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Abstract

The weathering characteristics of bedrock fault scarps provide relative age constraints that can
be used to determine fault displacements. Here, we report Schmidt hammer rebound values (R-
values) for a limestone fault scarp that was last exposed in the 1959 My, 7.3 Hebgen Lake,
Montana earthquake. Results show that some R-value indices, related to the difference
between minimum and maximum R-values in repeated impacts at a point, increase upward
along the scarp, which we propose is due to progressive exposure of the scarp in earthquakes.
An objective method is developed for fitting slip histories to the Schmidt hammer data and
produces the best model fit (using the Bayesian Information Criterion) of 3 earthquakes with
single event displacements of 21.20 m, 3.75 m, and c. 4.80 m. The same fitting method is also

applied to new terrestrial lidar data of the scarp, though the lidar results may be more
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influenced by macro-scale structure of the outcrop than by differential weathering. We suggest
the use of this fitting procedure to define single event displacements on other bedrock fault
scarps using other dating techniques. Our preliminary findings demonstrate that the Schmidt
hammer, combined with other methods, may provide useful constraints on single event

displacements on exposed bedrock fault scarps.
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Introduction

Exposed rock surfaces weather via physical and chemical processes that change rock mass and
surface properties through time (c.f. Birkeland and Noller, 2000). Depending on the lithology
and climate conditions, this weathering usually degrades the mechanical integrity of the rock
and increases surface roughness through time (Benedict, 1985; Crook and Gillespie, 1986;
Maizels, 1989; McCarroll, 1991; Stewart, 1996). Relative exposure age dating techniques were
developed on the premise that these weathering-related changes can be quantified and used to
compare the ages of rocks and landforms, and are usually supported empirically via calibration
on surfaces of known age (Colman and Dethier, 1986, and references therein). Relative and
calibrated exposure dating techniques applied to rock surfaces have been used to date
moraines (Matthews and Shakesby, 1984; Winkler, 2005), rock glaciers (Laustela et al., 2003; Aa
et al., 2007), snow avalanche ramparts (Matthews et al., 2015), bedrock surfaces (Gupta et al.,
2009; Matthews and Owen, 2010), fluvial terraces (Stahl et al., 2013), patterned ground
(Winkler et al., 2016), and erratic boulder trains (Darvill et al., 2015), among others. They have
also been used in the field of paleoseismology to date coseismic rock avalanche deposits (e.g.,
Bull, 1996 et al., 1994), correlate deformed river terraces (Stahl et al., 2016), and identify
displacement patterns on bedrock normal fault scarps (Stewart, 1996; Tucker et al., 2011; He et

al., 2016).
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Bedrock scarps can be progressively exposed in repeated earthquakes along a normal-slip fault
(Bosi et al, 1993). If the scarp face is preserved over several earthquake cycles, as is commonly
the case in indurated limestones, several episodes of displacement may be preserved along the
face. Previous researchers have performed terrestrial cosmogenic nuclide dating (TCND)
transects along scarp faces, using 3%Cl in limestone, to date the timing of earthquakes and
demarcate single event displacements (SEDs) that scale with earthquake magnitudes (e.g.,
Wells and Coppersmith, 1994). Some have observed that the different “slip patches” have
distinguishing weathering characteristics that can be used to delineate SEDs independently of
absolute ages (Stewart, 1996), or that could assist in choosing sample locations for TCND
and/or the final interpretation of ages (Zreda and Noller, 1998). Terrestrial lidar scanning (TLS)
has been used to investigate the microtopographic expression of these slip patches (Giaccio et

al., 2003; Wei et al., 2013; Wiatr et al., 2015; He et al., 2016).

Here, we test the applicability of using TLS and the Schmidt hammer to quantitatively
distinguish weathering zones and slip patches on the Hebgen fault in Montana, USA. The
interpretation of this scarp as being related to progressive exposure in earthquakes has been
guestioned due to discrepant paleoseismic histories in nearby records (e.g., Pierce et al., 2000).
Therefore, we propose that our approach could be used to clarify the exposure history of this
scarp by assessing variations in time-dependent rock weathering properties along the scarp

face and estimate the SEDs of past earthquakes. In our analysis, we use curve-fitting techniques
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that can be used to assess the appropriate form of the weathering index versus scarp height
curve, which could be used to objectively identify SEDs using other relative-age dating

techniques.

Background

Significance of single-event displacements in paleoseismology
Determining the surface displacements of past earthquakes on faults is an essential component

of paleoseismology. Fault SEDs scale with the magnitude of an earthquake (e.g., Wells and
Coppersmith, 1994), are used to define fault avoidance zones is seismic hazard assessments
(e.g. Boncio et al., 2012; Villamor et al., 2012), and can be used to estimate average earthquake
recurrence intervals if long-term fault slip rates are available. Paleoseismic trenching can be
used to determine SEDs where a fault has ruptured through unconsolidated sediments, but is
not typically feasible across bedrock scarps. TCND along normal-slip bedrock scarps can be used
to directly date and measure displacements of multiple paleo-earthquakes (Benedetti et al.,
2002; Benedetti and van der Woerd, 2014; Carcaillet et al., 2008; Mitchell et al., 2001; Zreda
and Noller, 1998). Accurate reconstructions of slip histories in these studies usually rely on
several closely-spaced samples from the scarp face, numerical modeling (e.g., Schlagenhauf et
al. 2010), and/or secondary scarp weathering evidence to corroborate the interpretation of

modeled ages.
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Geomorphic framework for relative dating of SEDs
Surface-rupturing normal faults accumulate displacement episodically in earthquakes or via

continuous creep. In the absence of near-surface creep and significant erosion, bedrock fault
scarps can record several meters of cumulative displacement over many earthquake cycles.
Under ideal circumstances, each earthquake brings a previously unexposed, relatively
unweathered, slip patch up to the surface and raises the previously exposed patches from older
earthquakes higher along the scarp. Thus, from the bottom to the top of a normal fault scarp
(i.e., moving up-dip), there should be progressively more weathered slip patches. This
framework assumes that (i) that fault colluvium does not bury the newly exposed slip patch
inhibiting subaerial weathering, and (ii) no external processes, besides weathering, significantly
alter the scarp after it is exposed (e.g., stream modification of the base of the scarp, removal of
rock mass via slope processes, biological weathering due to lichen or vegetation cover,
remineralization of calcite lower on limestone scarps) (e.g., Kastelic et al., 2017). These
assumptions are not always valid and limit the applicability of all scarp dating techniques at

some sites.

Numerous studies have outlined methods for identifying SEDs independently of cosmogenic
exposure ages on bedrock scarps and typically focus on differing degrees of rock weathering. In
the first TCND study of a bedrock scarp, Zreda and Noller (1998) used qualitative metrics of rock

weathering (e.g., roughness, preservation of slickensides, pitting, and discloration) as
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corroborative evidence of their preferred slip history. Measurements of surface roughness
using a micro-roughness meter (Stewart, 1996) and TLS (Giaccio et al., 2003; Wei et al., 2013;
Wiatr et al., 2015), pit depth measurements (Tucker et al., 2011), image analysis (Giaccio et al.,
2003), and geochemical signature (Carcaillet et al., 2008; Manighetti et al., 2010; Mouslopoulo
et al., 2011) have yielded promising results that can assist in interpreting scarp exposure and
weathering histories. Other relative dating techniques that measure rock weathering grade are

useful in reconnassiance and assessment of bedrock fault scarps (Table 1).

The Schmidt hammer in rock weathering and relative age-dating studies
The Schmidt hammer tests rock hardness by measuring the rebound of a spring-loaded piston

in a controlled impact against the rock surface, yielding a rebound value (R-value) (Day, 1980).
The technique has been used in geomorphology for over 40 years (Day and Goudie, 1977;
Goudie, 2006) and has been applied to rapidly assess rock strength in the field and as a relative
exposure age dating tool to distinguish landforms of different ages (Goudie et al., 2006;
Shakesby et al., 2011). The latter operates on the assumption that rock surface compressional
strength and/or mechanical integrity decreases with time. Calibration with rock surfaces of
known age allows this assumption to be tested and in some cases, enables researchers to
establish chronofunctions that can be used to date rock surfaces or landforms over 10*-10*

year timescales (e.g., Stahl et al., 2013).
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In order to use the Schmidt hammer as a relative dating tool, controls must be emplaced to

ensure that exposure age is the dominant, if not the only, variable that affects R-values.

Previous researchers have investigated the relationship between R-value and time-independent

variables that affect R-values like lithology (e.g., Goudie, 2006; T ordketal., 2007), sa
dimensions (Sumner and Nel, 2002; Aydin 2009; Demirdag et al., 2009), number of samples

(Niedzielski et al., 2009), operator bias (Shakesby et al., 2006), instrument degradation

(McCarroll 1987), biological weathering (Matthews and Owen, 2008), moisture content

(Sumner and Nel, 2002), and spatially-variable weathering rates (Stahl et al., 2013). If these

variables are known and adequately controlled, the Schmidt hammer can be used to distinguish

rock surfaces with different exposure ages (Shakesby et al., 2006; Shakesby et al., 2011; Stahl et

al., 2013).

The difference between Schmidt hammer R-values in successive impacts at the same location
increases with increasing weathering grade (Aydin and Basu, 2005; Nicholson, 2009; Matthews
et al., 2016). Using this differencing approach allows detection of and control for small-scale
lithologic, rock mass, or surface roughness variations that lead to time-independent variability
in single impact R-values. This is partially due to a decrease in surface roughness after the first
impact, and subsequent pulverization of the outer weathered zone, leading to higher R-values
in successive impacts. Matthews et al. (2016) showed that this effect becomes insigificant after

the fifth impact in a range of metamorphic and igneous lithologies.
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Identification of bedrock fault scarp slip patches using microtopography
Microtopography data acquired using TLS have been combined with proxies for surface

roughness to investigate fault processes (e.g. Sagy et al., 2007, Candela et al., 2009) and to
investigate the weathering of bedrock fault scarps (Giaccio et al., 2003; Wei et al., 2013; Wiatr
et al., 2015; He et al., 2016). Most of these approaches use fractal parameters as roughness
proxies. Fractal parameter-based methods exploit the fact that on natural surfaces, the
magnitude of relief is related to the interval over which it is measured by a power law (e.g.
Ahnert, 1984). The exponent of this power law reflects how relief changes with scale. For
instance, He et al. (2016) used the best-fit value of this exponent over the surface of a bedrock
fault scarp to identify slip patches on limestone fault scarps. Wei et al. (2013) use fractal-based
methods to show that on limestone fault scarps, weathering effects are typically expressed on

scales of several centimeters and less.

Study site
The ideal study site for testing Schmidt hammer and TLS approaches should have (i) some

evidence of multiple slip events exposed along a bedrock fault scarp, (ii) homogenous lithology
along the scarp, and (iii) good scarp preservation with subaerial weathering being the
predominant mode of post-exposure alteration. We selected a site along an exposed section of
the Hebgen fault on the northern shore of Hebgen Lake in Montana (Fig. 1). The lake has an
elevation of c. 2000 m above seal level. The region is cold and dry, with mean annual

temperature of 2.8° C and mean annual precipitation of c. 500 mm. Mean monthly
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temperatures range from -8 to 16° C; monthly precipitation is relatively constant at between
30-50 mm. The area of Hebgen Lake was periglacial during the last glacial maximum (LGM, ~15-
18 ka BP Pinedale Glaciation) but not occupied by ice and may have been even drier than
present day climate (Licciardi and Pierce, 2008). Terminal moraines and glacial till from the
penultimate Bull Lake glaciation (~130-160 ka BP) indicate that the valley was occupied by ice in

earlier Pleistocene glaciations (Licciardi and Pierce, 2008; Pierce, 2003).

Hebgen Lake is manmade, created by damming the Madison River in 1914, and is located within
the intermontane Madison Valley. The region is currently undergoing NE-SW directed Basin and
Range extension and is also at the western flank of Yellowstone hotspot-related deformation
(Wicks et al., 2006). The 1959 My 7.3 Hebgen Lake earthquake produced surface rupture along
the Hebgen and Red Canyon faults (Witkind et al., 1962) which led to NE-directed subsidence,
lake-level rise on the northern shore of Hebgen Lake, and subsequent inundation of the old
route US-287 (Fig. 1). The new road was established ~20 m higher, at the base of the c. 250 m-

long outcrop considered in this study.

The limestone that comprises the scarp face is mapped as middle Cambrian Meagher Formation
(Zreda and Noller, 1998; O’Neill and Christiansen, 2004). It is finely crystalline and appears
massively bedded at the transect site though it is commonly thinly to medium bedded and
oolitic in other areas (O’Neill and Christiansen, 2004). Fresh faces of the limestone appear

grayish tan; weathered faces, in general, are light to dark gray, with some darker staining and
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pitting evident on some faces. Meter-scale joints are present at some locations along the cliff
exposure. No obvious variability in limestone sedimentology was observed along preserved

sections of the scarp and no fault breccia or gouge was observed.

Our transect coincides with the study site of Zreda and Noller (1998), who used in-situ
cosmogenic %5Cl to obtain exposure ages of sections of the limestone scarp and model
earthquake ages. The remainder of the roadside outcrop is unsuitable for absolute- or relative-
age dating as the limestone scarp above the 1959 slip patch has been subject to rockfall and is
therefore discontinuous up-dip. Zreda and Noller (1998) interpreted the lowest portion of the
scarp at our site to have been exposed in 1959 My, 7.3 Hebgen Lake earthquake, which caused
up to c. 6 m vertical displacement along the fault. They inferred a total of six earthquakes at this
site since 24 ka (four since 7 ka). Their data show that SEDs vary from c. 1-2 m per event, with
2.1 m of slip at the study site in the 1959 earthquake. Nearby trenching studies and mapping of
Hecker et al. (2000; 2002) and Pierce et al. (2000) revealed similar >1.2-3.1 m SEDs, but found
evidence of only one Holocene earthquake prior to the 1959 event (c. 1-3 ka) and one latest
Pleistocene earthquake (c. 10-15 ka) (Schwartz et al., 2009). The nearest trench to the study
site revealed a cumulative 2-3 m vertical displacement in the 1959 and penultimate events, and
5-6 m cumulative vertical displacement over the last three events (Schwartz et al., 2009). The
discord between slip histories in TCND and paleoseismic trenching have led some to question

the interpretation of event ages from the cosmogenic transect (e.g. Pierce et al. 2000) or even
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that the scarp was rejuvenated in the 1959 earthquake. Regarding the latter question, however,
Johnson (2017) has shown with airborne lidar that this trace did indeed rupture in the 1959
earthquake, making Zreda and Noller’s (1998) interpretation of this site as a bedrock fault scarp

sound.

Methods

Schmidt hammer framework and field protocol
We used a Proceq mechanical N-type Schmidt hammer with an impact energy of 2.207 N m. For

each sample location spaced 0.25 m along the direction of slip on the scarp face (Fig. S1), we
recorded both the first impact R-value and the subsequent 4 values at the same point of
impact. This sample spacing is considered reasonable given the fault’s dip-slip motion and all
previously reported values of SEDs along the fault (Zreda and Noller, 1998; Hecker et al., 2000,
2002; Pierce et al., 2000; Hecker et al., 2009; Schwartz et al., 2009; Johnson, 2017), though
centimeter-scale displacements in smaller surface rupturing earthquakes would be unlikely to

be detected at this resolution.

The approach of collecting five impacts at the same location allowed us to assess a ‘time-series’
of R-values and examine various R-value metrics: first-impact (R1), R-value range (AR), *I5 index

(after Matthews et al., 2016), and *Imax index (this study). The latter three are defined below:

AR = Rmax — Rmin (Eq 1)

*|5 = 100*(Rus — R1)/Rus (Eg. 2; Matthews et al., 2016)
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*Imax = 100*(RUmax — Rmin)/ RUmax (Eq. 3)

where Rnax and Rpin are the highest and lowest R-values of the five successive impacts at a
single location, respectively, Rusis the average 5th impact R-value of unweathered rock, and R;
is the first impact at a single location, and Runay is the average of maximum R-values on
unweathered rock. These unweathered rock R-values come from a single impact site for each

distinct rock type and are assumed to be uniform for a given rock type.

For application to fault scarps, the area of scarp exposed in the most recent earthquake should
be the least weathered, and thus yield the smallest values for all indices (Eq. 1 -3) (Fig. 2). In the
absence of other modifying geomorphic processes (e.g., scarp renewal by landsliding or by
stream abrasion) and complicating variables (non-uniform lithology or non-uniform weathering
processes), R-value indices should increase in discrete steps along the scarp with increasing
weathering grade (Fig. 2). Additionally, we propose that older slip patches should display larger
variance in R-value indices (i.e., heteroscedasticity) due to small heterogeneities in weathering

rates on older surfaces (Shakesby et al., 2011) (Fig. 2B).

During sampling, first return R-values were recorded if (i) the rock mass did not move or chip
while sampling and (ii) the sound was resonant rather than hollow, the latter of which is
indicative of a shallow discontinuity (e.g., Stahl et al., 2013). If these criteria were met, four

additional R-values were recorded at the same location. Lichen were avoided and all
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measurements were taken in dry conditions over the course of one day by a single operator to
avoid operator bias. Sample locations were not abraded or otherwise prepared prior to impacts
so as to preserve the original surface roughness. Sampling was limited to a single transect
where the scarp was continuous along-dip; other transects along the outcrop were not feasible
because slope failures have made identification of the original, continuous scarp face
unreliable. Sample vertical locations were adjusted for fault dip (65°). R-values were not
corrected for angle of incidence as all tests were conducted in the same orientation. The
Schmidt hammer was calibrated on a test anvil before and after sampling to ensure no

instrument degradation.

We also defined and recorded an Adjusted Geologic Strength Index (AGSI) (e.g., Marinos et al.
2005) to semi-quantitatively describe variations in surface weathering and ensure no major
variability in the structural integrity of the limestone scarp. In doing so, we redefined some
criteria from the original GSI ‘surface quality’ scale specifically for quantifying the surface
weathering of limestone fault scarps: more weathered surfaces are rougher, more pitted, more
stained/discolored, and have degraded and poorly preserved slickensides (Stewart, 1996; Zreda

and Noller, 1998).

Terrestrial lidar scanning (TLS) and roughness analysis
To supplement our Schmidt hammer data, we acquired TLS microtopography on a portion of

the bedrock fault scarp at Hebgen Lake at a resolution of 1-2 mm using a Riegl VZ-2000. The
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scan area coincides with the scarp above the 1959 slip patch. Plants and artifacts were removed
from the dataset manually. Coordinates were transformed such that one coordinate dimension
represented the distance from the measured fault surface to the best-fit plane for the entire
scarp. As a measure of surface roughness at the scale of interest, we calculated the variance of
this fault plane normal distance in a square moving window of size ~20 cm x 20 cm. The
mechanics of our moving window procedure are identical to those in He et al. (2016) though
the method of analysis of the data within each window is different than their fractal-based
method. Given the restricted scale over which weathering effects are topographically expressed
(Wei et al., 2013), the topographic variance within a 20 cm window should captures the scale

over which the desired signal should exist. Wiatr et al. (2015) use a similar window size.

Curve-fitting and SED determination
A determination of event-by-event SEDs depends on (i) assessing whether R-value indices and

surface roughness are adequately characterized by discrete steps along the scarp (e.g., Fig. 2)
and (ii) identifying the best-fit locations of those steps along the scarp. If (i) is assumed, then (ii)
needs to be conducted in such a way that avoids bias from user input. We developed a
maximum likelihood approach that determines the number of steps (i.e., number of
earthquakes) and their locations (SEDs) for the observed data. For between n=1 and n=6 steps
(full range of possible steps given previously reported earthquake histories), a model fit is

generated for every possible location of the step(s) along the scarp. The mean (p) and standard
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deviation (o) of observed indices are calculated over all of those steps and the output is the
model that maximizes the likelihood function for the index relative to p and o. SEDs are then
determined by the width of the steps along the x-axis. Maximum likelihood models were
calculated for different functions using the natural logarithm of the R-value index, since a
natural logarithmic transformation should reduce the heteroscedasticity inherent in the indices

(Fig. 2). All errors were assumed to be normally-distributed on the natural logarithmic scale.

The same fitting method was also conducted on the TLS-derived surface roughness using
microtopographic variance. We use the natural log transform of variance because it eliminates
heteroscedasticity and is consistent with previous approaches to the same data (e.g. Sagy et al.,
2007; Candela et al., 2009; Wei et al., 2013; He et al., 2016). Our moving window approach
results in a two dimensional grid of topographic variance measurements that covers the
measured portion of the fault scarp. To analyze the topographic variance as a function of scarp
height, we use the mean log variance of each row of the grid (rows are perpendicular to fault
dip). In addition, we use the standard deviation of each row as an independent estimate of

uncertainty.

Model selection
If a stepwise fit is not assumed, then the model selection method must be able to

accommodate the different functional forms of all candidate models. One such method is the
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Bayesian Information Criterion (BIC; Schwarz, 1978), which quantifies the goodness-of-fit with

penalties imposed for additional model parameters:
BIC =In(n) k —21In(L) Equation 4

where k=number of free parameters to be estimated, n=sample size, and L is the maximized
value of the log likelihood function of the model. Lower BIC values indicate more preferable
models. While the stepwise model fits our and others’ geologic interpretation of the site as a
scarp exposed in episodic earthquakes, we used the BIC to determine if this model is
statistically superior to linear and power law fits, and to determine the optimal number of steps

for the stepwise model (Supplemental Information).

For calculating the BIC, linear and power law models have three parameters each: two
corresponding to the function parameters (slope and intercept, and constant and exponent,
respectively) and one corresponding to the standard deviation of the model residuals (Burnham
and Anderson, 2004). Stepwise models have two parameters (for no steps, y=constant), plus
two more for each step. These parameters are the constant y value of each step (e.g., R-value
metric or topographic variance), the x values of the break points between steps, and the
standard deviation of the model residuals. Linear and power law maximum likelihood
parameters were determined by pattern search (Hooke and Jeeves, 1961), whereas stepwise

maximum likelihood models were determined using brute force.
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Results

Adjusted Geologic Strength Index
AGSI values generally decrease with increasing scarp height (Fig. 3) and permit discrimination of

three loosely-defined weathering zones over the c. 10 m scarp height. The limestone was
observed to have only small variations in structural integrity along the scarp, ranging from
Blocky to Intact/Massive (Fig. 3D). Larger variations were observed in surface quality of the
limestone (top axis, Fig. 3D). Zone | (AGSI=73-83, c. 0-1.25 m vertical) corresponds to the 1959
slip surface, which has well-preserved slickensides on a smooth, planar and unstained surface
(Fig. 3C). Zone Il (AGSI=60-75; c. 1.25-5 m vertical) is characterized by a slight decrease in
structural integrity (Very Blocky to Blocky) but marked decrease in smoothness, slickenside
preservation, and increase in discoloration/staining (Fig. 3A). Zone Il (AGSI=65-75; ¢. 5-10 m
vertical) has the highest structural integrity of the three zones (Intact/Massive) but is again
characterized by a decrease in smoothness and slickenside preservation (Fig. 3B) and an
increase in discoloration and pitting (Fig. 3A) from Zone Il. We demarcated one additional zone
Zone IV (AGSI=30-60; >10 m vertical) above the transect that is marked by a decrease in both
structural integrity and surface quality, but it is not clear that this zone is a continuation of the
planar fault scarp from below (van der Woerd et al., 2000)(Fig. 3A and D) and is thus not

included in further analyses.
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Schmidt hammer R-values
R-value minima (1* or 2" impact in ~¥90% of sample locations, Fig. 4) show an overall

decreasing trend with increasing scarp height, while R-value maxima (4th or 5 impact in ~80%
of sample locations, Fig. 4) show less variability with scarp height. From one sample location to
the next (i.e., every 0.25 m along the scarp) there can be significant variability in R-values.
These variations typically affect all of the impacts at a given location, causing some alignment of
‘peaks’ and ‘troughs’ in the different impact series (Fig. 4). Thus, AR remains relatively

unchanged over short length scales despite the large fluctuations in individual readings.

R-value range (AR) and *I indices (Egn. 2, 3) increase with scarp height (Fig. 5). For our
application, the AR metric is preferred over the *I5 and *Imax. The *I metrics (Matthews et al.,
2016 and this study) rely on an R-value measurement of unweathered rock, which is then
assumed to be constant for that rock type. The entire Hebgen Lake fault scarp is limestone, and
lithologic variations that might be expected to affect R-values were not observed during visits
to the site. Thus, the use of *I metrics would assume a single, characteristic unweathered R-
value for the entire dataset, which conflicts with our data: R-values for repeated impacts at
different sites on the 1959 slip patch (Zone | in Figs. 3, 4) converge on values that differ by up to
~10, more than a third of the total spread in R-values observed across our dataset. This
difference suggests that, at the Hebgen Lake site, non-weathering factors besides general rock

type have a significant effect on the R-values of unweathered rock, invalidating the assumption
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of *I metrics. In contrast, the AR values for these impact sites are remarkably consistent (Figs. 4,

5). As such, we conduct further analysis only on AR.

Model comparison of AR
The maximum likelihood models for linear, power law, and stepwise relationships between AR

and scarp height are shown in Figure 6. The values of BIC indicate that a stepwise model with
two break points is preferred, corresponding to three distinct patches of AR moving up the
scarp (Table 2, Fig. 6). It can be seen that the support from BIC for the stepwise model with two
breaks over the linear model and stepwise models with more breaks is not overwhelming;
however, under the classification scheme of Kass and Raftery (1995), the preference of the two-
step model over the linear and three-step models should be considered ‘positive’, and is ‘very

strong’ when compared to power law and one-step models (Table 2).

TLS-derived surface roughness
The TLS data above the 1959 slip patch assist in interpreting the AGSI values and Schmidt

hammer data in that part of the transect. The surface roughness (i.e. topographic variance)
decreases as scarp height increases (Fig. 7). It can be seen that there is significant scatter to the
topographic variance data. High and low variance values are not randomly distributed on the
fault scarp, but rather form numerous clusters (Fig. 7B). Natural log transformed topographic
variance values can be seen to be homoscedastic (Fig. 7C). Fits of log transformed topographic
variance versus scarp height were conducted on a subset of the total scan, using the same set

of functional forms as for R-value range. BIC values indicate a slight preference for a stepwise

This article is protected by copyright. All rights reserved.



model with one break over an exponential function (Table 3, Fig. 7C shows the one break step

function and the power law function).

Discussion

Use of AR as preferred Schmidt hammer metric
On length scales greater than 0.25 m, the change in AR is predominantly controlled by

decreasing Rnin (Fig. 4). Values of Ry remain approximately the same (60 + 3, 10) over the
scarp and are interpreted to reflect the underlying structural integrity of the rock mass. It is
thought that Ry, varies with surface conditions, like ~1 cm scale surface roughness, (top row of
AGSI, Fig. 3) and Rmax remains comparatively stable with structural integrity (left column of
AGSI, Fig. 3). The small drop in Ryax across weathering Zone Il compared to Zone Il (Fig. 4) is
reflected by the slight decrease in AGSI structural integrity of Zone Il (Fig. 3). Because of the
covariance of Rmax and Rnin Values (Fig. 4), AR is a more stable metric for weathering duration
than a single-impact R-value. The reduced noise of AR relative to single impact R-values is
important for model selection. Conducting multiple impacts at a single location also yields
important information on the underlying conditions of seemingly homogeneous bedrock not

obtained by taking a single impact at each location.

There is much greater scatter in both *I metrics than in AR (Fig. 5). This can be attributed to two
separate causes. For the *I5 value, the fifth impact does not necessarily yield the highest R-

value in our tests, and therefore it is not the best indicator of unweathered rock. This contrasts
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with the findings of Matthews et al. (2016) and could be due to their use in relatively
competent rock compared to limestone. Rumax might be considered to be a better indicator of
unweathered rock in limestone, and therefore *Imax should yield a more useful relationship
with exposure age. However, as discussed above, the range of Rmax values within the 1959 slip
patch, from which Rupay is calculated, vary significantly. This could be due to non-weathering
related variables within the rock and make AR are more suitable measure of weathering

degree.

Apparent steps and SEDs of the Hebgen fault
A step pattern of AR is expected on a fault scarp that has been progressively exposed in surface

rupturing earthquakes (Fig. 2). The width of the steps (change in scarp height, Ax) should define
the SEDs in these earthquakes. Our preferred model for the Hebgen fault distinguishes the area
of scarp exposed in the 1959 Hebgen Lake earthquake and two other slip patches (Fig. 6). The
1959 slip patch extends from 0.00—1.25 m vertical; a second section extends from c. 1.25-5.00
m; and a third section is interpreted from c. 5.00-9.80 m. We note that the vertical
displacement for the 1959 patch is a minimum because our transect did not extend to the base
of the 1959 scarp (which was observed along strike). If interpreted as vertical displacements,
these ranges translate to >1.25, 3.75, and 4.80 m vertical slip in past earthquakes. It is unknown
if the length of the final step (4.8 m) represents a larger SED or the failure of the Schmidt

hammer to discriminate two or more older earthquakes in this age range due to the high
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variance (Figs. 5, 6). In any case, these displacements are considered reasonable given the
maximum displacements reported along all faults in the 1959 earthquake (c. 3-6 m; Witkind et
al., 1962; Schwartz et al., 2009) and the range reported in trenching investigations along the

fault (1-3 m).

Like the Schmidt hammer results, TLS-derived topographic variance results from TLS above the
1959 slip patch are best fit with stepwise function (Fig. 7). It should be noted that the stepwise
relationship is only barely preferred over a power law relationship according to the BIC values
(Table 3), which is due to the high scatter. Some warping is observed between the reliable scarp
height values of the TLS data and the height estimates of the Schmidt hammer data, which are
estimated using tape measurements and the measured dip of the scarp. However, scarp
features such as plants and the track of a past TCND transect provide tiepoints between the TLS
data, Schmidt hammer data, and AGSI interpretations. These tiepoints reveal that the location
of the step in topographic variance corresponds to within ~1 m with the boundary between

Zone Il and Zone Il in AGSI (Figs. 3 and 4), and the upper break revealed by the R-values (Fig. 6).

The TLS data is somewhat counterintuitive, however, in that it shows topographic variance
decreasing towards the upper part of the scarp. This means that slip patches exposed by older
earthquakes have smoother surfaces, at the scales investigated, than those exposed by younger
earthquakes. The trend we observe is the opposite of the relationship between variance and

scarp height observed by other studies on limestone normal fault scarps (Wei et al., 2013; Wiatr
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et al., 2015) for length scales similar to our ~20 cm window. In addition to the results shown in
Figure 7, we performed the variance analysis with a ~5 cm moving window, which produced
nearly identical results to the ~20 cm window. In another analysis, we attempted to
compensate for some non-planar topography observed on the scarp at small spatial scales with
a local best-fit plane within each window. This procedure was undertaken using both ~5 cm and
~20 cm moving windows, and the relationship between variance and scarp height was virtually

identical to that depicted in Figure 7 in both cases.

We interpret the unexpected relationship between topographic variance and scarp height that
we observe as a product of jointing in the lower part of the scarp (Fig. 3). This is mirrored by the
lower value of AGSI Stuctural Integrity for Zone Il than for Zone Il in Figure 3. Thus, our results
suggest that variations in macro-structural features such as joints may obscure the effects of
weathering in roughness analyses of fault scarps. Our findings from the Hebgen scarp suggest
no relationship between the development of macro-scale structural features such as joints and
the age of a paleoseismic slip patch (Fig. 4), which implies that topographic variance due to
jointing is not useful for identifying slip patches. It is possible that a method for filtering out

features like joints could mitigate this problem.

Reconciling SEDs with other records
Our results based on Schmidt hammer are at odds with the single event displacements

previously interpreted for this specific site from TCND (Zreda and Noller, 1998). We propose
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that the interpretation of more events with smaller displacements delineated by Zreda and
Noller (1998) could be due to the methods they used to group samples. Setting aside the six
sample groupings based on weathering characteristics presented in Zreda and Noller (1998), we
fit stepwise exponential functions to the *°Cl apparent ages using a procedure similar to the
stepwise fitting presented above (Fig. 8; Supplemental Information). The objective of this fitting
is not to redefine the absolute ages of events, as could be accomplished with full elemental
analysis of the samples and well-established, robust modelling routines for determining the
exposure histories of faults (Schlagenhauf et al., 2010). Rather, we aim to find the locations and
number of events for which there are statistical support. Each stepwise piece can be expressed

as
y =Yyo + Ae™, Xip < X < Xub Equation 5

where y is the predicted cosmogenic apparent age, yq is the age offset of the current step, A is
the exponential coefficient, A is the attenuation length, and x|, and x,;, are the lower and upper
bounds of x for the current step. The age offset yq is not a standard term of the exponential
function, but is necessary here and reflects the uniform exposure to cosmic ray spallation that a
given slip patch undergoes once it is exhumed. Details of the parameters and assumptions used
in this fitting are listed in the Supplementary Information. Figure 8 shows our model fits to
Zreda and Noller (1998) data, revealing that the data only support a model of the scarp that

includes 3 slip patches (using BIC, shown in in Fig. 8). The locations of the slip patch boundaries
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inferred from the Schmidt hammer and cosmogenic exposure age data are somewhat offset
from one another, though we stress that the coregistration between the two datasets is not

robust.

While further testing is required to resolve the debate between paleoseismic trenching and
TCND of the Hebgen Fault, we consider a three event history, as evinced in the Schmidt
hammer data, reanalysis of cosmogenic exposure ages, and late Pleistocene record of events in
trenches, to be a plausible outcome. The differences in displacements between trenching and
the study site here are not unexpected due to along-strike differences in fault kinematics and

distributed (i.e., off-fault) deformation in unconsolidated sediments.

There are two alternative interpretations that our data cannot resolve. The first is that both
trenching and the Schmidt hammer miss smaller events that are recorded by the original
cosmogenic exposure ages of Zreda and Noller (1998). The second is that progressive exposure
at this scarp could be assisted by non-tectonic, continuous or diffusive lowering of the colluvial
cover at the base of the scarp. Kastelic et al. (2017) observed exposure rates due to non-
tectonic erosion or deposition of colluvial material at the base of normal faults in Italy, and
concluded that exposure rates could outpace fault slip by orders of magnitude. If this was the
only process operating on the Hebgen fault, the linear or power-law models for progressive
exposure (Fig. 6) could be the most appropriate curve fits. While our BIC models show

favorability for the step-function over these other fits, and there is good evidence for discrete
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displacements, we consider that the non-tectonic contribution of scarp exposure could lead to
the large amount of noise for older events and potentially limit the applicability of using the

Schmidt hammer beyond the last ~2 events.

Practical considerations of Schmidt hammer methodology
This study was limited to a single transect along the Hebgen fault, and so further testing should

be conducted on other faults in different climates to confirm the utility of the Schmidt hammer
in these studies. The technique seems most promising for distinguishing between MRE and
penultimate event slip patches, as Stewart (1996) observed using measurements of surface
roughness on limestone faults. In fact, we suggest that the main attribute of the rock
weathering being measured by the Schmidt hammer is the variable cm-scale surface roughness
of different slip patches. Because R-values are relatively simple to obtain in the field, the
Schmidt hammer could be used as an auxiliary dataset in conjunction with other techniques

(Table 1).

Other recommendations for future use are discussed below. Where possible, R-values should
be collected in two dimensions along the scarp with their locations surveyed using a string grid
or laser-based ranging. This approach would allow for more rigorous spatial and statistical
analysis of the data. As with any measurement of paleoseismic slip at a point, care should be
taken in applying the derived value of SED (or set of SEDs) to other positions along the fault, as

these are likely to vary along-strike and between earthquakes. If a bedrock scarp is exposed in
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several places along strike, the Schmidt hammer may be a useful tool for providing rapid,

preliminary assessment of this slip variability.

In practice, we found that field investigations of steep bedrock scarps using the Schmidt
hammer are likely to be limited by along strike alteration of the scarp and/or location of
suitable sites to set up a rope or ladder to reach sample locations. Care should be taken to
avoid areas of visible scarp modification by processes other than weathering. Operating the
Schmidt hammer while suspended by rope is challenging and requires a second person to
record values (for non-digitally recording hammers). Even so, it is not always possible to get
reliable impacts at every planned sample location due to the geometry and relief of the fault

scarp.

For future studies, our approach can be adapted to distinguish SEDs on fault scarps provided
that (i) lithology does not change over the fault scarp, (ii) the fault scarp has not been
significantly eroded in older events and can be traced as a single, continuous plane over the
sample transect, (iii) there are no significant variations in weathering processes and rates
through time (e.g., case hardening of older exposed sections), and (iv) non-tectonic exposure of

the fault plane does not outpace the rate of exposure in earthquakes.

Faults with higher slip rates, smaller SEDs, and/or shorter recurrence intervals may not show

enough inter-event AR variability to discriminate displacements (numerically or otherwise).
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Similarly, faults with much slower slip rates and longer recurrence intervals may have uniform
weathering characteristics and therefore AR over the exposed scarp. We anticipate that faults
with several thousand-year recurrence intervals will yield enough variability in R-values to
delineate weathering zones and SEDs. Additionally, with calibration on scarp sections of known
age, chronofunctions could be developed that yield numerical paleo-earthquake ages from

Schmidt hammer measurements.

Applicability of step function fitting to SED identification
The step function fitting presented in this paper requires little user input, incorporates the

effects of heteroscedasticity, and requires few initial assumptions. For other paleoseismic data
that are expected to show monotonically increasing, stepwise behavior, but do not have
constraints on the absolute location or number of events, this approach is useful in identifying
SEDs. Other approaches using regression trees or the sliding window Student’s t-test of He et al.
(2016) are promising, but require more user input and could introduce user bias in defining

SEDs.

The assessment of models using the BIC should be used with an understanding of what the BIC
represents. This BIC penalizes additional parameters in curve fitting, so it is ideal for avoiding
over-fitting slip histories and interpreting too many earthquakes. However, for long-lived
bedrock scarps with many small displacements, the BIC may prefer functions with only a few

steps or continuous models over a ‘true’ but complex slip history, thus under-representing the
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earthquake hazard of a fault. As such, user-discretion is still advisable for selecting the most

appropriate model from information criteria.

Conclusions
The major conclusions of this preliminary study are outlined below:

(1) We have outlined a field methodology and application of the Schmidt hammer for

delineating single event displacements (SEDs) on bedrock fault scarps.

(2) SEDs can be identified by fitting step-functions and other models to the R-value range over 5
impacts at a point (AR) and assessing the model fits using the Bayesian Information Criterion

(BIC). We propose that this approach is applicable to other scarp dating techniques (Table 1).

(3) For the Hebgen fault, the best-fitting model is a stepwise, three-event model. SEDs are
generally consistent with several meter-scale displacements of the fault in three recent events
as proposed by trenching studies and by reanalysis of cosmogenic exposure ages for the same
scarp. The exact lengths of these displacements are not resolved, but they probably represent a

maximum of c. 4.8 m.

(4) The Schmidt hammer should be used in conjunction with other absolute and relative-age
dating techniques to further explore its utility in assessing fault slip in paleo-earthquakes. The
results presented here are promising and could facilitate rapid field assessment of SEDs along

active normal faults.
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Figure 1: Location and fault trace map of the Hebgen and Red Canyon faults in southwestern Montana.
Fault traces are from the USGS Quaternary Fault and Fold database.

Figure 2: Expected relationships between Schmidt hammer R-value, cosmogenic nuclide content,
geologic strength index (GSI), surface roughness, scarp height, and relative earthquake age (e.g. EQ1,
EQ2, etc.). (A) R-value range (AR) and *15 index should increase in discrete steps along scarp height that
correspond to single event displacements (SEDs) in paleo-earthquakes. (B) SEDs are defined by the
distance along scarp height that AR are constant, with the expectation that older earthquakes show
more scatter in AR

Figure 3: (A) Photo of the scarp in this study and that of Zreda and Noller (1998) (location in inset). (B)
Photo of slickensides near the top of the scarp in (A). Slickensides become more poorly preserved up-
fault (C) Photo of scarp section produced in the 1959 Hebgen Lake earthquake. The section is marked by
a smooth, striated plane with few weathering pits or staining. (D) Estimations of Adjusted Geologic
Strength Index (AGSI) for the scarp. Surface conditions degrade up-scarp (lower values and shifted to the
right on the top axis) while variability in structural integrity less pronounced.

Figure 4: Schmidt hammer R-value vs. scarp height for all impacts. Adjusted Geologic Strength Indices
(AGSI) are shown for three weathering zones (I-1l1) and correspond to discrete changes in AR (the
distance between lowest and highest R-values at each point, colored series).

Figure 5: Positive correlation of Schmidt hammer R-value range (AR), *I5, and *Imax with scarp height.
See text for discussion.

Figure 6: Model fitting to Schmidt hammer data in In(AR) space. Using a natural logarithmic AR scale
reduces the heteroscedasticity observed in AR values simplifying model fitting and selection. Only the
best-fitting step model (blue, Table 2) is shown here, which has a lower BIC than linear (red) and power
law (yellow) model fits.

Figure 7: Microtopographic analysis from TLS data. (A) Hebgen lake fault scarp TLS dataset has been fit
with a plane, and values indicate the distance of each point from the best-fit plane. A cosmogenic
nuclide sample transect is visible and provides a common reference to Fig. 4. The 7.5m measurement
indicates vertical height. (B) Variance of topography calculated over the fault scarp using a moving
window. The slightly grayed out region is the full scan, and the fully opaque region is that used for the
subsequent analysis. Inset shows mechanics of the moving window. The center of each cell corresponds
to the center of one location of the moving window, which is actually twice as wide and twice as tall as
the cells shown. Thus, adjacent cells in the main portion cover some of the same topography. (C) Mean
and standard deviation topographic variance for each row of the moving window analysis. A step
function fit (red) is barely preferred over a power law fit (green; see Table 3).

Figure 8: Correspondence of discrete breaks in Schmidt hammer data (grey filled circles) and apparent
cosmogenic exposure ages of Zreda and Noller (1998). The scarp locations of the cosmogenic ages have

This article is protected by copyright. All rights reserved.



been shifted using the top of the 1959 slip patch as a common datum between the two datasets, though
some uncertainty exists in the coregistration of the two datasets. The highly variable uncertainty in
reported apparent cosmogenic ages results in some data having a much greater influence on the fit than
other data and introduces uncertainty in the location of the steps.
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Table 1: Overview of methods for distinguishing weathering zones on fault scarps.

Method Technique Description/Utility Practical and Theoretical References
Limitations
Surface Micro- Can distinguish most recent 1D (transect-based), but Stewart et al., 1996;
roughness roughness event in some circumstances | can be applied in 2D if Giaccio et al., 2003
meter scarp is accessible

Terrestrial lidar

High-resolution, 3D
topography of fault scarp;
Can distinguish between
Holocene-aged events

Equipment is expensive
and required significant
data processing

Wei et al., 2013; Wiatr et
al., 2015; He et al., 2016;
This study

Pit Depth Pit depths increase up-scarp Requires manual Tucker et al., 2011
measurement (transect-
based), but can be applied
in 2D
Image analysis | Color Identification of paleo Some subjectivity in Giaccio et al., 2003
bedrock-soil boundary manipulation of color;
Time-independent color
changes
Geochemical Rare Earth Previous contact with soil Requires rock sampling Carcaillet et al., 2008;
Element (REE) enriches fault plane in REE equipment and Manighetti et al., 2010;
and Yttrium prior to exposure, subsequent lab work Mouslopoulo et al., 2011)
concentrations can be
measured on exposed fault
scarp
Descriptive Adjusted GSI Incorporates numerous Some subjectivity in This study
weathering properties of assigning GSI values;
rocks metrics depend on
geomorphic framework
Schmidt Rebound values | Incorporates numerous 1D (transect-based), but This study
hammer mechanical properties of can be applied in 2D if

rock into R-value
measurement

scarp is accessible
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Table 2: BIC values for AR maximum likelihood models of various functional forms (low values indicate a
better fit). The preferred model (Stepwise with two breaks) is bolded.

Model BIC
Linear 49.14
Power law 63.95

Stepwise (1 break) 56.72

Stepwise (2 breaks) | 46.77

Stepwise (3 breaks) | 49.80

Table 3: BIC values for topographic log variance maximum likelihood models of various functional forms.
The preferred model is bolded.

Model BIC

Power law 179.89

Stepwise (1 break) 178.34

Stepwise (2 breaks) | 185.64
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