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Abstract

The goal of this project was to use historic stereo air photos of the epicentral region of the 1971
San Fernando earthquake to investigate the coseismic deformation field and the degree to
which the deformation was distributed on or off of the faults that ruptured the surface in the
earthquake. A secondary task in the proposed work was to visit and analyze the surface
ruptures in the field, particularly sites where we identify significant surface offsets in our imagery
analysis that were not mapped extensively in the post-earthquake response.

Overall, we confirm the results of contemporary field investigations and geodetic surveys,
finding significant left-lateral displacements and surface offsets, and differing from seismic first
motion studies that show a dominant thrust mechanism for the event – implying a change in
rake to more left-lateral slip at shallow depths. Compared to contemporary field offset
measurements, our estimates of surface offset from fault-perpendicular profiles through our
deformation field show imply most of the offset was accommodated in the damage zone, rather
than on the fault itself, with off-fault deformation averaging 71% in the strike-parallel component
and 64% in the vertical component. In detail,  the magnitude and width of off-fault deformation
vary between the vertical and strike-parallel components, and also vary along-strike. We
propose that this variation, as well as the rotation in rake near the surface, can be explained by
near-surface dynamic rupture effects.

COVID-19 impacts on the proposed work

While we have made considerable progress with the remote sensing portion of our proposed
work, we have been unable to complete the proposed fieldwork elements, due to the COVID-19
pandemic. We anticipate that the waning of the pandemic and the loosening of travel restrictions
should allow us to visit the field sites in Q3 or Q4 of 2022.

Background to the study

The 1971, M6.6 San Fernando earthquake was a landmark event for our understanding of
seismic hazard and treatment of seismic risk in California. The shallow rupture of a previously
unidentified fault (Wentworth et al., 1971) caused extensive damage across the greater Los
Angeles region, and resulted in 64 deaths and economic losses in excess of $500 million



(Kachadoorian, 1971; Earthquake Engineering Research Institute Committee, 1971). Field data
and trilateration geodetic surveys collected in the 1960s and 1970s indicated significant
left-lateral and vertical surface displacements near the mapped rupture (Kamb et al., 1971;
Meade and Miller, 1971). In contrast, the focal mechanism and seismic models characterized
the event as dominated by thrusting (e.g. Heaton, 1982; Whitcomb, 1971), raising questions
about a possible change in slip behavior between the fault at depth and at the near-surface –
which we aim to address through detailed analysis of the deformation field captured by pairs of
stereo air photos taken before and after the event.

Estimating the coseismic displacement field

We have developed a workflow, documented in a forthcoming manuscript, to maximize
information recovery from legacy air photos taken either side of a deformation event. We
summarize this briefly here: 1) We obtain high-resolution scans of historical stereo aerial
photographs of the study area taken in 1969 and 1972 from the United States Geological
Survey’s Center for Earth Resources Observation and Science. 2) We preprocess these
images, enhancing the contrast through a histogram equalization approach, and rotate and crop
the images such that the corner fiducials are located at the corners of each image. 3) We
orthorectify, mosaic and estimate digital elevation models (DEMs) from these images using the
open-source stereogrammetry software Ames Stereo Pipeline (ASP; Beyer et al., 2018), which
includes computing a camera model for each image and estimating camera positions via a
bundle adjustment using ground control points from a reference DEM. 4) We use the COSI-Corr
software (Leprince et al., 2007) to estimate the lateral displacement field by cross-correlating
windows from our orthorectified pre- and post-earthquake photomosaics. 5) We estimate the
vertical displacement field by warping the pre-earthquake DEM using the horizontal
displacement field, and subtracting this from the post-earthquake DEM.

We show the three-component displacement field that we obtain from this procedure in Figure 1.
The amplitudes of the peak-to-trough surface displacements are similar for the E-W and vertical
displacements, lending support to the idea that the earthquake was the product of oblique slip.
The horizontal sense of motion along the major segments of the causative fault, the Sylmar and
Tujunga segments (Figure 1) agree with the contemporary estimates of left-lateral components
to the surface ruptures and broader surface deformation measurements, with the exception of a
N-S tear fault linking the two segments, for which the N-S displacement field shows a
right-lateral sense of displacement.



Figure 1: Displacement field of the 1971 San Fernando earthquake, estimated from image
correlation of orthorectified airphotos (East-West and North-South components) and differencing
of warped digital elevation models estimated from stereo photogrammetry of airphotos (Vertical).
Note the similar amplitudes of East-West and Vertical displacements, and the strong left-lateral
shear sense of motion in the horizontal displacements along both the Sylmar and Tujunga
segments of the fault (solid black lines).



Estimating coseismic offsets and off-fault deformation

We next estimate coseismic offsets for the San Fernando earthquake, across the causative fault
segments, using a profile-based approach. We take regularly spaced (~170 m spacing), 2
km-long, strike-normal profiles through our coseismic displacement field, treating each
component of deformation (strike-parallel, strike-normal and vertical) separately, and averaging
across the width of the profile. We consider the ‘deformation zone’ to be the zone around the
fault within which displacements deviate from their far-field trends, and the coseismic offset to
be the displacement across that zone – to estimate these, we use linear regression to fit straight
lines to the far-field data for each profile (Figure 2).

We next compare these offsets to the field-measured surface offsets along the San Fernando
earthquake rupture, measured in the days following the event (Bonilla et al., 1971; Kamb et al.,
1971; Barrows et al., 1973; Sharp, 1975). We define the percentage of off-fault deformation
(%OFD) as the proportion of our estimated coseismic offsets that did not occur on the rupture at
the surface. We estimate this for each profile and each component of displacement.

Our results for the full fault zone covered by our air photo data set are shown in Figure 3.
Notably, the maximum strike-parallel (left-lateral) and vertical displacements are approximately
equal – 2.0 m and 2.2 m, respectively, on the western, Sylmar segment and 2.2 m and 2.0 m on
the eastern, Tujunga segment – confirming previous geodetic and field geologic evidence for
oblique rupture. However, our estimates of surface offset are typically much larger than
contemporary field estimates – we estimate %OFD of 71 ± 32 %, 67 ± 39 and 64 ± 31 %, in the
strike-parallel, strike-normal and vertical components, respectively. We also infer differences in
behavior between the two major segments of the fault. Strike-parallel %OFD is 62 ± 35 % for the
Sylmar segment and 69 ± 34 % for the Tujunga segment. Fault-normal %OFD is 49 ± 52 % for
the Sylmar segment and 82 ± 26 % for the Tujunga segment. For the vertical component,
average %OFD is larger for the Sylmar segment at 81 ± 22 %, with 49 ± 25 %OFD for the
Tujunga segment.

Figure 2: Estimating the dimensions and displacements of the deformation zone from
strike-normal profiles through our displacement field.



Figure 3: Coseismic offsets (A, left) and percentage of off-fault deformation (%OFD; B, right)
estimated from our profile analysis and comparisons with contemporary field measurements of
the surface ruptures, decomposed into strike-parallel, strike-normal and vertical components.

Probably the most striking difference between the two fault segments is in the %OFD in the
vertical component. What could potentially explain these differences? The near-fault geology
could be one possibility. The Sylmar segment, with higher vertical %OFD, is associated at the
surface with partially indurated Plio-Pleistocene sediments, whereas the Tujunga segment cuts
through older, more consolidated rocks (Langenheim et al., 2011). Alternatively, the greater age
of the lithologies along the Tujunga segment could speak to a greater maturity of that fault
segment. In any case, these geological differences apparently have less influence over the
%OFD in the strike-parallel direction, where the variability in the estimates is larger than any
difference between them.

If local geology and/or fault maturity correlate with the differences in vertical %OFD, what could
be the mechanism? One possibility we are exploring is dynamic effects on rupture propagation.
Dynamic models suggest that OFD generated by dynamic stresses is influenced by the strength
of near-surface materials and fault roughness (e.g. Roten et al., 2017), the latter being sensitive
to fault maturity also. In future work we hope to investigate some of these effects directly
through dynamic rupture modeling using realistic material and fault properties.
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