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Abstract
Whether Earth materials exhibit frictional creep or catastrophic failure is a crucial but
unresolved problem in predicting landslide and earthquake hazards. Here we show that
field-scale observations of sliding velocity and pore water pressure at two creeping
landslides are explained by velocity-strengthening friction, in close agreement with
laboratory measurements on similar materials. This suggests that the rate-strengthening
friction commonly measured in clay-rich materials may govern episodic slow slip in
landslides, in addition to tectonic faults. Further, our results show more generally that
transient slow slip can arise in velocity-strengthening materials from modulation of
effective normal stress through pore pressure fluctuations. This challenges the idea that
apparently velocity-strengthening materials fail only by steady creep, and that transient
slow slip phenomena require a specific and narrow range of extremely low stress and/or
transitional frictional properties near the stability threshold.

Teaser
Measurements of velocity and water pressure in two slow landslides illuminate the
mechanics of episodic slow frictional slip.

MAIN TEXT

Introduction

Landslides are triggered when shear stresses acting in the downhill direction are greater
than or equal to the shear strength resisting sliding within a hillslope. Assuming Coulomb
friction, this condition occurs when
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(1

where 7 is shear stress, o is normal stress, P is pore fluid pressure (and o-P is effective
normal stress), u is the static coefficient of friction (equivalent to tan¢ in soil mechanics,
where ¢ is the friction angle), and ¢’ is effective cohesion. For rainfall triggered
landslides, as well as many coseismic landslides, failure is primarily controlled by the
evolution of pore water pressure in both space (/. 2) and time (3, 4). In addition, coseismic
landslides can occur due to transient increases in t relative to (o-P) resulting from the
passage of seismic waves a (J9).

As is the case for tectonic faulting and earthquakes, when the conditions in equation 1 are
met, predicting whether landslide failure will occur catastrophically or by slow transient
creep remains a basic, yet unresolved question in geomorphology and natural hazards
research (6—8). At a fundamental level, this behavior is governed by the rheology of the
slide material and failure plane; observations of landslide motion thus encode key
information about the governing rheology. Mechanisms proposed to stabilize frictional
sliding include clay swelling that increases lateral boundary friction during periods of high
pore pressure (9); basal pore water pressure redistribution due to roughness (/0); and
perhaps most commonly the conceptual framework based on critical state soil mechanics
that links stable (slow and quasi-continuous) landslide motion to shear-induced dilation of
pore spaces. In this model, dilation reduces pore fluid pressure as sliding initiates, and
hence increases effective normal stress and basal friction, serving to limit the slide’s
velocity by suppressing rapid runaway slip (6, 7, 1/—13). Notably, dilatant strengthening
has also been invoked to explain episodic slow slip events (“slow earthquakes™) on
tectonic faults (/4) and along the beds of ice streams (/3); however, in ice streams this
process is arguably rare (/5).

Rate-and-state friction is an empirically developed friction model that describes sliding
friction in rock as well as a range of other materials, including some plastics, some metals,
wood, and paper (/6). The model, which is commonly applied to tectonic faults (/16—18),
provides a potentially powerful alternative approach to explain the rheology and predict
the dynamics of landslides, including under what conditions rapid and catastrophic failure
will occur (8, 19—21). For example, a challenge with dilatant strengthening is that for the
mm- to cm- wide localized shear zones typical of slow landslides (22—24), dilation can
only operate over a slip length scale that is comparable to the shear zone thickness itself
before a critical state porosity is reached and catastrophic failure occurs (7). Yet this
length scale is often orders of magnitude smaller than the decimeter to meter-scale annual
displacements that are typical of many slow landslides (8), which suggests that dilatant
strengthening might not provide a universal explanation for stable frictional creep in these
systems. Indeed, widely observed frictional creep in experiments on clay-rich sediments
and fault gouges (25-30) and on the shallow reaches of tectonic faults at temperatures and
effective stresses similar to landslides (3/—33) demonstrates that stable frictional sliding is
possible without necessarily appealing to a dilatancy-pore fluid pressure feedback.

Below we show that field-scale observations of sliding velocity and pore water pressure at
two creeping landslides are explained by velocity-strengthening friction, in close
agreement with laboratory measurements on similar materials. In the rate-and-state
friction framework, the steady state coefficient of sliding friction, pg, varies
logarithmically with the sliding velocity, V:
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where T is shear stress, o is normal stress, and P is pore fluid pressure (and o-P is effective
normal stress) (/6—18). In equation 2, (a-b) defines the rate-dependence of friction, and
governs the sensitivity of the coefficient of sliding friction to the sliding velocity, V
(normalized to a reference velocity, V,). Individually, the parameter (a) governs the
magnitude of a transient so-called “direct effect,” in which the coefficient of sliding
friction opposes acceleration due to dilation and a positive rate dependence of contact
strength. The parameter (b), in turn, describes the so-called “evolution effect,” which is
interpreted to reflect the evolution of the real area of frictional contact (i.e. at grain
boundaries or asperities) following a perturbation in velocity. Extensive experimental
evidence shows that (a-b), which mathematically expresses the competition between the
processes described above, can be either positive or negative, depending on rock type,
accumulated shear strain, and temperature, among other factors (/6, /8, 25-30). In this
framework, velocity-weakening, in which frictional resistance decreases with increasing
sliding velocity and defined by negative values of (a - b), is a prerequisite for the
nucleation of unstable slip (/6). In contrast, in materials characterized by velocity
strengthening behavior, defined by positive values of (a - b), failure is thought to arise
only by stable sliding or slow creep. From the perspective of landslide failure, the fact that
rocks can exhibit either velocity-weakening or velocity-strengthening behavior provides a
possible mechanism to differentiate bedrock landslides that accelerate catastrophically
from those that exhibit apparently stable frictional sliding (/9). To the extent that this
difference in behavior is governed by rock type (25—29), it also suggests that it may be
possible to predict which landslides are prone to catastrophic acceleration on the basis of
geologic mapping and measurable material properties.

Few detailed observations exist to test whether models developed for fault friction can
also be applied to landslides, or even to more generally define the rheology of landslide
failure planes over relevant spatial and temporal scales. To date, a few studies have used a
rate-and-state framework to explain observations of transient landslide motion (/9—21,
34). Ref (8) argued that the small size of landslides relative to the critical nucleation
length for dynamic elastic rupture means that many landslides may slide stably despite
velocity weakening friction, essentially representing the initiation of unstable failure, but
which is unable to grow beyond a slow nucleation phase (20). In support of this view,
seismic tremor emanating from two patches on the base of the 2014 Askja caldera
landslide prior to its catastrophic failure was interpreted to reflect velocity weakening
patches on the bed of the landslide that were below the critical nucleation length for
dynamic elastic rupture (217). Alternatively, landslide deceleration in other settings
following stress perturbations has been interpreted as evidence that (a - ) must be
positive (19, 34). Because all of these studies consider transient landslide dynamics in one
way or another, they require independent fitting of at least three parameters: a, b, and Dc,
the critical length-scale associated with refreshing frictional asperities, as well as in one
case assumptions about the elastic properties of landslide materials (20). Additionally, in
two of the studies (/9, 34) no information was available to constrain pore fluid pressures,
requiring the further assumption of constant effective normal stress.

Slow Landslides as Field-Scale Rock Friction Experiments
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Because many slow landslides undergo seasonal cycles of acceleration and deceleration
that reveal tight coupling between pore pressure (and thus effective stress) and slide
velocity - at low enough sliding velocities that inertial effects are negligible - treatment of
these systems as steady-state failure is appropriate (3/—34). At the same time, the large
saturated hydraulic diffusivity (~ 10* m?/s) (39—41) of many slow landslides, including
Oak Ridge earthflow which we use in our analysis below, results in rapid (< 1 day)
response times of landslide velocity (and hence basal effective stress) to rainfall induced
pore fluid pressure pulses (39), suggesting that an assumption of hydrologic steady-state is
also appropriate for the timescales considered here. For these reasons, here we adopt a
steady-state perspective on landslide friction to investigate the role of rate-and-state
frictional rheology in explaining their observed motion.

We solve for (a - b) in equation 2 directly, using displacement and pore fluid pressure
measurements from two slow-moving landslides, Oak Ridge earthflow (39) and Minor
Creek earthflow (42), in California’s coast ranges. Constraints on both the shear and
normal stress from field measurements (Materials and Methods) represent a novel
opportunity to probe landslide frictional rheology, because they allow consideration of
velocity as a function of the coefficient of sliding friction (or vice-versa; c.f. equation 2).
Implicit in this treatment of the data is the fact that when in motion, the ratio 7/(c-P) at the
slip surface represents the coefficient of sliding friction because the slip surface is at a
state of failure and sliding. In comparison, in laboratory experiments designed to probe the
frictional rheology of Earth materials, the dependence of shear strength on sliding velocity
is typically investigated via a controlled velocity boundary condition and measurement of
the resulting friction coefficient (/8). Here, we treat the two landslides as field-scale
experiments to obtain constraints on frictional behavior by approaching the problem in
reverse - with variations in velocity driven by changes in 7/(c-P), and by measuring the
corresponding sliding velocity.

Geologic and Geomorphic Setting

California’s Franciscan mélange is an assemblage of variably deformed and
metamorphosed rock units formed as part of the accretionary wedge in a subduction zone
during the Mesozoic and early Cenozoic eras (43). Franciscan mélange is a block-in-
matrix lithology, with a matrix of clay- and silt-stones containing blocks of more
competent lithologies, including sandstone, chert, greenstone, and blueschist that range
widely in size. The formation has been exhumed and uplifted in the California coast
ranges, where it is well known for hosting slow landslides (23, 44). Soil cover is usually
very thin (~10 cm) above the Franciscan mélange and its vadose zone structure is
characterized by a thin (<3 m) seasonally unsaturated zone of weathered mudstone
mélange overlying perennially saturated, unweathered mudstone mélange (39, 45). The
matrix of the unweathered Franciscan mélange exhibits a combination of low shear
strength, as constrained from laboratory determinations of drained shear strength from
Oak Ridge earthflow’s lateral shear margin (friction angle, ® = 12°-14°) (46) and low
hydraulic conductivity, 107°~1071° m/s, as constrained by slug tests at Minor Creek (42)
and permeameter measurements at Oak Ridge (38). Details about the pore pressure and
deformation monitoring for Minor Creek Earthflow are reported in (42) and outlined in the
Materials and Methods. We use the basal pore pressure and deformation data from Minor
Creek that are distilled in (7). Details about the pore pressure and deformation monitoring
at Oak Ridge earthflow are reported in (39) and in the Materials and Methods. We use
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pore pressure data from a 2.5 m deep piezometer at Oak Ridge, and landslide
displacement is quantified via extensometers and GPS. Figure 1A shows the network of
GPS stations, extensometers, and the pore fluid pressure sensor used below, which is also
described in more detail in the Materials and Methods.
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Fig. 1. Landslide Shear Zones and Localized Slip (A) 1-m LiDAR-derived contour map of the
“transport zone” of Oak Ridge earthflow showing the placement of instrumentation used here. The
white rectangle indicates the location of the photos in (B) and (C). Coordinates are in UTM Zone
10N. (B-C) Offset of a trench excavated across the lateral shear margin at the location of the white
rectangle between November 2020 and March 2024. (D) Offset measured in the hole (C)
compared to measured GPS displacement upslope and downslope over the same time interval that
is spanned by the photos in (B) and (C). (E) Slickenlines observed along the western shear zone in
spring, 2017.
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Results

Slip Localization in Earthflow Shear Zones

Despite their name and appearance, earthflows like Oak Ridge and Minor Creek translate
primarily via sliding along discrete failure surfaces rather than through internal
deformation (9, 22, 23). We provide specific evidence of this localization from Oak Ridge
earthflow, as a well-studied example. Figures 1B-C show a ~ 0.4 m wide trench excavated
across the western lateral shear margin of Oak Ridge in November, 2020 that recorded ~
0.67 m of offset as of April, 2024 along a narrow band that is typical of observations of
earthflow sliding at other locations (22, 23). The trench is located downslope of the
OREO GPS antenna and upslope of the ORE2 GPS antenna, respectively (Figure

1A). The magnitude of recorded offset in the trench is bracketed by the displacement
measured at the two GPS stations over the time interval spanned by the photos in B and C,
~0.54 m at OREO and 0.79 m at ORE2 (Figure 1D), illustrating that all of the
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displacement measured in the landslide center can be accounted for within the offset
observed along the narrow lateral shear margin. Finally, evidence for localization is also
apparent from slickenlines observed along the same shear zone (Figure 1E) shown in
Figure 1C. In further support of shear localization at Oak Ridge, comparison of
extensometers that span the western shear margin to the internal GPS antennas in parallel
positions (OREO and ORE?2) show similar magnitude and timing of displacement (47). In
summary, field observations and geodetic measurements show that there is little internal
deformation currently observed within Oak Ridge earthflow. Rather, deformation is
localized along a thin shear zone. While our observations do not directly constrain basal
landslide deformation, the close agreement of lateral and internal displacement (Figure
1B-E) suggests that the lateral shear margin is continuous with the basal shear zone, which
is only 8-10 m below the surface (38). This interpretation is also supported by electrical
resistivity tomography at Oak Ridge (38).
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Fig. 2. Seasonal landslide slow slip events driven by pore fluid pressure (A) Estimated shear
zone pore pressure, (C) Extensometer displacement, (E) Velocity, and (G) velocity as a function
of pore fluid pressure for Minor Creek earthflow from 1982-1986. (B) Velocity averaged over a
10-day window versus 10-day mean pore pressure at 2.5 m depth for Oak Ridge earthflow. The
error bars represent the standard error for the calculated velocity and the standard deviation of the
10-day mean pore pressure, respectively. The gray points represent those data points that were
discarded in our analysis because either the estimated velocity was less than twice the standard
error on the velocity or the pressure recorded was negative, as described in detail in Methods and
Materials. (D) GPS-derived horizontal displacement, (F) Horizontal velocity calculated over a 10
day window, and (H) daily pore pressure at 2.5 m depth for Oak Ridge earthflow from 2016-2023.
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238 Seasonal Slow Landslide Slip Events

239 Fig. 2 shows temporal patterns of pore pressure (C, D), displacement (D, E), and velocity
240 (F, G) for the Minor Creek and Oak Ridge earthflows. Landslide displacement episodes
241 are highly seasonal at each location (Fig. 2, B to E), and are driven by winter increases in
242 pore fluid pressure (Fig. 2, A and B) in California’s Mediterranean climate where rainfall
243 is concentrated from November to April. The velocity of both slides varies systematically
244 and non-linearly with pore pressure (Fig. 1, A and B), as has been observed at Oak Ridge
245 earthflow (38), as well as at other slow moving landslides (35—37). This observation
246 embeds information about the rheology that controls slide motion - and particularly its
247 dependence on effective stress as modulated by pore pressure.
248
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L 03
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249
250 Fig. 3. Sensitivity of landslide friction to velocity. Ratio of shear stress to effective normal stress
251 ('ss) plotted as a function of the natural log of landslide velocity normalized by a reference
252 velocity, In(V/Vo), for (A) Oak Ridge earthflow and (B) Minor Creek earthflow. The error bars
253 for the effective stress reflect +/- 1 standard deviation of the daily pore pressure measured during
254 the 10-day window over which velocity was measured. Similarly, the uncertainty in velocity
255 reflects the standard error on the slope of the linear regression to the GPS-derived horizontal
256 displacement over the 10-day averaging window. For Minor Creek, velocities are computed for
257 every measurement of displacement. Regression lines (solid red) and 95% confidence intervals
258 (dotted red) are shown in both (A) and (B). V, in both A and B is 1 m/yr.
259
260 Velocity Dependence of Landslide Friction
261 In Fig. 3 we provide an assessment of the suitability of the rate-and-state formulation in
262 describing the field observations, and define the velocity dependence via solution of
263 equation 1 through linear regression of steady-state landslide friction at the two locations.
264 Fig 3. shows that the data are well-fit with equation 1 (Minor Creek: R? =0.49, p =2.8 x
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10-3; Oak Ridge: R? =0.58, p = 3.3 x 10-12) and exhibit (within uncertainty) nearly
identical velocity-strengthening behavior. (a - b) = 0.0050 +/- 0.0006 at Oak Ridge and
0.0039 +/- 0.0008 at Minor Creek.

Discussion

Rate-and-State Friction as a Prospective Mechanism to Explain Frictional Creep in
Slow Landslides

In the Coast Ranges of California, the seasonal dynamics of slow landslides are strongly
correlated (48, 49). Because the apparent velocity sensitivity of friction at Oak Ridge
earthflow and Minor Creek earthflow is also nearly identical, it is natural to ask if
velocity-strengthening rate-and-state friction provides a mechanism to explain the
widespread, correlated landslide creep observed within the clay-rich exhumed subduction
mélange in California. The observation that the data in Fig. 3 (A and B) are well fit with a
linear relationship, by itself, suggests that the answer to this question is yes. In contrast,
the steady-state dilatant strengthening model (7) predicts a linear relationship between
shear zone pore fluid pressure and sliding velocity, a relationship that is not supported by
the data (Fig. 1 G and H Fig. 2 A and B).

300

Franciscan Mélange
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Fig. 4. Comparison of field-derived and experimentally derived friction. (a - b) calculated for
Oak Ridge and Minor Creek earthflows in Figure 3 compared to 17 laboratory determinations of

(a - b) for Franciscan mélange (50, 51), Franciscan Graywacke(50), Illite Shale(25), and hanging

wall mudstones from the Nankai subduction zone (52).

Comparing Landslide Friction to Laboratory Measurements of Fault Friction in
Similar Rock Types

A further and arguably more compelling test of whether rate-and-state friction governs the
velocity strengthening behavior of Oak Ridge earthflow and Minor Creek earthflow is to
compare the fits of (a - b) in Fig. 3 (A and B) to experimental rock friction data for the
same and similar lithologies. We focus our comparisons on low-temperature friction
experiments performed on Franciscan mélange and on rocks and marine sediments that are
compositionally similar to the clay-rich mélange matrix. Because slow landslide motion
more generally is associated with clay rich rocks (8), experimental friction data from
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relevant, and similar, clay-rich lithologies may also provide insight into the rheology of
slow landslides elsewhere. Figure 4 shows that the values of (a - b) that we fit in Fig. 3 are
statistically indistinguishable from values of (a - b) from room-temperature rock friction
experiments on Franciscan mélange (50, 51), Franciscan graywacke (50), illitic shale
(25), and hanging wall mudstones from the Nankai subduction zone that represent a
modern environment analogous to the Franciscan matrix of the Coast Ranges (52).

. A. Oak Ridge A B. Minor Creek

T T .I
35} 4 351 ! ‘,‘ |
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Figure 5. Modulation of velocity by pore fluid pressure. Velocity versus pore fluid pressure at
(A) Oak Ridge and (B) Minor Creek earthflows along with the relationship between those
variables obtained from solving the fit to equation 1 for velocity and then plotting as a function of
pore fluid pressure. Uncertainty envelopes reflect propagation of the uncertainties in (a - b) and
from the fits shown in Fig. 3.

Slow Landslides as Episodic Slow Slip Events in which Velocity is Modulated by
Pore Fluid Pressure

Significantly, our results show that transient - but slow - slip may arise in velocity
strengthening materials simply due to modulation of the effective normal stress via pore
pressure fluctuations. This fact is clearly demonstrated by solving equation 2 for velocity
and then plotting predicted and observed velocity for Oak Ridge and Minor Creek
earthflows as a function of pore fluid pressure (Fig. 5, A and B). The strong coupling
between velocity and pore pressure observed and predicted by velocity-strengthening
friction at both Minor Creek and Oak Ridge earthflows contrasts with the widely held idea
that apparently velocity-strengthening materials can only fail by steady creep - and
therefore that emergent slow creep transients, including slow slip events and associated
slow earthquake phenomena observed in a wide range of settings globally fundamentally
require a specific and narrow range of extremely low stress and/or transitional frictional
properties near the stability threshold, and/or pore fluid pressure feedbacks that suppress
acceleration to rapid slip (e.g., /14, 53, 54).

In previous work, asynchronous stick-slip events recently observed at small scales within
Oak Ridge earthflow were interpreted as arising from failure of small velocity-weakening
patches that are loaded elastically by motion of a surrounding velocity strengthening shear
zone (47), a mechanism similar to that proposed for tremor that accompanies slow slip
events on tectonic faults (55). Our results support this interpretation of slip plane
processes by demonstrating that the bulk (effective) frictional behavior of Franciscan
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mélange at the field scale is well-explained with rate-strengthening friction, as also
documented in laboratory friction measurements of both the mélange matrix and clay-rich
lithologies more generally. This is strikingly similar to the paired observations of
emergent shallow slow slip events associated with tremor in modern subduction zones (33,
33), and laboratory frictional properties indicating velocity strengthening behavior of
relevant fault rocks and protolith sediments in these environments (52, 55).

Finally, we acknowledge that while the simple rate-state formulation provides a good fit to
the data from Oak Ridge and Minor Creek and thus provides a viable mechanism to
explain the observed creeping behavior and dependence on pore fluid pressure, the fit is
not perfect. An obvious limitation of our data, and one that could easily explain the
observed scatter, is the fact that our measurements of pore fluid pressure reflect point
measurements that may not perfectly capture the average pore pressure conditions at the
scale of the entire landslide mass. While investigating this and other potential sources of
the scatter in the relationship between velocity and pore fluid pressure observed at Oak
Ridge and Minor Creek is a worthy goal, it remains beyond the scope of the current work,
which aims to investigate the first-order patterns in the relationship between pore fluid
pressure and velocity that is apparent in Figure 5 and Figure 2.

Implications for Predicting Landslide Hazard

Our results also provide a physically-based and experimentally verifiable explanation for
landslide creep. In short, the inherently rate strengthening behavior of clay-rich shear
zones (e.g., 25) can explain the behavior of slow landslides developed in Franciscan
mélange. This suggests that it may be possible to predict which landslides are prone to
catastrophic acceleration on the basis of paired geologic mapping and laboratory
measurements of material properties. For example, creeping landslides revealed by
synthetic aperture radar interferometry (InSAR) in the western U.S. are commonly
associated with surface exposures of clay-rich subduction mélange (48, 49). Where these
rocks transition to quartz-rich turbiditic sandstones to the north, evidence for creeping
landslides largely disappears, although evidence for landsliding is still ubiquitous in the
topography (56). This potential lithologic control on the style of landslide failure is
striking and raises the possibility that fundamental differences in landslide behavior - and
hazard - in these two settings could be controlled by the frictional properties of the
contrasting lithologies in the two settings, a hypothesis which is eminently testable
through targeted experiments.

Materials and Methods

Deformation Monitoring

Deformation monitoring at Oak Ridge for this study consists of two Trimble NetR9 GPS
receivers with Zephyr antennas bolted to large boulders spaced ~100 m apart along the
axis of the most active part of the slide (Figure 1A). GPS data are telemetered to and first
processed by Earthscope Consortium and then subsequently post-processed at the Nevada
Geodetic Laboratory (57). We use locations in the IGS14 reference frame, which we
convert to daily landslide displacement by removing horizontal plate tectonic motion in
the IGS14 reference frame by using data from a nearby permanent GPS station (P227)
installed on a stable slope on the same side of the actively creeping Calaveras fault as Oak
Ridge earthflow.
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Pore Pressure Monitoring

Our pore pressure measurements come from a grouted vibrating-wire piezometers (RST
Instruments, model VW2100-0.07) colocated with the OREO GPS antenna, at a depth of
2.5 m (Figure 1A). Piezometer accuracy is 0.07 kPa with a precision of 0.0175 kPa.
Piezometer readings, collected every 10 min, were corrected for changes in ground
temperature via a calibration from the manufacturer. The landslide failure planes at Oak
Ridge and Minor Creek are perennially saturated, however landslide motion at both
locations occurs only when the water table rises close to the ground surface and the entire
landslide body above the failure plane is also near saturation (39, 42). At Oak Ridge
earthflow, high temporal resolution monitoring of pore pressure and landslide motion
reveals that when the landslide body is near saturation, pore fluid pressure pulses travel to
the base of the ~ 8 m landslide nearly instantaneously, with no observable lag or
attenuation, and cause landslide acceleration within ~ 1 day of rainfall events (39). This
implies a relatively large hydraulic diffusivity of the slide mass and shear zone together (~
104 m?/s) and a well-connected hydrogeologic system, and indicates that piezometers at
intermediate depths in the landslide constrain the amplitude of pressure pulses that reach
the landslide shear zone. For this reason, we use pore pressure data for Oak Ridge
earthflow from a 2.5 m depth vibrating wire piezometer that correlates strongly with the
GPS-derived velocity (39). For Minor Creek we use the basal pore pressure record
inferred in (7) directly, which also comes from an intermediate depth piezometer.

Calculating the Ratio of Shear Stress to Effective Normal Stress, ﬁ

Because motion of the landslide occurs close to saturated conditions, we follow (7) and do
not attempt to model the accretion of a water table, but instead assume all changes in pore
fluid pressure at the landslide shear zone base are related to pulses of pore fluid pressure
that are generated at the landslide surface and propagate vertically (39). Accordingly, the
ratio of shear stress, 7, to effective normal stress, (o - P), at the base of Oak Ridge
earthflow (the left hand side of equation 2), is given by:

T Psatghsin @ (3)
(o-P) (psatgh cos 6—P)

where pg,; 1s the saturated density of the landslide, is the slope of the landslide failure
surface, h is the depth of the landslide, and P is pore fluid pressure in the landslide shear
zone.

We use the OREO GPS antenna (39) to calculate the 3D displacement and velocity for
Oak Ridge earthflow between 2016 and 2024. We experimented with different time
windows for calculating velocity from daily displacement, and ultimately settled on a
window of 11 days, which provides a compromise between the noise inherent in GPS
velocity obtained over shorter time intervals, and smoothing of the real temporal
variability of interest to this study over longer time intervals. Additionally, we discarded
velocity estimates where the estimated velocity was less than twice the standard error on
the velocity calculated over 11-days. We also discarded data points with either negative
velocities or negative pore pressures that reflect matric suction under conditions of low
moisture content when the piezometer is above the water table and the pore fluid pressure
is therefore poorly constrained (39). This condition only occurs during the summer when
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the landslide is not active (Fig. 2B,D,F,G). Finally, we discarded points where the pore
pressure changed substantially during the 11-day window over which velocity was
calculated, as a large change in pore pressure is not consistent with the steady-state
assumption in equation 2. We selected a cutoff of 1 kPa for an acceptable standard
deviation of pore pressure within the 11-day window. Figure 2B shows the relationship
between pore fluid pressure and velocity for the windowed data before and after the above
filtering exercise.

For each filtered velocity measurement, we then calculated the standard deviation of the
measured pore pressure within the 11-day window, which we propagated through the
calculation of equation 3 in order to place uncertainty bounds on reported values of (-P).
For Minor Creek we use measurements of displacement that were made 21 times over 3
years between 1982 and 1985 using wire line extensometers (42). Table S1 provides the
data required to calculate equation 3, along with pore pressure (Table S2, S3), for both
Minor Creek earthflow and Oak Ridge earthflow.
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Supplementary Materials

Minor Creek Earthflow (42) Oak Ridge Earthflow (38, 39, 46)
Slope Angle (6) 15° 16°
Depth (h) 6 m 8 m
Length ~800 m ~ 1400 m
Saturated Density (p.) | 2234 kg/ms 2344 kg/my

Table S1. Representative landslide data required to calculate equation 3.

Time (Yr)

2016.293
2016.3231
2017.1362
2017.1663
2017.1964
2017.2567
2017.3169
2017.347
2017.3771
2017.4073
2017.4374
2017.4675
2017.4976

Pore
Pressure
(Pa)

5506.1681
4074.8454
11763.439
10344.624
11563.612
12210.198
5288.3887
4532.8557
3598.1666
2782.3341
2166.8649
2094.6913
1641.2532

Standard Deviation 11-Day

of Pressure in 11-  Velocity

day window (Pa) (m/yr)
850.95265 0.24
140.70372 0.17
493.74124 1.99
686.35347 1.77
539.80861 1.23
657.07856 0.82
479.08435 0.81
330.44291 0.51
390.63147 0.35
137.07018 0.22
136.79925 0.09
110.46031 0.16
167.09028 0.09

Velocity Standard
Error (m/yr) from 11-
day velocity V.
regression 7 (Pa) o (Pa) (ml/yr)
0.07 50654 176650 0.365
0.03 50654 176650
0.17 50654 176650
0.07 50654 176650
0.04 50654 176650
0.11 50654 176650
0.05 50654 176650
0.05 50654 176650
0.04 50654 176650
0.04 50654 176650
0.04 50654 176650
0.05 50654 176650
0.03 50654 176650
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2017.5277
2017.5578
2017.588
2018.1903
2018.2505
2018.2806
2018.3107
2018.3409
2018.371
2018.4011
2019.1841
2019.2142
2019.2444
2019.3046
2019.3347
2019.3648
2019.3949
2019.4251
2019.4552
2019.4853
2020.0575
2020.0876
2020.2081
2020.2683
2020.2984
2020.3285
2020.3587
2020.5092
2023.0609
2023.091
2023.1211
2023.1513
2023.2115
2023.2416

1246.7787
903.89059
439.23392
9955.2118
9428.3844
6653.611
4385.4653
3112.7008
2675.7159
1793.9303
14114.085
14013.232
11950.3
4200.5036
3185.1506
3955.962
4458.327
3171.1955
2539.4832
1240.1119
6984.7482
5759.8627
6664.8487
7527.3116
5789.9162
4129.9124
3731.5104
695.0626
10116.18
8672.0601
9207.034
10591.415
10842.411
10102.199

170.13634
162.50742
134.17581
809.87089
646.19212
917.77125
793.36786
301.60347
310.89662
425.4448
708.4386
665.49006
936.71929
602.70801
284.45284
425.85893
276.85629
205.89278
309.75788
480.11571
408.15175
418.91593
357.24831
310.30553
649.28281
222.92302
193.23522
266.51976
616.17547
334.06437
875.5668
519.35012
333.2371
462.95184

0.12
0.13
0.07
0.22
0.08
0.33
0.14
0.1
0.14
0.14
3.7
2.34
1.84
0.87
0.61
0.38
0.43
0.34
0.22
0.17
0.17
0.13
0.13
0.33
0.17
0.08
0.09
0.17
0.81
0.51
0.35
0.33
1.69
1.98

0.03
0.04
0.03
0.03
0.04
0.04
0.03
0.04
0.02
0.03
0.1
0.05
0.05
0.06
0.05
0.05
0.04
0.06
0.02
0.05
0.04
0.03
0.05
0.04
0.05
0.03
0.04
0.04
0.09
0.05
0.04
0.07
0.04
0.04

50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654

176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
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619
620
621

2023.2717
2023.3018
2023.3621
2023.3922
2023.4223
2023.4524
2023.4853
2023.5154
2024.0684
2024.0986
2024.1287

2024.1588

9276.8537
8759.8326
3349.72
2463.141
1755.1309
1080.1784
464.10383
87.357556
8253.8141
8387.0751
8715.2651

8385.133

648.85229
547.15927
370.99109
238.08177
242.67502
284.48491
113.61663
116.19436
696.05004
712.1681
806.32901

340.92015

1.26
0.73
0.4
0.24
0.21
0.12
0.17
0.15
0.46
1.1
0.75

0.98

0.05

0.05

0.05

0.03

0.04

0.04

0.03

0.04

0.04

0.09

0.06

0.04

Table S2. Pore pressure and displacement data for Oak Ridge earthflow

Time (Yr) |Pressure Perturbation (Pa)|t (Pa)| o (Pa) |Velocity (m/yr)|V. (m/yr)
1982.7105 18439.6 33998|126880| 0.033841939 | 0.365
1983.0271 27477 1 33998(126880| 0.055933208
1983.0937 28631 33998(126880| 0.43773846
1983.2108 28467.6 33998|126880| 0.46744216
1983.2427 26538.1 33998(126880| 0.54421538
1983.3092 282141 33998(126880| 0.64263732
1983.3678 248171 33998(126880| 0.19805871
1983.4716 23982.6 33998(126880| 0.02581534
1983.7829 22268.2 33998|126880| 0.24106442
1983.8494 26504.4 33998|126880| 1.0373075
1983.8707 27090.8 33998|126880| 1.5661309
1983.9452 26749.3 33998|126880| 1.1720937
1984.049 27026.6 33998(126880| 0.80543877
1984.0783 28776.7 33998(126880| 0.89493192
1984.0969 28552.6 33998|126880| 1.5489207
1984.1129 28189.1 33998|126880| 1.4382835
1984.1342 27996.1 33998|126880| 1.118665

50654
50654
50654
50654
50654
50654
50654
50654
50654
50654
50654

50654

176650
176650
176650
176650
176650
176650
176650
176650
176650
176650
176650

176650
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622
623
624

625
626
627

1984.1608 28676.3 33998(126880| 2.8976151
1984.2433 28491.8 33998|126880| 2.7742891
1984.2805 28231.1 33998|126880| 2.9532755
1984.3231 28002.1 33998|126880| 2.6631443
1984.363 26226.4 33998|126880| 2.0941408
1984.3897 26313.1 33998(126880| 1.929697
1984.4269 25849.3 33998(126880| 0.12429611
1984.8208 26292 33998(126880| 0.13615068
1985.1747 27229.5 33998(126880| 0.33995791
1985.2306 26741.6 33998(126880| 0.57531338
1985.3051 25772.4 33998(126880| 0.082427951
1985.6856 20322 33998(126880| 0.042243297

Table S3. Pore pressure and displacement data for Minor Creek earthflow
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