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Abstract 
 
I address the large-scale stability and potential past and future triggers of the Lost Lake 
Landslide on Vashon Island, one of the largest mapped landslides in the Puget Lowland. I focus 
on three landslide triggers; groundwater fluctuation, the Seattle Fault Zone and the Tacoma Fault 
Zone and identify the most likely trigger. No previous work has analyzed the trigger, age, or 
stability of the slope. Using an end member approach, I calculate the factor of safety and seismic 
critical acceleration using a two-dimensional limit equilibrium model for three different Lost 
Lake Landslide scenarios. Two scenarios are a reconstruction of potential past failure and one 
scenario is a future failure of the modern slope. Using USGS ShakeMaps I compare modeled 
Seattle Fault Zone and Tacoma Fault Zone peak ground accelerations with calculated critical 
accelerations from this study. I find that significant groundwater fluctuations have a surprisingly 
low influence on large-scale slope stability. Additionally, shaking from either a Seattle Fault 
Zone or Tacoma Fault Zone earthquake could have triggered the Lost Lake landslide. A Tacoma 
Fault Zone earthquake is a more likely trigger due to its greater exceedance of the required 
critical acceleration to cause a slope failure. My results indicate that large magnitude crustal 
earthquakes can potentially trigger extremely large landslides in the Puget Lowland. As a first 
order assessment, factor of safety and critical acceleration analysis can potentially identify other 
large co-seismic landslides in the Puget Lowland.   
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1.0 Introduction 
 
Landslides along coastal bluffs are a common and sometimes deadly hazard in the Puget 
Lowland (Schulz, 2007). Landslides can be generated by numerous causes both natural and 
anthropogenic. Historically, landslides occur during the wet season and coincide with increased 
winter precipitation (Tubbs, 1974). Development of regional co-seismic landslide models has 
also identified large magnitude crustal earthquakes as a future trigger for thousands of landslides 
(Allstadt et al., 2013; Grant, 2017). The combined effect of using historical evidence of 
landslides and predictive modeling of landslides develops a foundation for addressing future 
landslide triggers and risk. Landslide case studies that use slope stability analysis provide a more 
detailed look into local characteristics which address both the factor of safety (FS) and hillslope 
critical acceleration.  
 
Slope stability analysis using the FS indicates that rapid changes in groundwater due to 
precipitation events can critically reduce the FS, causing slope failures in the Puget Lowland 
(Cool and Gordon, 2013). Stability analysis can also include seismic analysis, which identifies 
the required acceleration of the ground, known as the critical acceleration, to trigger a landslide. 
In the Puget Lowland, evidence for seismically triggered landslides is less abundant than 
groundwater-triggered landslides. This, however, does not reduce the importance of performing 
seismic analysis when addressing slope stability, especially when considering the likelihood of a 
future large magnitude crustal earthquake.  
 
The Puget Lowland has experienced at least two large crustal earthquakes in the past 1200 years 
from the Seattle Fault Zone (SFZ) and Tacoma Fault Zone (TFZ) (Bucknam et al., 1992; Sherrod 
et al., 2004). The last major SFZ earthquake was a magnitude 7 or larger which occurred around 
900 A.D., raising shorelines as much as 7 meters and generating a tsunami in Puget Sound 
(Bucknam et al., 1992; Atwater and Moore, 1992). The last major TFZ earthquake was between 
A.D. 770 and 1160 and was approximately a magnitude 7 (Sherrod et al., 2004). A landslide on 
Mercer Island was identified as a co-seismic landslide and is linked with the SFZ 900 A.D. event 
(Jacoby et al., 1992). This landslide exhibits 40 to 50 m high headscarps and bathymetric lobes 
which traveled 200 to 400m into Lake Washington with a total width from head scarp to toe of 
500 to 750 m. 
 
There are other potential co-seismic landslides in the Puget Lowland, which resemble the Mercer 
Island landslide in scale, geomorphic features and topographic/geologic setting. One such 
landslide is the Lost Lake landslide, located on an eastward facing slope on the southern tip of 
Vashon Island, Washington (Figures 1 and 2). Like the Mercer Island Landslide, the Lost Lake 
landslide has a bathymetric toe which displaced up to 750 m into quartermaster harbor. Both 
landslides also share similar topographic and geologic settings. 
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Slope stability analysis using two-dimensional limit equilibrium modeling presents an approach 
to calculate the FS and seismic critical acceleration. This can potentially isolate whether 
seismicity or groundwater fluctuation triggered a landslide. Seismic trigger scenarios can be 
examined by comparing the magnitude of critical acceleration (Kc) of the slope with peak ground 
accelerations (PGA) from modeled earthquake scenarios. Kc is the required acceleration in 
percent gravity that will reduce the factor of safety to a value below 1.0, which theoretically 
triggers a failure. Kc is measured in the horizontal and downslope direction. PGA is a 
measurement (or model prediction) of the largest magnitude ground acceleration in percent 
gravity for a given location during a specific magnitude earthquake.  
 
The goal of my study is to determine if historical earthquakes on the Seattle or Tacoma Fault 
could have triggered the Lost Lake landslide as either a first-time failure or reactivation of a 
preexisting failure. To make the determination I compare Kc and PGA in a slope stability 
analysis using a two-dimensional limit equilibrium model.  Groundwater fluctuations are 
examined as a potential trigger by using distinct wet and dry season scenarios which affect pore 
pressure. Wet and dry seasons are also considered when calculating Kc, addressing the impact of 
an earthquake on slope stability in both wet and dry seasons. Using this approach, I make a first 
order assessment of groundwater fluctuations and/or seismic shaking as triggers for both past and 
future large-scale deep-seated failure of the Lost Lake landslide.  

2.0 Geologic History & Setting 
 
Vashon Island shares the same geologic history as the surrounding Puget Lowland and therefore 
a similar stratigraphy. During the Quaternary period numerous glacial and interglacial cycles 
occurred, leaving behind complex and highly variable packages of sediment. The deposits of 
interglacial and glacial origin which range from silts and clays to sands and gravels were 
subsequently covered by deposits from the most recent glaciation, the Vashon Stade. The most 
commonly exposed pre-Vashon deposits on Vashon Island are the Pre-Fraser interglacial coarse 
– and fine-grained units. The Pre-Fraser deposits include the Possession Drift and Pre-Olympia 
deposits (Booth, 1991; Booth et al., 2015).  
 
The Vashon Stade of the Fraser glaciation deposited a relatively consistent package of glacial 
sediment associated with the advance and retreat of the glacier between 18,000 and 16,000 cal. 
yrs BP (Porter and Swanson, 1998). Around 18,000 cal. yrs BP the Vashon glacier began its 
advance into the Puget Lowland from British Columbia and divided into two lobes, the Puget 
Lobe and Juan de Fuca Lobe. As the glacier advanced south, the Juan de Fuca Lobe blocked the 
north drainage from the Puget Lowland. This process created a large proglacial lake in low lying 
topography that collected fine-grained deposits of silt and clay known as the Lawton Clay. As 
the glacier advanced south, proglacial deltas deposited thick layers of sand and gravel known as 
Vashon Advance Outwash over the Lawton Clay. The Advance Outwash deposits were 
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subsequently overridden by the advancing glacier and capped by sediment directly deposited 
subglacially known as the Vashon till. 
 
The Puget Lowland’s topography is also a product of glacial and glaciofluvial processes from 
numerous continental ice sheet advances and retreats during the Quaternary. These processes left 
behind the deep troughs now occupied by Puget Sound and many of the region’s rivers.  
Subglacial scouring also created much of the steep topography across the landscape today 
(Troost and Booth, 2008).  
 
In addition to its dynamic glacial history, the Puget Lowland is also subject to progressive 
deformation. South to north compression, produces east-west thrust faulting, including the SFZ 
and TFZ - two main crustal fault zones near Vashon Island (Figure 3). The SFZ is located 23km 
north of the Lost Lake Landslide (LLL) and is an east-west trending, north-verging reverse fault 
consisting of three strands (Blakely et al., 2002), although the exact fault geometry is still 
argued. The SFZ has produced large earthquakes, most recently a magnitude 7 or greater which 
occurred between 900-930 A.D (Bucknam et al., 1992). Vertical slip of the fault resulted in as 
much as 7 m of offset in Puget Sound (Bucknam et al., 1992). The earthquake generated a 
tsunami in Puget Sound and triggered landslides that left deposits in Lake Washington (Atwater 
and Moore, 1992; Jacoby et al., 1992). The TFZ is an active east-west trending south-verging 
reverse fault consisting of multiple fault strands which intersect Vashon Island and the LLL 
(Figure 3; Brocher et al., 2001). Uplift along the TFZ was either associated with the 900 A.D. 
SFZ uplift, or occurred as an unrelated event between A.D. 770-1160 (Sherrod et al., 2004). The 
TFZ can generate earthquakes of ~ magnitude 7 much like the SFZ (Sherrod et al., 2004). 
 
Evidence for landslides triggered by seasonal fluctuations in groundwater is much more 
prevalent in the Puget Lowland than evidence for co-seismic landslides. Groundwater aquifer 
type and orientation must be carefully addressed in order to properly consider groundwater 
contributions to slope stability. Generally, groundwater in the Puget Lowland is split into two 
categories, shallow unconfined and deep confined aquifers. Shallow groundwater typically 
fluctuates 0.3 to 3.3 meters and responds quickly to seasonal fluctuation (Vaccaro et al., 1998). 
Previous regional scale co-seismic landslide modeling in the Puget Lowland used a wetness 
factor to quantify fluctuations in shallow groundwater between seasons (Grant, 2017). Deep 
groundwater typically fluctuates less than 1.2 meters and displays a seasonal lag of 1 to 3 months 
(Vaccaro et al., 1998). Both shallow unconfined and deep confined groundwater are considered 
for slope stability analysis.  

3.0 Background 
 
Vashon Island, Washington is in south Puget Sound, north of the city of Tacoma and south of the 
city of Seattle (Figure 1). Like surrounding areas of the Puget Lowland, Vashon Island hillslopes 
are susceptible to extensive landsliding due to primed steep bluffs with layers of high 
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permeability deposits (outwash) overlying layers of low permeability deposits (glaciolacustrine 
deposits and tills) and high mean annual precipitation throughout the region. Of the numerous 
landslides on the island one landslide stands out as the largest and most distinct feature. The Lost 
Lake landslide (LLL) is a roughly 1.1 km2 landslide located near the southern tip of the island 
with bathymetric lobes that traveled 500 to 750 m into Quartermaster Harbor (Figure 2). The 
landslide is 2.5 km wide and extends between 250 and 500 meters back from the beach. The 
slope above the head scarp is approximately 110 meters above the beach with an average slope 
of 11 degrees across the landslide deposit and local slopes as steep as 36 degrees. The head scarp 
has an average height of around 50 m. The landslide is split into a north and a south section by 
an intact lobe protruding from the center of the head scarp. Adjacent and south of the intact lobe 
is a deep ravine carved by Chen Creek. The northern portion of the landslide contains one sag 
pond named Lost lake while the southern portion of the landslide contains two unnamed sag 
ponds (Figure 1). The surface features of the LLL, including a substantial head scarp, series of 
back tilted benches, and extreme width of failure, indicate a deep-seated rotational failure 
(Figures 2 and 4). Rotational failures are most easily identified by their prominent head scarps 
and back tilted topographic benches (Hungr et al., 2014). Deep rotational failures are typically 
driven by groundwater conditions influenced by extensive wet periods (Baum et al., 2005). 
 
Several large landslides and landslide complexes around the Puget Lowland share similar 
geology and geomorphic features as the LLL. Most recently, in 2013 the Ledgewood landslide 
on Whidbey Island initiated as a reactivation within a much larger rotational landslide complex 
and displaced 75 m into Puget Sound. The entire complex is ~2.4 km in length and similar in 
length to the LLL however, the widest portion of the failure is ~ 190 m which is approximately 
half the width of LLL (Figure 5). The cause of the most recent reactivation of the Ledgewood 
slide was a combination of over steepening from wave erosion at the toe and unfavorable 
groundwater conditions (Cool and Gordon, 2013). Failures of this type primarily respond to 
groundwater and as such, the slope of the Ledgewood slide will continue to be unstable. The 
original trigger of the larger Ledgewood complex is unknown and may have begun as a 
coseismic landslide. Many other landslides in the Puget Lowland resemble the Ledgewood 
landslide style of failure. The Southeastern Mercer Island landslide (SMIL) is a larger landslide 
than the Ledgewood Landslide and similar in scale to the LLL, with a length of ~1.5 km and 
~330 m wide (Figure 6). The SMIL represents a one-time large-scale failure that responded to 
seismicity. This landslide is one of the few in the Puget Lowland which is considered direct 
evidence for a coseismic landslide triggered by the 900 A.D. Seattle Fault earthquake (Jacoby et 
al., 1992). Both the Ledgewood landslide and SMIL share similar geologic, geomorphic and 
topographic conditions to the LLL indicating that these features alone cannot distinguish a 
trigger for the LLL.  
 
The Woodway landslide is another deep seated rotational failure which was likely triggered by 
increases in pore water pressure in January, 1997 (Savage, 2000). The landslide was 
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approximately 180 m wide with a toe that extended 220 m from the head scarp and occurred 
after a period of increased precipitation (Savage, 2000). The Woodway landslide is significantly 
smaller than the LLL but still caused significant damage by derailing 5 freight train cars, pushing 
them into Puget Sound. Finite element modeling predicted that the landslide would have required 
a pore pressure head of 5 m above the Lawton Clay to fail (Savage, 2000). Prior limit 
equilibrium modeling of failure also predicted a pore pressure head of 5 m above the Lawton 
Clay (Arndt, 1999). Pore-pressure transducers installed post-failure show that perched 
groundwater above the Lawton clay fluctuates seasonally by approximately 0.5 m and is 
approximately 2.4m thick (Savage, 2000). While prior studies indicate that the landslide was 
most likely triggered from increased pore pressure it is difficult to say if these groundwater 
conditions existed at the time of failure (Savage, 2000). 
 
The Puget Lowland is one of many geologic settings which has the potential for widespread 
landslide damage from earthquake shaking. Vashon Island specifically is susceptible to 
progressive deformation and active faulting because of its proximity to the SFZ and TFZ. While 
the Puget Lowland lacks recent evidence of co-seismic landslide potential, other regions in North 
America have experienced recent widespread co-seismic landsliding from shallow crustal fault 
earthquakes. These events have contributed to our overall understanding of co-seismic 
landslides. The 1994 Northridge, California Earthquake was a magnitude 6.7 generated from an 
unknown blind thrust fault. The event triggered more than 11,000 landslides, with tens to 
hundreds of deep-seated failures thicker than 5 m (Harp and Jibson, 1996). A few of the deep-
seated landslides reached volumes in the several millions of meters. Most of these deep-seated 
failures were reactivations of existing landslide complexes. Landslides triggered by the 
Northridge Earthquake were in mostly topographically steep and undeveloped regions, causing 
minor damage to infrastructure in cities like Los Angeles. As shallow crustal fault sources, both 
the TFZ and SFZ are similar to the Northridge thrust fault and can generate even larger 
magnitude earthquakes. While the co-seismic landslide hazard of Seattle is analogous to the 
Northridge Earthquake, the risk of damaging densely populated communities is much higher due 
to the steeper topography in populated areas. Allstadt et al., (2013) predicted that a M 7.0 SFZ 
earthquake could generate between 4977 and 30,000 shallow co-seismic landslides across Seattle 
and did not take deep seated landslides into account. Using ground motions from Allstadt et. al., 
(2013), Grant, (2017) determined that a magnitude 7.0 SFZ earthquake is severe enough to cause 
widespread deep rotational and shallow translational landslides in dry conditions and much more 
severe landsides in wet conditions.  
 
Recent retroactive study on seismically induced landslides, and model development has refined 
our understanding of co-seismic landslides and revealed that landslide hazards can often be 
underpredicted (Villeneuve et al., 2017). Past regional scale co-seismic landslide hazard models 
often only considered PGA, under the assumption that co-seismic landslides and PGA are 
spatially coincident. However, other factors should be considered, such as proximity to the fault 
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rupture, topographic amplification, rupture characteristics, earthquake source characteristics, 
geology, vegetation and aftershocks (e.g., Massey et al., 2018; Gorum and Yildirim, 2017; 
Roback et al., 2018; Villeneuve et al., 2017). These retroactive studies suggest that factors other 
than PGA can potentially have a larger impact on slope stability.  

4.0 Methods  
 
Slope stability modeling and analysis calculates the FS to quantify a slope as either stable or 
unstable. The FS is a ratio of the shear stress to the shear strength. In theory if the shear stress is 
greater than the shear strength the FS < 1 and the slope is considered unstable and if the shear 
strength is greater than the shear stress the FS > 1 and the slope is considered stable. In 
geotechnical practice, the FS must be considerably greater than one to be considered stable.  
Seismic analysis can be used with the FS to assess the seismic acceleration required to reduce the 
FS below 1 if a slope is already stable. To address the shear stress the FS calculates the 
component of stress that operates in the down-slope direction using soil unit weight, soil 
thickness and slope angle. To address shear strength the FS calculates the variables that resist 
shear stress, i.e. cohesion, angle of internal friction and the normal force.  
 
To determine whether seismic shaking could have or will in the future trigger mass wasting at 
the LLL, I developed three model scenarios which address potential past configurations 
(scenarios 1 and 2) and future failure (scenario 3). I used a collection of new field mapping, 
unpublished geologic maps, surface topography analysis in GIS and existing subsurface data to 
build a representation of the LLL. For the elevation profile, I selected a cross section which is 
located on the southern half of the landslide (Figure 1) due to its strong geomorphic 
characteristics (Figure 2 & 4) and proximity to available subsurface data (Appendix). 
 

4.1 Subsurface Stratigraphy & Material Properties 
 
To calculate the FS of the LLL I had to establish the subsurface stratigraphy and assign material 
properties to each soil unit. The subsurface stratigraphy is depicted in a conceptual geologic 
model which designates material properties and provides a short summary of each unit (Figure 
7). I determined the stratigraphy for the model using field verification of soils where possible, an 
unpublished geologic map and cross section (Figure 8 and 9; Troost and Booth 2004), publicly 
available well logs and geotechnical boring logs (see Appendix for all logs). Through field 
mapping I was able to identify the upper ~50 m of stratigraphy as Vashon till at the top of the 
head scarp which occasionally had a thin cap of recessional outwash. Vashon advance outwash 
underlies the Vashon till and is exposed in a road cut through the head scarp. Below the Advance 
Outwash and exposed in both a road cut and the Chen Creek Ravine is a Pre-Fraser fine-grained 
unit. Both the unpublished geologic map (Figure 8) and boring logs within the upper ~50 m of 
the slope were consistent with my field mapping. Stratigraphy of the lower ~60 m of the slope 
was not exposed so I constrained it by comparing 13 boring logs. The information in the boring 
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logs below the upper ~50 m of the slope became inconsistent and often difficult to interpret. 
However, the geologic map (Figure 8) and the typical glacial sequencing of Vashon Island 
(Figure 9) provided context to the logs and helped constrain the lower stratigraphy. I assigned 
Mohr-Coulomb material properties to each layer for unit weight, saturated unit weight, cohesion 
(c) and friction angle (𝜙𝜙). Geologic material properties are from a study in the Puget Lowland 
(Troost et al., 2017).  
 
4.2 Groundwater Determination 

 
Groundwater generally falls into two categories on Vashon Island, shallow unconfined 
groundwater (~ 60-70 m elevation) within the advance outwash unit, and deep confined 
groundwater in the Pre-Fraser deposits (33 m elevation). These separate groundwater systems are 
represented by a water table (shallow groundwater) and a piezometric line (deep groundwater) 
and generate pore pressures within the model. I used a combination of well monitoring data near 
the LLL (Figure 10) and general wetness index values for the Puget Lowland to determine the 
groundwater for both the dry and wet seasons in the shallow aquifer. The wetness index is a ratio 
of the saturated thickness of a layer to its total thickness. Typical wetness index values for dry 
season fall within 0.0 to 0.2 and between 0.4 to 0.6 for the wet season (Smith et al., 2017).  I 
used a wetness value of 0.2 for the dry season which was consistent with a nearby dry season 
well reading (see 11056 in the Appendix), and a wetness value of 0.4 for the wet season. This 
corresponds to a total fluctuation in groundwater between wet and dry season of 7.6 m (~25 
feet). This fluctuation generally agrees with the fluctuation observed in a monitoring well over 
three years of monitoring (Figure 10) but is significantly more than other monitored groundwater 
fluctuation near bluff landslides (Savage, 2000). To determine the piezometric line for the deep 
aquifer I used two wells close to the LLL which were screened near sea level (see 12057 & 
12156 in the Appendix), a commonly observed depth of the Pre-Fraser confined aquifer. The 
average elevation of the piezometric line from the two well logs was 33 m elevation. Since the 
deep confined groundwater on Vashon Island does not significantly fluctuate between wet and 
dry seasons (Bilir, 2013) I used a static level of 33 m for all scenarios.  

 
For Scenarios 2 and 3 that include landslide deposits, quantifying groundwater within the 
landslide unit was complicated because of a lack of data on water level and seasonal variations in 
water level. Water levels within landslide deposits can be highly variable and unpredictable, 
making groundwater determination difficult. Sag ponds within the landslide and one 
geotechnical boring (see B-1 in the Appendix) provided some context on where the water table is 
located but lack enough information to advise the entire model. For these scenarios I used sag 
ponds as guidance for the groundwater table shape in wet and dry seasons. Fluctuation in 
groundwater between wet and dry seasons was ~6 m at each topographic peak within the 
landslide debris. This is a high degree of fluctuation in groundwater between wet and dry seasons 
when compared to typical fluctuation ranges seen in shallow groundwater (Vaccaro et al., 1998). 
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4.3 Bluff Reconstruction 
 
To perform analysis on the pre-failure conditions of the LLL, I created an intact idealized bluff 
(Scenario 1) using existing intact bluffs as analogs. I collected four profiles of intact bluffs on 
Vashon and Maury Islands surrounding the LLL (Figure 11). Modern intact bluffs on Vashon 
and Maury Islands share similar geology and setting and are the most accurate representation of 
an intact bluff at the LLL location. The average slope of the selected bluffs is 35 degrees (Table 
1). I used this slope value for Scenario 1. Bluff profiles 1 through 4 are found in the Appendix.  
 
4.4 Model Setup 
 
I used a two-dimensional limit equilibrium slope stability model to calculate the FS of a circular 
slide plane within the bluff subsurface. Generally, limit equilibrium models use statics to solve 
for vertical forces, horizontal forces and moments acting between thin vertical slices which are 
discretized by the model across the slide mass (GEO-SLOPE, 2012; Figure 12). These 
forces/moments are also known as interslice forces and moments. The model uses the sum of the 
interslice forces (Equation 1) and/or moments (Equation 2) across the entire slide mass to 
calculate an overall FS. In order to solve the FS, different limit equilibrium methods make 
different assumptions about the interslice shear and normal forces and their resultant angles. 
Some methods only satisfy force equilibrium between slices and others only moment 
equilibrium. Rigorous methods satisfy both force and moment equilibrium using a function to 
define interslice relations and require computer algorithms to solve.  

  

𝐹𝐹𝑚𝑚 =
∑[𝑐𝑐′𝑙𝑙 + (𝑁𝑁 − 𝑢𝑢𝑢𝑢)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′]

∑𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
 

 

 

(1) 

 

   

  

𝐹𝐹𝑓𝑓 =
∑[𝑐𝑐′𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + (𝑁𝑁 − 𝑢𝑢𝑢𝑢)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]

∑𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
 

 

 

(2) 

 

   

 
The terms in the equations are: 
𝐹𝐹𝑚𝑚= moment factor of safety 
𝐹𝐹𝑓𝑓= force factor of safety 
c’ = effective cohesion 
𝜙𝜙′ = effective angle of frictions 
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𝑢𝑢= pore pressure 
𝑙𝑙= geometric parameter 
N = slice base normal force 
W = slice weight 
𝛼𝛼 = inclination of slice base 
 
Circular failure planes are generated based from a grid point above the slope surface. The grid 
point is a part of a collection of other grid points which are placed at regular intervals inside a 
grid box above the slope. The failure dimensions and geometry are defined by the radius of the 
failure (i.e., the radius of the circle used to define the slip plane) and the location of the grid point 
above the slope (i.e., the point within the grid box from which the radius of failure is generated). 
After the slide plane is created, vertical slices are discretized, and the limit equilibrium method is 
performed. I used the General Limit Equilibrium / Morgenstern Price method within Slide for all 
LLL analyses. This method is a rigorous method that satisfies both force and moment 
equilibrium.  
 
For every grid point, the model generated rotational slide planes (using different radii selected by 
the model) which were within the bounds of the designated initiation zone and exit zone. This 
means that only specific combinations of failure grid point locations and radii (essentially the 
failure depth) were within the bounds of my analysis. I forced the model to create deep-seated 
failures at locations and depths of interest. Without this designation the model tended to generate 
shallow slide planes that were not applicable to the large-scale failure approach of this study. I 
averaged the minimum FS values for each grid point within the bounds of the analysis to 
estimate the FS of a failure resembling the LLL. Averaging FS values from a range of 
constrained model generated failure geometries reduces potential bias from assuming a single 
failure geometry.  
 
The model can also determine Kc by calculating the required ground acceleration for failure 
(FS=1). The model performs the analysis for different failure planes by using the same grid point 
method as for FS calculation. Slide uses Newmark analysis in order to calculate the required Kc 
in the horizontal downslope direction. I used the same averaging technique for evaluating the 
value of Kc along multiple constrained failure geometries for each scenario.  
 
To put the Kc into perspective with realistic earthquake scenarios I used ShakeMap PGA’s 
developed by the United States Geological Survey (USGS) for two different scenarios; a 
magnitude 7.2 SFZ scenario (Figure 13; USGS Seattle, 2017) and 6.9 TFZ scenario (Figure 14; 
USGS Tacoma, 2017). ShakeMaps are a realization of a potential earthquake assuming a 
magnitude, location and fault rupture geometry (Wald et al., 2006). I compared the predicted 
PGA from ShakeMaps with the Kc output from each scenario to determine in which scenarios Kc 
was exceeded and by how much. Implementing factors other than PGA into coseismic landslide 
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hazard models requires more detailed earthquake modeling data for the Puget Lowland. This data 
will develop and become available over time and in response to future earthquake data. 
Meanwhile, PGA alone provides a good first order estimation of regional and local scale 
coseismic landslide hazards.  
 
4.5 Model Scenarios 
 
I developed multiple model scenarios and calculated FS for both wet and dry season 
groundwater. If the FS for a scenario was greater than 1 and therefore already theoretically 
stable, I calculated the critical seismic acceleration (Kc) required to bring the FS to 1. I 
performed this analysis for three different scenarios, two reconstructions of a potential paleo-
bluff and a future scenario using the existing bluff configuration. I split the past scenarios into a 
reconstruction that assumed a single large failure occurring on an intact bluff (Scenario 1) and 
another reconstruction which assumed an iterative style of failure of a previously bluff (Scenario 
2). For the future failure scenario (Scenario 3) I used an elevation profile from a LiDAR-derived 
elevation dataset (Figure 2). I assumed the future failure would be a new large-scale failure 
initiating behind the current head scarp. Scenario 1, 2 and 3 have average slopes of 35, 16 and 11 
degrees respectively.  
 
For both Scenario 1 and 2, I constrained the boundaries for where the failure plane was initiated 
and where it exited. For Scenario 1, I set the initiation zone between 470 m and 500 m back from 
the base of the intact bluff (Figure 15a & 15b). For this scenario, I assumed the base of the 
reconstructed paleo-bluff was located at the current beach location and that the failure initiated 
behind the paleo-bluff face at the current head scarp location. For Scenario 2, I created a pre-
LLL failure complex by taking the upper back tilted bench of the current profile (Figure 4) and 
shifting it upslope back into place (Figure 16). Scenario 2 models bluff failure assuming 
progressive failure, similar to the style of failure seen at the Ledgewood landslide complex. I set 
the initiation zone for Scenario 2 between 470 m and 500 m behind the base of the modern 
beach/slope interface (Figure 17a & 17b), a distance in which a reactivated failure resembles the 
modern head scarp location. For Scenario 3, I set the initiation zone between 0 m to 50 m behind 
the current head scarp to resemble a future deep-seated failure initiating behind the current head 
scarp (Figure 18a & 18b). For all scenarios, I designated the slide plane exit zone as 0 m to 200 
m beyond the base of the bluff or slope. I used a large range in exit zone distance to account for 
the lack of information on the location of the slide plane at the toe. 
 
Each scenario has an external boundary, which defines the total area of the analysis. Failure 
planes are not allowed to exit the external boundary and then re-enter. In other words, all 
generated failure plains must be contained within the external boundaries. In this regard, the 
bottom external boundary acts as a limit on the total depth of each failure plain. I defined the 
elevation of the bottom external boundary as 40 m below sea level. This allows the model to 
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generate a collection of different failure geometries but confines it from creating failures which 
are unrealistically deep.  

5.0 Assumptions 
 
Slope stability modeling inherently relies on the information available to the user. Given the 
generally limited information, it is impossible to conclude definitively the characteristics of the 
LLL such as failure history and failure depth. However, the modeling is meant to analyze 
potential end members of failure and place bounds on likely triggers.  
 
Given the available information, I had to make several assumptions: 

• I constrained the lower half of the stratigraphy (Qpff and Qpf units) to the best of my 
ability considering well logs were vague and field verification of the soils was not 
possible because of the extent of cover by blocky landslide debris. I made informed 
assumptions of the lower stratigraphy based on regional cross-sectional data for Vashon 
Island (Troost and Booth, 2004) and typical Vashon Island stratigraphy (Booth et al., 
2015; Figure 9). This provided context to develop the most likely lower subsurface 
configuration. Since, the deposits in the lower half of the bluff are known to be 
interbedded fine and coarse grained, I used average values. 

• For both Scenario 1 and 2 (pre-failure intact bluff and reactivation) I assumed that the 
base of the paleo-bluff was at the location of the modern beach/bluff interface (Figure 
19). The current beach/bluff interface is likely a reasonable representation of a historical 
shoreline that existed pre-failure or in between failures. I also assumed for both scenarios 
that the most recent sliding initiated near the current location of the head scarp.  

• Groundwater data within the landslide debris was limited to only one boring which 
provided limited information. For Scenarios 2 & 3 that included landslide debris I 
estimated the groundwater level and amount of fluctuation within the portion of the slope 
that included landslide deposits. I assumed that during the dry season the sag ponds were 
less deep and generally discharging into the groundwater and during the wet season were 
deeper and recharging from groundwater. I also assumed that groundwater fluctuation 
between wet and dry seasons was ~6 m at the peaks of groundwater elevation. This 
groundwater variability is less than the variability used in the intact materials (7 m) to 
account for the bluff face as a discharge point. Furthermore, given the interbedded nature 
of the deposits in the lower half of the bluff, additional groundwater layers are likely 
present. 

6.0 Results 
 
The results for the FS and Kc are split into the 3 scenarios and into wet and dry seasons for each 
scenario. Scenario 1 had a dry and wet FS of 2.49 and 2.46 and a Kc 0.28 g and 0.28 g 
respectively. Scenario 2 had a dry and wet FS of 2.53 and 2.48 and a Kc 0.29 g and 0.29 g 
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respectively. Scenario 3 had a dry and wet FS of 3.65 and 3.58 and a Kc 0.34 g and 0.33 g 
respectively. These data show that all scenarios were stable in both dry and wet seasons and have 
minimal sensitivity to changing groundwater. Scenario 1 has a slightly lower FS than Scenario 2 
but not enough to observe a difference in the Kc. Scenario 3 has a significantly higher FS and Kc 
which indicates the slope is in a more stable configuration today than in the past. FS and Kc 
results for each scenario are presented in Table 2 and displayed in Figures 20 to 31.  
 
PGAs for the M 7.2 SFZ earthquake vary from 0.32 to 0.36 across the LLL and vary from 0.52 
to 0.56 for the M 6.9 TFZ earthquake (Figures 13 and 14). PGAs decrease from north to south 
across the LLL for both earthquake scenarios. For the slope stability, seismic analysis results are 
presented as a Kc exceedance magnitude. This value represents the amount by which Kc for each 
scenario was exceeded by the PGA in percent gravity (%g) for either the SFZ or TFZ. Kc 
exceedance magnitudes are represented as a range because of variability in PGAs across the LLL 
and are presented in Table 3. Scenarios 1 and 2 with a TFZ source had the largest magnitudes of 
Kc exceedance and Scenario 3 with a SFZ source had the smallest magnitude of Kc exceedance. 
The variability in Kc exceedance from fluctuating groundwater was minimal due to the low 
sensitivity of the FS to groundwater fluctuations. 

7.0 Discussion 
 
Slope stability analysis using 2-D limit equilibrium modeling presents an approach to calculate 
the FS and seismic Kc. Referencing these values with ShakeMaps can isolate whether seismicity 
or groundwater fluctuation triggered the LLL. Generally, all scenarios show a surprisingly low 
sensitivity to seasonal changes in groundwater. The most sensitive scenario to groundwater was 
Scenario 3 with a decrease of 0.06 in FS and .01 g in Kc in the wet season, while Scenarios 1 and 
2 show virtually no sensitivity to groundwater fluctuations. This low sensitivity indicates that for 
both past and future large-scale failures, changes in pore pressure of shallow groundwater had 
little to no role in the failure. If fluctuations in groundwater are influencing slope stability it is 
likely that they contribute more heavily to shallow failures along steep localized sections of the 
slope. It is possible that a groundwater driven shallow failure on the landslide toe of Scenario 2 
or 3 could de-buttress the landslide upslope and lead to a larger failure. If groundwater has 
contributed to large-scale stability across the whole landslide it has likely contributed in this 
manner, rather than directly initiating a singular large failure event. These types of progressive 
failures are common in the Puget Lowland.  
 
The 2013 Ledgewood landslide began as block movement within the toe of the complex days 
before the final larger event. The block movement caused progressive failure up the slope 
leading to approximately 30 m of material being removed from the head scarp (Cool and 
Gordon, 2013). Past failures were typically observed between February and March and the 2013 
failure displayed significant seepage from the head scarp post failure. Both are indicators that 
seasonally perched groundwater above or within the colluvium is responsible. 
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If I had not constrained the model to only generate deep-seated failures it would have identified 
numerous shallow low FS slip surfaces on localized steep slopes. My results do not address the 
importance of groundwater fluctuation on these types of low FS shallow landslides which are 
likely more sensitive to changes in shallow groundwater. My results are also not meant to 
undervalue the importance of groundwater fluctuation on deep-seated landslides but does 
highlight that in certain cases groundwater alone may not explain large deep-seated failures.  
 
Changes in groundwater level had little impact on large-scale failure at the LLL, earthquakes 
from the SFZ and TFZ produce ground accelerations capable of triggering large-scale 
movement. This is surprising considering that previous studies from Arndt et al., (1999), Savage 
et al., (2000), Cool and Gordon, (2013) suggest that the stability of other deep seated landslides 
in the Puget Lowland are highly sensitive to and likely triggered by groundwater. However, my 
results suggest that larger failures like the LLL are not as sensitive to groundwater and have FS 
that are double or event triple that of landslides like the Ledgewood and Woodway landslide. In 
these situations, it may be unreasonable to assume that changes in groundwater can reduce the 
FS enough to reach a critical level and trigger a large failure. This is substantiated by the SMIL 
which is a similar scale failure as the LLL and was not triggered by groundwater but rather by 
the 900 A.D SFZ earthquake. 
 
In all scenarios either a 7.2 M SFZ or 6.9 M TFZ could have exceeded the Kc of a new large slip 
plane starting behind the existing head scarp. Scenario 3 is an exception in that for a 7.2 M SFZ 
earthquake, Kc is not exceeded by the lower range of PGA (0.32 g) but is exceeded by the upper 
range (0.36 g). For both Scenarios 1 and 2 Kc exceedance indicates that either a SFZ or TFZ 
earthquake could have triggered the LLL in the past but that the TFZ is a much more convincing 
source. PGAs for the TFZ scenario are significantly higher than PGAs for the SFZ scenario at 
the LLL. This is a result of the proximity of the TFZ to the LLL (Figure 3) and results in PGAs 
which more confidently exceed the required Kc than the SFZ PGAs. Kc exceedance alone cannot 
dictate which fault is more likely to have triggered the LLL, however, scenarios where PGA 
exceeds Kc by a larger magnitude portrays a higher confidence that shaking would overcome Kc 

in a real-world situation. Recent evidence also suggests that proximity to the deepest section of 
fault rupture can play a major role in co-seismic landslide hazards (Roback et al., 2018).  
 
Kc exceedance magnitudes suggest that both Scenarios 1 and 2 could have been in response to 
either a SFZ or TFZ earthquake. Scenario 1 and 2 require almost identical Kc for both seasons 
(within 0.01 g) and have FS that are within 0.02 to 0.04 of each other. Scenario 1 is the slightly 
less stable configuration with a lower FS and Kc. The slight decrease in FS and Kc may be 
attributed to the increase in average steepness of the slope, from 35 degrees in Scenario 1 to 16 
degrees in Scenario 2. This means that if the slope had failed previously, that it may have failed 
into a slightly more stable position in regards to large scale failures. The slight decrease in FS 
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and Kc suggests that Scenario 1 would have been slightly easier to trigger from seismic 
acceleration. Ultimately, the difference in FS and Kc insignificant and makes determining the 
more likely scenario difficult.  
 
Interpreting future failure of the LLL is as, if not more important than reconstructing past 
failures. Analysis of modern conditions and future large failure in Scenario 3 show more 
intriguing results than Scenarios 1 and 2. The FS for a future large failure was higher than that of 
a past failure, ranging from 3.58 in wet to 3.65 in dry. This indicates that the current slope is 
much less likely to fail as a new large failure than in Scenario 1 and 2. Scenario 3 shows the 
most variability in FS due to groundwater, although still not significant enough to affect overall 
stability. This variability could result from the larger mass of colluvium which has undulating 
topography. These conditions may allow for water to more readily collect on and within the 
slope and reduce efficiency of water seepage to the Sound. Colluvium is often highly variable in 
consistency and tilted blocks of silt and clay can effectively “dam” groundwater and increase 
pore pressures. This type of “damming” effect on groundwater was attributed to having 
influenced the 2013 Ledgewood landslide (Cool and Gordon, 2013). 
 
Due to the higher FS, the Kc are 0.04 to 0.06 g higher (0.33 g for wet to 0.34 g for dry) than both 
past scenarios. This increase in Kc is significant, raising the Kc to a value that straddles above and 
below the SFZ PGAs. Meaning in certain situations SFZ PGAs exceed Kc while in others they do 
not. SFZ PGAs range from 0.32 to 0.36 g across the LLL with most of the study area within the 
lower 0.32 g zone (Figure 13). The overlap of Kc and PGA values suggests that a future M 7.2 
SFZ scenario would be at the theoretical cusp of triggering a new large failure at the LLL. This 
means that a future M 7.2 SFZ earthquake would potentially not reach the required acceleration 
and would require greater PGA. In this configuration small changes in groundwater could 
theoretically reduce the FS by just enough to prime the slope for a co-seismic landslide. More 
likely, the SFZ would cause localized failures within the LLL complex, potentially leading to 
reactivation style failures like the 2013 Ledgewood landslide. Whilst a future M 7.2 SFZ 
scenario is at the cusp of triggering a new large failure of the current slope, a M 6.9 TFZ scenario 
could still easily trigger the same scale failure in Scenario 3. The magnitude of Kc exceedance by 
the TFZ PGA is still much greater than the required acceleration for future global movement, 
exceeding Kc by 0.18 g to 0.23 g. This reasoning does not rule out the SFZ as a trigger but 
highlights that the TFZ has a greater likelihood and potential to generate the required 
accelerations for future large failure initiating behind the existing head scarp. 

8.0 Limitations 
 
The aim of this study was to analyze potential end members of past and future failure and to 
constrain potential triggers given available information. The conclusions of this study are based 
on the limited information I have and educated assumptions I made to the best of my ability. 
Using a slope stability model with limited information to constrain a landslide trigger is an 
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inherently disadvantaged method compared to other methods such as radiocarbon age matching 
of landslide age and fault rupture. The FS, Kc values, and groundwater sensitivity are highly 
dependent on characteristics of the landslide that are only loosely constrained, such as the failure 
plane geometry, deep subsurface, and groundwater depth/variability. However, given the model 
configuration is roughly representative of actual conditions, it is a reasonable first order 
approximation of which landslide triggers and scenarios are more likely.  

9.0 Conclusion 
 
2-D limit equilibrium slope stability modeling of global failure revealed that all scenarios, past 
and future have a low sensitivity to groundwater and have Kc values which are exceeded by both 
the TFZ and SFZ PGA. My results suggest it is unlikely that seasonal fluctuations of 
groundwater alone were responsible for past large-scale failures at the LLL. Analysis also 
indicates that a future large-scale failure behind the current head scarp would not be initiated by 
fluctuations in groundwater. This analysis does not recognize the influence of groundwater 
fluctuations on localized failures which could lead to larger failures. While this is a potential 
scenario it is beyond the scope of this study. My modeling indicates that potential past slope 
configurations and the current slope configuration of the LLL are unstable during seismic 
shaking. Both the SFZ and TFZ earthquakes could theoretically have caused the LLL in both 
Scenario 1 and 2. Due to potential inaccuracies in the model, from limited groundwater and deep 
subsurface information, I have more confidence that movement on the TFZ triggered the LLL 
than the SFZ. The TFZ consistently exceeds the Kc by tenths of a g while the SFZ only ever 
exceeds Kc by hundredths of a g. Modeling of a future failure (scenario 3) shows that a M 7.2 
SFZ earthquake may not exceed Kc while a M 6.9 TFZ earthquake would significantly exceed 
Kc. It is important to note that the magnitude of Kc exceedance is not a direct indicator of which 
seismic source is a more probable trigger. For a landslide to occur it only requires that the 
shaking source reach the critical acceleration not that it exceed it. However, given the potential 
model inaccuracies, the magnitude by which each source exceeds the Kc provides confidence 
that during an actual earthquake a landslide would be triggered.  
 
Understanding the scale of potential co-seismic landslides is an important aspect in 
understanding future potential landslide hazards. My study supports that large deep-seated 
landslides like the LLL are potentially coseismic and can be triggered from an earthquake on the 
SFZ or TFZ. Although modeling results suggest that it is reasonable that the LLL failed as one 
large mass it is also could have failed as three smaller rotational failures in sequence which 
would have required less energy to generate. This style of failure would only require a relatively 
small initial rotational failure at the bluff face which would then de-buttress the newly exposed 
slope and cause further failures into the slope. Regardless of the failure style, my modeling 
suggests that it is possible that the LLL and other landslides similar in scale could respond as a 
singular event during earthquake shaking from the TFZ or SFZ. Slope stability analysis using FS 
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and Kc could prove a useful and relatively quick first order tool in identifying other co-seismic 
landslides in the Puget Lowland.  

10.0 Recommendations for Further Study 
 
More detailed modeling in the future could reveal unknown characteristics of the LLL and 
influence our overall understanding of the failure. However, this would require better constraint 
on key characteristics such as slide plane(s) depth(s) and geometry (s), groundwater depth and 
fluctuation and deep stratigraphy type/thickness. Geotechnical drilling and installing monitoring 
wells and slope inclinometers within the LLL and behind the head scarp would help to constrain 
key characteristics and quantify ongoing movement. The LLL also has a significant amount of 
landslide debris covered by water in Quartermaster Harbor (Figure 2). This material could 
contain tree stumps and presents an opportunity for future radiocarbon dating of wood much like 
the SMIL. The sag ponds also present an opportunity for radiocarbon dating of either wood or 
bulk sediment obtained through coring of the bottom of the sag pond sediment. Radiocarbon 
studies could directly link the failure age to a past SFZ or TFZ earthquake.   
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TABLES 

Bluff Slope (Degrees) 
1 35 
2 34.2 
3 37.5 
4 34.5 

Average 35.3 
Table 1: Average slope of intact bluffs used for Scenario 1 model. Location of bluff profiles are 
found on Figure 10.  

  
Intact Bluff 
(Scenario 1) 

Reactivation 
(Scenario 2) 

Future  
(Scenario 3) 

  FS Kc (%g) FS Kc (%g) FS Kc (%g) 
Dry 2.49 0.28 2.53 0.29 3.65 0.34 
Wet 2.46 0.28 2.48 0.29 3.58 0.33 

Average Slope (Deg.) 35 16 11 

Table 2: Factor of Safety and critical acceleration results for all model scenarios in wet and dry 
seasons. 

  
Intact Bluff 
(Scenario 1) 

Reactivation 
(Scenario 2) 

Future  
(Scenario 3) 

  SFZ  TFZ SFZ TFZ SFZ TFZ 
Dry Kc Exceedance (%g) 0.04-0.08 0.24-0.28 0.03-0.07 0.23-0.27 -0.02–0.02 0.18-0.22 
Wet Kc Exceedance (%g) 0.04-0.08 0.24-0.28 0.03-0.07 0.23-0.27 -0.01-0.03 0.19-0.23 

Average Slope (Deg.) 35  16 11 

 Table 3: Magnitude of Kc exceedance for all model scenarios in wet and dry seasons. Values 
are presented as a range, resulting from variation in ShakeMap PGAs across the LLL (Figures 12 
and 13). Negative values represent scenarios where the Kc is not exceeded. 
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FIGURES

 
Figure 1: Location Map of the Lost Lake Landslide located on the southern end of Vashon 

Island, Washington. Aerial imagery of Vashon Island is displayed as aerial imagery over a DEM 
hill shade. 
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Figure 2: The terrestrial portion of the LLL in LiDAR and the bathymetry of the toe in 

Quartermaster Harbor. LiDAR acquired from the Washington State DNR LiDAR Portal and 
bathymetry acquired from NOAA bathymetric data viewer. Note the large landslide on the south 
end of Maury Island on the right side of figure. Another large landslide exists on Maury Island 

below the index map.  
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Figure 3: The Seattle Fault Zone (Blue) and Tacoma Fault Zone (Red) within Puget Sound. The 
Lost Lake Landslide falls within the Tacoma Fault Zone. Fault data acquired from Washington 
State DNR Geology Portal (Washington, 2019)
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Figure 4: Modern profile of the Lost Lake Landslide. Vertical exaggeration is approximately 2x. See Figure 1 for profile location. 
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Figure 5: Ledgewood Landslide, on Whidbey Island. Landslide complex highlighted in yellow. 
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Figure 6: Southeastern Mercer Island Landslide highlighted in yellow. 
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Unit Description

Qvr

Recessional Outwash Deposits: Loose to dense, grayish brown, 
sand and gravel, horizontally to cross bedded, well  graded. 
Locally 0 to 1.5 m thick. Qva

Advance Outwash Deposits: Dense to very dense, brownish grey, 
interbedded sand and gravel with low plasticity si lt lenses 
common in upper and lower portions of the deposit, 
predominantly medium grained sand, horizontally to cross 
bedded. Locally 43 m thick. 

Qpf

Deposits of Pre-Fraser Glaciation Age: Very dense to hard sand, 
gravel, si lt and diamicts, interbedded. 

Qvt

Vashon Till: Highly varied deposits of very dense, brown to grey, 
si lt, sand and gravel . Often contains sand lenses, cobbles and 
sometimes boulders. Matrix supported with subrounded to well-
rounded grains. Locally 7.5 m thick.

Qpff

Pre-Fraser Fine Grained Deposits: Hard, grey, low plasticity si lt 
and clay with occasional fine sand partings, laminated to 
massive, localized iron-oxide cemented layers. Locally 30.5 m 
thick.

Qls

Landslide Deposits: Very loose to very dense or soft to hard 
diamict transported by downslope movement. Mixed fine and 
coarse grain deposits. Blocks of intact material are common 
and often display fracturing, rotated bedding, or sl ickenslided 
surfaces. Variable thickness.

Figure 7: Conceptual geologic model of the Lost Lake Landslide location. Indicates orientation and thickness of 
subsurface layers and also Mohr-Coulomb properties used for each. 
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Figure 8: Geologic Map of Vashon Island, Washington. The profile B to B’ is shown in Figure 9 
(Troost and Booth, 2004).

B 

B’ 
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Figure 9: Draft cross section from B to B' (Troost and Booth, 2004). The approximate location of this section is indicated on Figure 8.
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Figure 10: Well monitoring data from well VAS-W-64 used for groundwater fluctuation 
determination (Ferguson, 2009). 
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Figure 11: Location of intact bluffs around Vashon and Maury Island selected for comparison. 
Profiles from these locations were used to determine an average slope for the reconstructed bluff 

in Scenario 1. See Table 1 for slope values and the Appendix for bluff profiles. 
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Figure 12: Division of slide mass into vertical slices and discretization of shear and normal 

forces acting on a slice. Rotational slide mass is shown in green. (GEO-SLOPE, 2012). 
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Figure 13: Peak ground acceleration contours for a magnitude 7.2 Seattle Fault Zone earthquake. 

Peak ground acceleration data was acquired from a M 7.2 USGS ShakeMap model scenario 
(USGS Seattle, 2017). 
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Figure 14:  Peak ground acceleration contours for a magnitude 6.9 Tacoma Fault Zone 
earthquake. Peak ground acceleration data was acquired from a M 6.9 USGS ShakeMap model 

scenario (USGS Tacoma, 2017).
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Figure 15a: Model Scenario 1 during dry season. The water surface column describes which groundwater surface defines the pore 
pressure for the corresponding units. The water surface is the upper blue line labeled W and the piezometric line is the lower blue line 

labeled 1. 
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Figure 15b: Model Scenario 1 during wet season. 
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Figure 16: Set up of model Scenario 2. Shows how the uppermost back-tilted block was shifted upslope and into place to re-create a 
potential previous iteration of failure. This is not model Scenario 2, only a depiction of how it was set up. Scenario 2 is shown in 

Figures 17a and 17b. 
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Figure 17a: Model Scenario 2 during dry season. 
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Figure 17b: Model Scenario 2 during wet season. 
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Figure 18a: Model Scenario 3 during dry season. 
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Figure 18b: Model Scenario 3 during wet season. 
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Figure 20: Scenario 1 dry season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 
of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. Note the grid box above the 

slope which constrains where failure grid points are generated.
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Figure 21: Scenario 1 wet season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 

of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. 
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Figure 22: Scenario 1 dry season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface. 
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Figure 23: Scenario 1 wet season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface. 
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Figure 24: Scenario 2 dry season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 

of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. 
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Figure 25: Scenario 2 wet season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 

of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. 
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Figure 26: Scenario 2 dry season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface. 
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Figure 27: Scenario 2 wet season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface. 
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Figure 28: Scenario 3 dry season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 
of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. Note the Factor of safety scale 

is from zero to four rather than zero to three on Scenarios 1 & 2. 
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Figure 29: Scenario 3 wet season model results for factor of safety. The average of all slip surfaces was used to assign a general factor 
of safety to this scenario. The factor of safety value shown in green is the global minimum slip surface. Note the Factor of safety scale 

is from zero to four rather than zero to three on Scenarios 1 & 2. 
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Figure 30: Scenario 3 dry season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface. 

El
ev

at
io

n 
in

 M
et

er
s 

 

Distance in Meters 



54 
 

 

 
Figure 31: Scenario 3 wet season model results for critical acceleration. The average of all slip surfaces was used to assign a general 

critical acceleration to this scenario. The critical acceleration value shown in green is the global minimum slip surface.
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