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sion analyses. Input to the colluvium model includes slope, distance to a hillslope—crest
escarpment, and escarpment slope and height. We developed different statistical relations
for thickness of colluvium on four landforms. Groundwater model input includes colluvium
basal slope and distance from the Fraser aquifer. This distance was used to estimate hydrau-
lic conductivity based on the assumption that addition of finer-grained material from down-
section would result in lower conductivity. Colluvial groundwater is perched so we estimated
its saturated thickness. We used VS2DI to establish relations between saturated thickness
and the hydraulic conductivity and basal slope of the colluvium. We developed different
statistical relations for three groundwater flow regimes. All model results were validated
using observational data that were excluded from calibration. Eighty percent of colluvium
thickness predictions were within 25% of observed values and 88% of saturated thickness
predictions were within 20% of observed values. The models are based on conditions com-
mon to many areas, so our method can provide accurate results for similar regions; relations
in our statistical models require calibration for new regions. Our results suggest that Seattle
landslides occur in native deposits and colluvium, ultimately in response to surface-water
erosion of hillslope toes. Regional groundwater conditions do not appear to strongly affect
the general distribution of Seattle landslides; historical landslides were equally dispersed
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Introduction

Damaging and deadly landslides have been a recurring hazard in Seattle, WA, since at least the late 19th century
(Laprade et al., 2000; Coe et al., 2004). Regional landslide hazard mitigation efforts may be guided by results of
regional slope-stability assessments, some of which have been undertaken for Seattle (Montgomery et al., 2001; Godt,
2004). Regional slope-stability assessments benefit from accurate representation of conditions responsible for land-
slide formation. Most Seattle landslides occur in partially saturated colluvium (see, e.g., Miller, 1973; Tubbs, 1974;
Galster and Laprade, 1991; Miller, 1991; Baum et al., 1998; Laprade et al., 2000); therefore, accurate slope-stability
assessments for Seattle require accurate models of the distributions of colluvium and shallow groundwater. However,
only a basic knowledge of these distributions exists. Colluvium in Seattle generally occurs as discontinuous lenses less
than a few meters thick along coastal bluffs and hillslopes along drainages (Galster and Laprade, 1991; Troost et al.,
2005). Colluvial groundwater in Seattle is generally perched (Galster and Laprade, 1991) and recharged by seepage
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from a regional aquifer and by infiltration of winter precipitation. We developed statistical models of the distributions
and depths of colluvium and shallow groundwater for parts of Seattle to assist regional slope-stability assessments.

Process-based models of colluvium distribution have been developed (see, e.g., Dietrich et al., 1995; Heimsath et
al., 1999, 2001; Roering et al., 1999, 2001). These models are most applicable to soil-mantled, unglaciated landscapes
underlain by strong bedrock and account for processes including biogenic activity, tree throw, animal and insect
burrowing, rainsplash and soil creep but do not account for colluvium production by landsliding and slope wash.
Models of colluvium distribution have also been generated by interpolating empirical data. Zhou and others (2003)
modeled the colluvium distribution for a region dominated by stream dissection. Their modeling was performed with
the assumption that the base of the colluvium corresponded to streambed elevation; streambed elevations were defined
in a geographic information system (GIS) and used to interpolate an estimated colluvium base using kriging. Craddock
(1999) used water well data in a GIS to model the topography of bedrock buried beneath alluvium and colluvium.
He used inverse distance weighting to interpolate the bedrock surface between data points and reported reasonable
accuracy in model results.

Groundwater conditions of the Seattle area (Vaccaro et al., 1998) and many other regions have been modeled, but
these efforts generally addressed regional groundwater flow in aquifers of significant extent. Some regional slope-
stability models include various approaches to model groundwater distributions in surficial soils (see, e.g., Montgomery
and Dietrich, 1994; Dietrich et al., 1995; Montgomery et al., 1998; Baum et al., 2002), but no studies were identified
that included testing groundwater model results with observational data.

Although previous models for colluvium and shallow groundwater exist, they are not necessarily well suited for Seattle.
The process-based models of colluvium formation are considered most applicable to slopes within drainage valley
networks in unglaciated terrain where soil overlies strong rock (see, e.g., Dietrich et al., 1995; Roering et al., 1999) but
Seattle is a geologically immature, recently glaciated area in which coastal erosion has been the dominant landscape-
modifying force since retreat of glacial ice (Shipman, 2004). Colluvium in Seattle is produced by landsliding, slope wash
and creep (see, e.g., Galster and Laprade, 1991) but the process-based models do not account for landsliding and slope
wash. Groundwater-modeling approaches used previously appear inappropriate for modeling Seattle’s colluvial groundwater
because of the discontinuous nature and highly variable thickness of the colluvium deposits, as well as the high
variability in recharge and discharge. The availability of new, detailed topographic data, geologic maps and subsurface
exploration data (over 36 000 exploration points in Seattle, http://geomapnw.ess.washington.edu/index.php) provided
us with the opportunity to develop accurate, empirically based models of colluvium and shallow groundwater distribu-
tions. Initially, we interpolated models (using kriging) for part of Seattle in which a high density of empirical data was
available; however, model results did not adequately represent the complex geometry of Seattle’s colluvium deposits.
We then developed relations describing colluvium and groundwater depth using data for the Seattle southwest quadrangle
and rule-based schemes, regression analysis and groundwater flow model simulations (VS2DI — Hsieh et al., 2000).
The relations were calibrated with empirical data from the Seattle southwest quadrangle and then applied over both
the Seattle southwest and northwest quadrangles. The results were validated with empirical data from both quadran-
gles; Seattle southwest quadrangle data used for validation was not used during calibration. Validation indicated that
the models accurately portray the distributions of colluvium and groundwater. Thus, our modeling approach should prove
useful for regional slope-stability assessments in Seattle and in similar geologic regions. To permit application of the
models to other regions, the relations we developed should be recalibrated using empirical data specific to those regions.

Topography and geology of Seattle

Seattle occupies an isthmus between Puget Sound and Lake Washington (Figure 1). Landforms mainly result from
Pleistocene glaciation, erosion by rivers and streams and erosion by wave action along the shorelines of lakes and the
Puget Sound (Shipman, 2004). The area is characterized by rounded, elongate north—south trending hills and steep
hillslopes above water bodies. Bluffs line most of the shoreline of Puget Sound and are the primary location of
landslides in Seattle (Laprade et al., 2000; Schulz, 2005, 2007). The bluffs rise 50-100 m above Puget Sound along
most of the coastline and include vertical cliffs up to about 15 m high at hillslope crests. Bluff slopes are inclined
about 30°, on average, though extensive areas more steeply inclined than 40° exist. The toe regions of most coastal
bluffs in the study area are protected from wave action by manmade structures constructed during the early part of the
20th century. Some former coastal bluffs now appear as inland hills due to extensive grading operations (e.g. in the
Interbay area, Figure 1). Steep, landslide-prone hillslopes with similar morphology to the coastal bluffs also occur
along drainages and former glacial meltwater bodies (both streams and lakes). In our study area, for example, a steep
hillslope is located along a former glacial lake shoreline about 500-640 m east of Point Williams (Figure 1).
Surficial geology of the Seattle area is primarily the result of Pleistocene glaciation and shoreline and fluvial
processes that followed glacial retreat (see, e.g., Waldron et al., 1962; Booth et al., 2000; Troost et al., 2005). The
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majority of exposed glacial and interglacial deposits result from the Vashon stade of the Fraser glaciation (16 400—
17 400 yr B.P,, Booth et al., 2005). These deposits include, from oldest to youngest, Lawton Clay, advance outwash,
till and recessional outwash. The older Olympia beds and pre-Olympia deposits underlie Lawton Clay and advance
outwash, and are locally exposed in the lower parts of hillslopes. Lawton Clay consists of laminated to massive silt,
clayey silt and silty clay deposited in lowland or proglacial lakes. Lawton Clay may be over 30 m thick and is
generally exposed in the lower part of hillslopes. Advance outwash typically consists of fine sand deposited by
proglacial meltwater streams, is locally as thick as about 60 m and generally forms the upper part of Seattle hillslopes.
Vashon till is typically a very dense, poorly sorted, thin, discontinuous deposit containing variable amounts of clay,
silt, sand, gravel and boulders. Recessional outwash generally occurs as discontinuous, thin deposits of sand and silt,
but also includes laminated silt and clay deposits formed in glacial lake beds. Olympia beds and pre-Olympia deposits
are very dense and hard, reach indeterminate thickness and may be exposed near the base of hillslopes.

Hydrogeology of Seattle

Groundwater in the study area is generally perched on the Lawton Clay in the advance outwash (Newcomb, 1952;
Vaccaro et al., 1998). The Fraser aquifer, as defined by Vaccaro and others (1998), consists of the advance outwash
and overlying till. A deeper aquifer also exists in parts of the pre-Olympia and Olympia beds (Vaccaro et al., 1998),
but generally has little effect on colluvial groundwater because it occurs at about sea level and below. Groundwater in
the Fraser aquifer primarily flows laterally toward the coastal bluffs and hillslopes along drainages, although leakage
occurs into the Lawton Clay, Olympia beds and pre-Olympia deposits (Newcomb, 1952; Vaccaro et al., 1998). Where
it encounters hillslopes, groundwater perched in the Fraser aquifer discharges either into overlying colluvial deposits
or onto the ground surface in the form of broad seepage zones and concentrated springs. Woodward and others (1995)
estimated groundwater discharge of 263 m® per day per km for coastal bluffs north of the study area. Groundwater that
discharges into colluvial deposits remains perched on underlying strata with lower permeability (Galster and Laprade,
1991), or flows into underlying strata with similar or higher permeability.

The Lawton Clay and pre-Vashon deposits generally have the lowest hydraulic conductivity of geologic units in the
study area. Savage and others (2000) provide a range of 1-2 x 107'°~1-2 x 107° m/s for Lawton Clay and pre-Vashon
deposits, and a range of 1-2 x 107"'=1-2 x 10 m/s for till. Vaccaro and others (1998) provide hydraulic conductivity
values of 1-4 x 10 m/s for advance outwash and 8-5x 10 m/s for recessional outwash. No published hydraulic
conductivity values were identified for the beach deposits in the area, but they likely are similar to those of the
recessional outwash deposits because they are both generally unconsolidated coarse sand deposits. Simulated Seattle-
area colluvium samples prepared and tested in a laboratory had hydraulic conductivity values that ranged from
1:0x 107 to 1-3x 102 m/s (Godt et al., 2003). Several in situ hydraulic conductivity measurements were made in
Seattle colluvium using a Guelph permeameter and obtained values of 3-0—6-0 x 107> m/s (this study and Godt, 2004).

Conceptual Model of the Spatial Distribution of Colluvium

Colluvium, as used herein, refers to loose, heterogeneous regolith deposits formed by biologic activity, pedogenic
processes, slope wash, creep and landslides. Our observations suggest that colluvium on Seattle hillslopes primarily
consists of landslide deposits. Galster and Laprade (1991) indicate that colluvium in Seattle is emplaced by landsliding,
slope wash and soil creep.

Most colluvium-mantled hillslopes in Seattle are coastal bluffs. Coastal bluff formation in the area has been driven
by sea-level rise (Downing, 1983; Booth, 1987; Terich, 1987; Shipman, 2004; Schulz, 2004, 2005, 2007). Sea level in
the Seattle area rose rapidly following retreat of glacial ice; about 610 m of rise has occurred during the past 5000
years (Booth, 1987, Figure 7; Sherrod et al., 2000). Although sea level rise continues, this rise no longer results in
erosion of most Seattle bluff toes due to construction of shoreline protection, but the effects of bluff-toe erosion are
still apparent in the distributions of colluvium and landslides, including very recent landslides (Schulz, 2005, 2007).

Formation of colluvium on eroding coastal bluffs is a cyclic process (see, e.g., Quigley e al., 1977; Edil and
Vallejo, 1980; Buckler and Winters, 1983; Vallejo and Degroot, 1988; Gerstel et al., 1997, Hampton et al., 2004;
Schulz, 2005). Figure 2 provides a simplified depiction of this process on Seattle coastal bluffs. The sizes of the slope
failures in the figure are exaggerated for clarity. Erosion of bluff toes by wave action causes oversteepening of the
lower parts of bluffs, ultimately resulting in landslides. Landslides occur both in colluvium and underlying geologic
units by fall, topple or sliding, and form colluvial deposits downslope and oversteepened areas upslope. Landslide
locations progressively move upslope due to removal of downslope support by previous failures; eventually, the bluff
crest fails. Contemporaneously, colluvium and underlying native deposits near the shoreline are eroded by wave
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Figure 2. Conceptual model of colluvium development on Seattle coastal bluffs. (a) Wave action has eroded the lower part of the
bluff and past landsliding has formed a relatively consistent colluvial mantle upslope. Both erosion and past landsliding have
undermined upslope areas. Groundwater seepage from the Fraser aquifer charges the colluvium, as does precipitation (not
shown). (b) Landslides occur at the bluff toe in response to erosion and at the hillslope crest in response to previous landsliding.
The crest landslide involves only native deposits while the bluff toe landslide involves both colluvium and native deposits. New
colluvium deposits are formed by both landslides. (c) Landsliding progresses in the upslope direction due to erosion by wave action
and subsequent landsliding at the bluff toe. New landslide involves both native deposits and colluvium. (d) Landslide occurs at
hillslope crest in native deposits and colluvium in response to undermining by landslides located downslope. New colluvium
deposits are formed.

action, which undermines the hillslope anew. The relatively continuous cycle of landslides and formation of colluvium
deposits results in retreating bluffs with a generally consistent cover of colluvium. It has been estimated that 150—
900 m of bluff retreat has occurred along the Seattle Puget Sound coast during the last 5000 years (Galster and
Laprade, 1991). Our observations and subsurface exploration reports indicate that as the relative rate of bluff retreat
increases bluffs become steeper and have thinner colluvial cover. Areas with higher retreat rate also have higher,
steeper escarpments at the slope crest.

Seattle hillslopes may be classified as either generally planar or benched, and characterized by four different
landforms. We assumed a systematic variation of colluvium thickness based on these four landforms (Figure 3):
(1) escarpment; (2) bench; (3) downslope of bench and (4) planar slope. Because escarpments are the upslope limit of
colluvium production, we assumed that colluvium pinches out on escarpments in the upslope direction and that its
thickness is proportional to position along the escarpment from top to bottom (as well as proportional to local slope).
Downslope from the escarpment, colluvium thickness should increase with distance to some point, beyond which it
would decrease. Thickening would be due to addition of colluvium from larger upslope areas as one progresses
downslope, and thinning would be due to removal of colluvium near slope toes by erosion and landsliding. Based
on our observations of relative apparent bluff retreat rate, escarpment characteristics and colluvium thickness, we
assumed that colluvium is thinner downslope from higher, steeper escarpments and thicker downslope from shorter,
flatter escarpments. Colluvium deposits downslope of benches were assumed to generally consist of wedges that thin
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Figure 3. Cross-sections showing hillslope landforms common to Seattle and typical colluvium deposits on the landforms.
Hillslopes have a crest escarpment that is steeper than areas located immediately downslope. (a) Planar slopes are generally
consistently inclined downslope of the hillslope crest escarpments. (b) Benched slopes occur downslope of the hillslope crest
escarpments and are subhorizontal to gently inclined. Hillslopes are steeper downslope of the benches than on the benches.

upslope. Since Seattle colluvium deposits form from gravity-driven processes, we assumed that colluvium deposits
become thicker as slopes become flatter, regardless of landform. Finally, we assumed that colluvium extends no
deeper than the local elevation of the bluff toe.

Conceptual Model of the Spatial Distribution of Colluvial Groundwater

Colluvial groundwater in Seattle is generally perched and recharged by seepage from the Fraser aquifer and from
precipitation. Therefore, colluvial groundwater depth should be proportional to position along the seepage face (from
top to bottom) and should be least during the winter rainy season. On hillslopes absent Fraser aquifer seepage,
recharge from precipitation was assumed to produce a colluvial water table subparallel to the base of the colluvium.
Since colluvial groundwater is perched, its depth is dependent on colluvium thickness and saturated thickness of the
colluvium. The colluvium basal slope is generally inclined at greater than 10° (assuming it is subparallel to the ground
surface), so groundwater flow in colluvium is probably predominantly downhill and slope parallel, and the colluvium’s
saturated thickness is dependent on the basal slope of colluvium deposits and their hydraulic conductivity. Leakage to
low-permeability strata underlying colluvium is probably insignificant. Groundwater discharges from colluvium at
hillslope toes into underlying permeable strata or onto the ground surface if underlying strata are of low permeability.
Groundwater also discharges on the ground surface where colluvium cannot transmit it at the rate supplied from
upslope areas due to decreases in colluvium thickness, hydraulic conductivity or basal slope.
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Figure 4. Hydrogeologic map generalized from Troost et al. (2005).

Colluvium is produced from each of the hydrogeologic units that comprise hillslopes. The uppermost unit in most
of the study area is the advance outwash, which has greater hydraulic conductivity and generally coarser grain-size
distribution than underlying units. Therefore, it is likely that colluvium hydraulic conductivity decreases downslope of
the base of the advance outwash as finer-grained sediment is incorporated, as observed by Godt (2004, Figure 3).

Based on recent geologic mapping (Troost et al., 2005), we identified three generalized hydrogeologic units that
could affect colluvial groundwater. Figure 4 shows our generalized hydrogeologic map for part of our study area
(only part is shown for clarity). This part includes the greatest spatial density of reported historical landslides
in Seattle (Coe et al., 2004). The generalized hydrogeologic units are (1) the Fraser aquifer (modified from Vaccaro
et al., 1998, by excluding Vashon till), (2) low-permeability strata (relative to adjacent strata) that underlie the Fraser
aquifer and overlie it in thin, discontinuous deposits and (3) permeable strata that generally overlie both the
Fraser aquifer and low-permeability strata. The Fraser aquifer consists of advance outwash; low-permeability strata
include till, Lawton Clay, Olympia beds and pre-Olympia deposits. Permeable strata include beach deposits, allu-
vium and glacial recessional outwash. Related to our hydrogeologic map, we assumed a systematic variation of
saturated thickness between three groundwater-flow regimes to account for our assumptions regarding colluvial ground-
water recharge and discharge (Figure 5): (1) seepage regime, colluvium overlying the Fraser aquifer seepage face;
(2) downslope-of-seepage regime, colluvium contiguous with colluvium located upslope in the seepage regime; (3)
seepage-lacking regime, colluvium on hillslopes that lack Fraser aquifer seepage. The seepage-lacking regime includes
those areas that are not contiguous with saturated colluvium located upslope.

Data and Methods

We used a high-resolution (3 m) digital elevation model (DEM) generated from light detection and ranging (LIDAR)
data and 1:12 000-scale geologic maps of the Seattle southwest and northwest quadrangles (Troost et al., 2005). We
obtained logs for 617 subsurface explorations that date to the mid-1900s (Kathy G. Troost, written communication,
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Figure 5. Cross-sections showing colluvial groundwater flow regimes common to Seattle. (a) The seepage regime occurs where
colluvium overlies the Fraser aquifer seepage face, while the downslope-of-seepage regime occurs in colluvium deposits downslope
of and contiguous with colluvium in the seepage regime. The seepage-lacking regime occurs in colluvium deposits that are not
contiguous with colluvium in the seepage or downslope-of-seepage regimes. (b) The seepage-lacking regime also occurs on
hillslopes absent the Fraser aquifer.

2003) and reviewed 184 exploration reports on file with the Washington Department of Ecology. Many of the reports
we reviewed were for explorations performed where colluvium was absent so these were used to help delineate the
overall distribution of colluvium. We created GIS databases of exploration results, including those that helped define
the saturated thickness of the Fraser aquifer. We estimated colluvium and groundwater depths at each exploration site
by constructing geologic cross-sections, thus also utilizing the findings at nearby explorations and ensuring considera-
tion of local topographic and geologic conditions.

The colluvium model

To develop the colluvium model, we generated relations individually between each independent variable (described
below) and colluvium thickness observed at the subsurface exploration points used for calibration (40 points). Each of
the individual relations was normalized by the maximum colluvium thickness value that resulted from the relation.
The normalized relations were then combined to formulate the complete colluvium thickness relation, and weighting
factors for each of the normalized relations were determined by systematic trial and error aided by regression analyses.
Combination of the individual relations was guided by our conceptual model; functions of escarpment slope and
height and of distance downslope from the escarpment are summed to provide the main input to the complete relation
because they were thought to approximate the availability of colluvium related to the local, relative rates of slope
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retreat and toe erosion. A function of slope modifies the escarpment- and distance-function sum because thicker
colluvium occurs on lower slopes and thinner colluvium occurs on steeper slopes. We created functions independent
of empirical data to account for our assumptions regarding colluvium depth at hillslope toes and within the escarpment
area. Colluvium at hillslope toes does not extend to greater depth than the local elevation of the toe and on escarp-
ments pinches out upslope at a location related to the overall escarpment slope.

To obtain values of independent variables used in calibrating the relations and producing the final model, we first
delineated the four landforms in a GIS using cross-sections, slope and curvature gridded data sets (grids) calculated from
the 3 m LIDAR DEM, the hydrogeologic map and the exploration point database as guides. We then constructed grids
of the independent variables escarpment height and slope, distance from the escarpment base and top, topographic slope
and elevation of the base of colluvium in the hillslope toe area. We compiled, in a spreadsheet, values for the independent
variables at locations of calibration observations. Relations were then developed to predict colluvium thickness using
these data, as described above. The relations were applied in the GIS to construct the model of colluvium distribution.
The general form of the colluvium thickness expression for escarpment, bench and planar-slope landforms is

Te =21f(OI1-1f(SpHp) + 0-1f(Dp)AE — Tp (H
where T is the thickness of colluvium in meters, f(S) is a function of topographic slope, S, f(SgHy) is a function of the
escarpment slope, Sg, and height, Hg, f(Dg) is a function of distance downslope from the escarpment, Dy, A is an

adjustment for the escarpment landform and T}, is the maximum depth of colluvium in hillslope toe areas. Figure 6
shows these parameters graphically with the exception of Ag; Ay is dependent on Wy, Sp and Hy; as described below.

O i

}‘7 D Op —
Location of example grid cell
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[ Fraser aquifer —%—  Groundwater table
Figure 6. Cross-section showing parameters used in the colluvium and groundwater models. The cross-section is aligned along
the average slope for the example hillside. Distance parameters D¢, Dy, Dg, Dggr and Dy, are shown for an example grid cell and
will have unique values for each grid cell located along the cross-section line.Values of S and Sz may also be unique for each grid
cell located along the cross-section line, while values of S, Hg, Wg and T, will be approximately the same for all grid cells along the
cross-section line.

Published in 2007 by John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 33, 123—141 (2008)
DOI: 10.1002/esp



132 W. H. Schulz, D. ). Lidke and ). W. Godt

The escarpment slope-height function has an order of magnitude greater importance than the escarpment distance
function for estimating colluvium thickness, as indicated by the weighting factors applied to these functions (1-1 and
0-1, respectively).

Colluvium in downslope-of-bench landform areas was modeled as a wedge, which was represented by an expres-
sion of the form

Te=fS)f(E) =Ty 2

where f(E) is a function of elevation, E, in meters. This expression was constructed so that elevation controlled
the wedge geometry, in general, which was modified by the slope function. No subsurface observational data
were available for this landform; our colluvium thickness expression was constructed to approximate conditions we
observed on the ground surface.

Topographic slope function. Our observations and slope-stability modeling suggest that colluvium rarely occurs on
slopes more steeply inclined than about 45°. A function of slope was developed that fit the observational data well and
did not predict colluvium on slopes more steeply inclined than 46-5°:

£(8)=0-305 - 6:55x 107°S for §<46-5° and 3)
f=0 for §>46-5°.

This equation predicts thinner colluvium on steeper slopes and thicker colluvium on flatter slopes.

Escarpment slope-height function. Escarpment height was determined by comparing elevations of the escarpment
top and bottom located nearest each grid cell. Escarpment slope was calculated from height and width, which was
determined by comparing horizontal distances to the escarpment top and bottom located nearest each grid cell.
Relations between colluvium thickness and escarpment height and slope were developed considering the bench
landform independent of the escarpment and planar-slope landforms.

Bench landform:

Sf(SeHy) = —6-36 X 10°S:Hy, + 0-875 for SyHy < 13 762-6 and 4)
S(SeHp) =0 for SgHg > 13 762-6.
Escarpment and planar-slope landforms:
f(SeHE) =—1-09 X 10*S:Hy, + 0-986 for SgHg < 9045-9 and Q)
f(SgHp) =0 for SgHy >9045-9.

Both equations predict thicker colluvium downslope from shorter, flatter escarpments and thinner colluvium downslope
from higher, steeper escarpments.

Distance-from-escarpment function. Relations between distance from the escarpment and colluvium thickness were
developed considering the bench landform independent of the escarpment and planar-slope landforms.

Bench landform:

f(Dp) =67 %x 107D, + 0-675 (6)
Escarpment and planar-slope landforms:
f(Dg) =-3-75x 10D + 0-862 (7)

Equation (6) predicts thicker colluvium with increasing distance from the escarpment, while Equation (7) predicts
thinner colluvium with increasing distance from the escarpment.

Elevation function. The relation between elevation (meters) and colluvium thickness for the downslope-of-bench
landform that produced acceptable deposit geometry was

f(E)=-0-105E +5-649  for E<53-8 and (8)
f(E)=0 for £ > 53-8.
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This equation predicts colluvium to thin and pinch out in an upslope direction.

Escarpment landform adjustment. The upslope limit of colluvium within the escarpment landform was estimated
by assuming that precipitous escarpments (overall inclination steeper than 70°) entirely lack colluvium and gently
sloping escarpments (overall inclination flatter than 25°) have colluvial deposits that extend to the escarpment top. For
escarpments with overall inclination between 25 and 70°, we assumed a linear variation in the location of the upslope
deposit terminus:

for S > 70° )
Ag=0
for S < 25°
Ap = Dyl Wy
for 25° < S, <70°
A = (Dyg — Wg + (=WSp/45 + 1-56 W)/ (—WpSp/45 + 1-56 W)

where Dy is distance to the escarpment top and Wy is escarpment width. Equation (3) accounts for local slope
variation and results in a predicted absence of colluvium anywhere that slope exceeds 46-5°; escarpments with overall
inclination less than 70° will have predicted colluvium deposits where local slope does not exceed 46-5°.

Toe depth adjustment. The location of the toe of colluvium deposits was delineated manually in the GIS based on
slope and geology. This location was then converted to a grid with values of ground surface elevation, and these
elevations were projected in the upslope direction beneath predicted colluvium deposits. We adjusted calculated
colluvium thicknesses for grid cells near the deposit toe by limiting the maximum colluvium depth to the elevations in
the grid.

The groundwater model

We developed relations to estimate saturated thickness using methods similar to those used to estimate colluvium
thickness. The variably saturated groundwater flow model VS2DI (Hseih er al., 2000) was used to analyze the
variations of saturated thickness with hydraulic conductivity and basal slope of colluvium, as described below. These
relations were normalized and combined in the colluvial groundwater expression with relations that account for the
conditions in our conceptual model, including a best-fit relation between distance downslope from the advance
outwash and hydraulic conductivity and geometric relations we developed independent of empirical data. The
geometric relations force groundwater depth in colluvium overlying the seepage face to scale linearly with distance
downslope from the top of the seepage face, colluvium on hillslopes absent Fraser aquifer seepage to retain groundwater
with a depth that scales linearly with distance downslope from the top of the colluvium deposit and groundwater
to drain to permeable strata if these strata underlie the colluvium deposit toe or groundwater to remain perched if
low-permeability strata underlie the toe. The final saturated thickness relation was developed by combining the
individual relations and iteratively solving for two constants summed to represent recharge; one constant represents
recharge present year round and the second represents additional recharge present during the winter. The final recharge
constants produced best fits between observed (39 observations) and predicted saturated thickness values.

To develop the colluvial groundwater model, the seepage face on the Fraser aquifer was approximated in the GIS
using water levels observed in the Fraser aquifer (42 observations). Next, the three groundwater flow regimes were
delineated using slope and curvature grids and the colluvium model results. We then developed relations between
observed values of saturated colluvium thickness and the independent variables, assisted by regression analysis. The
final saturated thickness results were subtracted from the colluvium thickness results to derive the groundwater depth
model. Only a model of wet season conditions is presented here; however, dry season conditions can be estimated by
omitting a wet-season recharge factor. The general form of the equation used to model groundwater in colluvium was

Ts=f(Sp) f(K)(r + w)Agp Aps — Az (10)

where Ty is the saturated thickness of colluvium in meters, f(Sg) is a function of colluvium basal slope, Sy (Figure 6),
f(K) is a function of saturated hydraulic conductivity, K, r is a regime-variable constant representing groundwater
recharge from the Fraser aquifer and remnant groundwater from previous wet seasons, w, is a constant representing
groundwater recharge from precipitation and increased recharge from the Fraser aquifer during the winter rainy
season, Ay adjusts the amount of recharge to colluvium that overlies the Fraser aquifer seepage face, A, g is an
adjustment made for hillslopes absent recharge from Fraser aquifer seepage and is equivalent to A, (Equation (9)) and
Ay is an adjustment made in colluvium toe areas.
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Slope of colluvium base and hydraulic conductivity of colluvium functions. We used VS2DI (Hsieh et al., 2000) to
develop simplified relations between saturated thickness and the basal slope and hydraulic conductivity of colluvium.
Vertical cross-sections were created in VS2DI to simulate colluvium as an aquifer overlying an inclined impermeable
boundary. Free seepage boundaries were assigned to the upper surface and downslope aquifer terminus, which repre-
sent the top of colluvium and the colluvium toe overlying a similarly permeable material, respectively. A vertical flux
boundary was established along the upslope terminus of the colluvial aquifer to simulate recharge from the Fraser
aquifer. Various simulations were run through sufficient time steps to reach equilibrium conditions. These simulations
included constant hydraulic conductivity of 1.4 x 10 m/s with basal slopes of 4, 10, 20, 30, 40 and 50°, and constant
basal slope of 30° and hydraulic conductivity that varied from 1 x 107 to 1 x 10 m/s in 10" increments. Saturated
thicknesses were determined from model output. Hydraulic conductivity, K, and resulting saturated thickness values
were best fit by the relation (normalized by maximum value)

FK)=2974 x 103K 054 (11

where f(K) is saturated thickness (m) relative to K.
Basal slope, Sg, and calculated saturated thickness values obtained using VS2DI were best fit by the normalized relation

f(S5) =1-0-0153S, (12)

where f(Sy) is saturated zone thickness (m) relative to S;. During modeling, Sy values were obtained by calculating a
slope grid from a colluvium base DEM.

Hydraulic conductivity function of distance. The following relations were developed to predict colluvium hydraulic
conductivity by iteratively solving the saturated thickness relations while systematically varying minimum and maxi-
mum K, the distance beyond which K decreases and the distance beyond which K is minimum until best fits were
obtained between observed and calculated saturated thicknesses.

Seepage-lacking regime:

K=4x10"m/s 13)
Seepage and downslope-of-seepage regimes:
K=4x107m/s for Dy > 122 m, (14)
K=1x10"m/s for D, <23 m, and
K=123%x10"*-3-08x 107Dy for 23m< D, <122 m

where Dy, is distance downslope of the Fraser aquifer (Figure 6). The K values used in the model generally agree with
those we measured in situ (3—6 x 10~ m/s).

Groundwater recharge factors. The groundwater recharge factors r and w, were determined by iteratively solving
the saturated thickness relations (10) through (14) while systematically varying these factors and performing regres-
sion analysis to determine the best correlation between calculated and observed saturated thickness values. The factor
w, was used to adjust dry season water level observations by comparing adjusted values to solutions for wet season
observations; thus it approximates an average saturated thickness variation from dry to wet season (observations were
made over 54 years). The value of w, that provided best fits between observed and estimated saturated thicknesses was
1-52. The factor r was permitted to vary between groundwater flow regimes. The best-fit value of r was 3-78 for the
downslope-of-seepage and seepage regimes, and 1-77 for the seepage-lacking regime.

Seepage face adjustment. We assumed that the amount of groundwater recharge to colluvium that overlies the
Fraser aquifer seepage face (seepage regime) was directly proportional to position relative to the top and bottom of the
seepage face. Based on this assumption, the calculated saturated thickness at each grid cell located within the seepage
face area was adjusted by the equation

Age= DTSF/(DTSF + Dgsp) (15)

where Dy and Dy are distances to the top and bottom of the seepage face, respectively (Figure 6).
To provide the parameters necessary to calculate the seepage face adjustment, the seepage face was modeled using
saturated thicknesses observed within the Fraser aquifer. To do so, we first calculated an elevation grid of the contact
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between the Fraser aquifer and underlying low-permeability strata beneath the modeled colluvium. We then inter-
polated the observed saturated thickness point values to a continuous grid with the same geometry as the Fraser
aquifer/low-permeability strata contact elevation grid. We summed these two grids to calculate a top elevation of the
seepage face grid. We then projected the top elevations of the seepage face to the hillsides. Finally, these top
elevations were compared with the elevations of the colluvium base to establish the location of the seepage face top.
The parameter Dy was calculated during the process. Dy was calculated using the domain defined by the Fraser
aquifer/low-permeability strata contact elevation grid and the seepage face top location.

We evaluated whether the Fraser aquifer saturated thickness model correlated with observed colluvium saturated
thicknesses downslope of the seepage face. No correlation was observed, so we only included a seepage face adjust-
ment for the seepage regime.

Toe discharge adjustment and depth to groundwater. To represent our assumed discharge conditions at hillslope
toes, we developed a modified colluvium thickness grid that includes initially calculated colluvium thicknesses
(pre-toe adjustment) for areas where colluvium overlies permeable strata and final calculated colluvium thicknesses
(toe adjusted) where colluvium overlies low-permeability strata. The groundwater-depth model was generated by
subtracting the saturated thicknesses from this modified colluvium thickness grid.

Results

The colluvium model

Some of the colluvium thickness model results are shown in Figure 7. Deposits reach a maximum thickness of 7-4 m
and have an average thickness of 2-7 m. Thick deposits are most extensive on the gentle hillslopes east of Alki Point
and in the axes of drainages.
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Figure 7. Map showing some of the colluvium model results for Seattle. Locations of historical deep and shallow landslides
(modified from Laprade et al,, 2000) are also shown.
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Figure 8. Plot showing observed colluvium thickness versus model results.

Eighty-five colluvium thickness observations (37 and 48 from the southwest and northwest quadrangles, respec-
tively) were used to validate the model. None of these values were used during calibration; calibration only used
values from the southwest quandrangle so the northwest quadrangle values provide model verification for a second,
similar region. Figure 8 is a plot of observed colluvium thickness values versus model-predicted values. The values
are best fit by a linear relation with a slope of 0-90, y-intercept of 0-17 and root-mean-square value of 0-86. This best-
fit relation indicates that, in general, the model slightly over-predicts colluvium thickness for areas where actual
colluvium thickness is less than 1-7 m and under-predicts colluvium thickness for areas where actual colluvium
thickness is greater than 1-7 m.

The groundwater model

Part of the wet-season groundwater depth model is shown in Figure 9. Groundwater depth averages 1-2 m and has a
maximum of 7-0 m. Several geologic cross-sections (locations shown in Figure 1) were generated directly from the
colluvium and groundwater model results. Cross-sections A—A’, B-B” and D-D’ (Figure 10) are normal to coastal
bluffs. Cross-section C—C’ (Figure 10) is normal to the axis of a drainage, indicating the utility of the models on
hillslopes other than coastal bluffs.

Seventeen saturated thickness observations made during the wet season were used to validate our wet-season
groundwater model. These observations were not used during calibration and include values from the northwest
quadrangle, for which no calibration was performed. Figure 11 shows a plot of these observed values versus predicted
values, which are best fit by a linear relation with a slope of 0-90, y-intercept of 0-21 and root-mean-square value of
0-97. The best-fit relation indicates that, in general, the model slightly over-predicts saturated thickness for areas
where actual saturated thickness is less than 2-1 m and under-predicts saturated thickness for areas where actual
saturated thickness is greater than 2-1 m. We also validated the groundwater model using water levels observed
outside of the winter wet season for which our model was created. The non-wet- (dry-) season water level observa-
tions were adjusted by our wet-season recharge factor, w,, which introduces error in our validation results. Figure 11
shows the adjusted observed dry-season values versus predicted wet-season values. As expected, inclusion of adjusted
observed dry-season values reduces the level of correlation between predicted and observed values; all data (wet
season plus adjusted dry season) are best fit by a linear relation with a root-mean-square value of 0-89.

Historical landslide locations and the colluvium and groundwater models

Laprade and others (2000) compiled a database of 1326 historical landslides that have been reported in Seattle since
the 1890s. Of these landslides, 596 were reported within our study area, and 77% of these were located within our
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Figure 9. Map showing colluvial groundwater model results and locations of historical deep and shallow landslides (modified from
Laprade et al.,, 2000) for part of Seattle.

modeled colluvium deposits. Five hundred and fifty-one landslides were of known depth; 80% were shallow (less than
about 2 m deep, Laprade et al., 2000), while 20% were deep (greater than about 2 m deep, Laprade et al., 2000).
Shallow landslides include those referred to in the historical landslide database as ‘high bluff peeloffs’ (Laprade et al.,
2000), which may be categorized more generally as falls and topples (Cruden and Varnes, 1996). Seventy-five percent
of shallow landslides and 81% of deep landslides were located within the modeled colluvium deposits. Forty-eight
percent of shallow landslides and 65% of deep landslides (51% in sum) were located within the predicted distribution
of colluvial groundwater.

Discussion

The models described herein provide reasonably accurate predictions of colluvium and groundwater depth, as indi-
cated by Figures 8 and 11. Hence, our conceptual models of colluvium development and groundwater occurrence
generally seem appropriate, as do our approaches to estimate the distributions of colluvium and groundwater. How-
ever, our assumptions regarding colluvium thickness related to distance downslope from the escarpment were incor-
rect, at least in part. Calibration showed that colluvium thickness continually increases on the bench landform and
continually decreases on the planar slope landform, rather than increasing to some point and then decreasing, as we
assumed would happen. No subsurface exploration data existed for the escarpment landform so we do not include it in
this discussion. The constant increase on the bench landform suggests that colluvium deposits thereon are not sub-
jected to progressive loss of colluvium that would be expected to result from toe erosion and multiple landslide events
with different geometries and locations. These deposits are subjected to sudden, abrupt failure at their downslope ends
due to landslide occurring primarily on the much steeper hillside located just downslope. We can not explain the
constant decrease of colluvium thickness on the planar slope landform with distance from the escarpment. However,
the weighting factor for the distance from the escarpment function indicates that it has little effect on colluvium
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Figure 10. Geologic cross-sections drawn using a GIS showing colluvium, Fraser aquifer seepage face and colluvial groundwater
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of this aquifer were added for illustration purposes. However, elevations of the intersections of the groundwater table and base of
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thickness. For example, Equation (7) results in a 3-9 cm reduction in predicted colluvium thickness for every 50 m
downslope from the escarpment on a planar slope.

Roads and other areas of extensive grading are apparent in the models (Figures 7 and 9) because of their spatially
consistent slope aspect and inclination. We attempted to develop automated methods to identify graded areas based on
slope, aspect and curvature distributions and account for these areas in colluvium and groundwater-depth calculations
but did not produce consistently favorable results. Similarly, our groundwater model does not directly account for
human modifications to natural surface water and groundwater flow systems. However, the model does indirectly
account for such modifications since it is primarily based on empirical data obtained after most modifications had been
constructed. Results for both models correlate well with observed values (most of which were obtained in developed
areas), suggesting that our models represent conditions adequately for regional slope-stability assessments.

Colluvium and landslides

Our conceptual model of colluvium development requires that landslides occur in native deposits at hillslope crests
free of colluvium, and in both colluvium and native deposits in downslope areas. Model results suggest that these
conditions are present. Our analysis indicates that 25% of shallow and 19% of deep historical landslides occurred
where colluvium is absent (see, e.g., Figure 7). Deep landslides are relatively more common than shallow landslides
within colluvium deposits, as would be expected, and can more readily extend into underlying native deposits.

Colluvial groundwater and landslides

As expected, deep landslides appear to have been more directly affected by regional groundwater conditions than
shallow landslides, as suggested by the greater relative abundance of deep landslides (65%) than shallow landslides
(48%) within the distribution of colluvial groundwater. The modeled colluvial groundwater distribution is dependent
on the distribution of the Fraser aquifer seepage zone. Therefore, since about half the historical landslides occurred
within the distribution of colluvial groundwater, landslides have been about equally as likely to occur with possible
influence of groundwater from the Fraser aquifer as without. This finding contradicts the conclusion first made by
Tubbs (1974, 1975) that the basal contact of the Fraser aquifer defines the location where Seattle landslides typically
occur. Tubbs’ conclusion has no direct role in our conceptual model of colluvium formation. The model assumes that
colluvium forms largely from landslides and these occur in response to over-steepening of hillslope areas by fluvial
and coastal erosion and landsliding located downslope. Our statistical model reflects these assumptions with the
thickness of gravitationally transported colluvium dependent on slope and the prediction of thinner colluvium deposits
and higher, steeper escarpments along more actively failing hillslopes. Our conceptual model agrees with recent
findings that both prehistoric and historical landslides have only naturally occurred on Seattle hillslopes whose toes
have been eroded, that only 29% of historical landslides occurred along the base of the Fraser aquifer as defined by
Tubbs (1974, 1975) and that 64% of historical landslides occurred outside of areas possibly affected by Fraser aquifer
seepage (Schulz, 2007). Seepage from the Fraser aquifer is only indirectly involved in our conceptual model of
colluvium and colluvial groundwater in that it may affect landslide characteristics and frequency (and, hence, colluvium
depth), but the seepage is not necessary for landslides to occur.

Conclusions

We developed empirically based methods for modeling the distributions of colluvium and shallow groundwater on
landslide-prone hillslopes of Seattle, WA. Tests performed with empirical data not used during model development
indicated that the models accurately predicted colluvium and groundwater depths in the region for which they were
developed and a second nearby region to which they were applied. The methods we developed should also be
applicable in similar regions. For application elsewhere, the individual relations should be modified using empirical
data specific to the region of interest.

Our conceptual model of colluvium formation in Seattle is largely based on the idea that hisllslopes that have
experienced relatively accelerated slope toe erosion are producing a more mobile layer of colluvium, mainly through
landsliding. This increased mobility results in thinner colluvial cover and higher, steeper escarpments at slope crests.
Our statistical model accounts for these escarpment characteristics and the gravitational mobility of colluvium as
related to slope. Validation of the model indicates that it accurately predicts colluvium thickness, suggesting that our
conceptual model is correct. Colluvial groundwater is perched so its depth depends on its saturated thickness, which
can be estimated by colluvial basal slope and hydraulic conductivity, and solutions of equations of groundwater flow.
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Perennial groundwater recharge is provided by regional groundwater discharge into colluvium. Significant seasonal
recharge is provided by winter precipitation. Historical landslides have been triggered by significant precipitation
events and occurred with about equal frequency within and outside of the area affected by of regional groundwater.
Regional groundwater conditions appear to have some effect on landslide characteristics; deep landslides are more
frequent within the area affected by regional groundwater, while shallow landslides are less frequent within this area.
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