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Abstract

Surface displacement data from earthquakes are essential for characterizing the fault slip
distribution with depth. The Hebgen Lake earthquake was a large normal event with a
geometrically complex surface rupture, which broke across mountainous terrain. This
study takes advantage of high-resolution historical stereo-imagery to measure the ver-
tical and horizontal displacement from correlation of the orthorectified pre- and post-
earthquake image mosaics. The results reveal new strike-slip surface ruptures which are
possibly associated with the aftershocks from 18" August 1959. The kinematic role of
these structures is likely related to the accommodation of internal deformation induced
by the mainshock strain field. Additionally, the comparison of our results with the ex-
isting displacement data shows that the OIC-derived offsets often exceed the field mea-
surements by >50%. We attribute this difference to the inelastic damage accommodated
off the main rupture.

Plain Language Summary

This study quantifies the surface deformation created by the 1959 Hebgen Lake earth-
quake. To measure the displacement field we use optical image correlation (OIC). OIC
compares the pixel locations in the pre-earthquake and post-earthquake image and cal-
culates any displacement from the pixel-shift. The images cover a large area, which en-
abled us to find new fault ruptures that moved between 1947 and 1977. We also mea-
sured the displacement everywhere along the Red Canyon fault. Our displacement es-
timates are twice as large as those measured in the field. We think that this is because
our values capture diffuse displacement away from the main fault, whereas the field mea-
surements only show the localised component of displacement on the fault plane. This
study aims to improve understanding of how fault ruptures distribute slip into their sur-
roundings, which in turn has important implications for how we assess their seismic haz-
ard.

1 Introduction

The Hebgen Lake earthquake (SW Montana, U.S) occurred on the 18" August (GMT)
1959 on westward dipping normal faults. This region lies within a zone of slow intracon-
tinental extension, at the intersection between the Yellowstone volcanic system and the
Intermountain Seismic Belt (Smith & Sbar, 1974; Chang et al., 2013). The Hebgen Lake
earthquake was preceded by at least two events with similar magnitude that were dated
at 1-3 ka and 10-14.5 ka by cosmogenic nuclide geochronology (Schwartz et al., 2009; Zreda
& Noller, 1998). The 1959 event consisted of two sub-events with magnitude 7.0 and 6.3,
respectively, separated by a 5-second time interval, and was followed by large aftershocks
on the 18" and 19*® of August (Doser, 1985). The subsidence associated with the Heb-
gen Lake earthquake was recorded over a broad area of approximately 1500 km?, and
more than 150 km? subsided by more than 3.1 m (Myers & Hamilton, 1964). Earthquake
damage was widespread, but mainly focused on several SW trending normal faults (Waite
& Smith, 2004) located northeast of the Hebgen reservoir.

The earthquake produced structurally complex surface ruptures with notable dis-
placements along the Hebgen fault (HF), the Red Canyon fault (RCF), the Kirkwood
fault (KF) and the West Fork fault (WFF). The faults have a cumulative rupture length
of approximately 35.4 km and maximum vertical offsets of 6.1 m, 5.8 m, 0.6 m and 1.2
m, respectively (see Figure 1, Witkind et al., 1962). Despite some geometric complex-
ity along the various fault ruptures, they generally strike 130° + 10°, consistent with the
fault plane solution from the main shock (Doser, 1985; Barrientos et al., 1989), and have
50° to 85° SW-dip (Witkind, 1964). Doser (1985) and Ryall (1962) locate the epicen-
tre 15 km northeast of Hebgen Lake, with a depth of approximately 15-25 km. However,



uncertainty in the location, and especially the depth of the hypocenter makes it difficult
to assess the spatial relationship between the source and the surface ruptures (Doser, 1985).

Previous studies measured the surface fault offset in the field (Witkind, 1964) and
from an airborne LiDAR surface model (Johnson et al., 2018). The average offset mea-
sured along the Hebgen and Red Canyon fault scarps was ~1.6 m and ~2.3 m, and ~2 m
and ~1.9 m (Witkind, 1964; Johnson et al., 2018, respectively). When extrapolated over
a 0-15 km depth range, and assuming a fault dip of 70°, the resulting seismic moments,
2.9 x 10" Nm and 1.2 x 10" Nm, are approximately 50% lower than the seismologicaly-
derived moment release (Doser, 1985). This implies that the slip at depth was signifi-
cantly higher than at the surface. Few examples of such a marked shallow slip deficit (SSD)
have been observed on surface rupturing normal earthquakes, owing to their relative paucity
in terrestrial environments, compared with strike-slip and thrust events. Nevertheless,
the 2016 Norcia earthquake of Central Italy (Villani et al., 2018; Walters et al., 2018)
also displayed a strong SSD, despite producing an extensive, and complex, surface rup-
ture. This contrasts with other examples of dip-slip faulting, such as surface rupturing
thrust events, e.g. 1972 San Fernando, 1999 Chi Chi, or 2011 Tohoku earthquake, which
all featured much larger slip at the surface than at depth. Several examples of SSD have
also been reported for surface rupturing strike-slip faults (e.g., Jin & Fialko, 2021), based
on inversion of satellite geodetic data. However, simplifications in the forward model,
and how the geodetic data was sampled prior to inversion can both significantly over-
estimate the SSD (Magen et al., 2020; Marchandon et al., 2021). Distributed off-fault
deformation is also known to play a significant role in accommodating co-seismic slip close
to fault ruptures, producing widespread damage zones around faults (Mitchell & Faulkner,
2009; C. W. Milliner et al., 2015). Therefore, estimates of SSD based on simple elastic
inversion of geodetic data, which do not account for off-fault deformation, may be in some
cases too high.

In this study we use optical image correlation (OIC) of historical aerial photographs
to (1) quantify the near-field surface displacement produced during the 1959 Hebgen Lake
earthquake, and (2) better address the variability of slip between source depths and the
surface. We take advantage of the stereo-overlap between aerial photos to resolve the ver-
tical displacement, which is the dominant displacement component in the Hebgen Lake
earthquake. This approach is especially valuable for the pre-InSAR time-period (pre 1992),
for which there are no other methods for creating dense maps of ground displacement.
Furthermore, while recent studies have highlighted a link between the off-fault damage
and fault zone maturity (Dolan & Haravitch, 2014), rupture kinematics (C. Milliner et
al., 2021), and dynamics (Jara et al., 2021), these studies are from strike-slip settings.
Extending the geodetic observation of dip-slip earthquakes to the early 20th Century,
allows us to expand on the number of well-characterized normal earthquake ruptures,
providing a rare insight into the nature of off-fault deformation within extensional fault
systems.

We develop a novel workflow that allows the retrieval of both horizontal and ver-
tical displacements using OIC for the 1959 Hebgen Lake event. Unlike published esti-
mates, our measurements constrain the full 3-D displacement field, while also allowing
an assessment of the off-fault deformation over distances of several hundred meters from
the primary fault core.

2 Methods

Optical image correlation (OIC) has become a standard method for retrieving the
surface displacement field created by large strike-slip earthquakes (e.g., Michel et al., 1999;
Van Puymbroeck et al., 2000; Leprince et al., 2007; Rosu et al., 2015; Zinke et al., 2019;
Lauer et al., 2020; Gold et al., 2021). Optical image correlation measures co-seismic dis-
placements from the pixel shift between pre-earthquake and post-earthquake images (Leprince
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Figure 1. Overview of the earthquake area: the 1959 rupture trace mapped by the USGS
(solid black line), previously unmapped faults, the Whits Lake fault and the Little Tepee

fault (red dashed line), 1A and 2A are the initial locations of the main-shock and aftershock

on 18/08/1959, respectively, 1B and 2B are relocated earthquakes with their respective confi-
dence ellipses and focal mechanisms from Doser (1985). The focal mechanism for 1B (strike=95,
dip=42, rake=-111) is consistent with the NW-SE trending normal faulting while 2B (strike=159,
dip=71, rake=-144) appears to correlate with the left-lateral movement on the Little Tepee fault.
The red rectangles highlight the areas of the all subsequent figures.

et al., 2007). The approach is optimally suited for the detection of the horizontal mo-
tion, due to the nadir view of remotely sensed optical images.

To retrieve 3-D surface displacements, we use an automatic workflow for co-registration
and orthorectification of pre- and post-event aerial photographs. The workflow utilizes
structure-from-motion (SfM), bundle adjustment, and stereo-matching and triangula-
tion tools from the open-source Ames Stereo Pipeline (ASP) developed by NASA (Beyer
et al., 2018). We selected pre-event stereo-images acquired on 15% July and 12" July 1947
and post-event photographs from 1% August 1977 that extend across a part of the rup-
ture area (Figure 1). Since the historical images suffer from film distortions, scanning
artifacts and image defects (Michel & Avouac, 2006; Hollingsworth et al., 2012), we built
on the method described in Ajorlou et al. (2021) and Bhushan et al. (2021) and created
high-resolution DEMs from the pre- and post-earthquake stereo-image pairs to precisely
orthorectify aerial photographs. Precise orthorectification is crucial to remove topographic
distortion and to avoid the interference of residual stereoscopic signal with the tectonic
displacement in the final correlation.



We use a semi-global matching (SGM) algorithm to correlate the images. As SGM
is not optimized for sub-pixel performance (Ye et al., 2020), we employ a Bayesian Ex-
pectation Maximization (Bayes EM) sub-pixel refinement (Nefian et al., 2009), which
greatly reduces image noise, and gives a final precision of approximately 1/10'" pixel.
The correlation algorithms compute disparity values for every pixel in the image. How-
ever, the true spatial resolution of the final correlation is limited by the size of the sub-
pixel refinement correlation window (21 x 21 pixels minus the effects of a Gaussian win-
dowing function). Hence, the combination of the SGM and Bayes EM sub-pixel refine-
ment produces correlation maps comparable to algorithms optimized for motion track-
ing, while preserving a higher level of spatial detail (Leprince et al., 2007; Rosu et al.,
2015). The outcome of the correlation is a pair of high-resolution maps with E-W and
N-S displacements.

The horizontal displacement maps only reveal a small proportion of the displace-
ment associated with the extensional dip-slip faulting. To characterize the 3-D displace-
ment field, we calculate the vertical offset by subtracting the post-earthquake DEM from
the pre-earthquake topography. To minimize high frequency topographic artifacts as-
sociated with differencing of laterally displaced surface, we shift the pre-earthquake DEM
to the post-earthquake position. The final displacement is calculated by subtracting the
pre-earthquake from the post-earthquake topography.

To mitigate the impact of the correlated noise on the final correlation we use a ran-
dom forest algorithm (Breiman, 2001) to learn the relationship between correlation bias,
pre- and post- image reflectance, and local topographic slope and aspect in non-deforming
regions. The model is used to predict the correlation bias in regions of tectonic defor-
mation, which is then removed (for the full details of the process see Supporting Infor-
mation S1).

3 Results

Our Hebgen Lake correlations clearly reveal the normal faults known to have rup-
tured in the mainshock, along with two newly discovered strike-slip faults located ~2 km
east of the main surface rupture (Figure 2-b). Of the four fault scarps mapped during
the original field reconnaissance (Witkind et al., 1962), only the Red Canyon Fault has
displacement values significantly above the noise threshold required for meaningful struc-
tural analysis. While the Kirkwood fault and the West Fork fault are below the detec-
tion limit of the optical image correlation, the Hebgen fault has proved challenging to
characterize due to its proximity to the lake, which limits the extent over which pixels
can be correlated in the hanging wall. Post-seismic deformation measured by geodetic
levelling after the earthquake did not exceed 32 cm (Holdahl & Dzurisin, 1991). There-
fore, the deformation described in this study is largely co-seismic or related to aftershocks
immediately following the earthquake. No large surface rupturing events are known from
the post-earthquake period prior to acquisition of the post-event aerial images used in
the analysis.

3.1 Characteristics of the Whits lake fault and the Little Tepee fault

Our correlation results reveal two previously unrecognised strike-slip faults. These
structures are clearly visible in the NS displacement map (Fig. 2-b), and to a lesser ex-
tent in the EW displacements (Fig. 2-a). They are located NE of the Red Canyon fault
and strike in a NW-SE direction. We refer to these new faults as the Whits Lake fault
(west) and Little Tepee fault (east). Their sense of motion is primarily right-lateral and
left-lateral strike-slip, respectively, with a very minor compression along the Whits Lake
fault (which mutes their signal in the vertical displacement field). The median lateral
offset across both faults is 2.5 m, while the median vertical separation is 0.5 m. Likely,
these faults were not identified in the initial field study because of the dense vegetation
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Figure 2. The correlation results show the (a) EW, (b) NS and (c) vertical displacement field
from the image correlation of the pre- and post-earthquake aerial photographs and the DEM
differencing. The resolution of the displacement maps is 10m/pixel. The areas of extreme values
are de-correlation. (b) North South displacement component clearly shows the Lake Whits fault
(west) and the Little Tepee fault (east) approximately 2 km east from the Red Canyon fault

trace.



cover, the disconnected location relative to the Red Canyon and Hebgen faults, and the
relatively small displacements (particularly in the vertical component).

3.2 Fault displacement measurements

From the displacement maps, we extracted 105 stacked profiles along the Red Canyon
fault (stack dimensions 150x750 m). Fault-parallel, fault-perpendicular and vertical off-
set was calculated for each profile (for the detailed calculations of the fault offset see Sup-
porting Information S2). We did not collect any measurements from areas of visible dis-
tributed deformation (e.g. along the SE end of the Red Canyon fault, 1 km NE of Grayling,
see Fig. 1) to avoid inaccurate offset estimates. The vertical slip profile along the Kirk-
wood Ridge section of the RCF has an arcuate shape characteristic of normal faults (Manighetti
et al., 2001) (Figure 3-a). The median vertical displacement along the RCF is ~3.5 m,
minimum ~-4.5 m and maximum offset is ~10 m. The horizontal component on the RCF
is significantly smaller with median fault-perpendicular offset (horizontal extension) ~2.6 m
and median fault-parallel slip (strike-slip) ~1 m (Figure S3).

We compared the fault offsets determined in this study (calculated from the ver-
tical and fault-perpendicular components) to existing field (Witkind, 1964) and LiDAR
measurements (Johnson et al., 2018) (Figure 3-a). The comparison shows a systematic
overestimate of the OIC results suggesting that a large proportion of the deformation
was accommodated in the rock volume surrounding the fault as permanent damage. The
residual offset was calculated from the difference between the field/LiDAR data and OIC
measurements. The mean of the residual offset is £1.9 and £1.3 m, median is +1.5 and
40.9 m, and maximum offset difference is +-5.3 and 4+5.4 m for field and LiDAR, respec-
tively. The percentage of off-fault deformation ranges from -35 % to 96 % for field, and
-61% to 58% for the LIDAR measurements. The highest percentage of off-fault damage
is recorded in the central part of the Kirkwood Ridge, approximately 3-4 km from its
northwest terminus (Figure 3-b). For the LiDAR and field data we found off-fault dam-
age magnitudes of 17+32% and 33+26%, respectively.

4 Discussion
4.1 Kinematics of the Whits Lake fault and the Little Tepee fault

Extending the analysis beyond the known earthquake area reveals reactivated sur-
face ruptures (Whits Lake fault and Little Tepee fault) which were not associated with
the 1959 Hebgen Lake mainshock. The kinematics of these faults is dextral and sinis-
tral strike-slip, what disagrees with the NE-SW extensional deformation style for the Heb-
gen Lake mainshock (Waite & Smith, 2004).

However, the right-lateral motion of the Whits Lake fault coincides with the re-
located focal mechanism for a M6.1 aftershock occurring at 08:41 (Doser, 1985). The orig-
inal location of this event was ~20 km to the east (Doser, 1985), however, using multiple-
events hypercentroid decomposition relocation (see Supplementary Materials S5 for fur-
ther details), we locate this aftershock ~6 km east of the Whits Lake fault. While the
location uncertainty for this event is ~2 km (90% confidence), the results are still quite
sensitive to details of when arrival times are used and how they are weighted. This means
that each relocated aftershock could easily have an additional error of several km. Given
these considerations, it is conceivable to assume that the Whits Lake fault ruptured dur-
ing the 08:41 aftershock. However, due to the long time interval between the acquisition
of the pre- and post-earthquake images, we are not able to associate the Whits Lake fault
surface rupture with the relocated aftershocks with a 100% confidence. From the avail-
able focal mechanisms, the left-lateral motion of the Little Tepee fault appears to be con-
sistent with the aftershock event that happened at 15:26 on 18 August 1959 (Doser, 1985)
(see Fig. S5). However, the teleseismic earthquake relocations place this event ~30 km
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Figure 3. (a) The LOESS regression for LIDAR (Johnson et al., 2018), field (Witkind, 1964)
and OIC data with the standard error of the regression model. (b) the distribution of the off-

fault damage along the RCF. The color of the individual measurements represents the percentage

of the off-fault deformation while the size of the bars is the relative length in m (from 0 to ap-
proximately 5 m). The pink rectangle highlights the area of distributed deformation which
reflects the local deviation of the fault strike from the general strike. (c) Lidar DEM; the terrain
illumination conditions are altitude/azimuth = 30°/250° , after Johnson et al. (2018). The region
shown in (c¢) and (d) is highlighted in Figure 1.



east of the surface rupture. Such a large distance does not fall within the confidence in-
terval. Therefore, we conclude that there is no obvious relocated aftershock that may
be associated with the Little Tepee rupture.

The contrasts between the kinematics of the Whits Lake fault and Little Tepee fault
and the mainshock deformation style (NE-SW extension on NW-SE faults) favors the
accommodation of strain in the area. The slip vector along the Red Canyon fault rotates
along-strike, while remaining approximately perpendicular to the rupture trace. If the
rupture propagated unilaterally from southeast to northwest (Doser, 1985), the chang-
ing slip vector would induce a zone of extension NE of the Red Canyon fault (near 44.86°N
111.22°W) where the rupture bends from NS (north of Grayling) to EW (along Kirk-
wood Ridge). This zone of extension is oriented perpendicular to Kirkwood Ridge, i.e.
in the NW-SE direction, and may itself be accommodated by the expulsion of a micro-
block to the SE, between the Whits Lake and Little Tepee faults (Figure 4). Therefore,
the kinematics of these two structures likely reflects internal block deformation, induced
by the changing geometry of the mainshock rupture.

The fault trace of the Whits Lake fault also coincides with a mapped geological thrust
fault. Hence, it is likely that this structure represents a zone of weakness that was ex-
ploited to accommodate internal deformation around the mainshock rupture, what high-
lights the importance of pre-existing geological structures in accommodating present day
strain.
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Figure 4. A map view of the Red Canyon fault, the Whits Lake fault and the Little Tepee
fault (outlined in Figure 1). The large arrows show the general movement of the blocks; gray
arrows show the displacement vector for each profile; white arrows show the general movement
in the area and highlight the rotating vector field. Large red and blue arrows are aligned in the
direction of the regional extension and represent uplift and subsidence caused by the 1959 event,

respectively.



4.2 Qualitative and quantitative comparison of the OIC data with the
pre-existing studies

We compare fault offsets estimated from optical correlation data with those mea-
sured in the field (Witkind, 1964), and inferred from post-event LIDAR data (Witkind,
1964). To make a meaningful comparison of our results with the values reported by Witkind
(1964) and Johnson et al. (2018) (which are not sensitive to the lateral component of slip)
we calculate the pure dip-slip component from the fault perpendicular and vertical off-
set measurements. To reduce the influence of outliers, and make a more general com-
parison of the first order features in each dataset, we approximate their general trends
using loess regression (for OIC, LiDAR, and field, Figure 3-a). Comparison of the OIC
data with the field measurements shows that, at some localities, OIC-derived offsets are
up to twice as large as field and LiDAR estimates (Figure 3-b). Despite the systemat-
ically larger offset values obtained with OIC, the general trend of all data sets is com-
parable.

We attribute the larger offsets obtained with OIC to the off-fault damage distributed
away from the fault plane. OFD represents distributed inelastic strain accommodated
via secondary fracturing in the regions of increased structural complexity (e.g. fault bends)
(Figure 3-c), which are more common along immature faults (Gold et al., 2015; Dolan
& Haravitch, 2014). Factors such as rupture speed (Aben et al., 2020), and variable lithol-
ogy (Zinke et al., 2014) also contribute to the off-fault component of slip, but to a lesser
extent. Due to the distributed fracturing, the total displacement is accommodated across
a wide fault zone (which extends 62.67 m, 58.5 m and 73.6 m for fault-parallel, fault-perpendicular
and vertical measurements, respectively) and decays gradually away from the fault (Fig.
3-d). Since the field measurements are usually collected across a very narrow aperture
that does not extend beyond the immediate proximity of the fault scarp they are not able
to capture the total deformation accommodated across the wider fault zone. Similarly,
Johnson et al. (2018) estimated the fault offset data from the relative height difference
between the extrapolated footwall and hanging wall. While this method can capture some
OFD, it is possible that a large proportion of off-fault damage remains unnoticed. On
the contrary, OIC is sensitive to distributed deformation because the offset is calculated
from the extrapolation through the absolute displacement values. Therefore, our OIC-
derived fault offsets record the total displacement accommodated across the fault zone
at the surface, comprising both on- and off-fault components.

We investigate the spatial distribution of the inelastic damage within the scope of
the topographic slope, aspect, fault strike, and geological strike (Fig. S4). For a robust
comparison, we used the data from the NW section of the Red Canyon fault where the
fault scarp is very clear in the displacement field, and we can make high-confidence off-
set measurements. However, our data show no obvious correlation between the OFD dis-
tribution and the parameters listed above. Possibly, the data do not cover a large enough
area to capture sufficient variation across these parameters, thereby making any com-
parison challenging. Nevertheless, to first order, the magnitude of off-fault deformation
generally appears to increase where the fault strike deviates from the regional fault strike
(e.g. given by the coseismic fault plane solution, Fig. 3-b). The deformation surround-
ing the Red Canyon fault could also be impacted by gravitational processes associated
with the very steep topography, as well as down-dip variations in fault geometry, for which
we have few constraints. Nevertheless, we do not see any local excess of slip on the fault
plane, compared to the surrounding off-fault region, as was documented for the 2016 Nor-
cia earthquake (Delorme et al., 2020), where this difference was attributed to local gravity-
driven processes.

The substantially larger coseismic displacements retrieved by OIC at the surface
may contribute to resolving the disparity between the seismologically-derived moment
release, and the moment inferred from extrapolating surface offsets at depth. Field mea-
surements yield moments which are 50% lower than seismological estimates (Doser, 1985).

—10—



However, if the field measurements are underestimated by up to 50%, as indicated by

our data, the two moment estimates are comparable. Nevertheless, joint inversion of avail-
able geodetic data to obtain the fault slip distribution would be needed to better resolve
the down-dip variability in fault slip, and better quantify the extent of SSD for the Heb-
gen Lake earthquake. Such an endeavor would need to take account of the complicated
fault geometry, especially at depth, which will likely have a strong impact on the inver-
sion.

5 Conclusions

In this work, we extend the application of optical image correlation to the study
of historical dip-slip earthquakes, widening the window of geodetic observation to >60
years. Using a combination of optical image correlation and DEM differencing we resolve
the 3-D displacement field produced by the 1959 Hebgen Lake earthquake. Due to the
large ground footprint of the orthorectified image mosaics, we were able to identify pre-
viously unrecognised ruptures on the Whits Lake fault and the Little Tepee fault, which
may reflect internal deformation of the surrounding region during the early postseismic
period. OIC offset estimates for the Red Canyon fault are higher than the offsets mea-
sured in the field (Witkind, 1964), or inferred from post-earthquake LiDAR data (Johnson
et al., 2018). We attribute this discrepancy to off-fault damage, which is not well-documented
in the field or LiDAR estimates. The spatial distribution of off-fault deformation may
correlate (weakly) with fault strike and geometric variability. Failure to account for off-
fault damage can underestimate the total fault offset and lead to incorrect estimates of
the magnitude and seismic moment from geologic data. Nevertheless, it remains unclear
if the Hebgen Lake earthquake featured substantial shallow slip deficit, pending a future
fault slip inversion study integrating all available geodetic data.

6 Open Research

This work uses high resolution historical aerial images that are available to down-
load from the https://earthexplorer.usgs.gov/. The processing workflow was designed
in Ames Stereo Pipeline (https://ti.arc.nasa.gov/tech/asr/groups/intelligent-robotics/ngt/stereo)
(Beyer et al., 2018). The post-processing and data analysis benefited from the tools im-
plemented in COSI-Corr (Leprince et al., 2007) and MATLAB, respectively.
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