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Abstract 

The Influence of Vadose Zone Dynamics on the Movement of 

Recurring Landslides 
 

Colleen R. Murphy 

When an initial landslide does not fully evacuate all the failed material, 

remaining deposits may be susceptible to recurring landsliding in the future. These 

types of consecutive landsliding systems present significant natural hazards and play 

an important role in landscape evolution, however they are difficult to incorporate 

into hazard assessments and geomorphic analyses because they violate a commonly 

held assumption of stationarity. Illuminating the dominant processes that control the 

behavior and triggering conditions of recurring landslides is critical for improving 

these assessments. 

Landslide movement in the simplest form occurs when the balance of shear 

stress driving material downslope exceeds the shear strength within a hillslope. In the 

regime of Coulomb friction, this can be articulated as:  

 𝜏 = (𝜎 − 𝑝)𝑡𝑎𝑛𝜑 + 𝑐  

Where 𝜏 is shear stress, 𝜎 is normal stress, 𝑝 is pore-water pressure, 𝜑 is friction 

angle, and 𝑐 is effective cohesion. For rainfall driven landslides, infiltration of 

rainwater into the subsurface increases pore-water pressure within the landslide body, 

thereby reducing effective normal stresses (𝜎 − 𝑝) and shifting the balance towards 

landslide movement. Field observations suggest that pore-water pressure rise (and 

consequently landslide deformation) is controlled by the details of how rainfall 
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infiltrates through the vadose zone, i.e., the unsaturated region below the ground 

surface and above the water table.  

In this dissertation, I present three studies combining field observations and 

numerical data to explore the influence of vadose zone processes on recurring 

landslides. In the first chapter, I synthesize field observations of a large, slow-moving 

landslide near San Jose, California, USA to explore how lithologically controlled 

weathering patterns influence earthflow hydrology and deformation. I find that the 

landslide has a thin weathered zone, comparable to other landslides in the same 

geologic formation, which results in a small amount of dynamic storage. I propose 

that this storage capacity constrains the possible range of stress within the landslide 

body and consequently limits landslide movement as excess water is shed via springs 

and saturation overland flow once the water table reaches the surface. In the second 

chapter, I use dynamically downscaled climate model projections to model variably 

saturated groundwater conditions over 150 years at this same landslide. Using field 

data from chapter 1, I link the groundwater water data to an empirical model of 

landslide movement to explore how multiyear precipitation variability will affect 

future landslide movement. I find that future increases in precipitation variability may 

lead to a decrease in slow-landslide movement in California, particularly in areas 

where the amount of possible recharge is precipitation limited. Declining landslide 

movement is due in part to greater precipitation intensity which diverts rainfall to 

runoff rather than recharge. Additionally, the impact of wet years on landslide 

movement is limited by storage constraints and the impact of dry years may 
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propagate forward for multiple years due to the importance of antecedent saturation 

state. Finally, in the third chapter, I use numerical experiments to investigate the 

dominant controls on the reactivation of coastal bluff landslides along Puget Sound, 

Washington, USA. I find that the changes in hydraulic conductivity and strength from 

root reinforcement have the greatest impact on the likelihood of landslide 

reactivation, followed by changes in the properties of the soil water retention curve. 

Collectively, these studies advance our understanding of vadose zone processes 

within landslides and the resulting effects on landslide movement. 
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Abstract 

The rate and timing of hydrologically forced landslides is a complex function 

of precipitation patterns, material properties, topography, and groundwater hydrology. 

In the simplest form, however, slopes fail when subsurface pore pressure grows large 

enough to exceed the Mohr-Coulomb failure criterion. The capacity for pore pressure 

rise in a landslide is determined in part by the thickness of the unsaturated zone above 

the water table, which itself is set by weathering patterns that should have predictable 

patterns across different lithologies. To investigate how this structure affects landslide 

behavior, we exploit a multi-year record of precipitation, pore pressure, and velocity 

from Oak Ridge earthflow, a slow-moving landslide set in Franciscan mélange, 

northern California, USA. In conjunction with electrical resistivity tomography and 

hydraulic conductivity measurements, these data show that Oak Ridge has a thin 

weathered profile that is comparable in thickness to other mélange landslides in 

California. We propose that due to the inherently thin vadose zone, mélange 

landscapes experience an unusually high water table that frequently brings them close 

to movement, however the capacity to increase stress is limited by the small amount 

of dynamic storage available. Instead, excess pore pressure is shed via springs and 

saturation overland flow once the water table reaches the surface. Linkages between 

weathering patterns, hydrology, and deformation can explain behavior patterns 

exhibited by Franciscan mélange earthflows across a large precipitation gradient.   
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1.1 Introduction 

Landslides vary in size, speed, and destructiveness over several orders of 

magnitude, ranging from rapid, catastrophic hillslope failures that can wipe out roads 

and towns instantaneously, to slow, persistent mass movements that last over decades 

or even centuries. The fatalities and property damage that can result from rapid 

landslides are well known (Fleming & Taylor, 1980; Froude & Petley, 2018). And 

while the consequences of slow, persistent landslides may not be readily obvious, 

they nevertheless have a suite of documented impacts ranging from progressive 

infrastructure damage (Bertolini et al., 2005; Mansour et al., 2011; Nappo et al., 

2019) to ecological effects (Beeson et al., 2018) to controls on sediment budgets and 

landscape evolution on geologic timescales (Kelsey, 1978; Mackey & Roering, 2011; 

Simoni et al., 2013). Identifying inherent mechanical or hydrological properties of a 

system that may impose bounds on landslide movement is valuable for forecasting 

changes in landslide behavior under a changing climate. 

 To that end, slow-moving landslides are particularly useful because they 

enable long-term monitoring that can provide insight into the processes governing 

movement. This broad category generally includes landslides that move from 

millimeters to meters per year (Hungr et al., 2014), although some classifications 

include landslides that move up to 100 m/year (Lacroix et al., 2020). They tend to be 

deep-seated (> 3 m thick; LaCroix et al., 2020) and move persistently or seasonally 

on the timescale of years to decades (e.g., Chambers et al., 2011; Corominas et al., 

2005; Handwerger et al., 2013; Iverson & Major, 1987; Malet et al., 2002; Schulz et 
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al., 2018; Schulz, McKenna, et al., 2009). Slow-moving landslides occur globally in 

regions with mechanically weak, clay-rich rocks or soil (Keefer & Johnson, 1983; 

Lacroix et al., 2020) and typically gentle slopes <20 degrees (Lacroix et al., 2020). 

Failure plane depth likely coincides with material transitions (e.g., weathering fronts 

or lithologic contacts) but a broadly applicable standard has not yet been determined. 

 Stress perturbations from many different sources can trigger movement in 

these landslides on timescales from minutes to hours. Documented sources of stress 

perturbations include earthquakes (e.g., Lacroix et al., 2015), undrained loading (e.g., 

Booth et al., 2018), and atmospheric pressure variations (e.g., Schulz, Kean, et al., 

2009). By far the most common driver of movement is groundwater pressure 

fluctuations resulting from infiltrating precipitation (Corominas et al., 2005; Iverson 

& Major, 1987; Malet et al., 2002). For this class of landslides, infiltrating rainfall or 

snowmelt events increase pore water pressure and consequently reduce the effective 

normal stresses, thereby reducing Coulomb friction (Iverson, 2000; Terzaghi, 1943). 

Changes in pore water pressure in both space (e.g., Perkins et al., 2017; Reid & 

Iverson, 1992) and time (e.g., Iverson, 2000; Reid, 1994) control movement. 

 Observations of pore water pressure changes in response to rainfall at 

numerous slow-moving landslides suggest that vadose zone processes (Berti & 

Simoni, 2010; Bogaard & van Asch, 2002; Malet et al., 2005), including fracture flow 

(Krzeminska et al., 2013), are a critical component to routing water in this system. 

These vadose zone processes in turn are mediated by properties of the layered soil, 

weathered rock, and fresh bedrock (and the transitions between these layers) in which 
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they occur (Montgomery et al., 1997; Onda et al., 2004; Salve et al., 2012). Patterns 

of this weathered profile should be predictable at the landscape level based on 

knowledge of lithology, climate, and tectonic history (Riebe et al., 2017). By 

extension, predictable patterns of weathering should lead to predictable patterns of 

landslide behavior within a given lithology via the imposed hydrologic controls.  

 Analyses of slow-moving landslide inventories in California and Italy support 

this hypothesis. Landslide velocities in the Eel River catchment, northern California 

Coast Ranges reached historic lows during the 2012-2015 drought (Bennett et al., 

2016a) but saw widespread acceleration due to extreme rainfall in 2017 (Handwerger, 

Fielding, et al., 2019a). These landslides are primarily seated in Franciscan mélange, 

a tectonically generated block-in-matrix formation characterized by pervasively 

sheared, fine-grained, and clay-rich matrix material with interspersed blocks of more 

competent material. Zooming in to a sub-annual scale, analysis of InSAR time series 

for a subset of 10 of these landslides reveals that they all respond within 40 days to 

the onset of seasonal rainfall (Handwerger et al., 2013). In Italy, a landslide inventory 

from the Northern Appenines reveals striking differences in landslide form and 

kinematic behavior when comparing landslides derived from pelitic flysch and those 

found in chaotic clay shales with block-in-matrix fabric, yet within each lithology the 

landslides behave very similarly to each other (Bayer et al., 2018). 

 These regional scale studies broadly illustrate trends in landslide behavior 

associated with different lithologies, but they lack the detailed field measurements 

necessary to illuminate processes that may be at play. Complementing these analyses, 
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we present here a case study of a large earthflow in the California Coast Ranges and 

analyze relationships between precipitation, pore-fluid response, and displacement to 

document how hydrologic constraints on the system affect landslide movement. We 

discuss implications of our findings for understanding earthflow behavior across a 

precipitation gradient in California and the potential for this work to be extended in 

concert with new advances in bedrock critical zone science. 

1.1.1 Oak Ridge Earthflow Study Locale 

Slow-moving landslides occur in a wide variety of climates and rock types 

around the world, ranging from shales in Japan to gneiss in the Italian Alps to 

accretionary prism mélange in the California Coast Ranges (Keefer & Johnson, 1983; 

Lacroix et al., 2020). Importantly, while these locales may seem disparate, they all 

share a common thread of weak and/or altered rocks that are characteristic of slow 

movement. Typically there are also significant clay layers present in the formation 

that cause water retention through a bathtub effect (Baum & Reid, 2000; Nereson et 

al., 2018) and provide a discrete failure surface over which the slow landslide can 

move through frictional sliding (Keefer & Johnson, 1983).  

 Earthflows, a common form of slow-moving landslides in California, 

frequently occur in the Franciscan mélange, a subset of the broader Franciscan 

Complex that formed in a subduction zone off the North American plate during the 

Mesozoic and early Cenozoic eras (Wakabayashi, 1992). The Franciscan mélange 

lacks coherent bedding and instead exhibits scale-independent block-in-matrix fabric 

characterized by a fine-grained deformed matrix interspersed with blocks of variably-
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sized, competent rock such as sandstone, schist, serpentine, and chert (Medley, 2001). 

Within the Franciscan Complex, mélange terranes are often interspersed with more 

coherent terranes of sedimentary rocks (sandstone at our study site) or occasionally 

basalt (Rubin, 2002). Although they are often lumped together on geologic maps for 

simplicity, it is important to both distinguish mélange units from other coherent 

terranes in the Franciscan Complex and in many cases to distinguish the mélange 

matrix itself from the some of the larger coherent blocks it may contain due to the 

different material properties. In these mapping efforts, the fine-grained, mechanically 

weak nature of mélange means that it can sometimes be difficult to distinguish from 

colluvial soils (Wakabayashi & Medley, 2004). However, weathered mélange 

bedrock can be distinguished from colluvial soils by its well-defined matrix foliation 

and the fact that it does not have a base (Wakabayashi & Medley, 2004). The clay-

rich and pervasively sheared nature of the mélange matrix leads to a low shear 

strength (friction angle (Φ) = 12–14°) (Nereson & Finnegan, 2018; Roadifer et al., 

2009) and a general mechanical weakness that is associated with the development of 

earthflows.  

 Our study site, Oak Ridge earthflow, is a large, seasonally active, earthflow 

located in the northern Diablo Range approximately 20 km northeast of San Jose, 

California, U.S.A. (Fig. 1.1). The Diablo Range is a subset of the California Coast 

Ranges that broadly marks the border between the eastern side of the Franciscan 

Complex and the western side of the Great Valley Sequence, a group of late Jurassic 

to Cenozoic deep-marine sedimentary formations. Locally, geology at Oak Ridge 
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consists of Mesozoic-early Cenozoic Franciscan Complex rocks (Rubin, 2002). 

Alternating bands of sandstone and highly sheared, clay-rich mélange comprise the 

bedrock foundation beneath the earthflow; the landslide body itself is dominated by 

mélange (Fig. 1.1c). Mélange, both in the body of the landslide and on the 

surrounding stable slopes, contains fragments of sandstone, chert, greenstone, and 

blueschist ranging in size from pebbles to large boulders which contribute to a 

characteristic hummocky topography. Soil cover on the mélange is very thin (~10 

cm), hence the subsurface critical zone processes discussed in this paper are primarily 

relevant to the seasonally unsaturated weathered rock above the water table which can 

hold large reserves of rock moisture (Rempe & Dietrich, 2018).   

 Oak Ridge earthflow spans 1.8 km in length (area = 0.35 km2) along a south-

facing slope of Oak Ridge with 600 m of relief and an average slope of 17°. Between 

1937 and 2017, Oak Ridge earthflow moved >275 m in the fastest part of the 

landslide (Nereson & Finnegan, 2018). For a detailed description of the morphology 

and kinematic zones, see Nereson & Finnegan (2018). Aside from a single man-made 

cattle pond and periodic livestock grazing, the area is undisturbed by development. 

 Oak Ridge receives rain and occasional snow mostly between October and 

April, which is typical for the Mediterranean climate. Average annual rainfall is 52.7 

cm (PRISM Climate Group, 2014). Vegetation is dominated by deciduous oak 

savanna-woodland, grading from predominantly grass cover at the top of the 

earthflow to denser oak woodland at the toe. 
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Figure 1.1 | (a) Geologic units in California containing Franciscan mélange (Jennings et al., 

1977). Locations of Oak Ridge and three other monitoring sites discussed in this paper – two 

earthflows (Minor Creek and Two Towers) and one ecohydrology study site (Sagehorn) – are 

also mapped. Inset map shows extent of 1a and 1b within California. Red star in inset shows 

approximate location of Oak Ridge. Scalebar in 1b also applies here. (b) Average annual 

precipitation for a thirty-year period from PRISM Climate Group (2014) divided by quantiles. 

(c) Hillshade map of Oak Ridge Earthflow derived from lidar. Bedrock units after (Dibblee, 

2006) and (Graymer et al., 2006). Extent of figure 1d shown in blue. (d) Location of 

monitoring equipment. Piezometers are identified by depth and GPS stations by name. 

 
1.2 Methods 

1.2.1 Electrical Resistivity 

We conducted two electrical resistivity surveys on a cross-section of the 

landslide, first in June 2018 and then again in November 2018 when we reoccupied 

the same line. The utility of electrical resistivity to examine the geological structures 

of landslides and determine groundwater interfaces has long been established (Dahlin, 

2001; Perrone et al., 2014). A SuperSting R8 system (Advanced Geosciences Inc. 
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[AGI], Austin, TX, USA) was used for a survey line that spanned approximately 90 

meters (marked in blue on Fig. 1.1d) and used 45 electrodes spaced two meters apart. 

Each electrode was pinned to the underlying sediment with a 35-cm stainless steel 

spike. In an effort to minimize known potential errors (Zhou & Dahlin, 2003), each 

electrode was tested to ensure a good and consistent connection to the ground. For 

each survey date, we repeated surveys to acquire data in both dipole-dipole and 

Schlumberger configurations. Apparent resistivity values were calculated based on 

the known value of current injected and the measured value of voltage at each 

electrode. We then inverted the results to obtain electrical resistivity tomography. 

During data processing, we used a topographic profile derived from 3-meter 

resolution LiDAR to account for influences from variable topography. 

1.2.2 Hydraulic Conductivity 

Between November 2018 and September 2019, we measured field-saturated 

hydraulic conductivity in 14 augered boreholes on the earthflow and 6 off the 

earthflow using the Model 2800K1 Guelph Permeameter, a constant head device 

available from Soilmoisture Equipment Corp. Boreholes were augered by hand to 

depths ranging between 27 and 64 centimeters. The average depth on the earthflow 

was 46 cm and the average depth off the earthflow was 39 cm. All boreholes were 

augered using the 3-in. diameter auger included in the Guelph permeameter kit and 

then roughened using the brush attachment to minimize the effects of any smear 

layers created during the process of augering. Because soil horizons are thin to 

nonexistent on the landslide body, we consider the measurements on the earthflow 
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representative of the weathered mélange bedrock. In contrast, the measurements made 

off the earthflow represent true soil overlying sandstone blocks. Borehole locations 

and depths are available in Figure 1.9 and Table 1.1 respectively. 

 All calculations of field-saturated hydraulic conductivity, Kfs, were done using 

the single-head method outlined by Elrick & Reynolds (1992)with the constant 𝜶 

(dependent on soil properties) set at 0.12. When measurements of a steady-state flow 

rate were achieved for two different head values in the same borehole and at the same 

depth, we calculated Kfs for each head value and averaged the results together per the 

manufacturer’s directions. 

1.2.3 Rainfall 

We have measured rainfall, temperature, relative humidity, and barometric 

pressure at Oak Ridge from 27 January 2016 to the present using a Hobo Micro 

Station Data Logger and sensors manufactured by Onset Corporation. Data reported 

here cover the period from 27 January 2016 through 12 June 2020. The logger and 

sensors were mounted on a metal pole planted in stable ground adjacent to the 

earthflow (Figure 1.1d). All weather data is recorded in 10-minute intervals. The rain 

gauge operates with a tipping bucket mechanism that sums rainfall in 2-mm 

increments over the 10-minute interval. 

1.2.4 Pore-water Pressure 

We installed four non-vented vibrating-wire piezometers (RST Instruments, 

model VW2100-0.07) on the earthflow to measure pore-water pressure at depths 

ranging from 1.25 m to 4.2 m below the ground surface (see locations in Figure 1.1d). 
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Model VW2100-0.07 piezometers are accurate between 70 kPa and 0.07 kPa with a 

precision of 0.0175 kPa. To install piezometers, we hand-augered boreholes that were 

later backfilled with a slurry of water, cement, and bentonite (weight ratio 2.49 : 1: 

0.41)  following the “fully-grouted” method encouraged for vibrating wire 

piezometers (Contreras et al., 2012). Piezometer readings are taken every 10 minutes 

and corrected for changes in ground temperature and atmospheric pressure using a 

linear calibration provided by the manufacturer for each sensor. 

 During the dry summer, piezometer readings typically either drop far below 

atmospheric pressure or abruptly revert to zero and maintain that reading until winter 

when the water table rises above the piezometer depth again. We interpret very 

negative readings to represent suction under low moisture conditions when the 

piezometer is far above the water table. When readings abruptly revert to zero, we 

assume that the pore spaces around the piezometer have equilibrated to atmospheric 

pressure as a result of the fracture network that forms due to desiccation during the 

drying period as the water table drops below the piezometer.  

1.2.5 Landslide Displacement 

To record earthflow displacement, we installed three continuous GPS stations 

that use Trimble NetR9 receivers and a Trimble GNSS Zephyr antenna. Data are 

telemetered directly from Oak Ridge to UNAVCO, and then are post-processed with 

corrected satellite positions at the geodetic laboratory at University of Nevada Reno 

(Blewitt et al., 2018). Positions are calculated in the North American (NA) terrestrial 

reference frame which typically has a precision of 1 mm, 0.9 mm, and 3.4 mm in the 



 13 

north, east, and vertical components respectively. Data reported here come from the 

middle GPS station (OREO), which has operated continuously from 26 January 2016 

to present. See Nereson (2018) for the steps to derive tectonically-corrected positions 

in the direction of earthflow motion from the UNR data. GPS-derived velocities were 

calculated over 11-day windows to balance temporal resolution with velocity 

uncertainty (which increases as the time window gets smaller). 

1.2.6 Springs 

We mapped the locations and extents of springs, marshes, ponds, and any 

associated ephemeral streams on 19 February 2019 on the upper half of the landslide. 

Springs here refer to a source where flowing water transitions from underground to 

overland flow. We define marshes as areas of soggy ground that have standing water 

up to a few inches deep which may be disconnected by topographic heterogeneities or 

vegetation, and ponds as standing water a few inches to several feet deep formed in 

natural topographic depressions. Most of these hydrologic features are ephemeral and 

are observed only in the wet season after Oak Ridge has received sufficient 

precipitation, however a few persist throughout the year, including a prominent 

perennial wetland in the center of the landslide transport zone. 

 We also measured discharge at all springs with sufficient flow on 19 February 

2019 by recording the cross-sectional area of the associated stream and estimating 

velocity with a float tracer and a stopwatch. On 15 March 2019, we returned and 

measured discharge at any springs still flowing by recording the volume of water 

accumulated in a bucket over a set time interval where topography allowed, and by 
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measuring cross sectional area and flow velocity in other locations. On 4 September 

2019, we were unable to measure flow at any of the springs due to the dry conditions. 

1.3 Results 

1.3.1 Electrical Resistivity 
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Figure 1.2 Results of the June 2018 (a) and November 2018 (b) electrical resistivity surveys 

and the difference between the two (c). Units are Ohm-m. We have capped the scalebar here 

at 100 Ohm-m to highlight the contrast between mélange and sandstone. Cross-section runs 

east to west, looking downslope and to the south on Oak Ridge earthflow. Location marked in 

Fig. 1.1d. 

 

We measured remarkably similar resistances during the June and November 

electrical resistivity surveys (Fig. 1.2). In both cases, we see higher resistivities on the 

western half of the line (~100 Ohm-m) and resistivities one order of magnitude lower 

(~10 Ohm-m) on the eastern half starting at 56 meters along the cross section, which 

corresponds exactly to the western boundary of the landslide (identified by a seasonal 

strike-slip fault that forms at the base of the lateral levee during winter when landslide 

velocity is greatest). These numbers align with typical expected values for sandstones 

and shales/clays respectively (Palacky, 1987). Surface mapping indicates that the 

local geology consists of sandstone to the west of the landslide levee and that the 

active landslide body to the east of the levee is predominantly mélange (Fig. 1.1c). 

Between 0 and 55 meters along the survey line, we also observe a vertical transition 

to high resistivities occurring at about 10 meters below the surface. Higher resistivity 

sections at 45 m and 10 m along the survey line correspond to meta-sedimentary 

blocks embedded in the mélange.  

 Differencing the June and November surveys (Fig. 1.2c) confirms that there 

was little resistivity change despite the roughly 30 kPa drop in pore-fluid pressure 

measured during the 5-month interval (Fig. 1.4a). The changes that were measured 

occur mostly on the western side of the cross section (outside the landslide boundary) 

and are heterogeneous in sign and location. Results from both the Schlumberger and 
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dipole-dipole nodal configurations were similar, so for the sake of brevity only the 

Schlumberger results are presented here; dipole-dipole results are shown in Figure 

1.10. 

 Our interpretation of the electrical resistivity tomography (Fig. 1.2) and 

geologic surface mapping (Fig. 1.1c) together suggests that the body of Oak Ridge 

earthflow is predominantly mélange, bounded laterally and possibly basally by 

sandstone. Although resistivity can be influenced by a range of factors beyond 

lithology (e.g., water content, fluid chemistry, or porosity), pore-fluid pressures 

dropped by roughly 30 kPa between the two surveys and we measured less than seven 

millimeters of rain, yet ERT did not display a decline in resistivity that we would 

expect due to lower water content. There is also little reason to expect dramatic 

differences in fluid chemistry across the transect, hence the striking similarity 

between the June and November ERT measurements lends credence to our 

interpretation that observed resistivity contrasts delineate lithologic contacts. 

Additionally, the drop in resistivity values from ~100 Ohm-m to ~ 10 Ohm-m occurs 

exactly at the mapped surface contact between the mélange-rich landslide body and 

the sandstone-rich levee on our survey transect (Fig. 1.2). This contrast appears to 

extend at an angle down into the subsurface to about 10 meters depth before leveling 

off and continuing horizontally to the east. We tentatively interpret this to be the base 

of the landslide (marked by the dashed line in Fig. 1.2). While this interpretation is 

not well-constrained, the slip surface must be deeper than 4.2 meters because we have 

a piezometer installed to that depth that has not been damaged by landslide 
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movement. Additionally, if we apply the scaling relationship developed by 

Handwerger et al. (2013) for earthflow thickness in the Eel River catchment, we 

predict that the basal depth of Oak Ridge earthflow should be deeper, ~19 m. This is 

calculated using the relationship 𝐷 = 𝛼𝐴𝛾, where D is earthflow depth, A is earthflow 

planform area (0.35 km2), α = 0.46, γ = 0.29, and the r2 value of the relationship is 

0.45. These constraints give us feasible upper and lower bounds on the possible 

landslide thickness. 

 The current transport zone is bounded on either side by raised sandstone 

outcrops which the landslide body seems to be funneling between. It is likely that the 

landslide originated in a band of mélange (the current source area) and began 

translating downslope over the adjacent band of sandstone, preventing it from 

laterally spreading until it reaches the 

relatively less confined valley bottom. 

1.3.2 Hydraulic Conductivity 

The geometric mean of the field-

saturated hydraulic conductivity on the active 

earthflow (7.1 x 10-8 m/s, n=13) is 

significantly lower than on the adjacent stable 

slopes (1.7 x 10-6 m/s, n=6) (Fig. 1.3). The 

former is typical for silty soils and the latter 

for silty to clean sand (Freeze & Cherry, 

1979).  

Figure 1.3 | Field-saturated hydraulic 

conductivity is lower on the active 

earthflow (left) than on the surrounding 

stable slopes (right) when measured by 

Guelph permeameter. 
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 We successfully measured hydraulic conductivity in 13 of the 14 boreholes on 

the earthflow. Data from the unsuccessful borehole, P4, were discarded because the 

water level rose steadily over the 1-hr observation period. Complete results including 

hydraulic conductivity values, depths, and imposed heads are listed in Table 1.1. 

Overall, lower head values tended to produce lower hydraulic conductivities. When 

possible, we account for this difference by following the standard method of 

averaging together the hydraulic conductivity values determined by each head 

measurement to get a final representative conductivity value for the borehole. The 

fastest measured Kfs on the earthflow was 1.3 x 10-5 m/s, which was anomalously 

high when compared to the other measurements. We attribute this unusually high 

conductivity to the presence of a sandy lens we encountered while augering. The 

lowest hydraulic conductivity was 7.5 x 10-9 m/s.  
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Figure 1.4 | Time series monitoring data from Oak Ridge earthflow. (a) Daily rainfall record 

and pore-fluid pressures from the four piezometers. (b) Instances where the three 1.25 m, 2.5 

m, and 4.2 m piezometers (all located in cluster in the center of the earthflow, Fig. 1.1d) 

measured 0 kPa indicating the presence of the water table. Arrows indicate whether the water 

table was rising or falling at the time. (c) Velocity computed over an 11-day window from the 

middle GPS station (OREO). Location shown in Fig. 1.1d. (d) Cumulative precipitation and 

displacement over the monitoring period. Velocity, pore-fluid pressure, and rainfall data 

previously published in (Finnegan et al., 2021a). 
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1.3.3 Rainfall 

Average annual rainfall measured on-site during the monitoring period was 

640 mm, slightly higher than the 572 mm average calculated by the PRISM Climate 

Group for 1981–2010. Total water-year (October 1 – September 30) rainfall was 666 

mm for 2016, 845 mm for 2017, 520 mm for 2018, 743 mm for 2019, and 427 mm 

for 2020. Cumulatively, Oak Ridge received 2,777 mm of rain during the monitoring 

period (Fig. 1.4). 

1.3.4 Pore-water Pressure 

Piezometers indicate that the pore-fluid pressures in our monitoring location 

roughly fluctuate between 25 kPa and -25 kPa (Fig. 1.4a). Pore pressure response to 

storms is minimal until a few weeks after the start of seasonal rainfall at which point 

there is an abrupt ~ 10 kPa rise in pressure and piezometers start to show 1–2 kPa 

pressure fluctuations in response to individual storms. 1D variably saturated flow 

modeling reveals that the abrupt seasonal increase in pressure occurs due to a rapid 

rise of the water table from the downward advection of a seasonal wetting front (see 

Finnegan et al. (2021) for a more thorough discussion of the early season infiltration 

dynamics).   

 The piezometer at 1.25 m depth recorded positive pore-fluid pressures for 

about 5 months in 2019 (January through June) and 2 months in 2020 (April through 

June) indicating the presence of an apparent water table above this depth at those 

times. The 2.5 m piezometer generally becomes unsaturated somewhere between June 

and September and remains dry through December or January. Figure 1.4b plots 
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times when the 1.25 m, 2.5 m. and 4.2 m piezometers measured zero kPa, indicating 

times when the water table was at that depth. From this we can see a rough 

approximation of the water table rise and fall throughout the year. Assuming 

hydrostatic conditions and averaging all pore-fluid pressure measurements over all 

the monitoring years, we find that the average apparent water table at Oak Ridge is 

roughly two meters beneath the surface at our monitoring location. Hydrostatic 

conditions are almost certainly a poor assumption because there are strong vertical 

hydraulic gradients that complicate the relationship between measured pore-fluid 

pressure and the actual water table location (Finnegan et al., 2021). However, this 

calculation gives us a rough approximation of the apparent hydrologic conditions. 

Taken together, the piezometric data indicate that Oak Ridge earthflow is frequently 

close to saturation during winter months. 

1.3.5 Landslide Displacement 

Displacement at Oak Ridge occurs exclusively during the wet season, slowing 

to zero during the dry summer months (Fig. 1.4c). Winter velocities are typically a 

few millimeters per day, reaching a peak of one cm/day during winter 2019 (the 

second wettest year in our monitoring record). The landslide moved 1.13 meters 

between 2016 and 2020 at the OREO GPS station, with the majority of movement 

occurring in 2017 and 2019 (Fig. 1.4d). 

 The seasonal onset of landslide motion coincides with the abrupt rise in pore-

fluid pressure discussed above that occurs a few weeks after the first rains of the year 

(Fig. 1.4). Once the landslide is near saturation, it is very responsive to pore-pressure 
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fluctuations and acceleration usually happens within about a day of a rainfall event 

(Finnegan et al. 2021).  

 Figure 1.5 summarizes the relationship between landslide velocity and pore-

fluid pressure as measured at each of the four piezometers. There is variation among 

the piezometers, but the relationship is clearly non-linear with a distinct pore-fluid 

pressure threshold required for motion to begin and an apparent cap which the 

pressure never exceeds despite increasing velocities. Although Figure 1.5 suggests 

more pressure rise is possible at each piezometer, it is important to keep in mind that 

the line indicating the ground-surface assumes hydrostatic conditions; the fact that 

there is strong vertical infiltration at Oak Ridge (Finnegan et al., 2021) means that 

this hydrostatic assumption almost certainly overestimates the water table height. 

Hence, it is likely the cap in pore pressure is much closer to the maximum pressure 

attained at each piezometer than is apparent from Figure 1.5. Additionally, 

hummocky earthflow topography can prevent the water table from perfectly 

mimicking the landslide surface (Iverson & Major, 1987), and slope-parallel channels 

on either side of our piezometers may cause lateral drainage that also influences the 

maximum achievable water table height. Notably, all the movement also happens in a 

very small range of pore pressures (approximately 10 kPa of change can shift the 

balance from no motion to motion) indicating that landslide motion is quite sensitive 

to small pore-fluid pressure fluctuations. 
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Figure 1.5 | 11-day averaged velocities of Oak Ridge earthflow plotted against median pore-

fluid pressure at each piezometer for the same period. Data is color coded by water year (Oct. 

1 – Sept. 30). Dashed vertical lines show the amount of pore-fluid pressure representing 

complete saturation between the sensor and the ground surface at each location assuming 

hydrostatic conditions. Note that x-axes are scaled to the range of pore-fluid pressures typical 

for each piezometer. The 2.7 m and 2.5 meter piezometers were offline from 12 December 

2018 – 4 April 2019 and 20 December 2018 – 15 March 2019 respectively due to dead 

batteries, hence they did not record pore-fluid pressure during the high velocity periods of 

winter 2019. 

 

1.3.6 Springs 

During the winter months, Oak Ridge earthflow overflows with abundant 

springs, ponds, and wetlands (Fig. 1.6). The spring discharge decreases as pore-fluid 

pressures decrease following storms and there is usually no measurable discharge 

during the dry season (Fig. 1.6d), although some of the wetlands are perennial and do 

persist through the summer. These hydrologic features are concentrated in the active 
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part of the earthflow (Fig. 1.6e) and are rarely present outside of the landslide 

boundaries. 

 We recorded an average discharge of 2.36 x 10-2 m3/s from the springs on 19 

February 2019, and 2.40 x 10-3 m3/s on 15 March 2019. When we sum the February 

discharge over a day and divide by the mapped area of the landslide (~247,000 m2, 

Fig. 1.6f) we can compare magnitudes to typical rainfall amounts. Prior to 19 

February (on which no rainfall was recorded), there were seven consecutive days of 

rainfall that totaled 74.3 mm. In comparison, the area-normalized spring discharge on 

19 February was ~10 mm, or roughly equivalent to the average daily rainfall rate for 

the preceding week of moderate rainfall. This observation implies that when the 

landslide is near saturation, the flux of water discharged via springs is comparable to 

the flux of rainwater that is available to be infiltrated.  
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Figure 1.6 | During the rainy season Oak Ridge earthflow hosts abundant ponds and springs 

(a and b). These disappear during the hot, dry summer with exception of a few perennial 

wetlands (c). Spring discharge generally decreases as pore pressure decreases (d and e). Data 

from the 4.2 meter piezometer shown here. (f) Locations of springs, streams, and other 

hydrologic features mapped on the earthflow. Piezometer location marked by yellow circle. 

All hydrologic features mapped here are natural, with the exception of a man-made cattle 

pond which was built up in a natural topographic depression and is unlined, so the water 

levels reflect the general conditions of the landslide water table. 
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1.4 Discussion 

Field data from Oak Ridge earthflow indicate the landslide is quite sensitive to 

precipitation inputs after it reaches a sufficient saturation threshold, generally 

responding within a day to rainfall events (Finnegan et al., 2021). We observed a 

clear non-linear relationship between measured pore-fluid pressure and landslide 

velocity (Fig. 1.5). We see a distinct pore pressure threshold in this relationship that 

must be reached for motion to begin and an apparent cap on the system setting a 

maximum pore pressure that can be achieved.  Similar tight and nonlinear coupling 

between piezometric records and landslide displacement has been observed at slow-

moving landslides in Spain and France (Corominas et al., 2005; Malet et al., 2002). 

At Oak Ridge, the fastest and slowest recorded velocities correspond with only a 10 

kPa pressure difference. 

 Through our field monitoring, we also found that the water table within Oak 

Ridge earthflow remains within a few meters of the surface year-round and that 

during the wettest times of the year it is shallower than ~1 m from surface. When the 

water table approaches the surface, excess water is shed via springs (and likely 

saturation overland flow, although we did not directly observe this). Hydraulic 

conductivity in the mélange matrix material that dominates the landslide body is 

fairly low, ~10-8 m/s. In contrast, the sandstone outcrops and soils bounding the 

landslide have no observed springs and the soils have an order of magnitude higher 

hydraulic conductivity. We have never been able to auger to the water table despite 
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augering during the wettest times of the year down to 4 meters (the depth of our 

deepest piezometer on the earthflow) at the same elevation as the landslide body. 

 Taken together, these observations paint a picture of a clay-rich, frequently 

saturated, poorly draining landslide teetering back and forth just on the brink of 

movement for roughly half the year. Although we do not know precisely the 

processes that start or stop movement of the landslide, the apparent cap on possible 

pore pressures and the contrasting hydrologic behavior of the mélange and the 

sandstone suggest that material-specific hydrologic and mechanical properties may 

play an important role.  

 Stepping back, in the simplest form, hillslope stability will depend on the 

balance between destabilizing slope-parallel shear stresses and stabilizing slope-

normal stresses. For landslides that are forced hydrologically (as opposed to 

seismically, e.g., (Jibson, 2007), the balance shifts toward slope movement when pore 

pressures increase, lowering the effective normal stress. This stress balance is 

commonly modeled through the Mohr-Coulomb equation (Terzaghi, 1943): 

 

 𝜏 = (𝜎 − 𝑝)𝑡𝑎𝑛𝜑 + 𝑐 (1) 

 

Where 𝜏 is shear stress, 𝜎 is normal stress, 𝑝 is pore pressure, 𝜑 is friction angle, and 

𝑐 is effective cohesion. Superficially, this simple link between pore pressure and 

effective normal stress is well understood, yet the details of how exactly this 

relationship manifests, and what velocity patterns will result once movement occurs, 
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remain elusive. We can divide the problem into two different stages: 1) How does 

driving stress increase relative to shear strength (i.e. the relationship between 

precipitation and subsurface pore-fluid pressure), and 2) How will the landslide move 

in response to changing pore-fluid pressure (i.e. the relationship between stress and 

strain)?  

 In the following sections, we use our case study at Oak Ridge earthflow to 

explore how the material-specific hydrologic properties impact the these two 

questions. We explore how lithologically-controlled weathering patterns mediate the 

relationship between precipitation and subsurface pore pressure in landslides and the 

implications of this relationship for landslide movement in response to weather 

patterns across California. We also briefly summarize some of the existing work on 

the relationship between stress and strain in landslides and discuss how Oak Ridge 

can provide insight into this complicated problem. 

1.4.1 Weathering, Pore-fluid Pressure, and Stress 

A geomorphologist’s conceptual model for a hillslope consists of regolith 

(rock weathered to any degree) above unweathered bedrock. The regolith layer can be 

further divided into a top layer of mobile regoglith (soil) underlain by immobile 

regolith, consisting of saprolite and weathered rock. Saprolite is a specific category of 

weathered rock that has been broken up to the point that it can be dug through with a 

shovel but still retains the original rock structure (Anderson & Anderson, 2010). 

Within these layers, the variably saturated (vadose) zone generally extends through 

the soil mantle and the weathered bedrock, meeting the groundwater table at the top 
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of fresh, unweathered bedrock, where reduced porosity and hydraulic conductivity 

significantly slow drainage. Seasonal fluctuations and water table rises typically 

occur within the weathered zone (Lebedeva & Brantley, 2013; Pedrazas et al., 2021; 

Rempe & Dietrich, 2014). (Notably, although the increase in conductivity with 

weathering is generally true in sedimentary and metamorphic settings, the opposite 

may actually be true in volcanic settings, where extremely high initial conductivity 

often decreases as rock weathers because the primary minerals turn into clays (e.g., 

Schopka & Derry, 2012). Recent research shows that there are predictable, 

lithologically controlled bedrock weathering patterns across landscapes (Riebe et al., 

2017). Considerable research efforts have been directed towards quantifying these 

patterns in recent years, particularly as part of the U.S.-based, NSF-funded Critical 

Zone Observatories program and its successor the Critical Zone Collaborative 

Network (Callahan et al., 2020; Flinchum et al., 2018; Hahm et al., 2019; Holbrook et 

al., 2014; Leone et al., 2020; Moravec et al., 2020; Pedrazas et al., 2021).  

As part of this effort to quantify critical zone processes, Hahm et al. (2019) 

documented a thin weathered zone in the Franciscan mélange at Sagehorn-Russell 

Ranch (“Sagehorn”) in the Northern California Coast Ranges (location mapped in 

Fig. 1.1a). Through hydrological monitoring and material characterization of 

recovered cores, they found that the weathered zone of the argillite-matrix mélange 

extends ~ 3 m into the subsurface. Below this lies clay-rich, unweathered mélange 

matrix which essentially cannot drain due to its low permeability. This thin weathered 

zone limits storage capacity and causes excess rain to be shed via shallow storm and 
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saturation overland flow. In contrast to the mélange matrix, Hahm et al. (2019) 

document a deep weathered zone of ~30 m at the ridge of a nearby site (Angelo Coast 

Range Reserve) underlain by argillite and sandstone in a similar climate. This deeply 

weathered profile allows ample storage. Although it is unclear exactly what 

determines the depth of weathering in these two landscapes, it is clear that the two 

different lithologies have substanstial differences in subsurface structure that manifest 

in dramatically different hydrologic regimes. The water table at Sagehorn typically 

resides two to four meters below the ground surface, which is strikingly similar to 

what we see at Oak Ridge and what has been observed at the Minor Creek (Iverson & 

Major, 1987a) and Two Towers (Schulz et al., 2018) earthflows, both also located in 

Franciscan mélange (locations mapped in Fig. 1.1a).  

The limited storage capacity that results from a thin weathered zone has 

important implications for the ability of hydrologically-forced landslides in the 

Franciscan mélange to increase stress. As precipitation infiltrates into the subsurface, 

there is a finite amount of space that can be filled above the initial water table (i.e. the 

unsaturated zone), beyond which excess water will spill out as springs and saturation 

overland flow. Because the pore pressure acting on the failure plane is directly linked 

to the height of the water table above the failure surface (e.g., Finnegan et al., 2021), 

the range of possible stresses will depend on the amount of water that can build up 

above the failure plane and may or may not be enough to instigate landslide 

movement. An exception to this would be the occasional case of undrained loading, 

e.g. a debris flow occurring on top of an existing landslide (Booth et al., 2018). 
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This framework suggests that the mechanics of landslide movement are 

fundamentally mediated by weathering patterns because the pore pressure that can 

build up on a failure plane is linked to the thickness of the unsaturated zone. At Oak 

Ridge and similar sites in the Franciscan mélange (e.g., Minor Creek and Two 

Towers earthflows), the thin weathered zone (~ 3 m) that develops above low 

permeability, undrained bedrock means that the height of the water table is significant 

relative to landslide depth (which is > 3 m for most slow-moving landslides, LaCroix 

et al., 2020) and hence the landslide body may saturate after relatively little rainfall. 

However, once the water table reaches the landslide surface, pore-fluid pressures will 

be limited by the available space and excess water will spill out in the form of 

saturation overland flow and springs until the water table recedes. In contrast, a 

region that hosts a thick weathered zone, for example a sandstone or mudstone 

dominated landscape, may maintain a much deeper water table and experience much 

larger annual fluctuations (see the description of the Angelo Coast Range Reserve site 

by Hahm et al. [2019] for an example and Fig. 1.7 for a conceptual illustration). 

Landslides in these settings, therefore, have the potential to build up significantly 

more stress above the failure place before the water table reaches the surface. In this 

way, weathering patterns across a landscape may significantly influence landslide 

behavior by controlling the magnitude of water table rise relative to landslide depth 

achievable in the subsurface. A full test of this hypothesis would require datasets of 

bedrock weathering patterns across many different lithologies coupled with 
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observations of vadose zone dynamics and landslide movement in sites with range of 

weathered profile thicknesses.  

 

 

Figure 1.7 | Conceptual hillslope cross sections illustrating the contrasting structure and 

hydrology of a thick weathered profile (left) and a thin weathered profile (right). The graph 

below compares how water tables in the two hillslopes would likely evolve over the course of 

a year in response to precipitation in a Mediterranean climate (cool, wet winters and hot, dry 

summers). The water table in a region with a thick weathered profile rarely reaches the 

surface but does vary by many meters annually, causing large fluctuations in stress over a 

potential landslide failure plane. In contrast, a region with a thin weathered profile such as the 

Franciscan mélange sees a variation of around three meters or less. During winter, the water 

table often saturates to the ground surface and spills out excess water via saturation overland 

flow during storms and via springs afterward, which persist due to the combination of 

elevated water levels and rumpled topography. Hillslope cross sections inspired by Figure 5 

of Hahm et al. (2019). Figure not to scale. 

 

1.4.2 Comparing Landslide Behavior Along a Precipitation Gradient 
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Lithologically controlled 

bedrock weathering patterns 

that constrain the timing and 

magnitude of stress buildup at a 

landslide failure plane could 

also explain why earthflows in 

California behave remarkably 

similarly across a dramatic 

climate gradient. Minor Creek 

earthflow, located in Humboldt 

County in the far north-west 

corner of California, receives 

more than three times the 

annual precipitation that Oak 

Ridge does (Fig. 1.1), yet the 

displacement patterns between 

the two are strikingly similar 

(Fig. 1.8). During a three-year 

period from October 1982 to 

October 1985, Minor Creek 

received nearly 7000 mm of precipitation that caused 1.5 meters of displacement, 

whereas Oak Ridge moved 1 meter on 2000 mm of precipitation that fell between 

 

Figure 1.8 | Cumulative precipitation and displacement 

at (a) Minor Creek earthflow October 1982 – September 

1985 and (b) Oak Ridge earthflow October 2016 – 

September 2019. Minor Creek received over three times 

the amount of precipitation Oak Ridge did over a three-

year period, yet it only moved 0.5 meters more. Minor 

Creek data digitized from Iverson and Major (1987). 
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October 2016 and October 2019. Based on the average water table heights for the two 

landslides, both have a limited storage capacity which, when exceeded, will cause 

excess water to spill out as springs and overland flow rather than continuing to drive 

landslide movement. This implies that landslides in Franciscan mélange should all 

have a similar capacity for movement regardless of where they fall on the north-south 

precipitation gradient that spans the state (Fig. 1.1a and 1.1b). This capacity may not 

always be met: during a drought year, a landslide in the drier regions may not receive 

enough rain to start or sustain movement. This was the case, for example, between 

2012 and 2015 when earthflow velocities across northern California reached 

historical lows due to the prolonged drought (Bennett et al., 2016b). On the other end 

of the spectrum, the extreme rainfall that California received in 2017 triggered a 

wide-spread, short-lived increase in both activity and velocity of landslides 

(Handwerger, Fielding, et al., 2019). In this case, assuming a landslide in the wet 

regions and a landslide in the dry regions both receive sufficient precipitation to fill 

storage, we would predict that the excess water a landslide in a wetter region receives 

will have no effect on the landslide’s speed or displacement. Instead, lithologic 

continuity across a climate gradient will moderate precipitation variability in areas 

dominated by mélange and similar rock types. This explains why Handwerger et al., 

(2019) did not observe a clear relationship between spatial gradients in rainfall and 

the ratio of water year 2016 to water year 2017 landslide velocities as part of their 

survey of northern California earthflows. This potential moderation of precipitation 

variability by subsurface storage limitations will be increasingly important as 
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California’s precipitation regime shifts to increasing variability in future years (Swain 

et al., 2018). 

1.4.3 Landslide Movement in Response to Stress Changes 

Once rising pore pressure increases the driving shear stresses in a landslide 

relative to its shear strength, the second major conundrum for predicting landslide 

motion is how the landslide will move in response to the stress change. The exact 

constitutive relationship needed to predict this remains elusive. Quantitative models 

of landslide velocity typically try to explain only one style of movement (Baum & 

Johnson, 1993; Denlinger & Iverson, 2001; Hungr, 1995; Schulz et al., 2018), 

however a few recent studies have proposed mechanistic frameworks that cover the 

spectrum of observed speeds. The most prominent work in this area builds on the 

critical-state soil-mechanics framework to explain a diversity of landslide motion 

through pore pressure feedbacks and associated dilation or contraction of basal shear 

zones (Iverson, 2005). Alternatively, researchers have drawn from the development 

of rate-and-state friction theory in fault mechanics literature to suggest that slow 

landslide motion occurs when friction increases with either velocity or slip and that 

fast landslide motion occurs when friction decreases with increasing velocity or slip 

(Handwerger et al., 2016; Helmstetter et al., 2004; Scaringi et al., 2018). Building on 

a rate- and state-dependent frictional model, Handwerger et al. (2016) further 

proposed a framework in which dynamic rupture (and therefore landslide 

acceleration) is suppressed in slow landslides when slip occurs over a smaller area 

than the critical nucleation length given reasonable assumptions about stiffness, 
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friction, and pore fluid pressure. Other researchers have proposed threshold-based 

models wherein landslides creep until a yield stress or gradient is reached, after which 

movement is governed by either rate-and-state friction (Petley et al., 2017) or a dense 

granular flow rheology (Ferdowsi et al., 2018).  

While one or more of these mechanisms are likely integral to setting the 

velocity at Oak Ridge earthflow, our monitoring data are currently insufficient to 

distinguish between them, thus we cannot entirely predict the details of landslide 

movement. However, our observed relationship between velocity and pore-fluid 

pressure may allow some broad constraints and insights on movement of the 

earthflow in response to stress changes. At Oak Ridge, we observe a distinct non-

linear relationship between landslide velocity and pore-fluid pressure (Fig. 1.5), as 

has been observed at other slow-moving landslides (Corominas et al., 2005b; Malet et 

al., 2002). Extrapolating this relationship suggests that if pore-fluid pressures were 

able to increase above the level at which the thin vadose zone appears to restrict them 

at Oak Ridge, then much faster velocities could be reached that could potentially lead 

to runaway acceleration. However, within the relatively small range of pore-fluid 

pressures that we have observed corresponding with landslide movement (~10 kPa), 

we have only measured slow, creeping motion (~ 1 cm/day at the fastest). Given how 

close to the surface the water table at Oak Ridge is during the winter months, it is 

hard to build up significantly more stress than this. An increase of 2 m of the water 

table—which would saturate the roughly 2 m vadose zone at Oak Ridge—represents 

at most (assuming hydrostatic pressure) an ~18 kPa pressure change. However, the 
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relatively low friction angle (θ) of Oak Ridge earthflow (12–14 degrees) (Nereson et 

al., 2018) means that an 18 kPa change in pressure is equivalent to only a ~ 4 kPa 

drop in shear strength according to equation 1. Importantly, even this modest loss of 

shear strength can cause movement, as we have observed, yet the subsurface storage 

capacity constraints suggest that it is hard, although perhaps not impossible, to build 

sufficient stress to cause runaway acceleration of the landslide. 

Regulation of pore pressures via a thin vadose zone could also potentially 

occur in other clay-rich lithologies that tend to host slow-moving landslides. For 

example, the Slumgullion landslide in Colorado, USA, occurs in clay-rich weathered 

volcanic rocks and maintains a water table one to two meters below the ground 

surface that typically varies by one meter or less over the year (Schulz, McKenna, et 

al., 2009). Indeed, Coe et al. (2003) have previously theorized that high pore 

pressures at Slumgullion might be equilibrated through a network of springs. Notably, 

Slumgullion (20 x 106 m3, average 20 m thick) moves in association with atmospheric 

tides that have an amplitude of ~0.5 kPa (Schulz, Kean, et al., 2009). Together, Oak 

Ridge and Slumgullion demonstrate that very little change in stress is required to 

trigger earthflow motion, however, as we have illustrated at Oak Ridge, lithologically 

imposed constraints may provide an important limit to more rapid movement. 

Although there is currently no widely accepted theory for creep in landslides, 

laboratory experiments show that creep can be a precursor to rapid failure. For 

example, experiments demonstrate that modest short-term variations in pore-fluid 

pressure (~ 20-100 kPa) can cause pulses of acceleration that are then attenuated by 
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shear zone dilation (Agliardi et al., 2020; Carey et al., 2019), as proposed in the 

theoretical model of Iverson (2005) and potentially observed in the field by (Schulz, 

McKenna, et al., 2009). Agliardi et al. classify this phase of movement as the Creep I 

regime. As the experiments continue, repeated pore pressure steps push the material 

closer to the Mohr-Coulomb failure envelope, eventually driving it through all three 

phases of creep into catastrophic failure, as also shown in Moore and Iverson’s 

(Moore & Iverson, 2002) experiments on till. Complementing this work, 

computational experiments by (Damsgaard et al., 2016) on ice flow dynamics have 

revealed that rate-dependent creeping motion arises when load-bearing force chains in 

granular sediments rearrange in response to cyclic variations in pore-water pressure 

(similar in magnitude, ~ 100 kPa, to the laboratory experiments above) that change 

the orientation of the maximum compressive stress. Similarly, subduction-zone 

studies have linked episodic tremor and slip to creeping motion associated with 

modest increases in pore fluid pressure (Bürgmann, 2018). This modeling provides a 

potential mechanistic link between small variations in pore pressure and creep in 

granular materials, such as landslides like Oak Ridge earthflow. However, to the 

extent that creep represents a precursor to catastrophic failure, a limited capacity to 

increase pore pressure may effectively throttle landslide acceleration by restricting 

deformation to the Creep I regime articulated by Agliardi et al. (2020); the pore 

pressure changes that we have observed in the field are typically an order of 

magnitude less than what laboratory experiments require to produce catastrophic 

failure. 
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Importantly, this simplified framework, in which lithologically controlled 

weathering patterns bound the range of potential stress buildup in a landslide and thus 

indirectly influence subsequent landslide movement, cannot explain the full 

complexity of observed landslide behaviors. For example, it would not explain the 

behavior of shallow, partially saturated landslides that are strongly influenced by 

suction stresses (Godt et al., 2009) or landslides that exhibit significant evolution of 

material behavior, such as debris flows (Iverson, 1997). Additionally, it does not 

account for surging behavior that has been observed in earthflows (e.g., Keefer & 

Johnson, 1983), which likely occurs due to mechanical processes about which we 

remain agnostic. Ultimately, the linkage between the Franciscan mélange and its 

propensity for creep arises from some combination of its hydrology, as we have 

focused on here through our case study at Oak Ridge earthflow, and its mechanical 

behavior (e.g., propensity for dilation or velocity-strengthening properties). The 

relative importance of these two components is unclear, and it is possible that the role 

of hydrology is essentially negligible. For example, clay rich fault gouges commonly 

exhibit velocity strengthening behavior (Ikari et al., 2009), which could explain creep 

without appealing to hydrological forcing. That said, there are many examples of 

catastrophic landslides that occur in clay, particularly where relatively permeable 

sands are deposited over impermeable clay layers (e.g., Perkins et al., 2017). One 

distinguishing characteristic of this and other examples of settings where clay is 

interbedded with more permeable layers is the potential for pore fluid pressures to 

increase by magnitudes that are not possible at a setting like Oak Ridge where pore 
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pressure rise is suppressed via springs and saturation overland flow as the water table 

reaches the surface. Additionally, the catastrophic Mud Creek landslide in California 

did occur in Franciscan mélange, demonstrating that creep is not intrinsic to the 

Franciscan mélange (Handwerger, Huang, et al., 2019). Notably, Mud Creek is in a 

setting where thick colluvium caps the mélange (Warrick et al., 2019), which could 

allow for an anomalously deep water table to develop in contrast to many mélange 

settings. In sum, although we cannot discount the possibility that the mechanical 

properties of the Franciscan mélange account mostly or entirely for its creeping 

behavior, we can demonstrate that its capacity to change pore pressure (and hence 

effective stress) is severely limited by its unique hydrology. This clearly affects the 

climate sensitivity of earthflows in Franciscan mélange and, to the extent that 

effective stress and landslide velocity are linked, plausibly impacts the potential for 

landslides in Franciscan mélange (and possibly other similar settings) to accelerate 

catastrophically. 

1.5 Conclusions 

The predominant type of landslide movement in a given landscape depends on 

the structure and properties of the subsurface and the magnitude and intensity of the 

forcing agent (either hydrological or seismic). Earthflows are prevalent in the 

Franciscan mélange that covers much of the California Coast Ranges and appear in 

many similar mechanically weak, clay-rich materials. Here we argue that the thin 

weathered zone developed in Franciscan mélange caps the total subsurface stress 

change achievable through hydrologic forcing alone. Four years of monitoring at Oak 
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Ridge earthflow found a thin weathered zone that is comparable to other reported 

mélange sites, and we see a distinctly non-linear relationship between landslide 

velocity and pore pressure capped by an apparent pressure threshold. A naturally high 

water table means that Oak Ridge earthflow is close to movement throughout the wet, 

winter months, but decreases in effective normal stress (and hence shear strength) are 

suppressed because there is limited dynamic storage capacity. This appears to be 

enough to just start the initial phases of creep. We do not have sufficient constraints 

on the mechanical properties to test the many constitutive relationships that have been 

proposed to govern landslide movement and thus cannot reliably predict the full 

behavior the landslide. However, we theorize that excess pore pressure beyond the 

limited storage capacity is released through saturation overland flow and springs, 

influencing landslide velocity by preventing the buildup of additional stress in the 

system. In this way, the springs at our field site may act as a pressure release valve 

and throttle rapid movement of our earthflow even as the hydrologic properties 

dictated by the weathered profile and the inherent weakness of the Franciscan 

mélange combine to persistently keep the landscape on the brink of failure. This 

limited storage capacity could explain the remarkably similar movement patterns 

observed between Minor Creek and Oak Ridge earthflows, despite Minor Creek 

receiving over three times as much rain annually as Oak Ridge. Our analysis suggests 

that, across climates, subsurface structure developed via weathering can dampen the 

effects of precipitation variability. Additionally, for a given climate, we suggest that 
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the weathering patterns associated with different lithologies may influence where 

particular styles of landsliding occur.  
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1.7 Supplemental Material 

 

Figure 1.9 | Locations of Guelph permeameter measurements. Background is a hillshade map 

of Oak Ridge earthflow’s transport zone where most of the monitoring equipment is 

concentrated. Extent mapped is shown by the blue box in Figure 1.1c. 

 

http://www.opentopography.org/
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Figure 1.10 | Results of the June 2018 (a) and November 2018 (b) dipole-dipole electrical 

resistivity surveys and the difference between the two (c). Units are Ohm-m. We have capped 

the scalebar here at 100 Ohm-m to highlight the contrast between mélange and sandstone. 

Cross section runs east to west, looking downslope and to the south on Oak Ridge earthflow. 

Location of the survey line is indicated by the blue line in Figure 1.1d. 
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Depths, imposed head values, and hydraulic conductivities for Guelph permeameter 

measurements 

Borehole ID Depth (cm) Head (cm) Kfs (m/s) 

On the active landslide 

P1 50 5 1.3 × 10−5 

P2 49 5, 10 7.3 ×  10−8† 

P3 64 5, 10 9.8 ×  10−9† 

P5 38.1 5, 10 1.1 ×  10−8† 

P6 45.72 5, 10 7.5 ×  10−9† 

P7 43.18 5, 10 2.2 ×  10−8† 

P8 43.18 5, 10 6.4  ×  10−8∗† 

P9 45 5 2.1 ×  10−8∗ 

P10 45 5 1.8 ×  10−8∗ 

P17 45 15 2.8 ×  10−6 

P18 30 10 3.8 ×  10−6∗ 

P19 45 15 1.4 × 10−6 

P20 45 15 2.5 × 10−6 

Stable soil, weathered from surrounding sandstone blocks 

P11 27 5 2.1 × 10−7 

P12 45 5, 10 8.4 ×  10−7† 

P13 45 5, 10 5.2 ×  10−7† 

P14 45 5, 10 2.2 ×  10−6† 

P15 45 5, 10 6.2 ×  10−6† 

P16 45 5, 10 1.7 ×  10−5† 

Geometric mean Kfs on the landslide (n=13 boreholes): 7.1 × 10−8 𝑚/𝑠 

Geometric mean Kfs on the sandstone (n=6 boreholes): 1.7 ×  10−6 𝑚/𝑠 

* The rate of water level change continued to trend down at the conclusion of the test, 

indicating that a steady-state flow rate had not been reached. Consequently, these Kfs 

values are likely overestimates. 

† Final Kfs value was determined by averaging together the individual Kfs values from the 5 

cm head measurements and the 10 cm head measurements 

 

Table 1.1 | Kfs values, depth, and imposed head for each borehole. Corresponding 

locations for each borehole are plotted in Figure 1.9.  
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Chapter 2: Sensitivity of Slow Landslide Displacement to 

Interannual Precipitation Variability Driven by Climate Change 

 

Abstract 

Precipitation drives slow-landslide movement, however nonlinear 

relationships between rainfall, pore-water pressure, and landslide displacement make 

it challenging to predict how landslides will respond to increasing rainfall variability 

as precipitation intensifies due to climate change. Here we use downscaled climate 

model projections to simulate variably saturated groundwater conditions over 150 

years for a reference landslide in central California, USA. We then link our 

hydrological model to an empirical model of landslide displacement to explore how 

multiyear precipitation variability will affect future landslide movement. We find that 

increasing precipitation variability leads to a decrease in landslide movement over 

time. The cumulative impact of extremely wet years is less than that of dry years due 

to limited subsurface storage capacity within the landslide relative to winter rainfall, 

illustrating the importance of interannual memory. Observations of landslide activity 

across California in response to recent precipitation extremes corroborate the impact 

of interannual memory on patterns of landslide movement. 

2.1 Introduction 

Global landslide hazards are expected to increase in the future as the 

frequency and magnitude of precipitation shifts in response to anthropogenic climate 

change (e.g., Coe, 2020; Haque et al., 2019; Kirschbaum et al., 2020; Leshchinsky et 
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al., 2017; Oakley, 2021). Several recent studies in the western United States have 

already identified climate-driven changes to slope stability over the last 50 years (East 

& Sankey, 2020 and references therein). As Earth’s climate warms over the coming 

century, the likelihood of extreme, intense rainfall is expected to increase in many 

regions, as is severe, prolonged drought (e.g., Cook et al., 2015; Overpeck & Udall, 

2010; Swain et al., 2018). This may have profound impacts for the United States, 

where most landslides are triggered by precipitation (Coe, 2016). However, 

predicting how landslide behavior will change in response to increasing precipitation 

variability is challenging due to the nonlinear relationships between rainfall, pore-

water pressure, and landslide displacement (e.g., Carey et al., 2019; Malet et al., 

2002; Murphy et al., 2022). 

The response of individual landslides to climate change will depend on the 

frequency, duration, and intensity of precipitation and the structure, geometry, and 

hydraulic properties of the landslide in question (e.g., van Asch et al., 1999). Shallow 

landslides and debris flows are sensitive to the intensity and duration of individual 

storms (Iverson, 2000), thus we may expect the frequency of these events to increase 

in the future due to increasing precipitation intensity (e.g., Chiang & Chang, 2011; 

Crozier, 2010; Jakob & Lambert, 2009). In contrast, large, deep-seated (>3 m 

thickness), slow-moving landslides have been shown to respond to multi-year 

patterns in precipitation (e.g., Bennett et al., 2016b; Coe, 2012; Handwerger et al., 

2022; Iverson & Major, 1987b; Malet et al., 2002; Nereson & Finnegan, 2018). 

Seasonally, they may respond anywhere from days (Baum & Reid, 1995) to months 
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(Iverson & Major, 1987) to precipitation input depending on the saturation state and 

rainfall history (Finnegan et al., 2021).  

Already over the past decade, parts of California has experienced a historic 

drought (2012-2016) and the second wettest year on record (2017) (Griffin & 

Anchukaitis, 2014; Robeson, 2015; Swain et al., 2018). During the drought, slow-

moving landslide velocities in the northern California Coast Ranges decelerated to a 

70-year minimum (Bennett et al., 2016). During the extremely wet years of 2017 and 

2019, landslides accelerated widely throughout the Coast Ranges (Handwerger, 

Fielding, et al., 2019; Handwerger et al., 2022). Over the coming century, 

precipitation in California is expected to become more extreme as the frequency of 

wet years, dry years, and whiplash years (extremely dry years immediately followed 

by extremely wet years) all increase (Swain et al., 2018). As both wet and dry 

conditions increase, it is challenging to predict what their cumulative effect will be on 

the movement of deep-seated landslides.  

Here we explore the question of how deep-seated landslides will respond to an 

increase in precipitation variability. To do this, we capitalize on recent work at Oak 

Ridge earthflow in the Diablo Range of California, USA, where detailed pore-water 

pressure records combined with variably saturated groundwater flow modeling have 

illuminated how rainfall infiltration through dry ground at the start of California’s wet 

season influences the timing and magnitude of the piezometric response to rainfall 

and hence the onset of landslide motion (Finnegan et al., 2021). At the same time, 

precise measurements of landslide deformation at Oak Ridge using continuous GPS 
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stations reveal a consistent relationship from year to year between pore-water 

pressure and landslide velocity (Murphy et al., 2022). Taken together, these 

discoveries enable accurate empirical modeling of the response of landslide 

displacement to seasonal rainfall delivery that allows us to use Oak Ridge as a 

reference site for exploring how climate change will alter slow landslide behavior. To 

accomplish this, we couple modeled rainfall (representing both past and future 

conditions) to a 1D variably saturated groundwater flow model of Oak Ridge. This 

groundwater flow model is then used to predict pore-water pressure at Oak Ridge 

earthflow, which in turn produces a daily time series of landslide displacement from 

1950 out to 2100 through an empirical model linking pore-water pressure and 

landslide displacement. This allows us to forecast, in particular, how the movement of 

Oak Ridge earthflow will likely shift due to climate change.  In addition, our work 

provides a framework, more generally, for exploring how landslides filter rainfall 

variability and hence what controls the sensitivity of landslide displacement to 

interannual rainfall variability.   

2.2 Methods 

2.2.1 Site Description 
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Oak Ridge earthflow is a 

large, seasonally active, 

earthflow located in the 

northern Diablo Range 

approximately 20 km 

northeast of San Jose, 

California, U.S.A. (Fig. 2.1). 

This site, which has been 

instrumented with 

piezometers and continuous 

GPS stations since 2016 

(Finnegan et al., 2021; 

Murphy et al., 2022), 

receives an average of 566 

mm of rain per year 

(PRISM, 2022). Rain falls 

predominantly between 

October and March, as is 

typical for a Mediterranean 

climate. Locally, geology at 

Oak Ridge consists of 

Mesozoic-early Cenozoic Franciscan Complex rocks (Rubin, 2002). Alternating 

Figure 2.1 | Outcrop area of Franciscan mélange over 

California. Mélange locations are shown here colored by 

the average precipitation for the region (PRISM, 2022), 

illustrating the dramatic north-south precipitation gradient 

across the state. The location of Oak Ridge and that of 

another reference site discussed later, Minor Creek, are 

highlighted by red stars. Inset map shows the location of 

California (gold) in reference to the rest of the continental 

United States. 
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bands of sandstone and highly sheared, clay-rich mélange comprise the bedrock 

foundation beneath the earthflow; the landslide body itself is dominated by mélange 

(Murphy et al., 2022). Mélange, both in the body of the landslide and on the 

surrounding stable slopes, contains fragments of sandstone, chert, greenstone, and 

blueschist ranging in size from pebbles to large boulders which contribute to a 

characteristic hummocky topography. Soil cover on the mélange is very thin (~10 

cm).   

 Oak Ridge earthflow spans 1.8 km in length (area = 0.35 km2) along a south-

facing slope of Oak Ridge with 600 m of relief and an average slope of 17°. The 

landslide is ~8 m deep in the transport zone (Murphy et al., 2022). Between 1937 and 

2017, Oak Ridge earthflow moved >275 m in the fastest part of the landslide 

(Nereson & Finnegan, 2018).  

2.2.2 Developing a base model 

 We used field observations from five years at Oak Ridge to develop a model 

linking subsurface pore-water pressure to landslide displacement following the 

approach of Finnegan et al., (2021). For the present study, we modeled variably 

saturated conditions at Oak Ridge using HYDRUS 1D (rather than vs2dt as applied in 

earlier work). HYDRUS is a commercial software package that solves the Richards 

equation (Richards, 1931) to simulate transient, variably saturated, subsurface water 

flow in a 1D column (Šimůnek et al., 2008) . The model domain consists of a single 

column with a thickness of 7.5 m, including a 0.5 m thick basal shear zone. The grid 

consists of 1001 variably spaced nodes. We use the van Genuchten-Mualem approach 
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(Mualem, 1976; Van Genuchten, 1980) to define the relevant water flow parameters 

for each hydrogeologic unit (Table 2.1, supplemental material). These parameters are 

the same as those used by Finnegan et al. (2021) including a measured saturated 

hydraulic conductivity of 7.1 x 10-8 m/s (Murphy et al., 2022) and an inferred shear 

zone conductivity of 6 x 10-9 m/s. The remaining hydrologic parameters were selected 

to match common values for silt loams (Carsel & Parrish, 1988), which are a close 

approximation of the material in the landslide body based on grain size measurements 

(Nereson et al., 2018). Upper boundary conditions consist of an atmospheric pressure 

boundary with surface runoff. The lower boundary condition is a free drainage 

boundary. We use a composite record of daily rainfall measured at Oak Ridge and 

another nearby gauge (Finnegan et al., 2021) to model subsurface hydrologic 

conditions during 2016-2022.  

Our goal here is to use our hydrologic model to understand the general vadose 

zone dynamics that link rainfall variability, shallow pore-water pressure, and hence 

landslide displacement. Consequently, we adopt the simplest approach possible to 

facilitate our conceptual experiments. We compared the results of our base model to 

observations from a 2.5 m deep piezometer located in the transport zone of the 

landslide (description of piezometer installation and location can be found in 

Finnegan et al., 2021). Notably, this piezometer rarely saturates to the ground surface 

even when ponded conditions are observed on the landslide. We attribute this 

behavior to the hummocky topography of the earthflow which prevents the 

groundwater table from precisely matching local topography (e.g., Iverson & Major, 
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1987). To account for this, we adjusted our model domain by 0.5 m (see supplemental 

material in section 2.6.1). Extending our modeling to three dimensions and 

incorporating preferential flow (e.g., Krzeminska et al., 2013; Sidle & Bogaard, 2016) 

and material heterogeneity (e.g., Malet et al., 2005) would likely allow us to match 

the pore-water pressure more accurately, however we are able to capture the timing 

and relative magnitude of water table fluctuations at Oak Ridge with our simplified 

model (Fig. 2.5, supplemental material). This is sufficient to capture the essence of 

the system and facilitate our conceptual experiments with a minimum of tunable 

parameters. 

We have observed a nonlinear relationship between pore-water pressure and 

landslide displacement at Oak Ridge (Finnegan et al., 2021; Murphy et al., 2022). 

Based on these observations, we predict landslide motion via pore-water pressure 

using an empirical equation relating our 2.5 m piezometer to displacement measured 

at a nearby GPS station. Above an initiation threshold, landslide displacement is 

proportional to pore-water pressure cubed (see supplemental material in section 

2.6.2). 

2.2.3 Climate Projections 

Using this base model as a template, we then modeled groundwater behavior 

using an ensemble of bias-corrected dynamically downscaled precipitation 

projections (n=12) from the North American CORDEX (Coordinated Regional 

Downscaling Experiment) archive (Mearns et al., 2017). These data are produced at a 

spatial resolution of 0.22°/25km by running regional climate models using boundary 
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conditions from global climate model simulations found in the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) archive. We use daily data from the RCP 

(Representative Concentration Pathway) 8.5 pathway, defined by the 

Intergovernmental Panel on Climate Change (IPCC) fifth assessment report as the 

highest emissions concentration pathway (Pachauri et al., 2015). Notably, as the high 

emissions scenario, RCP8.5 does not represent the most likely pathway for global 

climate change over the coming century. However, the higher forcing does produce a 

higher signal-to-noise ratio to facilitate detection of significant changes in the climate 

system. Thus, the resulting analyses, although likely an upper bound on hydroclimatic 

changes, provide an effective experiment for exploring how precipitation variability 

influences landslide displacement. Daily temporal resolution has been shown to be 

sufficient for modeling the behavior of deep-seated, slow-moving landslides (e.g., 

Finnegan et al., 2021). Using a multi-model ensemble helps to mitigate the inherent 

uncertainty associated with climate model projections and facilitates comparisons 

between models to see how our reference site may respond to variability within the 

ensemble. By modeling the hydrological response from 1950-2100 we can compare 

historic to future time periods and validate against existing records of landslide 

displacement.  

  Rising temperatures due to climate change have the potential to mitigate 

precipitation increases through increased evapotranspiration. Using a moisture 

balance index to account for changes in both precipitation and temperature, Coe 

(2012) forecasted a decrease in movement at Slumgullion landslide in Colorado, USA 
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by the end of the century. We tested the impact of including evapotranspiration in our 

hydrological model using the Hargreaves method built into HYDRUS 1D and found 

that while including evapotranspiration did cause a decrease in movement relative to 

models without evapotranspiration, there was minimal change in the relative trends 

when comparing historic modeled displacement to projected displacement (see 

supplemental material in section 2.6.3). Given that the relative difference in 

displacement does not change appreciably when including evapotranspiration, we did 

not include it in our models in favor of focusing on the hydrologic dynamics of 

infiltration and drainage within the landslide.   

2.3 Results 
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Figure. 2.2 | Modeled Conditions at Oak Ridge. (a-d) Ensemble averages of total water 

year (WY) rainfall (a), total WY infiltration (b), the average volume of water in the model 

domain (i.e., in the landslide) over the water year (c), and total WY displacement (d). For 

panels a-d, soil lines show the ensemble average smoothed using a 31-yr centered moving 

window for visualization purposes. Shading represents the 20th and 80th percentiles across the 

ensemble. Gray boxes indicate the historic period (1951-2005). (e-h) Density plots of total 

WY rainfall (e), total WY infiltration (f), average volume of water in the model domain (g), 

and total WY displacement respectively (h). These distributions encompass all years from all 

12 ensemble members. 

 

Water year rainfall (Oct. 1 – Sep. 30) ranges from 109 mm to 1372 mm across 

all 12 ensemble members. At Oak Ridge, we see a small but significant trend of 0.32 

mm/yr in the ensemble average of water year rainfall between 1951 and 2100 (Mann-
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Kendall test: p = 0.004; Sen’s slope 95% CI [0.10, 0.52]). This results in a projected 

increase of approximately 10% from the historical average of 432 mm/yr by the end 

of the century (Fig. 2.2a). Comparing the distribution of precipitation during the 

historic period (1951-2005) with an equal range of years during the projected period 

(2045-2099), reveals a small but significant difference in variance as well (Fig. 2.2e; 

historic interquartile-range [IQR] 168 mm/yr; projected IQR 218 mm/yr; Brown-

Forsythe test: F(1, 1318) = 44.392, p = 3.938e-11). Average annual rainfall in the 

CORDEX dataset (432 mm/yr) is less than the PRISM 30-year normal at Oak Ridge 

(566 mm/year). 

We see no trend in annual infiltration over the study period (Mann-Kendall 

test: p = 0.87), however variation in annual infiltration does differ slightly between 

the historical (IQR 2.5 cm/yr) and projected (IQR 3.4 cm/yr) periods (Fig. 2.2f; 

Brown-Forsythe test: F(1, 1318) = 22.538, p = 2.285e-6). Infiltration ranges from 9 – 

34 cm/yr across the ensemble with an average of 19 cm/yr.  

Despite the projection of increasing rainfall and constant infiltration, we see 

systematic decreases in both the average volume of water in the landslide (Fig. 2.2c) 

and landslide displacement (Fig. 2.2d) from our models. The average volume of water 

exhibits a significant decreasing trend of -4.76e-5 m/yr, leading to an approximately 

0.4% decrease from the historical average of 2.12 m by the end of the century (95% 

CI [-7.08e-5, -2.35e-5]; Mann-Kendall test: p = 4.57e-5). Variation in the average 

volume of water in the landslide is greater during the projected period (IQR 0.020 m) 

than the historic period (IQR 0.014 m) (Fig. 2.2g; Brown-Forsythe test: F(1, 1318) = 
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27.967, p = 1.444e-07). Landslide displacement exhibits a decreasing trend of -0.03 

cm/yr, resulting in an approximately 18% decrease in annual displacement from the 

historical average of 18 cm/yr by the end of the century (95% CI [-0.0004 -0.0001]; 

Mann-Kendall test: p = 0.0002532). Variation in annual displacement also differs 

significantly between the historic (IQR 16 cm/yr) and projected periods (IQR 20 

cm/yr) (Fig. 2.2h; Brown-Forsythe test: F(1, 1318) = 8.5597, p = 0.003496). 

2.4 Discussion 

Our model results forecast a decrease in annual displacement at Oak Ridge by 

the end of the century despite a small increasing trend in average annual rainfall. This 

runs counter to the common hypothesis that increasing frequency of extreme rainfall 

leads to greater landslide activity (e.g., Handwerger et al., 2019; Haque et al., 2019; 

Kirschbaum et al., 2020). We note that our modeling system uses many 

simplifications to capture the essence of behavior at Oak Ridge while ignoring 

potential complexities that may arise from detailed hydromechanical interactions 

(e.g., Carey et al., 2019; Iverson, 2005), material heterogeneities (e.g., Malet et al., 

2005), or sediment supply limitations (e.g., Mackey & Roering, 2011). Consequently, 

we interpret these results focusing on the general patterns that arise rather than the 

exact magnitude of change. Below we discuss multiple mechanisms by which more 

extreme precipitation patterns may lead to a decrease in the activity of slow-moving 

landslides. 

2.4.1 Impact of precipitation extremes on infiltration 
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Projected changes in annual precipitation across California are generally 

inconsistent and may vary regionally, however there is increasing consensus that 

future precipitation is likely to be more extreme, more volatile, and delivered during a 

shorter rainy season than our current baselines (Dong et al., 2019; Persad et al., 2020; 

Polade et al., 2017; Swain et al., 2018). By the end of the 21st century, some models 

project that the maximum precipitation event in parts of the western United States 

could be 50% larger than today (Chen et al., 2017) and in California the frequency of 

what is now a 50-yr event could double (AghaKouchak et al., 2018). The frequency 

of both wet and dry extremes is expected to increase, and a 25% to 100% increase in 

extreme dry-to-wet precipitation events has been projected (Swain et al., 2018). At 

Oak Ridge, we anticipate a slight increase in precipitation based on projections from 

the CORDEX dataset, however more rainfall does not strictly correlate with more 

landslide motion (e.g., Figure 2.2) 

There are several facets of increasingly extreme precipitation which may mute 

the potential impact of more frequent wet years on landslide motion. First, increasing 

rainfall intensity during individual events may cause an increase in infiltration excess 

overland flow, leading to a larger fraction of rain being diverted to runoff that would 

have otherwise become infiltration during a less intense storm. Second, once the 

landslide becomes saturated, subsequent rainfall will runoff as saturation excess 

overland flow. This suggests that a contracting rainy season may lead to less landslide 

movement over time as more of the rain becomes concentrated in a smaller fraction of 

the year, causing a higher proportion of rain to fall on an already saturated landslide. 
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Although our model projects no change in average annual infiltration at Oak Ridge, 

we do see an increase in the frequency of both high and low infiltration years (Fig. 

2.8, supplemental material) as well as an increase in runoff (Fig. 2.9, supplemental 

material), demonstrating how more intense rainfall may contribute to less infiltration 

and consequently less landslide movement in a given year. 

However, an increase in rainfall intensity alone does not explain the 

decreasing trend in landslide displacement, as several ensemble members project a 

decrease in landslide displacement without an increase in runoff. In these cases, an 

increased frequency of years with low rainfall is likely a primary driver of decreasing 

displacement through low annual infiltration totals and/or the cumulative impacts of 

successive dry years. The latter effect is discussed in more depth in the following 

section. 

2.4.2 Effect of memory on landslide movement 

Although we anticipate a future increase in the frequency of both wet and dry 

extremes in California, their impacts will not necessarily be equal. The skewed 

distribution of average volume in the landslide (Fig. 2.2g) highlights an important 

asymmetry in our study system: the maximum volume, and by extension the 

maximum pore-water pressure possible without undrained loading effects, is 

constrained by the thickness and porosity of the landslide. While some ponding may 

occur due to the irregular topography of the landslide, the water table effectively 

cannot rise above the landslide surface (Murphy et al., 2022). Conversely, while very 

low conductivity shear layers at the base of the landslide likely contribute to the 
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existence of an ongoing perched water table in the landslide body (Baum & Reid, 

2000; Nereson et al., 2018), pore-water pressures do decrease through drainage 

during periods without incoming recharge. This suggests that hydrologic behavior at 

Oak Ridge switches from being storage-limited during wet periods to precipitation-

limited during dry periods. In the former case, rainfall exceeds available storage and 

excess water gets diverted into runoff. In the latter case, storage capacity exceeds 

infiltration, and the rate of incoming recharge may not be sufficient to keep up with 

drainage from the landslide. This asymmetry essentially means that while the 

hydrologic system cannot get ahead due to an upper limit on available storage, it can 

always fall farther behind.  

Due to these system limitations, we anticipate that the increasing frequency of 

dry extremes will diminish the efficacy of wet years through the impact of antecedent 

conditions. The ability of a given amount of recharge to trigger landslide movement 

will vary through time depending on whether the initial water table is high enough to 

allow connectivity between the infiltrating wetting front and the water table 

(Finnegan et al., 2021). A year where drainage rates dramatically outpace incoming 

infiltration may lead to an unusually low water table at the start of the following 

water year. In this case, more rain than usual will be required to raise the water table 

back to a height sufficient to trigger landslide movement, meaning that while the 

landslide may receive an average or even above average amount of infiltration, a 

larger fraction of the infiltration occurs without triggering landslide movement. 

Consequently, when a wet year follows a dry year, it will be less impactful than it 
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otherwise would have been due to the drier antecedent conditions. Figure 3 illustrates 

this via the hydrologic dynamics and associated landslide displacement for a single 

ensemble member during a sequence of eight water years (WY). The sequence begins 

with WY2060, which exceeded the historical 80th percentile for rainfall (Fig. 2.3d). 

Above average rainfall was then partitioned into abundant runoff and relatively 

average cumulative infiltration (Fig. 2.3a). Following WY2060, we see a sequence of 

four years where annual rainfall was below the 20th percentile. This corresponds to 

below average displacements in WY2061 and WY2062, followed by no displacement 

in WY2063 and WY2064 (Fig. 2.3e). In 2065, above average rainfall leads to small 

amounts of displacement. Then in WY2066, rainfall below the 20th percentile leads to 

slightly above average displacement, followed by below average rainfall and no 

displacement again the following year.  
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Figure 2.3 | Model results illustrating hydrological dynamics for a single ensemble 

member between 2060 and 2068. (a) Daily rainfall (solid blue line), and cumulative water 

year runoff (dashed green line) and infiltration (dotted green line). (b) Daily infiltration. (c) 

pressure head in the variably saturated zone over the 8-year period. The white region 

indicates water table depth. Dashed lines mark an approximation of the seasonal wetting 

front. (d) Cumulative water year rainfall (solid blue line). The dashed blue line represents the 

historical average and shading marks the 20th and 80th percentiles. (e) Same as in (d) but for 

displacement.  
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Figure 2.4 | Observations of rainfall and displacement at Oak Ridge earthflow. (a) Solid 

blue line represents daily rainfall. The solid pink line show cumulative water year rainfall. 

Dashed pink line marks the 30-year normal rainfall at Oak Ridge (PRISM, 2022). (b) 

Cumulative water year displacement recorded at the middle GPS station at Oak Ridge.  

 

Field observations from Oak Ridge earthflow between 2016 and 2023 cover 

an extraordinary range of precipitation variability, as discussed above, and hence 

provide an opportunity to validate the results of the modeling. Notably, we can 

clearly observe the impact of antecedent conditions in field observations at Oak 

Ridge. In WY2016, we observed above average rainfall (67 cm) but very little 

movement (6 cm), followed by extraordinary rainfall (85 cm) and high movement (41 

cm) in WY2017, and subsequently slightly below average rainfall (51 cm) and below 

average movement (6 cm) in WY2018 (Fig. 2.4). In WY2019, total rainfall (74 cm) 

was less than in WY2017 yet displacement was higher (55 cm). These patterns 

demonstrate how multiyear variability is integrated into long-term patterns of 

landslide movement. WY2015 was the last year of a historic drought, the effects of 

which we see propagating forward for the next two years.  

2.4.3 Patterns of landslide movement across California 
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The impact of antecedent rainfall on slow-moving landslide activity was also 

apparent in observations of similar landslides across California between 2016 and 

2018 using satellite-based interferometric synthetic aperture radar (InSAR) 

(Handwerger et al., 2022). In their survey, Handwerger et al. observed that while 

WY2016 had both wetter and drier average conditions across the state, landslide 

consistently moved slower than average, likely in response to lingering effects of the 

drought. In contrast, a few landslides exhibited higher than average velocities in 

WY2018, even though WY2018 was drier than average across the state. This 

demonstrates the sensitivity of the system to antecedent rainfall from the extremely 

wet WY2017. 

Franciscan mélange, which hosts the majority of slow-moving landslides in 

California (Handwerger et al., 2022; Xu et al., 2021), spans a precipitation gradient of 

more the 2 m/yr (Fig. 2.1). As we have observed, Oak Ridge earthflow exists in an 

intermediate zone in that range where precipitation in some years far outpaces the 

dynamic storage capacity and in other years is insufficient to fill available storage. 

This framing is akin to the storage-limited vs precipitation-limited framework 

articulated by Hahm & Dralle et al. (2019) for Mediterranean plant productivity, but 

has not to our knowledge been explored for landslide dynamics. This framing leads to 

a natural hypothesis that landslides in the far northern part of the state, e.g., Minor 

Creek landslide located in Humboldt County (location marked in Fig. 2.1; Iverson & 

Major, 1987), should be buffered from the effects of drought as precipitation should 

almost always exceed available storage capacity. The driest years in this part of the 
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state are approximately equal to the wettest years at Oak Ridge (Fig. 2.10, 

supplemental material). Results from a 12-member ensemble model forecasting future 

movement at Minor Creek show no projected changes in annual rainfall, infiltration, 

or total volume of water in the landslide, but do show a slight decrease in annual 

movement (see supplemental material in section 2.6.4 and Fig. 2.11); annual 

displacement decreases by about 5% at Minor Creek as opposed to 18% at Oak 

Ridge. Given the small magnitude of this change, it is unclear whether the decrease in 

displacement stems from changes in precipitation patterns that are masked by annual 

rainfall statistics or whether it represents a type II error. These results also highlight 

the heterogeneity of expected precipitation changes over California and suggest a 

need for more widespread modeling to address regional changes. Notably, the 

hypothesis that landslides in consistently storage limited climates should be buffered 

from the effects of drought is inconsistent with the results of Handwerger et al. (2022) 

who found that the landslide behavior they surveyed was independent of both size 

and climate. This discrepancy highlights the potential importance of factors beyond 

hydrologic dynamics that may govern landslide motion, e.g., base-level forcing 

(Bennett et al., 2016; Roering et al., 2015) and sediment supply (Mackey & Roering, 

2011). 

While we cannot reliably predict the exact magnitude of future change at Oak 

Ridge and other similar systems due to the complex hydro-mechanical processes 

inherent to landslide motion and the interactions of those processes with external 

drivers such as sediment supply and baselevel forcing, we conclude that an increase 
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in precipitation variability in the future accompanied by little to no variation in the 

mean rainfall is likely to lead to a decrease in the movement of deep-seated, slow-

moving landslides.  

2.5 Conclusions 

The integrated effects of multiyear precipitation patterns are key to forecasting 

slow landslide movement. At Oak Ridge, coupled simulations of landslide 

displacement and pore-water pressure indicate that landslide movement will likely 

decrease in the future as precipitation variability escalates in response to climate 

change. Because annual displacement totals are strongly dependent on seasonal 

antecedent conditions, the sensitivity of landslide displacement to interannual 

precipitation variability is governed by the ratio of subsurface storage capacity 

relative to rainfall. For a site like Oak Ridge that oscillates between precipitation-

limited conditions in wet years and storage-limited conditions in dry years, this leads 

to a meaningfully asymmetric system where drainage during exceptionally dry years 

has a more significant impact on the landslide system than recharge during 

exceptionally wet years. These results emphasize that an increasingly intense future 

climate does not strictly lead to more landslide activity, even in areas where total 

rainfall increases. Instead, the memory of the system, dictated by the balance of 

available storage relative to infiltrating rainfall, governs landslide response to climate 

change. 

2.6 Supplementary Material  
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 Saturated 

Water 

Content, 𝜽𝒔 (-

) 

Residual 

Water 

Content, 𝜽𝒓 

(-) 

α (1/m) n Saturated 

Hydraulic 

Conductivity 

(m/s) 

Landslide 

Body 

0.28 0.067 2 1.41 7.1 x 10-8 

Shear Zone 0.38 0.1 2.7 1.23 6 x 10-9 

 

Table 2.1 | Material parameters for HYDRUS simulation of Oak Ridge earthflow 

hydrology.  α and n are parameters used in the van Genuchten-Mualem approach (Mualem, 

1976; van Genuchten, 1980) to relate suction stress and moisture content with a given 

material. α represents the inverse of the air entry pressure head. n represents the pore-size 

distribution in the soil.  

 
 

2.6.1 Calibrating the base hydrological model to field observations 

 
Fig. 2.5 | Comparing HYDRUS output to pore-water pressure observations at Oak 

Ridge. Solid green line shows output from HYDRUS converted from meters of water to kPa 

assuming hydrostatic conditions and adjusted downward by 9.5 kPa. Dotted red line shows 

observations from a piezometer installed at 2.5 m depth in the transport zone of Oak Ridge.  

Pore-water pressure was recorded in the landslide body at Oak Ridge in 10-

min intervals using a vibrating-wire piezometer (RST Instruments model VW2100-

0.07) installed at 2.5 m depth in the transport zone of the landslide body. A full 

description of the installation process and resulting data can be found in Finnegan et 

al. (2021). In some years summer pore-water pressure drops far below atmospheric 
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pressure and during other years it abruptly reverts to zero. We interpret this variability 

to be due to the time-varying nature of the fracture network which sometimes 

facilitates equilibration with atmospheric pressure (e.g., when pressure abruptly 

reverts to zero during the dry months) and sometimes isolates the piezometer 

allowing recording of negative values due to suction.  

HYDRUS produces pressure values in meters of pressure head. We convert 

these values to kPa assuming hydrostatic conditions and adjust the resulting values 

down by 9.5 kPa to minimize the root-mean-square error between the two series. In 

doing so, we can reasonably capture the timing and relative magnitude of pressure 

fluctuations at Oak Ridge in response to seasonal rainfall. Because the piezometer at 

Oak Ridge does not consistently record negative pressures, we only use positive 

values to fit our data. 

 

2.6.2 Empirical relationship between landslide movement and pore-water 

pressure 

 
Fig. 2.6 | Empirical relationship between displacement and pore-water pressure. (a) 

Daily displacement (m) measured at the middle GPS station installed at Oak Ridge vs. daily 

pore-water pressure measured at the 2.5 m piezometer. Values have been smoothed with an 

11-day moving average to minimize noise from the GPS. (b) Log-transformed data exceeding 
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the 5 kPa threshold required for landslide movement to initiate. The blue line shows a trend 

derived from linear regression. Shading represents 95% confidence intervals. 

 

 A coherent relationship between sliding velocity and pore-water pressure has 

been observed at Oak Ridge which implies the existence of a pore-water pressure 

threshold that governs landslide motion (Finnegan et al., 2021; Murphy et al., 2022). 

To develop a usable empirical relationship connecting landslide movement and pore-

water pressure, we applied a centered 11-day moving average filter to our GPS and 

pressure measurements to minimize noise from the GPS. Landslide movement 

appears to begin when the 2.5 m piezometer reaches a pressure threshold of 

approximately 5 kPa (Fig. 2.6). We selected all the points above this threshold, 

applied a log-transformation, and then performed a linear regression to identify the 

trend (Fig. 2.6). This resulted in the following empirical relationship which we used 

to model landslide displacement: 

D = 9.5𝑒−7 ∗  𝑥3.2413 

where x is the pore-water pressure in kPa, and D is the displacement in meters. 

 

2.6.3 Incorporating evapotranspiration into hydrological model 

We tested the importance of including evapotranspiration (ET) on a single 

member of our ensemble (regional model RegCM4 driven by global climate model 

HadGEM2-ES). Setting the upper boundary condition as a time-dependent flux that 

accounted for both rainfall and ET, we determined daily potential ET values using 
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modeled temperatures from the CORDEX archive and a formulation by Hargreaves 

(1994). We accounted for root-water uptake with a plant water uptake stress response 

function (Feddes, 1978; Hoffman & Van Genuchten, 1983) assuming a rooting depth 

of 0.15 m based on field observations and following precedent at similar field sites in 

the San Francisco Bay area (Thomas et al., 2018). We set plant rooting depth to grow 

linearly from 0 to 0.15 between January and April and to decrease after that. Grasses 

at Oak Ridge are typically only active during winter (Nereson et al., 2018) hence we 

assume no transpiration occurs after June 1. Using these parameters, HYDRUS 

estimates actual ET based on root-water uptake and calculated pressure head. 

 

Fig. 2.7 | Comparing modeled displacement from a single ensemble member (rcm: 

RegCM4, gcm: HadGEM2-ES) with and without ET. Comparing cumulative displacement 

over 55 years in the historic (solid line; 1950-2005) and projected (dashed; 2043-2098) 

periods for the model with and without ET (pink and blue lines respectively). 

 

Figure 2.7 compares cumulative landslide displacement over 55-year periods 

(1950-2005 and 2043-2098) to illustrate how landslide behavior shifts in the future 

with and without taking ET into account. Including ET lowers historic displacement 
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totals by 1 m and future displacement by 0.6 m. Notably, the relative differences 

between historic and projected scenarios remain similar in either case (3.1 meters 

when accounting for ET and 3.4 meters without ET). Given that relative differences 

remain similar regardless, we chose not to include ET in our modeling workflow for 

the sake of simplicity and maintaining a minimum number of tunable parameters. 

 

Fig. 2.8 | Change in frequency of extreme years. (a, b) Time series of the frequencies of 

dry years (light blue line) and wet years (dark blue line) at Oak Ridge (a) and Minor Creek 

(b). Following McKinnon and Dresser (2021), frequency is calculated empirically for moving 

31-yr periods, the standard period used to calculate climate normals. We define dry years as 

those below the 20th percentile of historical water year precipitation and wet years as those 

above the 80th percentile. (c, d) Same as (a) and (b) but for infiltration. 
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Figure 2.9 | Increase in runoff by the end of the century. Dark green shows average runoff 

in each water year across the ensemble, smoothed with a 31-yr moving window for 

visualization purposes. Green shading represents the 20th and 80th percentiles across the 

ensemble in each water year. Gray box marks the historic period (1951-2005). 

 

 

Fig. 2.10 | Comparing the distribution of rainfall at Oak Ridge and Minor Creek. Both 

the quantile-quantile comparison and the inset histogram illustrate the disparities in water 

year rainfall between Minor Creek and Oak Ridge. The driest years at Minor Creek barely 

overlap with the wettest years at Oak Ridge. Data are from CORDEX models of rainfall 

between WY1951 and WY2099. 
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2.6.4 Modeling landslide behavior in a storage-limited setting 

 To test the relative sensitivity to climate change of landslides in the wet and 

dry regions of the state, we developed a similar suite of simulations using modeled 

precipitation at Minor Creek. Note that our intent was to test how the system that we 

have developed would behave in a much wetter climate (Minor Creek behaves 

similarly to Oak Ridge, despite have three times as much rainfall, cite PRISM norms), 

thus we use the same hydrological model that is calibrated to Oak Ridge. This 

facilitates a direct comparison between the two regions rather than precisely 

replicating the nuances of Minor Creek. 

 



 75 

 

Fig. 2.11 | Projected Conditions at Minor Creek. (a-d) Ensemble averages of total water 

year (WY) rainfall (a), total WY infiltration (b), the average volume of water in the model 

domain (i.e. in the landslide) over the water year (c), and total WY displacement (d). For 

panels a-d, trend lines show the ensemble average smoothed using a 31-yr centered moving 

window. Shading represents +/- one standard deviation from the ensemble average. Gray 

boxes indicate the historic period (1951-2005). Axes have been fixed to facilitate comparison 

with Fig. 2 (e-h) Density plots of total WY rainfall (e), total WY infiltration (f), average 

volume of water in the model domain (g), and total WY displacement respectively (h). These 

distributions encompass all years from all 12 ensemble members.  

 

At Minor Creek, we do not see a significant trend in ensemble average of 

water year rainfall between 1951 and 2100 (Fig. S7a; Mann-Kendall test: p = 0.1053). 

Average rainfall across the whole study period is 1762 mm/yr. The variance, however, 
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does increase. Comparing the distribution of precipitation during the historic period 

(1951-2005) with an equal range of years during the projected period (2045-2099), 

reveals a small but significant difference in variance as well (Fig. 2.11e; historic 

interquartile-range [IQR] 419 mm/yr; projected IQR 517 mm/yr; Brown-Forsythe 

test: F(1, 1318) = 14.291, p = 0.0001636).  

We see no trend in annual infiltration over the study period (Fig. 2.11b; Mann-

Kendall test: p-value = 0.7589) and no change in variance between the historic and 

projected periods (Fig. S7f; Brown-Forsythe test: F(1, 1318) = 1.3145, p = 0.2518). 

Average annual infiltration at Minor Creek is 0.19 m/yr. 

We also see no significant trend in the average volume of water in the 

landslide (Fig. 2.11c; Mann-Kendall test: p-value = 0.2268), although we do see a 

small change in the variance between the historic (IQR = 0.004 m) and projected 

(IQR = 0.005 m) periods (Fig. 2.11g; Brown-Forsythe test: F(1, 1318) = 4.0603, p = 

0.04416). The average volume of water in the landslide at Minor Creek is 2.14 m. The 

maximum volume is 2.15 m. 

We do see a decreasing trend in landslide displacement of -0.0003 m/yr 

resulting in an approximately 5% decrease in annual displacement from the historical 

average of 0.66 m/yr by the end of the century (95% CI[-0.0004 -0.0002]; Mann-

Kendall test: p = 1.385e-06). Variation in annual displacement also differs 

significantly between the historic (IQR 0.107 m/yr) and projected periods (IQR 0.113 

m/yr) (Brown-Forsythe test: F(1, 1318) = 6.931, p = 0.00857). 
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Chapter 3: Numerical experiments reveal dominant 

hydromechanical controls on reactivation of coastal bluff 

landslides, Puget Sound, WA 

Abstract 

To improve landslide susceptibility maps and forecasts of landslide 

occurrence it is necessary to better understand the behavior and triggering conditions 

of reactivated and recurring landslides. The inherent unpredictability and 

destructiveness of landslides, however, makes it difficult to observe changes that 

happen during failure. Initial landslides may cause substantial alterations to 

subsurface hydraulic and mechanical properties, as well as topography and 

vegetation, often increasing the likelihood that the remaining landslide deposits will 

fail again in the future. Here, we leverage an existing dataset combining field and 

laboratory measurements from a reactivated landslide along the coastal bluffs of 

Puget Sound, WA (USA) to examine which changes were most influential in 

promoting landslide recurrence. We coupled an infiltration model with the infinite 

slope equation to evaluate failure conditions for idealized hillslopes using properties 

from the failed and unfailed monitoring sites. Using a nearby unfailed hillslope as a 

control, we performed a series of virtual experiments to test the relative importance of 

disturbances to vegetation, strength, and hydrologic properties for determining the 

timing of slope failures. We found that shifts in root reinforcement and saturated 

hydraulic conductivity had the largest impacts in our simulations, followed to a lesser 
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degree by properties of the soil water retention curve. We conclude that the loss of 

root strength and decrease in conductivity which occurred during the initial slope 

failure made the landslide site more likely to fail in the future relative to the unfailed 

control site. This suggests that we need to understand spatial and temporal evolution 

of hydraulic conductivity and root strength to better understand landslide recurrence 

phenomena and improve hazard assessments.  

3.1 Introduction 

Landslides commonly recur in the same location (Temme et al., 2020). This is 

true both on a landscape scale where regional conditions such as steep topography 

and low shear strength promote abundant landsliding (e.g., Roering et al., 2005), and 

on a hillslope scale where landslide deposits that do not fully evacuate are susceptible 

to remobilization in the future (e.g., Jibson, 2005). In the latter case, an initial 

landslide may influence susceptibility for subsequent failures by altering subsurface 

hydrologic or mechanical properties, for example by changing hydrologic 

connectivity due to altered fast flow pathways or reducing apparent cohesion by 

breaking tree roots. Consecutive landsliding systems present significant natural 

hazards and play an important role in landscape evolution, however they are difficult 

to incorporate into hazard assessments and geomorphic analyses because they violate 

a commonly held assumption of stationarity. Illuminating the dominant processes that 

control the behavior and triggering conditions of recurring landslides is critical for 

improving these assessments. 
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Reactivated landslide deposits have generated some of the most deadly and 

destructive landslides in the last two decades in the United States. In 2017, the Mud 

Creek landslide failed catastrophically after several years of slow deformation, 

closing California’s Highway 1 for over a year and incurring more than $50 million in 

repair costs (Handwerger, Huang, et al., 2019; Warrick et al., 2019). In 2014, deposits 

from the 2006 Hazel landslide in Oso, Washington reactivated, causing a debris-

avalanche flow and 43 fatalities (R. M. Iverson et al., 2015). In 2005, a landslide at 

La Conchita, California remobilized from a previous 1995 deposit causing 10 

fatalities and damaging 36 homes (Jibson, 2005). These examples, while by no means 

comprehensive, illustrate the dangers that linger when landslide deposits remain after 

the initial failure. 

 Widespread recurrent landsliding also plays a fundamental role in landscape 

evolution by limiting mountain relief in response to rapid tectonic uplift and river 

incision (Burbank et al., 1996; Carson & Petley, 1970; Larsen & Montgomery, 2012) 

and regulating sediment supply to channels (e.g., Benda & Dunne, 1997; Mackey & 

Roering, 2011). In the northern California Coast Ranges, recurrent landsliding has 

been identified as a major source of coarse sediment which suppresses channel 

incision and landscape denudation allowing survival of relict terrain and orogenic 

relief in the wake of uplift (Bennett et al., 2016). The legacy of past landslides also 

influences soil depths and regeneration rates, which in turn modify future landslide 

susceptibility (Fan et al., 2021). 
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 Here it becomes important to distinguish between correlated landsliding and 

path-dependent landsliding, sensu Temme et al. (2020). Correlated landslides refer to 

landslides that recur in a similar setting, either in multiple locations simultaneously, 

in the same location successively, or in multiple locations successively; the key 

distinction is that these correlated landslides arise due to conducive location 

properties, e.g., terrain steepness, not due to previous landslides. In contrast, path-

dependent landsliding occurs when earlier landslides have a causal relation with later 

landslides. Reactivated landslides such as the Oso and La Conchita landslides are 

examples of path-dependent landsliding. The kind of recurrent landsliding that drives 

landscape evolution may include both correlated and path-dependent landsliding.  

 Historically, landslide susceptibility models have assumed that the likelihood 

of landslide occurrence is time independent. Recently however, large, multi-temporal 

landslide inventories in Italy (Samia et al., 2017) and Nepal (Roberts et al., 2021) 

have demonstrated that landslide susceptibility is influenced by path-dependency on a 

shorter timescale of 10-15 years. Taking into account path-dependency and variation 

in landslide spatial distributions through time has been shown to improve landslide 

susceptibility models (Jones et al., 2021; Jones et al., 2023; Samia et al., 2018, 2020). 

Crucially however, these analyses rely on statistical associations and do not attempt 

to mechanistically link consecutive landslides. Recurrent landsliding may arise from a 

number of factors, including debutressing of an existing landslide toe through wave 

action or bank erosion (Collins & Sitar, 2008; Pettit et al., 2014), buildup of pore-

water pressure in colluvium-fill hollows due to steep, convergent topography (Ebel et 
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al., 2008; Montgomery & Dietrich, 1994; Wu & Sidle, 1995), and lithologic controls 

(Roering et al., 2005). For landslides that completely evacuate the failed material, 

recurrence is further governed by the timescale required for a sufficient supply of 

mobile sediment to accumulate through weathering and deposition (Imaizumi et al., 

2015; Jakob et al., 2005; Parker et al., 2016). For landslides that do not fully evacuate 

the failed material (i.e., path-dependent reactivated landslides), there may be 

hydrological and mechanical changes to the landslide deposit (relative to the unfailed 

state) that affect the likelihood of future landsliding. For example, damage to 

vegetation during the initial failure may break roots and thus decrease cohesion (e.g., 

Schmidt et al., 2001) while also potentially increasing infiltration amounts by 

reducing canopy interception. Mechanically, landslide reactivation may also be 

facilitated by the “bathtub effect” where smearing and grain crushing along the main 

detachment surface during the initial failure leads to the formation of a low 

permeability clay layer at the landslide base, resulting in an elevated water table that 

promotes instability (Baum & Reid, 2000). The long lifespan of earthflows is 

commonly attributed to this mechanism.  

 In practice it is often difficult to distinguish between correlated and path-

dependent landsliding, making direct field observations of landslide triggering 

conditions and assessments of soil hydrology and mechanical properties especially 

valuable. One of the rare instances of this elusive field data comes from (Mirus et al., 

2017), who studied a pair of hillslopes along the coastal bluffs of Puget Sound to 

characterize the effects of landsliding on local hydrology and future slope stability. 
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By comparing their landslide site with a nearby stable hillslope, the authors identified 

changes in hydrologic connectivity and storage instigated by initial landslide failure 

that enhanced and prolonged susceptibility to further sliding within the remaining 

landslide deposit. However, beyond the empirical and qualitative interpretation of the 

field data this study does not include any causative or mechanistic analysis of 

landslide reactivation. Building on this work, we here leverage the existing field data 

from Mirus et al. (2017) to inform physically based hydro-mechanical modeling to 

identify the dominant processes and explore the conditions that control landslide 

recurrence. Specifically, we will use this model for virtual experiments to identify the 

relative importance of hydrologic properties vs strength parameters for determining 

the timing of landslide reactivation. 

3.2 Methods 

3.2.1 Site Description 
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Fig. 3.8 | Map of Puget Sound showing location of field sites near Mukilteo, Washington, 

USA. Inset map shows a 1 m digital elevation model with the location of field sites from 

Mirus et al. (2017). Contour interval is 5 m. 

 

Washington’s Puget Sound region hosts numerous steep hillsides and coastal bluffs 

that frequently experience shallow translational landslides Baum et al., 2005a; Baum 

et al., 2005b; Baum et al., 2000; Godt et al., 2006). Most of these slides occur 
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between November and April when the region receives nearly three-quarters of its 

annual rainfall; total rainfall averages about 1 meter annually (Mirus et al., 2017). 

Regional geology consists of subhorizontally bedded glacial advance outwash sands 

and underlying glaciolacustrine silts that are particularly conducive to landsliding 

(Minard, 1983). Localized seeps and springs are also commonly observed, suggesting 

that perched water tables build up above glacial clay layers and force lateral flow 

through the overlying sand and gravel promoting instability (Baum et al., 2005). 

These frequent landslides often disrupt cargo and commuter rail service around Puget 

Sound and can pose financial and safety risks to both properties and people.  

 In 2015, the USGS started a monitoring campaign at two sites along the 

coastal bluffs of the Seattle-Everett railway corridor, within the city of Mukilteo, to 

study the hydrologic impacts of landslide disturbance and the resulting implications 

for landslide recurrence (Mirus et al., 2016, 2017; Smith et al., 2017). The study 

system consists of an existing landslide (LS), which failed initially in 2013 and has 

remobilized multiple times since then, and a vegetated hillslope (VH) located 0.6 km 

to the south, which has been stable throughout the monitoring period (Fig. 3.1). Aside 

from the effects of the previous slope failure, the hillslopes are very similar, making 

them valuable for testing how previous slope failures affect the likelihood of future 

mobilization. The two sites have the same total relief of 42 m measured from the 

railway line to the crest of the bluffs and they have similar average slopes (32° and 

35° for the landslide and the vegetated hillslope, respectively). The underlying 
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geology at both sites consists of partially consolidated glacial till and outwash 

deposits (Booth et al., 2003; Minard, 1983).  

 At VH, the top ~1.5 meters consist of colluvium with evidence of 

bioturbation, macropores, and significant root density which supports a dense mixed 

forest with an understory of ferns and shrubs (Mirus et al., 2017). This contrasts with 

LS, where the landslide deposit consists of mostly clay and shows little evidence of 

soil development or obvious soil structures and hosts only the occasional tilted tree or 

shrub. Mirus et al. (2017) performed laboratory experiments to quantify the 

difference in soil structure between these two sites and found that the geometric mean 

of the saturated hydraulic conductivities is about 2 orders of magnitude lower at LS 

than VH and the porosity is about 20% lower (0.43 for LS vs. 0.56 for VH), 

suggesting that slope failure reduced the drainage and unsaturated storage capacity of 

the landslide site relative to the vegetated hillslope. 

 Subsurface monitoring also revealed seasonal differences between the two 

hillslopes. As part of the monitoring campaign, an array of piezometers, tensiometers, 

and volumetric water content sensors were installed along a transect of each hillslope. 

LS experiences positive pore-water pressures and near-surface soil saturation earlier 

than VH does and remains wetter longer. This creates an extended “landslide season” 

for LS relative to VH during which it is susceptible to slope failure. Tensiometer 

records, while demonstrating variability along the two hillslopes, broadly indicate that 

the saturated zone at LS responds more rapidly to individual storms than at VH and 

that the near surface remains wetter with higher pore pressures (Mirus et al., 2017). 
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The full list of installed monitoring equipment and recorded data can be found in 

Smith et al. (2017). A time-lapse camera installed onsite revealed slope movement at 

LS during the time periods of December 8–9, 2015; January 21–30, 2016; and March 

9–14, 2016 Smith et al. (2017). 

3.2.2 Hydrogeologic Modeling 

To assess the dominant hydromechanical controls on landslide reactivation at 

our sites we employ the same space-for-time substitution as Mirus et al. (2017) and 

assume that differences in vegetation and soil properties at LS and VH are due to 

disturbances associated with the slope failures at LS which began in 2013. Building 

off of this assumption, we develop hydrogeological models of each site using 

HYDRUS 1D, a commercial software package that solves the Richards equation to 

simulate transient, variably saturated, subsurface water flow in multiple dimensions 

(Šimůnek et al., 2008). After developing one representative base simulation each for 

the landslide site (LS) and the vegetated hillslope (VH), we performed a series of 16 

virtual experiments where we altered parameters within these simulations one at a 

time to test which of the observed physical differences between the two sites 

significantly affected the subsurface hydrologic conditions and slope stability. We 

evaluated stability by comparing pore pressure and factor of safety time series for 

each scenario. These experiments allow us to resolve the key influences of 

hydromechanical variables (saturated hydraulic conductivity, Ksat; saturated soil water 

content, θs; residual soil water content, θr; the inverse of the air-entry pressure head 

value, α; the pore size distribution shape parameter, n; and apparent cohesion, c’), 
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particularly which one(s) have the strongest control on pore 

pressure in one dimension. We also tested the effects of canopy 

interception and antecedent conditions. 

 Our base models consisted of a 5-meter-deep column, 

with 1.5 meters of colluvium/landslide material overlying 3.5 

meters of glacial sediments (Fig. 3.2). This roughly aligns with 

the depths of the landslide/colluvium layers observed in 

excavated soil pits at the two sites (Mirus et al., 2016), 

although we chose a discrete boundary here to simplify our 

simulations rather than replicate the gradual transition that was 

observed in the field. The finite element mesh for each 

boundary-value problem contains 1001 nodes with increased 

nodal density (closer spacing) at the surface and at the 

boundary between the two hydrogeologic units. We included observation nodes at 

various depths corresponding to sensor locations at LS and VH to allow us to 

compare continuous time series of simulated and observed pore pressure (ψ) and 

water content (θ). 

We use the van Genuchten-Mualem approach (Mualem, 1976; Van 

Genuchten, 1980) to define the water flow parameters for each hydrogeologic unit. 

The relevant water flow parameters for input into HYDRUS are saturated hydraulic 

conductivity (Ksat, m/s), saturated soil water content (θs), residual soil water content 

(θr), the inverse of the air-entry pressure head value (α, 1/m), and the pore size 

Fig. 3.2 | Model 

domain for 

HYDRUS 1D 

simulations. 
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distribution shape parameter (n). We parameterized the base case of the vegetated 

hillslope using existing laboratory measurements from Mirus et al. (2016). Based on 

grain size percentages, we use typical parameters for a silty clay loam to parameterize 

the landslide base case (Carsel & Parrish, 1988). Notably, the Ksat used for the 

landslide material and listed in Table 3.1 (1.94e-7 m/s) is very close to the fasted Ksat 

measured in the lab for the landslide (3e-7 m/s). Field observations of the underlying 

glacial deposits indicated that the material was clay-rich and less conductive than the 

overlying colluvium and landslide deposits, hence we parametrized this layer using 

typical values for a silty clay (Carsel & Parrish, 1988). Relative to VH soils, the LS 

parameters represent a much finer-grained, slowly draining soil. The glacial sediment 

parameters, meanwhile, represent an even finer-grained and less conductive material 

than both LS and VH. For both LS and VH, we use Ksat values at the upper end of the 

measured range. Given that the laboratory values represent point measurements and 

do not consider possible fast flow pathways, we assert that the upper end of the 

hydraulic conductivity distribution provides a reasonable representation of the 

effective conductivity governing pore pressure response in the field.  

The upper boundary condition for all simulations is atmospheric pressure with 

surface runoff that uses 15-min precipitation measurements recorded on site as input 

(Smith et al., 2017). We focus on the period between January 1, 2016 and January 31, 

2016 because slope failures were observed at LS during the second half of the month. 

Given that this is a relatively short period of time, we include antecedent conditions 

in our suite of tested variables to examine differences between the two sites. Because 
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the simulated time occurs during the rainy winter season, we assume 

evapotranspiration fluxes are minimal and do not include them in the model input. 

The lower boundary uses a free drainage condition that is recommended for situations 

when the water table lies far below the domain of interest (Šimůnek et al., 2008). 

 We used a variation of the “rain and drain” warm-up simulation protocol 

described by (Mirus et al., 2011) to establish initial conditions that approximated 

observed field conditions (Smith et al., 2017). For each simulation, we set a uniform 

initial pressure head everywhere of -0.1 m and drained the system for approximately 

35 days to establish a reasonable distribution of pressure head. For each simulation, 

we then applied rain at 6 x 10-8 m/s until we reached pressure conditions that 

approximated tensiometer measurements at the beginning of January 2016 (2.2 kPa at 

1.42 meters depth for LS and -1.8 kPa at 1.22 meters depth for VH). Because the time 

required to reach these initial conditions depends on the soil properties, each of the 

virtual experiments required a different number of days for warm up. 

To evaluate how the altered parameters affected the likelihood slope failure, 

we calculated a factor of safety (FS) time series for each simulation listed in Table 2. 

To do this, we first calculated the suction stress with the Lu & Likos (2004) approach 

at the boundary between the overlying layer and the glacial sediments (1.5 m depth): 

 
𝜎𝑠 =  −

𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
(𝑢𝑎 − 𝑢𝑤) 

 

(1) 
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where 𝜎𝑠 is the suction stress [ML-1T-2], 𝜃 is our modeled (dimensionless) water 

content [-], 𝑢𝑎 is the atmospheric pressure [ML-1T-2] (here assumed to be zero), and 

𝑢𝑤 is the pore-water pressure [ML-1T-2].  

 We calculated factor of safety using our calculated suction stress and the 

infinite slope equation from Lu & Godt (2008): 

 
𝐹𝑆(𝑡) =

𝑐′ + [𝛾𝑑𝑐𝑜𝑠2𝛽 − 𝜎𝑠(𝑡)]𝑡𝑎𝑛𝜑′

𝛾𝑑𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛽
 

(2) 

 

where  𝑐′ is the effective cohesion [ML-1T-2], 𝛾 is the unit weight of the combined soil 

and water [ML-2T-2], and 𝑑 is the depth to the failure plane [L], 𝛽 is the slope angle 

[°], and 𝜑′ is the effective friction angle [°]. Values for cohesion, friction angle, and 

slope angle are listed in Table 3.1. We set 𝑑 as the boundary between the landslide 

deposit/colluvium and the glacial sediments, i.e., 1.5 m. Following precedent, we 

calculated 𝛾, the unit weight of the landslide material, for each simulation assuming 

full saturation (Lu & Godt, 2012): 

 
𝛾 =  𝛾𝑤 [

𝐺𝑠 + 𝑒𝑆

1 + 𝑒
] 

 

(3) 
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where 𝛾𝑤 is the unit weight of water [ML-2T-2], 𝐺𝑠 is the specific gravity [-], 𝑒 is the 

void ratio [-], and 𝑆 is the saturation [-]. We assume 𝛾𝑤 equals 9.8 kN m-3 and 𝐺𝑠 

equals 2.65 (Freeze & Cherry, 1979).  

The relevant parameters for slope stability are friction angle (φ’, deg.), slope 

angle (β, deg.) and cohesion of the landslide material/colluvium (𝑐′, kPa). Based on 

laboratory strength testing of limited core samples (Mirus et al., 2016), we estimate a 

friction angle of 29° for both LS and VH. Properties for the glacial deposits were not 

measured so we assume they have very high strength parameters. Laboratory 

measurements of samples from LS and VH recorded negligible values of both total 

and effective cohesion (Mirus et al., 2016), thus we assume that 𝑐′ for each site 

represents an apparent cohesion that stems entirely from root reinforcement. We use 4 

kPa for apparent cohesion at LS and 8 kPa at VH to test two end members of low and 

high(er) cohesion. Based on aerial imagery, approximately half the surface area of LS 

was vegetated in January 2016, whereas the entire hillslope was vegetated at VH. 

Accordingly, we assign the 2x higher cohesion value to VH to represent the extensive 

root network relative to LS. These values are based on the upper range of values 

reported for similar vegetation in Washington State (Schmidt et al., 2001). The 

complete list of hydrologic and stability parameters for the base case simulations are 

listed in Table 3.1. 
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Table 3.1: Base Model Parameters 

Unit 
Ksat  

(m/s) 
𝜽𝒔 𝜽𝒓 

 

α 

(𝟏/𝒎) 

 

n 

 

φ’ 

(deg.) 

 

β 

(deg.) 

 

c’ 

kPa 

VH 

Colluvium 

1.08e-51 0.561 0.141 2.81 1.471 29 35 8 

LS Material  1.94e-72 0.432 0.0892 12 1.232 29 32 4 

Glacial 

Deposits 

5.55e-83 0.363 0.073 0.53 1.093 - - - 

         
1 Measured in laboratory tests by Mirus et al. (2016) 
2 Typical parameters for a silty clay loam (Carsel & Parrish, 1988).  
3 Typical parameters for a silty clay (Carsel & Parrish, 1988). 

 

3.2.3 Virtual Experiments 

We use our two base case scenarios to perform a series of 16 virtual 

experiments designed to test the relative influence on the subsurface hydrologic 

response and slope stability of rainfall, initial conditions, and each of the input soil 

parameters. In each of these 16 scenarios, listed in Table 3.2, we replace a single 

parameter in the base case simulation with the relevant parameter from the other base 

case. This allows us to see how the wetter, less permeable, and more disturbed 

conditions of the landslide affect the pore pressure response of the vegetated hillslope 

and vice versa. We test all parameters listed in Table 1 except for the friction angle 

(φ) and the slope angle (β) because the former is identical between the two sites and 

the latter is only 3 degrees different. For scenarios 6 and 14, we switch the input 

precipitation between LS and VH to test the effects of differences in canopy 

interception. For scenarios 7 and 15, we exchange initial conditions between the two 
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sites to test the effects of antecedent conditions. See Table 3.2 for the full list of 

experimental scenarios and parameters. 

 Scenario 1 (LS base properties with the faster Ksat from VH) initially failed to 

converge due to numerical instabilities. This arises from a well-known issue in 

HYDRUS where the model becomes unstable due to saturation excess infiltration, 

most commonly with fine-grained soils, n < ~1.1 (Šimůnek et al., 2008). Given the 

fine-grained nature of our landslide material and glacial deposits, we use the modified 

van Genuchten-Mualem model with an air entry value of -2 cm for all scenarios to 

improve the description of the hydraulic conductivity function near saturation 

(Schaap & Van Genuchten, 2006; Vogel et al., 1985, 2000). However, this 

modification is insufficient to achieve full convergence when describing rapid 

hydraulic conductivity in an otherwise fine-grained soil. Considering this, we ran 

scenario 1 in a piecewise fashion by reinitiating the simulation after each failed 

convergence using the pore pressure distribution from the last time step. Each period 

of instability occurred during a period of high intensity rainfall, so we assumed that 

complete saturation lasted until the rainfall intensity decreased and restarted the 

simulation after the peak rain was over. 
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Table 3.2: Parameters used for the virtual experiments 

Scenario 
Ksat 

(m/s) 
𝜽𝒔 𝜽𝒓 α n 

 

Precip 

 

IC* 

 

c’ 

Time 

of 

first 

failure 

Landslide 

1 VH LS LS LS LS LS Wet LS Jan 21, 

18:00 

2 LS VH LS LS LS LS Wet LS ---   

3 LS LS VH LS LS LS Wet LS Jan 22, 

05:15 

4 LS LS LS VH LS LS Wet LS --- 

5 LS LS LS LS VH LS Wet LS --- 

6 LS LS LS LS LS VH Wet LS Jan 22, 

10:00 

7 LS LS LS LS LS LS Dry LS Jan 22, 

08:00 

8 LS LS LS LS LS LS Wet VH --- 

Vegetated Hillslope 

9 LS VH VH VH VH VH Dry VH --- 

10 VH LS VH VH VH VH Dry VH --- 

11 VH VH LS VH VH VH Dry VH --- 

12 VH VH VH LS VH VH Dry VH --- 

13 VH VH VH VH LS VH Dry VH --- 

14 VH VH VH VH VH LS Dry VH --- 

15 VH VH VH VH VH VH Wet VH --- 

16 VH VH VH VH VH VH Dry LS --- 

 

* Wet IC LS = 0.22m pressure at 142cm; Dry IC VH = -0.18m pressure at 122cm 

--- no failure 

 

3.3 Results 

3.3.1 Base Cases 
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The 1D base case models roughly match the measured pore pressure record in 

magnitude and timing (Fig. 3.3). It is challenging to match the records exactly given 

the simplifications that are inherent to a 1D simulation (ignoring topography, 

assuming homogeneity, using a discrete hydrogeologic boundary, etc.). Notably 

however, the base case results follow what we would expect to happen conceptually 

for the month of January based on the measured rainfall. The pore pressure response 

is muted until around January 13 when the effects of the first notable rainstorm enter 

the record. Following this, we see a dramatic wet up around January 21 when the 

most intense and prolonged rainstorms occur; after this point, the modeled pore 

pressure is very responsive to any further input having reached saturation. 

Importantly, when we incorporate the modeled hydrologic response into our factor of 

safety calculations, we closely replicate the timing of hillslope failures compared to 

what was seen in the field (Fig. 3.3). Hence, we feel confident using these base 

models to conduct our 1D virtual experiments. 
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Fig. 3.3 | Base Model Results (a, b) Simulated (dashed line) versus observed (solid line) 

pressure head during January 2016 at LS (a) and VH (b). (c, d) Simulated slope stability at 

LS (c) and VH (d). Dashed horizontal line represents the threshold for instability. Gray 

shaded box in part c marks the observed period of instability at LS. (e, f) Recorded hourly 

rainfall intensity shown for LS (e) and VH (f). Observed data from (Smith et al., 2017). 

3.3.2 Hydrologic changes 

 Raising the hydraulic conductivity in the landslide relative to the base case 

(Scenario 1) causes the pore-pressure record to be more responsive to rainfall (Fig. 

3.4a). Pressures rise about a half day earlier in response to the late January rains. Peak 

pressures reached are approximately 0.35 m higher than the base case and they 

remain relatively elevated through the remainder of January. In contrast, lowering the 

hydraulic conductivity in the vegetated hillslope (Scenario 9) causes pore-water 
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pressures to rise approximately three days later than in the base model (Fig. 3.4b). 

Pressure changes in response to rainfall and generally more muted and they remain 

about 0.5 m lower from January 21 onwards. 

Altering saturated soil water content (scenarios 2 and 10) produces moderate 

change relative to the landslide and vegetated hillslope base cases (Fig. 3.4 c,d). 

When θs is increased relative to the LS base case, the system requires about half a day 

longer to respond to the January 21st storm sequence and ultimately the maximum 

pressures are ~0.25m lower (Fig. 3.4c). After January 25th however, the pressures 

remain ~0.25m higher. Similarly, decreasing θs relative to the VH base case in 

scenario 10 causes the wetting front to move faster and the pore pressures to remain 

~0.3m higher after wetting up on January 22nd (Fig. 3.4d).  Changing the residual soil 

water content, θr (scenarios 3 and 11), causes very little change for either LS or VH 

(Fig. 3.4 c,d).  

 Altering the scaling parameters α and n has a bigger effect on the modeled 

pressures. Scenario 4, which pairs LS base parameters with a higher α, causes the 

simulation to saturate slower by about 1 day and decreases the maximum pore 

pressures by ~0.5m, however the pore pressures then remained higher than the base 

case by ~0.25m for a few days before dipping below the base case pressures again on 

January 30th (Fig. 3.4e). Increasing n in scenario 5 has a similar effect, but with 

slightly less lag to saturation and without the dip in pore pressures at the end of 

January (Fig. 3.4e). In contrast, decreasing α and n relative to the base VH parameters 

in scenarios 11 and 12 respectively causes the simulations to wet up ~1 day faster in 
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response to the late January storm inputs and to retain pressures ~0.5m higher than 

the base case for the remainder of the simulation (Fig. 3.4f). 

Exchanging the input precipitation between LS and VH (scenarios 6 and 14) 

has little to no effect on the modeled pore pressure (Fig. 3.4 g,h). Changing the 

antecedent conditions for VH caused the system to stay ~0.1-0.2m wetter the entire 

time than the base case (scenario 15), but the similar swap to dry antecedent 

conditions for LS (scenario 7) produced no noticeable effect; in fact, the two 

simulations were nearly identical beyond January 10 and wetted up as a result of the 

January 21st storm sequence almost simultaneously (Fig. 3.4 g,h). 
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Fig. 3.4 | Simulated pore-water pressures from hydrologic scenarios. (a) Increased 

hydraulic conductivity (blue line) relative to the base landslide model simulated at 142 cm 

depth. (b) Decreased hydraulic conductivity relative to the base vegetated hillslope model 

simulated at 122 cm depth. (c, d) Same as (a) and (b) for saturated and residual water 

contents. (e, f) Same as (a) and (b) for α and n. (g, h) Comparing the effects of altered canopy 

interception and antecedent conditions.  

3.3.3 Factor of Safety 
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Based on the factor of safety calculations, 4 of the 8 scenarios for LS (in 

addition to the base case) were likely to fail at some point during the storm sequence 

in the second half of January 2016. The least stable scenario resulted from increasing 

the hydraulic conductivity, which caused the factor of safety to abruptly drop below 1 

on January 21 at 18:00 and remain <1 for the rest of the month. Increasing the 

residual moisture content, using the precipitation record from VH, and starting with 

drier initial conditions at the beginning of January (scenarios 3, 6, and 7 respectively) 

were similar to the LS base case in terms of timing and likelihood of slope failure. 

For all four simulations the factor of safety decreased to ~0.8 on January 22 before 

recovering; however, for the simulation using VH precipitation it decreased again to 

0.8 on January 24 whereas the other three simulations remain close to 1. Increasing 

apparent cohesion from 4 kPa to 8 kPa created the most stable of the LS simulations, 

with factor of safety values ranging between ~1.6-1.2. 

 The factor of safety for the VH simulations never dropped below 1. Generally, 

the values range between ~1.5 and 1.2, except for the lower cohesion simulation 

which maintains a steady level of about 1.1 until January 22 at which point the heavy 
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rainfall input causes it to gradually decline. By the end of the month the factor of 

safety decreased to slightly above 1 (but never crossed the threshold).  

 

 

Fig. 3.5 | Time series of factor of safety simulated for all scenarios listed in Table 2 

assuming a failure depth of 1.5 meters. (a) Alterations to the landslide base model. (b) 

Alterations to the vegetated hillslope base model. 

3.4 Discussion 

Based on these simulations, apparent cohesion from root reinforcement has by 

far the largest influence on slope stability, followed by saturated hydraulic 

conductivity. Notably apparent cohesion is the only variable for which we do not 

have either field or laboratory measurements and it is also notoriously difficult to 

constrain at the field scale given spatial variations in species, size, age, and spacing of 

vegetation (Schmidt et al., 2001). Given the apparent importance of roots within our 

study system, a more accurate 3D treatment may be warranted that accounts for 
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spatially variable cohesion as well as temporal parameter variations that occur during 

the process of failure (e.g., Cohen & Schwarz, 2017). Developing a full 3D model 

would require a detailed characterization of 3D subsurface geometry and properties 

that is outside the scope of our current study but may be a useful direction for future 

work to investigate feedbacks between vegetation and landslide failure that develop 

during repeated cycles of landsliding. 

  Saturated hydraulic conductivity also significantly influences the stability of 

these simulated systems. This is particularly evident from the LS simulations where a 

faster conductivity caused the hillslope to become unstable 14 hours earlier than the 

base case and remain unstable for the next 10 days. Additionally, the simulation that 

alters the VH base case to use the lower LS conductivity maintained the highest factor 

of safety values of all the VH simulations, reinforcing the conclusion that a higher 

Ksat makes the hillslope less stable, all else being equal. However, we note that these 

simulations only examine hillslope stability for one month. Over a period of months 

to years, higher hydraulic conductivity will tend to promote drainage and lead to 

lower seepage forces (and consequently pore pressures) which would increase 

hillslope stability. Thus, the effect of hydraulic conductivity will be time scale 

dependent. Future studies that encompass longer timescales or that combine changes 

to multiple variables, e.g., increased hydraulic conductivity and drier initial 

conditions, would be useful to constrain the timescales for these competing effects on 

landslide stability. Additionally, we note that the extended period of instability that 

develops when Ksat is increased for the LS simulation more accurately matches 
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observed instability at the site, which occurred off and on between January 21 and 

January 30, 2016. This suggests that the Ksat value used to parameterize the base LS 

model, which was based on laboratory tests, may be lower than field conditions. This 

is possibly due to the presence of fast flow pathways which, while less numerous than 

at VH, may still be more abundant than what is represented by laboratory tests. 

 Secondary controls on the likelihood of landslide occurrence include θs, α, and 

n. When we increased each of these three parameters for the landslide site, the 

hillslope remained stable for all of January (although the factor of safety did approach 

very close to 1 around 23:00 on January 23). Altering any of these three parameters 

creates more available unsaturated storage within the system and a steeper soil water 

retention curve, meaning that more water will be required before positive pore 

pressures can develop. This leads to a lag in saturation timing relative to the base case 

and an overall decrease in the maximum pore pressures achieved (given identical 

rainfall inputs) which in turn makes the slope more stable. Similarly, decreasing θs, α, 

and n for VH caused the largest and fastest pore pressure responses of the VH 

parameter combinations by decreasing the available unsaturated storage and allowing 

infiltrating water to reach the water table more rapidly. 

 Antecedent conditions and precipitation differences had a negligible impact 

on slope stability. The antecedent conditions did have some effect on the modeled 

pore pressure, as demonstrated by scenario 14 which starts with the “wet” initial 

conditions and stays wetter during the entire modeled period than the VH base case. 

However, the effect is not enough to generate instability. Additionally, it is difficult to 
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disentangle the role of the soil water retention curves vs. different cumulative 

rainfalls in setting the different antecedent conditions, so it is possible that this effect 

is already accounted for by alterations in θs, α, and/or n. 

 This insignificance of canopy interception was unexpected given that LS 

received 228 mm more precipitation than VH did during the full monitoring period 

(July 11, 2015, to August 9, 2016; Smith et al., 2017). However, closer examination 

revealed that LS only received 9mm more precipitation during January than VH did. 

This indicates that cumulative differences in rain fall have a larger effect on 

subsurface conditions (via antecedent conditions) than differences in any given 

month. This is likely related to interception rates varying throughout the year due to 

seasonal changes in canopy cover. 

 Taken in sum, these results highlight the importance of changes in both 

hydrologic properties and apparent cohesion in affecting slope stability for reactivated 

landslides and suggest that decreases in root reinforcement and hydraulic conductivity 

were the dominant contributors to enhanced landslide potential at LS in 2016. 

Although we use static values to parameterize the models in this study, the 

importance of these two factors suggests that the temporal dynamics may be critical 

to understanding this system and thus estimating hazard. Following an initial 

landslide, we expect the processes of revegetation, bioturbation, and pedogenesis to 

gradually restore hillslope stability by increasing root reinforcement and enhancing 

hillslope drainage (e.g., Fan et al., 2022). Quantifying the timescales for healing after 

landslide disturbance is important to effectively incorporating path-dependent 
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landsliding in hazard assessments. These have the potential to vary based on location, 

climate, and vegetation type. For forests in the Oregon Coast Range, anthropogenic 

disturbance imparts a lasting legacy on root cohesion of at least a century (Schmidt et 

al., 2001), whereas grass vegetation in Japan was shown to recover within 12 years 

after landslide disturbance (Saito et al., 2022). Field studies from the southern Rocky 

Mountains indicate that six years post-landslide failure neither vegetation nor soil 

depth had recovered, and the authors speculate that recovery rates may decline in the 

future as the climate warms and dries (Buma & Pawlik, 2021). Additional field 

constraints on the recovery rate of different vegetation types and how soil structure 

coevolves with vegetation growth are needed to accurately model the likelihood of 

landslide recurrence within time-dependent susceptibility models.  

The time-dependent nature of root cohesion and hydraulic conductivity post-

failure also raises the question of how repeated cycles of landsliding may affect 

recovery rates. Aerial imagery of LS illustrates the sequence of landsliding in 2013, 

followed by partial vegetation regrowth and then subsequently follow up landsliding 

in 2016 and 2017 (Fig. 3.6). By 2021, the landslide scar has become covered by 

vegetation, although the tree canopy is not yet as tall as it was prior to landsliding. 

While vegetation recovery and associated changes in soil structure presumably began 

to take place after the initial disturbance in 2013, they were interrupted by landslide 

recurrence happening on a shorter timescale than that which is required for full 

recovery. The effects of this interruption have not been quantified here but could be 

significant long-term in repeated cycles of landsliding. In forests that are logged for 
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example, simulations have shown that repeated harvesting cycles cumulatively 

decrease root stability (Sidle, 1992). Similar effects are likely relevant for landslide-

induced disturbances and as recovery rates change in the future due to changes in 

climate, these effects may be exacerbated. 

 

Fig. 3.6 | Images from Google Earth showing the changes in tree cover at LS due to 

landsliding and subsequent vegetation regrowth between 2012 and 2021. 

Our ability to answer these questions and to quantify the exact magnitude of 

change at LS within this study is limited by simplified modeling representation we 

have adopted. We have employed a 1D representation of two study sites to isolate the 

effects of our chosen suite of hydrological, environmental, and mechanical variables 

on landslide recurrence while minimizing the complexity of required input data. 
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While this treatment is effective as an initial approach, it does limit our ability to 

analyze the effects of spatial heterogeneity and temporal evolution on our study 

system. For example, the initial landslide failure caused non-uniform changes in slope 

and produced a lumpy topography that leads to restricted drainage and shallow rapid 

earthflows in gently sloping areas of the landslide (Mirus et al., 2017). These 

topographic effects are not captured in our model system but likely affect where on 

the hillslope future failures will initiate. Additionally, there is considerable spatial 

variability recorded in the hydrologic response at different instrument locations and 

observed within soil pits (Mirus et al., 2017). These effects are not captured within a 

1D representation but are likely also important for determining where failures may 

initiate. Future work developing a full 3D representation of our field system would 

help address some of these issues while also allowing a more realistic treatment of 

cohesion. 

3.5 Conclusions 

 Landslides alter the hydrologic, mechanical, and topographic properties of a 

hillslope in ways that may increase susceptibility to future failures when the initial 

deposit is not evacuated completely. Field studies of a recurring landslide along the 

coastal bluffs of Puget Sound identified reductions in hydrologic connectivity and 

storage that resulted from the initial landslide failure. Here we use a coupled 

hydromechanical model to quantify the relative importance of individual components 

of landslide disturbance on landslide hazard persistence. Our analysis indicates that 

hydraulic conductivity and apparent cohesion from root reinforcement are the two 
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most influential factors. We expect these two factors to coevolve during the healing 

process post-disturbance, however recovery rates are likely to vary widely depending 

on climate, soil type, and vegetation species. Comprehensive measurements of root 

reinforcement through space and time for different vegetation species are necessary to 

inform time-dependent landslide susceptibility estimates. 
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