, M. R. Goldman,  W. H. K. Lee, M. J. Rymer ,  and D. J. Ponti 

Abstract Apparent southward-dipping, reverse-fault zones are imaged to depths 
of about 1.5 km beneath Potrero Canyon, Los Angeles County, California. Based on 
their orientation and projection to the surface, we suggest that the imaged fault zones 
are extensions of the Oak Ridge fault. Geologic mapping by others and correlations 
with seismicity studies suggest that the Oak Ridge fault is the causative fault of the 
17 January 1994 Northridge earthquake (Northridge fault). Our seismically imaged 
faults may be among several faults that collectively comprise the Northridge thrust 
fault system. Unusually strong shaking in Potrero Canyon during the Northridge 
earthquake may have resulted from focusing of seismic energy or co-seismic move- 
ment along existing, related shallow-depth faults. The strong shaking produced 
ground-surface cracks and sand blows distributed along the length of the canyon. 
Seismic reflection and refraction images show that shallow-depth faults may underlie 
some of the observed surface cracks. The relationship between observed surface 
cracks and imaged faults indicates that some of the surface cracks may have devel- 
oped from nontectonic alluvial movement, but others may be fault related. Imme- 
diately beneath the surface cracks, P-wave velocities are unusually low (<400 
m/sec), and there are velocity anomalies consistent with a seismic reflection image 
of shallow faulting to depths of at least 100 m. On the basis of velocity data, we 
suggest that unconsolidated soils (<800 rrdsec) extend to depths of about 15 to 20 
m beneath our datum (<25 m below ground surface). The underlying rocks range 
in velocity from about 1000 to 5000 m/sec in the upper 100 m. This study illustrates 
the utility of high-resolution seismic imaging in assessing local and regional seismic 
hazards. 

Introduction 

Potrero Canyon, Los Angeles County, California, is lo- 
cated about 35 km northwest of the city of Los Angeles 
(Figs. 1 and 2) and is one of four areas that experienced 
major surface cracking during the 17 January 1994 (M w 6.7) 
Northridge earthquake (Hart et al., 1995; Hecker et aL, 

1995; Rymer et aL, 1995). As a result of strong shaking 
during the Northridge earthquake, extensional cracks oc- 
curred along both sides of Potrero Canyon, but compres- 
sional surface deformation (surficial thrust faults and cracks) 
occurred along the south side of the canyon (Rymer et al., 

1995) (Fig. 3). The concentration of shallow (--1 m) com- 
pressional cracks on the south was initially thought to rep- 
resent possible co-seismic rupture. Subsequent detailed geo- 
logic investigations of the cracks led Rymer et al. (1995) to 
conclude that the cracks resulted from nontectonic alluvial 
movement caused by gravity. However, Shen et al. (1996) 
and Hudnut et al. (1996) suggest that geodetic measurements 

are consistent with co-seismic faulting in the general area 
that includes Potrero Canyon. Furthermore, the mainshock 
of the Northridge earthquake, located approximately 22 km 
south-southeast of Potrero Canyon, occurred on a south-dip- 
ping blind thrust fault that projects toward the ground sur- 
face near Potrero Canyon (U.S. Geological Survey and 
Southern California Earthquake Center, 1994; Hauksson et 

al., 1995). Seismicity immediately preceding, during, and 
after the Northridge earthquake roughly defines an area of 
deformation that terminates in the vicinity of Potrero Canyon 
(Hauksson et aL, 1995; Pujol, 1996). 

The observed surface cracking, liquefaction, and strong 
shaking (L. Wennerberg, personal comm., 1994; Wald et al., 

1996) in Potrero Canyon near the surface projection of the 
Northridge fault prompted the U.S. Geological Survey to 
conduct a series of investigations there, including paleoseis- 
mological trenching (Rymer et al., 1995), borings, and cone 
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Figure 1. Location map of the northern Los An- 
geles County area with major highways. The star 
shows the epicenter of the 17 January 1994 North- 
ridge earthquake relative to Potrero Canyon (box). 
The white shading shows major sedimentary basins. 
The inset shows the study (black box) areas within 
the state of California. 

penetration tests (Holzer et  al., 1996). These investigations 
were conducted across the surface cracks to look for evi- 
dence of shallow seismogenic faulting; none was found. To 
look for deeper (>3 m) expressions of faulting, we con- 
ducted a seismic reflection and refraction survey across Po- 
trero Canyon centered on the trenches. In this report, we 
present seismic reflection images of apparent shallow (<  100 
m) faulting, the associated P-wave velocity structure, and a 
deeper image (to 1.5 km depth) of faulting that may be part 
of a system of faults that constitutes the causative fault of 
the Northridge earthquake (referred to here as the Northridge 
fault). 

Geological  Setting 

Potrero Canyon is located north of the Santa Susana 
mountains and trends approximately east-west for less than 
5 km (Fig. 1). Near our seismic line, the valley floor is about 
200 m wide but varies in width along the length of the can- 
yon (Figs. 2 and 3). Potrero Canyon is one of a series of 
east-west-trending valleys within the Transverse Ranges of 
southern California that have undergone late Cenozoic fault- 
ing and folding (Wentworth and Yerkes, 1971). A number 
of thrust faults have been mapped to the south, north, and 
west of Potrero Canyon (Winterer and Durham, 1962; Yeats 
et  al., 1994), and deep well logs infer other buried thrust 
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Figure 2. Geologic map (from Winterer and Dur- 
ham, 1962) of the western part of Potrero Canyon in 
the vicinity of our seismic profile. On the basis of 
geologic mapping, Winterer and Durham suggest two 
faults near our seismic profile: an axial fault within 
the valley and the Salt Creek fault subparallel to our 
seismic profile. Strikes and dips (numbers in degrees) 
of strata are shown. Qal, Qt, Tpc, and Tps refer to 
Quaternary alluvium, Quaternary terrace deposits, 
Pliocene Pico Formation conglomerates, and silt- 
stones, respectively. 

faults to the east. The nearby faults are both north dipping 
and south dipping, and the strikes of these faults vary greatly. 

Potrero Canyon is believed to be within or overlie a 
syncline that is faulted along its axis (Winterer and Durham, 
1962; see Fig. 2). On the south side, the basement and can- 
yon walls in the immediate vicinity of our seismic line are 
north dipping (50 ° to 70°), and on the north side, they are 
southwest dipping (20 ° to 50°). The exposed rocks consist 
of sandstone, conglomerate, and mudstone of the Pliocene 
Pico Formation (Winterer and Durham, 1962). Surface ex- 
posures of bedrock and associated faults and folds in Potrero 
Canyon indicate that structures vary greatly over relatively 
short distances, ranging from steeply dipping strata on fold 
limbs to nearly subhorizontal layers. Within Potrero Canyon, 
surface and near-surface sediment types consist of a series 
of Holocene sand, gravel, and clay loam within the upper 
few meters (Rymer et  al., 1995; Holzer et  al., 1996). 

Seismic Data  Acquisit ion 

In February 1994, we acquired an approximately north- 
west-southeast-trending, 700-m-long, combined seismic re- 
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Figure 3. Topographic map of Potrero Can- 
yon with the locations of surface cracks, a 
trench, and sand blows (from Rymer et al., 
1995) relative to our seismic profile. The box 
outlines the area of the geologic map of Figure 
2, and the hachured line shows the approximate 
location of cross section E-E' of Winterer and 
Durham (1962). Deep oil wells (A and B) are 
shown. 

flection and refraction survey across Potrero Canyon (Fig. 
2). Seismic sources consisted of l-lb. charges of ammonium 
nitrate in approximately 2-m-deep holes. Seismic sources 
were detonated approximately every 15 m along the southern 
500 m of the seismic array, but sources were not located 
along the northern 150 m of the seismic array because shot 
holes could not be drilled on the steeper topography. The 
seismic data were recorded on 46 channels of a PC-based 
recording system (Lee, 1989; Lee and Dodge, 1992). Sen- 
sors consisted of 46 strings of six 8-Hz, Mark Products 
geophones spaced 15 m apart and connected by cable. The 
seismic data were recorded using a 2-msec sampling interval 
without filters. Each shot point was colocated with a sensor 
to determine the shot time. Elevation and relative locations 
were determined using an electronic distance meter with a 
precision of about 1 ram. Details of the acquisition param- 
eters are described in Jaasma et al. (1997). Five-second re- 
cords were recorded on the PC hardisk in PC-SUDS format 
(Lee, 1989) for each shot. The seismic data were then trans- 
ferred to optical disk for permanent storage. 

Veloci ty Model ing Approach  

The data were processed using both seismic refraction 
and seismic reflection techniques. Using these two ap- 
proaches on the same data provides independent constraints 
on the subsurface. In seismic refraction processing, the first 
arrivals were measured, and a starting model was developed 
based on calculated velocities and travel times. The starting 
model was then input into a modified version of a velocity 
inversion routine developed by Hole (1992). This method 
effectively measures the travel time through each section of 
the velocity model and compares the calculated travel times 
with the observed travel times. The inversion routine mod- 
ifies the velocity structure in successive iterations on the 

basis of misfits among calculated and observed travel times 
until an acceptable fit is achieved. 

Our final velocity model is shown in Figure 4a, and a 
lithologic interpretation of the velocity model is shown in 
Figure 4b. Seismic velocities were measured from the sur- 
face to a maximum depth of approximately 150 m and lat- 
erally from about meter 25 to about meter 675 of the velocity 
model (Fig. 4). The maximum depth of penetration of re- 
fracted seismic energy is a function of the velocity gradients 
within the Earth and the length of the seismic recording ar- 
ray. Because our seismic array was limited to about 700 m 
in length, the depth of penetration of refracted arrivals was 
limited to less than ~130 m. 

The resolution of any part of the velocity model depends 
on the number of ray paths that transverse through that part 
of the velocity model. Where there are many separate ray 
paths through a given part of the velocity model, the cal- 
culated velocity structure is likely to be well resolved and 
reasonably accurate. Because a total of 31 shots were located 
along the seismic profile, parts of the velocity model have 
more than 75 separate ray paths through it. Near the ends of 
the seismic profile, however, parts of the velocity model 
have less than 5 separate ray paths. Thus, we expect the 
velocity model to be most accurate between meters 50 and 
650. 

Velocities range from less than 300 rrdsec at the surface 
to about 5 km/sec at approximately 130 m depth. Within the 
upper 50 m, there is a high-velocity gradient, whereby ve- 
locities increase from less than 300 rrdsec to more than 3000 
m/sec. At the surface, the low velocities (_-<400 m/s) occur 
near meters 277, 375, and 550 (Fig. 4a). 

Reflection Imaging  Approach  

The seismic reflection data are presented as stacked, mi- 
grated sections. Depths on the reflection sections are relative 



1382 

(a) 
S E  

0 

0 i 

5 0  

Z 
~100 

O 

150 ~= 
HJ 

20O 

R. D. Catchings, M. R. Goldman, W. H. K. Lee, M. J. Rymer, and D. J. Ponti 

100 200 500 

f t "  

f t .  
I Z I  

0 

m 

Surface Crack Surface Crack, N W  
projection Sand Blow, & Trench Surface Crack 

300 I 400 ,600 700 

t 

600 700 

D i s t a n c e  (m)  

' I ' I ' I ' I , i I 

100 200 300 400 500 

(b) 

0 

5O 

£ 

~3 

150 

200 

(,3 

== 
uJ 

D i s t a n c e  ( m )  

100 200 300 
• I . . . . . . .  l '  ............. l 

40O 5O0 

r 
6(30 700 

Figure 4. (a) Seismic P-wave velocity model derived from inversion of first arrivals 
of the seismic data. Contours are velocities in meters per second. Depth and distance 
are in meters. Depth is relative to the topographically lowest point along the seismic 
profile. The locations of nearby surface cracks, sand blows, and a paleoseismological 
trench are shown along the top. The area of the CDP reflection profile of Figure 5 is 
outlined by the vertical lines. (b) The same velocity model as (a) with interpretative 
faults (dashed lines) and basic lithologic units. 

to a datum set at our topographically lowest geophone, 
which was about 4.5 m lower than the trench of  Rymer  et  

al. (1995). The final velocities used in stacking the near- 
surface data were derived from the inverted first arrivals for 
the upper 100 m of  the section. Below 100 m, we used start- 

dard reflection velocity analysis (semblance) to determine 
velocities. Because the greatest variations in velocity are typ- 
ically in the near surface, the increased accuracy from the 
velocity data allowed for an improved stack. The seismic 
reflection data processing sequence included geometry in- 
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stallation, trace editing, frequency filtering, muting, AGC, 
velocity determination, elevation statics, stacking, and mi- 
gration. 

Stacked seismic reflection images include the depth 
ranges from about 4 m (Figs. 5a and 5b) to about 1.5 km 
(Figs. 6a and 6b) below the surface. For reference with the 
velocity model, seismic reflections image the subsurface 
with common depth points from about meter 22 to meter 
617 of the velocity model. 

The resolution of the seismic reflection images depend 
on the frequencies recorded, the shot spacing, and the sensor 
spacing. Most of our seismic reflection data range from 
about 20 to 150 Hz. For the deeper subsurface with velocities 
of approximately 5000 m/sec, only reflectors that are about 
10 m thick or more would produce reflections. For the shal- 
lower section with velocities of approximately 500 m/sec, 
reflectors on the order of 1 m or more thick should produce 
reflections; however, it is unlikely that we can follow 1-m- 
thick layers laterally for appreciable distances because of our 
sensor and shot spacing. Most of the layers imaged in the 
upper few hundred meters appear to be a minimum of about 
2 to 5 m thick (Fig. 5), and those in the deeper sections 
appear to be about 10 m thick (Fig. 6). 

Interpretation 

Shallow Subsurface 

On the basis of seismic refraction velocities and depth 
to reflecting boundaries, we interpret the thickness of un- 
consolidated sediments to be about 15 to 20 m (relative to 
our datum, rtd; see previous section for datum) in Potrero 
Canyon (Figs. 4b and 5b). Seismic refraction velocities are 
reliable in differentiating between sediments and rock be- 
cause we have velocity data on the hills (sedimentary rock) 
and within the valley (unconsolidated sediments). The sur- 
ficial sedimentary rocks that constitute the surrounding hills 
have P-wave velocities ranging from about 800 m/sec to 
about 1200 trdsec, and in the valley where there are surficial 
unconsolidated sediments, P-wave velocities are less than 
800 m/sec. From about meter 150 to about meter 600 of the 
velocity model (Fig. 4), P-wave velocities less than 800 m/ 
sec extend from the surface to depths of about 15 to 20 m 
rtd, below which velocity contours become more closely 
spaced, signaling a change in physical properties. 

The --15 to 20 m (rtd) depth to consolidated rock be- 
neath the valley is also consistent with seismic reflection data 
(Fig. 5). A coherent reflection varies laterally from about 17 
to 23 m (rtd) depth beneath the valley, suggesting a velocity 
contrast that is consistent with a transition from unconsoli- 
dated sediments (--800 m/sec) to more consolidated rock 
(800 to 3000 m/sec). Holzer et al. (1996) also found from 
cone penetration tests that the unconsolidated sediments 
were at least 15 m deep in Potrero Canyon. 

Within the unconsolidated sediments, there are three lo- 
cations with low (<400 m/sec) P-wave velocities (near me- 

ters 200 to 280, 350 to 400, and 520 to 580). These low- 
velocity areas occur near the locations of surface cracks or 
at the westward projection of a surface crack; however, the 
low-velocity anomaly near meter 375 also occurs at the sur- 
face location of a sand blow. We interpret all of the low- 
velocity areas as resulting from lesser consolidated sedi- 
ments relative to those sediments along other areas of the 
seismic profile. Sand blows or open cracks, such as those 
generated by earthquake-induced shaking, may account for 
the low velocities, but we cannot determine whether those 
low velocities existed prior to the development of the sand 
blows or cracks. We are aware of no other reports of P-wave 
velocities as low as these for the region. For example, seis- 
mic-refraction-determined P-wave velocities for an area 
south of the Northridge earthquake epicenter is about three 
times as high (950 rn/sec) for the shallow subsurface (Catch- 
ings and Lee, 1996), and at 19 different locations throughout 
the Los Angeles area, Fumal et aL (1981) found near-surface 
P-wave velocities in boreholes to be well above 500 m/sec. 

Abrupt deflections in the velocity contours and lower 
velocities have been shown to correspond to faults elsewhere 
(Jarchow et aL, 1994; Lutter et aL, 1994). The observed 
deflections in the velocity contours beneath some of the sur- 
face cracks are consistent with ground breakage or faults that 
extend to the deeper (at least 100 m) subsurface. The low- 
velocity areas near the northwesternmost surface cracks (me- 
ter 550 to 590) and the westward projection of the southern- 
most surface crack (see Fig. 3 and meter 277 of Fig. 4b) are 
consistent with apparent faulting observed in the seismic re- 
flection sections to depths of approximately 100 m (Figs. 5a 
and 5b). However, the low-velocity area at meter 375 of the 
velocity model (at the trench) does not appear to be fault 
related, as no fault was observed in either the trench (Rymer 
et al., 1995) or the seismic section (Fig. 5b) at that location. 
Due to the proximity of a nearby sand blow and lack of an 
imaged fault, it is likely that the near-surface low-velocity 
feature observed at meter 375 is related to shaking-induced 
deformation (Fig. 3). Conversely, the apparent fault located 
at meter 480 of the seismic reflection section (Fig. 5b) does 
not show evidence of surface cracking, but this apparent 
fault is consistent with the location of an axial fault inferred 
by Winterer and Durham (1962) on the basis of geologic 
mapping (Fig. 2). 

We agree with Rymer et al.'s (1995) assessment that 
the surface cracks near the trench (meter 375) resulted from 
gravity-induced alluvial movement caused by strong shaking 
because (1) the physical conditions at meter 375 were suf- 
ficient to generate sand blows (Holzer et al., 1996) and (2) 
we observe no evidence for faulting at meter 375 from seis- 
mic imaging. At meters 277 and 595, however, we suggest 
that colocated surface cracks, seismically imaged faults, and 
deep (--100 m) velocity anomalies are indicative of subsur- 
face faulting. The faults at meters 277 and 595 are probably 
structures that existed prior to the Northridge earthquake. 
We can make no determination of whether there was move- 
ment on these shallow faults during the Northridge earth- 
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Figure 5. (a) Migrated seismic reflection section for the upper 100 m beneath the seismic array. Depth 
is relative to a datum equal to the topographically lowest point along the seismic profile. The horizontal 
axis is the common depth point (CDP) number, with the distance scale of the velocity model of Fig. 4 
above the CDP numbers. Each CDP is approximately 7.5 m. The locations of surface cracks and a 
paleoseismological trench are shown along the top. (b) The seismic image from (a) with interpretative 
faults (dashed lines) and basic lithologic units. 
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Figure 6. (a) Migrated seismic reflection section for the upper 1500 m beneath the 
seismic array, plotted as in Figure 5. (b) The seismic image from (a) with interpretative 
fault zones (dashed lines). The arrow points to an additional possible fault zone. 

quake, but geodetic measurements are consistent with deeper 
(several kilometers) co-seismic movement in the vicinity of 
Potrero Canyon (Hudnut et aL, 1996; Shen et al., 1996). 

Deeper Subsurface and Faulting 

We do not have seismic refraction measurements below 
130 m depth due to the limited length of the seismic profile. 
Our characterization of the subsurface below about 130 m 
is derived from seismic reflection, geologic, and borehole 
data. 

Relative to the upper 75 m, there are fewer reflectors 
from about 75 to 300 m depth, and the deeper reflections are 
lower in frequency, suggesting a change in lithology or 
physical condition (Fig. 6a). From about 300 m to about 600 
m depth, the reflections are noticeably lower in amplitude 
than the overlying reflections, making it difficult to trace the 

near-surface faults in that depth range. However, the shallow 
faults appear to be truncated by underlying south-dipping 
reverse faults (Fig. 6b). 

The seismic profile crosses Potrero Canyon at an angle 
of about 55°; therefore, imaged dips and structure are only 
apparent. However, in migrated seismic sections, Potrero 
Canyon appears to form a broad syncline (Fig. 6a) that is 
similar to the suggestion of Winterer and Durham (1962). 
The seismic section indicates that at shallow depths (<300 
m), the steepest apparent dips of the reflectors (10 ° to 20 °) 
are to the north, but at deeper depths (>500 m), the steepest 
apparent dips ( - 2 0  °) are to the south. At about 1 kmdepth, 
these reflectors apparently dip gently (7 ° ) to the north on the 
southern end of the seismic line and dip more steeply to the 
south (18 °) on the northern end of the line (Fig. 6). However, 
these are minimum dips because of the angle at which the 
seismic line crosses structure. 
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The seismically observed variation in dips of the strata 
is greatest near apparent faults, such as the axial fault in- 
ferred by Winterer and Durham (1962) in Potrero Canyon 
(see Figs. 2 and 7). Similarly, geologic mapping along the 
southern end of the seismic profile (Winterer and Durham, 
1962) and overturned bedding near the Oak Ridge fault on 
cross section 6b (Fig. 8a) of Yeats et  aL (1994) also indicate 
high-angle stratigraphic dips near faults. These locally high 
dips may result from drag and rotation along reverse faults. 

Although stratigraphic dips apparently vary appreciably 
in the area, fault dips appear to be predominately high angle. 
From about 600 m to 1 km depth, one or more reverse faults 
have apparent dips of about 50 ° to 60 ° to the southeast (Fig. 
6b). However, because of the approximate 55 ° angle of our 
seismic line to the strike of Potrero Canyon, the true dip may 
be much more than the apparent dips, assuming that structure 
trends east-west. The short length of our seismic profile 
makes it difficult to verify, but there appears to be an addi- 
tional fault imaged from about 1.1 to 1.5 km depth with a 

lower apparent dip of about 45 ° . Because these faults may 
have regional significance, we next explore some possible 
implications of the imaged faults. 

Implicat ions for Regional  Fault Structure 

Correlation of Seismic Image and Geologic Maps 

The seismic images provide a continuous image of the 
upper 1.5 km for a distance of only about 700 m. This image, 
however, fills in a gap between existing well data and pro- 
vides a two-dimensional view of faulting relationships that 
cannot be obtained from well data alone. 

We interpret at least two deep fault zones in Figure 6b. 
The shallower of the two faults has an apparent dip between 
50 ° and 60 ° and projects to the surface at a mapped syncline 
(Winterer and Durham, 1962; Yerkes and Campbell, 1995; 
see Fig. 7). To the west, the fold can be traced across the 
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Figure 7. Location map of the major faults north of the Santa Susana mountains 
(from Yeats et al., 1994). The fold shown extending east from the Oak Ridge fault is 
from the map of Yerkes and Campbell (1995). The box (light gray lines) shows the 
area of Figure 2. Within the box, the locations of our seismic profile, mapped surface 
cracks (from Rymer et aL, 1995), and an inferred axial fault by Winterer and Durham 
(1962) are shown. The circles north of the box indicate the approximate surface pro- 
jection of the two deep (1.5 km) seismically imaged fault zones in Figure 6. The 
locations of geologic cross sections labeled W&D (see Fig. 9), 6b (see Fig. 8a), 6c (see 
Fig. 8b), and 6d (Fig. 8c) are shown relative to our seismic profile. 



Faulting Apparently Related to the 1994 Northridge, California, Earthquake 1387 

South 

A Oakridge 
2 

,z~ Tm 3 

4- 

General Area of 
4~vaPrOjection of Seismic Line 

ta Clara 
Iley . 9 ~ 5 6 7  ~ 

~yy T~ 

North 

10 
z~ 

X Temescal 
~ Field 

% 

0 

1 

2 

3 

4 

(3 

Santa Susana 
Mountains 

Santa Susana 
Mountains 

2 3 4 

Projec~on of 
General Location Santa Clara 
~ ~ = ^  i ;n~ River 

Projection of 
Offset General Location Del Valle Santa Clara 

of Seismic Line Anticline River 
22 23 24 2526 272829 30 31323334 

=-"-~ "Qs ~" T ~  / 
/ I  I A "  . ~ n  NIg canyon 

/ ~ =o ~ Honor 
Tm ~ • : ~  - .  _ _ ~  o ~ Rancho 

Field 
Castaic 
Junction 

Reid 

Temescal 
Anticline Ridoe 

Figure 8. (a) Cross section 6b from Yeats et al. (1994) with a general-area projection 
of our seismic profile (gray box) at the approximate latitude of our seismic profile. 
Light gray lines with numbers above show the locations of wells. (b) Cross section 6c 
from Yeats et al. (1994) showing the general-area projection of our seismic profile. 
Dips are implied by the dipping lines on well 12. (c) Cross section 6d from Yeats et 
al. (1994) showing the general location of the projection of our seismic line. Depth 
ranges with dip-meter information on well 7 is shown. See Yeats et aI. (1994) for 
explanation of the geology. 



1388 R.D. Catchings, M. R. Goldman, W. H. K. Lee, M. J. Rymer, and D. J. Ponti 

Santa Clara Valley toward the northern strand of the Oak 
Ridge fault (Fig. 7). The spatial relationship among the im- 
aged fault, the fold, and the Oak Ridge fault suggests that 
the surface fold is the surface expression of or is related to 
the eastern continuation of the Oak Ridge fault; suggesting 
that the fault imaged in Figure 6 is a subsurface image of 
the Oak Ridge fault. This relationship implies that the Oak 
Ridge fault continues much farther east as a progressively 
deeper blind thrust fault. 

Eastward of our seismic profile, the surficial fold asso- 
ciated with the Oak Ridge fault is apparently discontinuous 
at the surface at about the same longitude as the discontin- 
uations of Holser and Del Valle faults. However, we suggest 
that the imaged fault becomes a more deeply buried fault 
along the eastward projection of the fold in a manner similar 
to east-southeast plunging folds associated with the Del 
Valle and Holser Faults to the north. The folds extending 
eastward from the Holser and Del Valle faults may also rep- 
resent surficial expressions of blind thrust faults that con- 
tinue to the east. This possibility is supported by cross sec- 
tions drawn by Winterer and Durham (1962) and Yeats et  

aL (1994). 

Correlation with Cross Sections Interpreted 
from Well Log Data 

On the basis of well logs from deep oil wells in the area 
surrounding Potrero Canyon, the geology and structure of 
the area has been interpreted in cross sections by Winterer 
and Durham (1962) and Yeats et  al. (1994). Cross section 
6b (Fig. 8a) shows the structural setting and dip of the Oak 
Ridge fault to the west, where it is exposed at the surface. 
There, the Oak Ridge fault is segmented into two strands, a 
north strand and a south strand. On the basis of surface 
mapping and borehole data, Yeats et al. (1994) suggest a 
vertically discontinuous north-dipping south strand and a 
vertically continuous south-dipping north strand. This rela- 
tionship suggests that the north strand cuts the south strand 
at depth (Fig. 8a). The north strand of the Oak Ridge fault 
surfaces on the south limb of the Santa Clara Valley syncline 
(Fig. 8a). 

At the surface, bedrock strikes approximately east-west 
between our seismic profile and section 6b, and Potrero Can- 
yon strikes approximately east-west (Winterer and Durham, 
1962). Therefore, with an approximate due westward, our 
seismic profile can be projected onto their cross section 6b 
in the general vicinity of the north strand of the Oak Ridge 
fault (Figs. 7 and 8a). Projection of our seismic section over 
such a long distance may not be valid; however, the general 
faulting relationship in cross section 6b is similar to that 
inferred in the seismic section. 

At cross section 6c of Yeats et  al. (1994), approximately 
5 km west of our seismic profile, the Oak Ridge fault is not 
exposed at the surface but likely continues as the fold and 
imaged fault discussed earlier. We have projected our seis- 
mic section northwestward onto cross section 6c such that 
the spatial relationship between the fold and the imaged fault 

is maintained. Although the dips observed in the seismic 
section would steepen due to the projection angle (35°), the 
seismic section is somewhat consistent with the borehole 
data (Fig. 8b). Although it may be coincidental, the dip- 
meter data (well 12) shows changes in dip at the approximate 
depth of the imaged fault that we infer to be the Oak Ridge 
fault. 

Sections 6d (Fig. 8c) of Yeats et al. (1994) and E-E' 
(Fig. 9) of Winterer and Durham (1962) cross the eastern 
end of Potrero Canyon about 1.5 km east of our seismic 
profile and are the closest cross sections to our seismic line; 
however, these cross sections trend at a high angle ( - 6 0  °) 
to the trend of our seismic profile. Therefore, because of 
laterally varying structure and angles of projection, neither 
cross section is ideal for comparison with our seismic profile, 
but general features, such as the existence of faults, can be 
compared. Although a true projection is not possible, we 
show the general geographical area that the seismic image 
projects toward section 6d (Fig. 8c). Well 7 (Fig. 8c) is lo- 
cated in the general area of our projection of the seismic line 
and may have intersected a fault similar to the one imaged; 
however, it is not known if well 7 intersected such a fault 
because there is not dip-meter information within the depth 
range (1.5 km) of our seismic data. 

Some features interpreted on cross section E-E' by Win- 
terer and Durham (1962) on the basis of well data compare 
favorably with our imaged section. The general synclinal 
nature of Potrero Canyon and the relatively low-angle dips 
at less than 900 m ( -3000  ft) depth agree on the two sec- 
tions. Winterer and Durham's (1962) geologic mapping and 
our seismic section both infer a valley axial fault (see Fig. 
2 and the fault at meter 487 on Fig. 4b); however, Winterer 
and Durham (1962) do not show a Potrero Canyon axial fault 
in cross section E-E' because they infer that such a fault 
discontinues before it crosses section E-E' (Figs. 2 and 7). 
Near our seismic profile, the existence of an axial fault in 
Potrero Canyon is also supported by the truncation of the 
Salt Creek fault at the longitude of our seismic profile 
(Fig. 2). 

If  our deeper-imaged faults are projected an additional 
1.1 km south-southeastward, they approximately coincide 
with a fault that Winterer and Durham (1962) interpreted on 
the basis of well data (well A, Figs. 3 and 7) at about 2550 
m ( -8400  ft below ground surface, Fig. 9). Winterer and 
Durham (1962) suggest that the fault encountered in the well 
is the Salt Creek fault, but we suggest that their interpretation 
is not conclusive due to the limited borehole and dip-meter 
data. It is, therefore, also possible that the fault encountered 
in well A is one of the faults imaged on our seismic section. 

Because the Potrero Canyon axial fault apparently cuts 
the Salt Creek fault near the surface, dips southward in our 
seismic section (located at meter 487 in Fig. 4b), and appears 
to be cut by or soles into our deeper-imaged faults (Fig. 6b), 
we suggest that the deeper faults (inferred here to be the Oak 
Ridge fault) may also cut the Salt Creek fault and continue 
both southward and eastward as part of the Northridge fault. 
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Figure 9. The southern part of cross section E-E' by Winterer and Durham (1962). 
The southwestward projection of our imaged fault zones would intersect well A (see 
Fig. 7) near the approximate depth (2550 m; 8400 ft below ground surface) of a fault 
interpreted by Winterer and Durham (1962) to be the Salt Creek fault. 

Implications o f  Combined  Seismicity ,  Reflection,  
and Geo log ic  Data 

On the basis of  seismicity data, geologic data, and well 
log data, Yeats and Huftile (1995) and Huftile and Yeats 
(1996) suggest that the Oak Ridge fault trends eastward from 
the approximate location of our seismic profile as a blind 
thrust and was the northern extension of the causative fault 
of  the 1994 Northridge earthquake. Hauksson et al. (1995) 
suggest that the seismological data are consistent with the 
interpretation of Yeats and Huftile (1995) but suggest that 
the seismological data are consistent with other faults, in- 
cluding the Holser fault, as the causative fault. 

Hauksson et al. (1995) show that the mainshock of the 
Northridge earthquake occurred on a fault plane that dips 
35 ° to the south-southwest and strikes N75°W. They also 
show that a sequence of foreshocks and aftershocks outline 
a thrust ramp (from about 7 km to about 23 km depth) that 
is bounded by surficial faults, including the Santa Susana, 

San Cayetano, and Oak Ridge fault systems on the north and 
west. The dip of the ramp increases from east to west, 
whereby the west side of the ramp is characterized by a 
steeply dipping cluster of  aftershocks with predominant 
thrust mechanisms. Schematic contours of the depth to the 
lower surface of the aftershock zone in the northwest appear 
to converge toward and northward of the Oak Ridge fault 
(Hauksson et aL, 1995), perhaps outlining the Oak Ridge 
fault as one of the causative faults. Although, at 3 to 13 km 
depth (Hauksson et al. 1995), the base of the thrust events 
projects westward toward the surface exposure of the Oak 
Ridge fault, the surface projection of  these events would be 
north of the Oak Ridge fault, suggesting that other faults 
north of the Oak Ridge are involved. 

We agree with Yeats and Huftile (1995) that the Oak 
Ridge fault is probably part of  the causative fault system. 
However, on the basis of  our seismically imaged fault pat- 
terns, the pattern inferred from cross sections by Yeats et al. 
(1994) and Winterer and Durham (1962), and seismicity data 
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(Pujol, 1996), we suggest that the Oak Ridge, Holser, Del 
Valle, as well as other south-dipping thrust faults between 
the Santa Susana mountains and the Holser fault may cut the 
north-dipping faults and join at depth into a single ramp that 
forms the causative fault of the Northridge earthquake. 

Possible Seismic Reflection Artifacts 

On the south end of the seismic profile, geologic map- 
ping (Winterer and Durham, 1962; Rymer et al., 1995) in- 
dicates that the stratigraphy dips steeply (65 ° to 70 °) to the 
north. If the subsurface stratigraphy dips as much as 65 ° , the 
seismic reflection images in Figures 5 and 6 may be artifacts 
unrelated to primary layering. Apparent stratigraphy may be 
generated from out-of-the-plane reflections, reverberations 
from shallow layering, or secondary layering such as the 
water table. However, four lines of evidence argue against 
the imaged layers as artifacts. 

First, the seismic refraction data show velocity anoma- 
lies at depths similar to those of the major series of reflectors. 
For example, near the center of the seismic profile, closely 
spaced velocity contours, which we interpret to be the bot- 
tom of unconsolidated sediments, are located at about 15 to 
20 m depth (Fig. 4b). Similarly, an apparent reflection (Fig. 
5b) is also located at about 15 to 20 m depth. A series of 
reflectors with varying dips and thicknesses are located be- 
tween about 15 and 75 m depth. The base of this reflective 
sequence (Fig. 5b) correlates with the bottom of the closely 
spaced contours of the velocity model (Fig. 4b), consistent 
with the transition to more competent rock. Second, the seis- 
mic refraction data are an independent measure of the sub- 
surface, and because only first arrivals are used in the in- 
version, out-of-the-plane reflections and reverberations do 
not affect the derived model. Thus, indications of similar 
faulting and stratigraphy in the same locations on both the 
velocity model (Fig. 4b) and the seismic image (Fig. 5b) 
argue strongly against the imaged features being artifacts. 
Third, if the imaged layers are related to out-of-the-plane 
reflections, they would likely arise from reflections off of 
the adjacent Salt Creek Fault (Fig. 2) or from the canyon 
walls. However, the Salt Creek Fault would generate only 
one reflection event, and the canyon walls would generate 
reflections whose travel times vary with the shot distance 
from the center of the valley. Multiples from the canyon 
walls would also produce a discrete time interval from each 
reflection. None of these observations are apparent in the 
seismic data. Fourth, the geologic and well data of Winterer 
and Durham (1962) indicate that the upper 1500 m (5000 ft) 
of stratigraphy (excluding the near surface on the south side 
of Potrero Canyon) should be relatively gently dipping (Fig. 
9). Although we cannot be certain that the migrated seismic 
reflection images (Figs. 5 and 6) are not, in part, artifacts, 
most of the available geologic and geophysical data indicate 
that the images are primary reflections. 

Discussion and Summary 

The relative distance of Potrero Canyon from the North- 
ridge earthquake epicenter and the rarity of other locations 
where surface cracks developed following the mainshock 
indicate that shaking at Potrero Canyon was unusually strong 
(D. Ponti and T. Holzer, unpublished map; Wald et al., 
1996). Gomberg (1997) suggests that dynamic strain mea- 
surements are consistent with the surface cracks developing 
from shaking alone; however, geodetic data and modeling 
(Hudnut et aL, 1996; Shen et al., 1996) suggest that there 
was permanent deformation and likely co-seismic faulting 
in the deeper subsurface (several kilometers) in the Potrero 
Canyon area. Our seismic images show that at least two of 
the surface cracks in Potrero Canyon are underlain by ap- 
parent faults. Thus, we conclude the strong shaking and 
some of the resulting surface cracks in Potrero Canyon may 
have resulted from co-seismic movement on faults in the 
Potrero Canyon area. However, we cannot rule out other 
causes such as channeling of seismic energy along the faults, 
focusing of seismic waves as observed in the Santa Monica 
area (Gao et aL, 1996) and the San Francisco area during 
the 1989 Loma Prieta earthquake (Catchings and Kohler, 
1996), or compaction along the faulted basin edge. 

At depths greater than 0.5 km, there appear to be one 
or more reverse faults (fault zones), one of which is related 
to a fold at the surface and is spatially related to the Oak 
Ridge fault. If these faults continue east of our seismic line 
for appreciable distances, they apparently continue as buried 
or blind thrust or reverse faults. Our seismic image indicates 
that there is a general pattern whereby shallow, north-dip- 
ping faults are cut by the deeper south-dipping thrust or re- 
verse faults. If such a faulting pattern persists throughout the 
study area, this seismically imaged faulting relationship, 
when combined with existing geologic, well log, and seis- 
micity data, suggests that several south-dipping faults, 
bounded by the Santa Susana fault on the south and the 
Holser fault on the north, merge to form the causative fault 
zone of the 1994 Northridge earthquake. 

Additional profiling of the type done in this study would 
be useful within the Santa Susana mountains and the Los 
Angeles County region to better define the faulting relation- 
ships and to better understand the earthquake hazard of the 
region. Because repeat times for fault systems are typically 
estimated on the basis of paleoseismological trenching stud- 
ies, trenches that are mislocated or are located on only one 
strand of a multi-strand fault system can yield erroneous 
repeat times and magnitudes. In addition, hazard evaluations 
based solely on trenched surface faults do not include the 
hazard associated with blind thrust faults. Seismic imaging 
studies may identify these faults so that a more complete 
hazard assessment can be made. This type of combined re- 
flection and refraction survey is particularly useful for haz- 
ard assessment because it also provides a measure of the 
seismic velocity and basin shape needed in engineering ap- 
plications. 
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