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approaches

Abstract We present numerical simulations of the April 27, 1975,
landslide event in the northern extreme of Kitimat Arm, British
Columbia. The event caused a tsunami with an estimated wave
height of 8.2 m at Kitimat First Nations Settlement and 6.1 m at
Clio Bay, at the northern and southern ends of Kitimat Arm,
respectively. We use the nonhydrostatic model NHWAVE to per-
form a series of numerical experiments with different slide con-
figurations and with two approaches to modeling the slide motion:
a solid slide with motion controlled by a basal Coulomb friction
and a depth-integrated numerical slide based on Newtonian vis-
cous flow. Numerical tests show that both models are capable of
reproducing observations of the event if an adequate representa-
tion of slide geometry is used. We further show that comparable
results are obtained using estimates of either Coulomb friction
angle or slide viscosity that are within reasonable ranges of values
found in previous literature.

Keywords Landslide tsunami - Coupled slide-tsunami model

Introduction

Landslide-generated tsunamis are a frequent feature of coastlines
characterized by complex channel and fjord systems. Bornhold
et al. (2001) have provided an overview of landslide-generated
tsunamis occurring along the coast of British Columbia and Alas-
ka, and have catalogued events including submarine and subaerial
slides. Submarine slide events occurring close to shore often occur
at or near low tide when the submarine deposits experience an
excess of pore pressure. Resulting slides may be seismically trig-
gered (Rogers 1980), or, in some instances, are possibly triggered
by human activities such as pile driving or construction (see the
discussion of the 1994 Skagway Harbor, Alaska, event by Kulikov
et al. 1996). Slides may also originate subaerially in the form of
rockfalls or slumps of saturated soils. Subaerial slides have led to
tsunami events of startling magnitude in the BC/Alaska region.
The most well known event was the seismically triggered rockfall
in Lituya Bay, AK, in 1958, which generated local runups of up to
525 m on the opposing shore (Miller 1960). Bornhold et al. (2007)
have documented a case of the apparent destruction of the sizeable
First Nation village of Kwalate, in Knight Inlet, as the result of a
rockslide-generated tsunami. Thomson et al. (2012) have investi-
gated the potential for large landslide-generated tsunamis in
Douglas Channel, BC, using a modeling approach similar to that
used in this study.

This study focuses on the landslide event of 27 April 1975 in the
northern extreme of Kitimat Arm, British Columbia. The event
caused a tsunami with an estimated crest-to-trough height of 8.2 m
at the Kitimat First Nations Settlement, and damaged a number of
facilities around the shoreline of the upper extent of Kitimat Arm
(Fig. 1). Two simulation approaches are employed: an approach
treating bottom deformations as solid slides with water column
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motion induced through the kinematic bottom boundary condi-
tion, and an approach which treats slides as a depth-integrated
layer of Newtonian viscous fluid, coupled kinematically and dy-
namically to the upper water layer. The aims of the present study
are to examine the aspects of slide geometry controlling observed
tsunami behavior and to determine whether a good reproduction
of observed results is obtained using reasonable choices of rheo-
logical properties in each modeling approach.

The paper is organized as follows. Observational evidence and
prior modeling experience are described in “Observations of the 27
April 1975 Kitimat event” and “Modeling background,” respective-
ly. “Numerical approach” provides a description of the models
being used. “Hindcast of the 1975 Kitimat landslide tsunami”
presents results of the model study and comparisons to the obser-
vational database. Conclusions are presented in “Discussion.”

Observations of the 27 April 1975 Kitimat event

A physical description of events associated with the landslide
tsunami of April 27, 1975, may be found in Golder (1975), Murty
(1979), and Murty and Brown (1979). Golder Associates reports
eyewitness accounts indicating that the event was first noticeable
as a failure of a shore-attached breakwater at the northern end of
an area known as Moon Bay (Fig. 1). The event spread along the
shore of Moon Bay over the course of 2 min, generating a wave
that spread out and impacted other sites including the Northland
Navigation Wharf, the Eurocan Terminal, and the Kitimat First
Nations Settlement across Kitimat Arm. The slide was reported to
have occurred about 2 h after lower low water on a large tide (with
alocal tide range up to 6.2 m). Oscillations of water across the inlet
were reported to have persisted for up to an hour. Finally, a wave
height of 7.6 m was reported at the First Nations Settlement, based
on observed water marks on pilings. Based on comparisons of
bathymetric data from before and after the event, Golder (1975)
estimated that a slide originated in Moon Bay with a volume of
2.3x10° m?. The slide left a landward scarp extending 183 m along
the Moon Bay shoreline. Murty (1979) and Murty and Brown
(1979) report additional observations which add to (and in some
cases differ from) the initial report of Golder Associates. In par-
ticular, it was reported that the event started at 10:05 hours, 53 min
after low tide. Two or three waves are said to have occurred at First
Nations Settlement, and the maximum crest-to-trough wave
height is reported as 8.2 m. Murty and Brown (1979) report an
observation that the bottom became exposed at 10:15, 10 min after
the start of the event, but where this occurred or the location from
where it was observed is not stated. There were additional reports
of large waves moving to the south from the event, with one boater
visually estimating a wave height of 6.1 m at Clio Bay (location
shown in Fig. 6). Based on extensive examination of hydrographic
charts, Murty (1979) reported that the total volume of mobilized
sediment during the event may have been as large as 2.7 x 10’ m’,
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Fig. 1 Northern portion of Kitimat Arm, showing the location of Northland Wharf, Eurocan Terminal, and First Nation Settlement cited in the text. Solid and dashed red
boxes indicate the initial and final footprints of Moon Bay slide volumes, respectively. Solid and dashed blue boxes indicate the initial and final footprints of Kitimat
River delta slide volumes, respectively. Final positions are representative of the nondeforming, solid slide computations

or almost ten times as large as the slide volume reported by Golder
(1975).

In a series of papers, Prior et al. (1982a; 1982b; 1984) have
provided a detailed description of a complex depositional pattern
on the floor of Kitimat Arm, resulting from a history of repeated
slide events. Readers are referred to these papers for an overview
of the geometry, geological setting, and characteristics of slide
deposits. Prior et al. examined depositional structures which
mainly extend southward from the deltaic formation of the
Kitimat River and lie along the central axis of Kitimat Arm. Prior
et al. (1984) provide a detailed analysis of the likely progression of
the event, with initiation of motion due to failure of the fjord wall
(Moon Bay) and then the deltaic front, followed by extensive
mobilization of fjord bottom sediment and elongation of the
deposit. Prior et al. (1984) estimate the total sediment volume
associated with the failure of the river delta structure to be about
2.7x10” m? but do not attribute this total volume to the 1975
event alone. This volume estimate is consistent with the earlier
estimate by Murty (1979) but is not associated only with the initial
Moon Bay failure.

Modeling background

Skvortsov and Bornhold (2007) have conducted a model study
using a two-layer model consisting of a model based on the
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nonlinear shallow water equations (NLSWE) for the upper water
layer and a depth-integrated Bingham plastic lower layer. A de-
tailed description of this model is available in Skvortsov (2005).
The initial slide volume is taken to be 2.7 X 107 m?, which corre-
sponds to the estimate in Murty (1979) for total mobilized volume
and effectively includes the failed deltaic material as described in
Prior et al. (1984). The entire event is initiated simultaneously,
rather than sequentially as would be indicated by Prior et al.
(1984). The resulting waves are significantly larger than indicated
in reported visual observations, as discussed below. More recently,
Fine and Bornhold (2011) have reported computational results
which consider a Moon Bay slide occurring alone, without the
associated deltaic failure, with volumes consistent with the esti-
mate of Golder (1975). Fine and Bornhold (2011) obtain reasonable
agreement with the observed wave height at First Nations Settle-
ment using an idealized slide volume with a length of approxi-
mately 400 m, a maximum thickness of 34 m, and a total volume
of 2.02x10°m’ in line with the earliest reported estimates by
Golder (1975). Fine and Bornhold (2011) used a two-layer model
similar to that used by Skvortsov and Bornhold (2007) but with a
lower layer modeled as a viscous fluid with a range of viscosities
from 2 to 20 kPa’s this modeling approach is similar to the
deformable slide formulation described below. No modeling re-
sults from previous studies are available for the southern portion



of Kitimat Arm including Clio Bay, and thus, it is not clear how
previous model results compare to reported observations there.

Numerical approach

The numerical modeling conducted here is carried out using
NHWAVE (Ma et al. 2012), a three-dimensional (3D) fully
nonhydrostatic code, which is utilized to calculate surface dis-
placement and velocity fields in response to either submarine or
subaerial landslide events. NHWAVE retains a complete descrip-
tion of wave dispersion resulting from nonhydrostatic effects, and
thus provides a more accurate description of frequency dispersion
effects than the NLSWE models used previously (except in
Thomson et al. 2012), but this addition was not found to lead to
significant differences in modeled waves in the present case (ow-
ing to the short propagation distances involved relative to effective
wavelength), and is not discussed further. The results presented
below are based on the full nonhydrostatic model. The hydrostatic
approximation can be recovered in the model by neglecting the
forcing term S? in Eq. (3).

Two modeling approaches are used here. In the first, ground
motion resulting from slide or slump events is simulated assuming
a solid sliding mass, using equations developed by Enet and Grilli
(2007) to model the time history of slide motion. The second
approach uses a depth-integrated lower layer representing a highly
viscous Newtonian fluid (Fine and Bornhold 2011; Fine et al. 1994;
Jiang and LeBlond 1992; Thomson et al. 2012). A previous use of
NHWAVE together with a depth-integrated lower layer, but for the
case of granular flow in slope-oriented coordinates over a simple
planar bed, is shown in Ma et al. (2015).

Model for the water layer
NHWAVE solves Euler or RANS equations in 3D in a terrain and
surface following o coordinates defined by

z+h
D

,t (1)

X, y,0 =

where (x, y, 2) is the traditional Cartesian coordinate system with z
oriented upwards against gravity and the still water surface lying
in the (x,y) plane. Total water depth is given by
D(x, y,t) = h(x, y, t) + 1(x, y, t), where h is the water depth from the
still water level to the landslide surface, which is temporally vary-
ing during slide motion, and 7 is water surface elevation relative to
still water. Depth h and surface displacement 7 are assumed to
remain single-valued functions of (x, y) at all times.

Following Ma et al. (2012; 2015), well-balanced mass and mo-
mentum conservation equations in o coordinates are given by

D+ (Du), + (Dvy) + w, =0 (2)
and
U+ F+G +H,=8+8 (3)

where U= (Du, Dv,Dw)T, (u,v,w) are velocity components in
(x, ), z) directions, and w is the velocity normal to a level o surface.

Subscripts denote partial derivatives with respect to the indicated
coordinate. The fluxes in the momentum equations are given by

Puv uw
G = va—&—;gnz-i-ghn H=| w
Dvw ww

The source terms on the right-hand side of Eq. (3) are contri-
butions from hydrostatic pressure and dynamic pressure, respec-
tively. Turbulent diffusion terms have been neglected in this
application, consistent with the derivation of a lower slide layer
with a stress-free upper surface (“Depth-integrated slide layer”).
These terms can be formulated as

1 2

Duu + 580 + ghn
Duv
Duw

F—

D
_p7 (px +paax)

8nhx b
s"= | gnhy S = —F (py + pgay>
0 1
p_fpo

where p is the nonhydrostatic component of the pressure field and
¢/ is the water layer density.

Interaction between the landslide and water is accounted for
using appropriate kinematic constraints on the velocity field and
dynamic constraints which depend on the application. For the
upper layer, the kinematic constraint is given by

w = —h;—uh,—vh,z = —h (4)

For the case of a moving solid slide, we neglect bottom shear
stress acting on the water column and satisfy a linearized con-
straint on the pressure field given by Ma et al. (2012).

P, = pDhy (5)

For the case of a viscous slide, we also neglect shear stresses at
the slide surface (consistent with the form of the lower layer
equation below) and impose continuity of total pressure P}/, given

by

Pl =p'gD+p (6)

Kinematic constraints on the upper layer are also given by
Eq. (4), while kinematic constraints on the slide layer are
accounted for during depth integration of the equations for the
slide. The two layers (water and slide) are completely coupled at
each model time step.

Slides modeled as solid moving bodies

The geometry for slides considered here is specified according to
the parameters defined in Fig. 2. We follow the approach of Enet
and Grilli (2007) but make extensions to allow for the initial slide
position to be either partially or entirely subaerial. We also
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Fig. 2 Schematic of slide geometry for subaerial or submarine landslide

simplify the slide geometry to be a rectangular slab with thickness
T, downslope length b, along-slope width w, total slide volume
Vs,=bwT, and total slide mass

M;=psV,, where ps is the density of the slide material. We
define a distance [ as the downslope distance from the slab cen-
troid to the waterline, which is assumed to be parallel to the slab
edges, with [ positive if the centroid is above the waterline. The
relation between exposed, submerged, and total volumes
Vexps Vsubs Vs is then given by

Vep  b/2+1 Ve,  b/2-1
Ve b Ve b

(7)

Constructing a force balance (Enet and Grilli 2007) gives a second-
order equation for downslope displacement s(¢ — t,) for a single slide

(by + Co(b/2-1))d = (bw— G —l)) (sin 6—C,cos 6)g
b/z—l} '52.

. T ’
s(to) =s(t,) =0

-% {Cd(b/z—l) +Ct

where f, represents an arbitrary starting time, g is gravitational
acceleration, = pg/py, pyw is water density, C4 is a form drag
coefficient, Cs is a skin friction coefficient, and 6 is the bed slope
in the direction of motion. In practice, v is constrained by
geotechnical properties and 6 is constrained by the local
bathymetry. The remaining free parameter in the formulation is
the basal Coulomb friction coefficient C,=tan ¢, where ¢ is the
Coulomb friction angle. The goals of the present study are to
determine appropriate values of ¢ from model/data and model/
model comparisons and to test the consistency of these results
against experimental results reported in Sassa (1999).

In Eq. (2), appropriate limits occur when [— —b/2, at which
point the slab becomes completely submerged, recovering the
model of Enet and Grilli simplified to the slab geometry, and
I— b/2, at which point the slab is completely exposed above the
waterline and the effect of water-induced buoyancy and drag
disappears from the governing equation.

Finally, the model has been extended to allow for the presence
of multiple slide volumes V; with independent start times t,;.
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Fig. 3 Comparison of the centroid speed of the deformable slide model (blue line) with the slide velocity from the solid slide model with ¢ =0° (black line), p =8"

(red line), and ¢ =11" (light blue line)
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Fig. 4 Modeled surface elevations at First Nations Settlement, Eurocan Terminal, and Northland Navigation Wharf for a Moon Bay slide with V=2.7 x 10" m* and solid
slides with ¢ =0° (light blue dashed line) and 8° (solid black line) and the viscous flow deformable model (dark blue dashed line) with =10 kPa. Results for
the Bingham plastic model of Skvortsov and Bornhold (2007) (red dashed line) are taken from their paper and correspond to a different source geometry

Depth-integrated slide layer

Depth-integrated models for the lower slide layer have been
formulated based on a number of rheologies, including New-
tonian viscous fluid (Fine et al. 1994; Jiang and LeBlond 1992;
Thomson et al. 2012), Bingham plastic (Jiang and LeBlond
1993; Skvortsov and Bornhold 2007), or granular masses
(Kelfoun et al. 2010; Ma et al. 2015). In this study, we have
used a slightly revised formulation for a viscous, Newtonian
lower layer based on Fine et al. (1994), but with horizontal
(normal stress) contributions to Newtonian stresses retained
as in Jiang and LeBlond (1993). Formulating the equations in
a quasi-conservative form based on slide layer thickness
d=hs—h (where hy is the depth from the still water surface
to the fixed substrate below the slide) and horizontal volume
flux F=(dU,dV) (where U,V are depth-averaged horizontal
velocities in the slide layer) gives

d;+V-F-eVid =0 (9)

for mass conservation and

6 s_of f
Ft+;Vh-(FF/d):—gd{—p P vhh+%vhn}

ps
F _Gap) g™ F‘F‘
3d2 h d1/3 a2

for momentum conservation, where p° denotes slide density
(here assumed to be constant) and V}, is a horizontal gradient
operator. The quantity €V?d is a regularization term introduced
for numerical purposes, on=0(1), and it should be chosen such
that the slide volume does not significantly decrease. Bottom
friction is expressed through a quadratic stress term based on
Manning’s n.

Equation (9) is discretized using second-order centered differ-
ences. The momentum equation for the flux component dU
(Eq. 10) employs a forward/backward difference approximation

(10)

i
P
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Table 1 Observations and results of model simulations

Maximum wave height (crest to trough),

First Nations settlement Clio Bay
Reported observations 7.6-8.2 6.1
Murty 1979 6.3-8.2 NA
Skvortsov and Bornhold 2007 ~20 NA
Fine and Bornhold 2011 4.6-11.8 NA
Moon Bay Test 1 9.80 1.60
Test 2 8.19 1.25
Test 3 6.92 1.03
Test 4 9.65 1.60
Test 5 9.50 1.55
Kitimat River delta Test 6 3.80 2.35
Test 7 6.70 535
Test 8 6.60 6.90
Combined solid slides Test 9 8.90 535
Combined deform. slides Test 10 7.10 440

(depending on the sign of the slide velocity) with Ax* accuracy to
discretize the divergence V), - (FF/d) in the x direction and central
differences with Ay* accuracy to discretize the divergence term in
the y direction. The momentum equation for the flux dV uses
similar difference approximations, but with x and y swapped. Time
stepping is carried out using the third-order Runge-Kutta method
(Gottlieb and Shu 1998). The wetting-drying scheme for the mov-
ing slide boundary is identical to the approach of Nicolsky et al.
(2011) applied to the NLSWE.

Hindcast of the 1975 Kitimat landslide tsunami

DEM development

Bathymetric data was obtained from the Canadian Hydrographic
Service. The bathymetry data for Douglas channel is based on
LON/LAT coordinates and MSL as the vertical datum. The data
covers 53° 45’ 9”-53° 59’ 58" north and 128° 56’ 18”-128° 38’ 59” west.
Data resolution is about 1/3”. The data was converted from LAT/
LON to NAD 1983 BC Environmental Albers first and then inter-
polated onto a rectangular grid with 20 m X 20 m resolution.

The topography data covers Kitimat Arm and the adjacent
areas of Douglas Channel including Clio Bay (Fig. 6) The data is
based on NAD 1983 BC Environmental Albers with a resolution of
about 100 m. The data was used to construct a rectangular grid
with 20 m X 20 m resolution in the model domain. The bathymet-
ric and topographic data were merged to construct the computa-
tional grid with a grid resolution of 20 m X 20 m.

"

Slide configurations

The first component of the 1975 event consists of a slide which was
initiated in Moon Bay and slid primarily towards the east,
consistent with the description in Golder (1975) and the modeled
slide in Fine and Bornhold (2011). The slide is indicated in Fig. 1,
with the initial location outlined by a solid red polygon. The slide
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is rectangular in plan, with geometric properties described in
“Numerical approach.” The slide has a specific gravity of v=1.9.

Prior et al. (1982a; 1982b; 1984) describe a large depositional
structure running from north to south in Kitimat Arm, which they
attribute to single or repeated failures of the Kitimat River deltaic
structure. Prior et al. (1984) estimate that the homogeneous upper
layer deposit in the structure, which may have been involved in the
1975 Kitimat tsunami event, has a volume up to 2.7 X 107 m?>. Since
the smaller slide initiated in Moon Bay is seen below to not
reproduce either the observed drawdown near the Eurocan termi-
nal or the large wave further to the south in Clio Bay, we consider a
second slide configuration consisting of slide volume originating
in the area of the Kitimat River delta and moving along the
longitudinal axis of Kitimat Arm, consistent with the configuration
described in Prior et al. (1984).

Solid vs. deformable slides: parameterizing Coulomb friction

During initial tests of the model against previous computa-
tional results and observations, we conducted runs of the
solid slide and deformable slide models using a single initial
slide volume V =2.7x10” m? consistent with the volume
estimate of Murty (1979) and as used by Skvortsov and
Bornhold (2007) in their study using a Bingham plastic lower
layer coupled to NLSWE for the water layer. In Skvortsov and
Bornhold (2007), the slide volume is concentrated in the
Moon Bay area and does not account for the original posi-
tioning of a large fraction of the volume in the Kitimat River
delta formation. Consequently, the initial across-channel wave
computed by Skvortsov and Bornhold (2007) is much larger
in magnitude at the First Nations Settlement than indicated
from observations, with a crest-to-trough wave height on the
order of 20 m. We have used this configuration in order to
examine consistency between the previous model and our
own solid and deformable slide configurations.
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Fig. 5 Comparison of water surface elevations for varying slide volumes for the Moon Bay slide with fixed slide area. Black solid lines: V,=2.329x10° m?, red

dashed lines: V,=1.941x10° m’, blue dashed lines: V,=1.664x10° m>

In previous numerical studies of tsunami generation using solid
slides (Enet and Grilli 2007; Fuhrman and Madsen 2009; Ma et al.
2012), ¢ was usually set to zero in model validations using labo-
ratory experiments. Here, we performed computations using the
solid slide model described in “Slides modeled as solid moving
bodies,” using Coulomb friction angles of ¢» = 0", corresponding to
no basal friction, and ¢ = 8’, based on results compiled in Figure 8
of Sassa (1999). Calculations are also performed using the deform-
able slide model of “Depth-integrated slide layer” with a viscosity
pu=10 kPa, consistent with the previous study of Fine and
Bornhold (2011). Figure 3 shows a comparison of the centroid
speed of the deformable slide model with the slide velocities from
the solid slide model without Coulomb friction (¢ =0°) and with
Coulomb friction (¢ =8"). (We choose centroid displacement as
the main indicator of tsunamigenic potential following Grilli and
Watts 2005). The figure shows that the solid slide model with
¢ =8’ predicts slide velocities comparable to the deformable slide
at the beginning of the slide motion, which is critical for accurate
description of wave generation (Watts and Grilli 2003). We also

show the slide motion for the choice of ¢» = 11", which is used below
for the smaller Moon Bay slide volume following Sassa’s parame-
terization, but which clearly leads to an underprediction of the
larger slide’s displacement for the case considered here.

Figure 4 shows the time series of surface elevation obtained
from the deformable slide model in comparison to the solid slide
model with ¢ =0" and 8’. Results from Skvortsov and Bornhold
(2007) are also shown for comparison. The figure shows that the
model with ¢ = 0" predicts higher wave crests at all three locations
compared to both the model with ¢=8" and the deformable
model.

Moon Bay slide

We first consider the slope failure in Moon Bay in isolation, using
the solid slide model. The slide volumes used here are in the
neighborhood of 2 x10® m?, consistent with the estimates of vol-
ume presented by Golder Associates (Golder 1975) and used in
Fine and Bornhold (2011). A Coulomb friction angle ¢p=1" is
chosen, consistent with Sassa (1999).
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Fig. 6 Maximum amplitude of water surface displacement for Moon Bay slide. Test 1: V;=2.329 x 10° m>. Coordinates are NAD 1983 BC Environmental Albers

We first use a fixed slide area given by b=274.0 m and
w=250.0 m and consider three cases of varying slide volume V.,
obtained by correspondingly varying slide thickness T. The tests
are described by

Test 1: Vo=2.329 x10° m%, b=274.0 m, w=250.0 m, T=34

m
Test 2: Vy=1.941x10° m? b=274.0 m, w=250.0 m,
T=283 m
Test 3: VS=1.664><106 m3, b=274.0 m, w=250.0 m,
T=24.28 m

The test 1 volume is close to that of the original estimate of
Golder (1975), with tests 2 and 3 being 20 and 40 % smaller.
Resulting maximum crest-to-trough wave heights are reported
for these three cases in Table 1, and time series of the three events
at the Kitimat First Nations Settlement, the Eurocan Terminal,
Northland Navigation Wharf, and Clio Bay are shown in Fig. 5.
The test 3 volume is close to the volume estimated from the
bathymetric reconstruction carried out in Fine and Bornhold
(2011), but is significantly smaller than the estimate of Golder
(1975) and is smaller than is needed in Fine and Bornhold (2011)
to get a good estimate of wave height at the First Nations
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Settlement, unless viscosity is set to a relatively low value. The test
2 slide volume V,=1.941 x 10° m? produces a wave at First Nations
Settlement which is closest to observations. This slide volume lies
about midway between the Golder Associates estimate and the
geometrical estimate of Fine and Bornhold. This volume is also
close to the slide B volume reported in Fine and Bornhold (2011),
which gave, in their study, a reasonable estimate for wave height at
the First Nations Settlement using a viscosity of 10 kPa, consistent
with our comparison to viscous deformable slide results in “Solid
vs. deformable slides: parameterizing Coulomb friction.” In gen-
eral, wave heights at the First Nations Settlement, directly facing
into the direction of slide motion, scale remarkably linearly with
slide volume, with errors in scaling on the order of 1 %. This result
breaks down somewhat in the far field, with wave height at Clio
Bay for test 1 being about 60 % larger than that for test 3, com-
pared to a 40 % increase in slide volume.

Figure 6 shows a plot of the maximum occurring positive water
surface elevation at each location in the computational domain for
test 1. The event is localized to the near field shoreline, the locus of
the sliding mass, and the facing shorelines to the east and north. In
particular, this configuration of the total event predicts very little
impact in the area of the Eurocan terminal, and produces no wave
traveling to the south that would be of sufficient magnitude to
explain observations in Clio Bay. Water surface fluctuations in the
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Fig. 7 Maximum positive water surface displacement in meters. Kitimat River delta slide, V;=2.0 x 10’ m>. Coordinates are NAD 1983 BC Environmental Albers

northern portion of Kitimat Arm are also predicted to die out
quickly, and do not exhibit the observed, persistent motion re-
ported by eyewitnesses.

Two additional tests for the Moon Bay slide were carried out
using the test 1 slide volume but with varying slide width and
thickness, giving slide widths increased by 20 and 40 %. The tests
are described by:

Test 4: Vo=2.329%x10° m?, b=274.0 m, w=300.0 m,
T=28.3 m
Test 5: Vi=2.329 x10° m?, b=274.0 m, w=350.0 m,
T=243 m

These changes represent slides with greatly increased width but
constant cross-sectional area perpendicular to the direction of
motion. Results in Table 1 show very little variation in reported
wave heights in the near or far fields; corresponding plots of
results are omitted.

Kitimat River delta slide

We next consider a simulation of a failure located initially on the
Kitimat River delta, outlined in blue in Fig. 1. Three tests were
conducted using slide volumes which fall at the extreme of the

range of reported estimates of slide deposits along the Kitimat
Arm bottom which are thought to be the result of the 1975 event.
The corresponding model parameters for the tests are:

Test 6: Vi=1.0x10” m? T=10.0 m, b=1000.0 m,
W=1000.0 m

Test 7: Vg=2.0x10” m3 T=20.0 m, b=1000.0 m,
W=1000.0 m

Test 8: Vo=2.7%x10” m? T=22.1 m, b=1105.0 m, w=1105.0
m

Coulomb friction angles for these cases are taken to be ¢ =8’
(Sassa 1999).

The waveform generated here is lower in frequency and longer
in wavelength than the Moon Bay baseline case slide, and the slide
orientation is effective in generating a wave moving along the axis
of Kitimat Arm, with significant wave heights occurring to the
south. A map of maximum occurring water surface displacements
is shown in Fig. 7 for the test 7 results. The maximum impact of
this event is concentrated more directly around the Eurocan Ter-
minal area and along the shorelines to the south, with impacts at
the Northland Navigation Wharf and First Nations Settlement
falling below the level produced by the much smaller Moon Bay
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Fig. 8 Time series of water surface displacements in meters for tests 6 (V;=1.0x10" m?, red dashed line), 7 (Vs=2.0x10" m’, black solid line), and 8

(Vs=27x% 10" m?, blue dashed line). Kitimat River delta slide

slide. Time series for the Kitimat River delta slide cases are shown
in Fig. 8, and maximum wave height values are reported in Table 1.
The two larger slides (tests 7 and 8) cause a significant initial
drawdown and exposure of the bottom in both the Eurocan Ter-
minal and Northland Navigation Wharf areas, consistent with
observations reported by Murty and Brown (1979). The smaller
of the three slides (test 6) does not expose the bottom in either of
these regions, indicating that it is likely to be too small. Secondly,
the event does not create a disturbance at First Nations Settlement
in excess of the Moon Bay slide. The lower-frequency motions
continue to reverberate in the northern portion of Kitimat Arm,
consistent with the observation that motions from the event
persisted for up to an hour. Finally, the event produces a maxi-
mum wave height at Clio Bay of 5.35 m, somewhat lower than
reported (from visual observations by a boater). The lower ampli-
tude wave at Clio Bay produced in test 6 again indicates that the
estimate of slide volume Vi=1.0x10” m? is probably too small.
For the three slide volumes tested, results for wave heights in
the far field (i.e., Clio Bay) are seen to scale approximately linearly
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with slide volume. The larger of the slide volumes produces an
estimate of wave height at Clio Bay which is likely too large, given
that the estimate of wave height of 6.2 m obtained by the boater in
the area is likely to be high. In contrast, the larger slide does not
produce uniformly scaled-up results in the northern part of
Kitimat Arm, possibly due to a number of effects including the
extreme nonlinearity of the event (with pronounced bottoming
out of the harbor region around the Eurocan Terminal), the com-
plex wave pattern resulting from the short travel time and multiple
reflections in the area, and the fact that the initial wave is largely
directed away from the reported First Nations Settlement site.

Superposition of Moon Bay and Kitimat River delta slides

The results presented so far have indicated that neither slide
configuration alone provides a completely satisfying reproduc-
tion of all observed features of the event, and it is of interest
to examine a combination of the two. In this section, we
compare results obtained by linearly superimposing test 2
and test 7 results for Moon Bay and Kitimat River delta
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Fig. 9 Comparison of water surface elevations for the multi-slide model (test 9: black solid line) with the linear superposition of water surface elevation (red dashed
lines) from the Moon Bay slide (V,=1.941x 106 m?3, test 2) and Kitimat River delta slide (Vs=20x% 107 m3, test 7)

slides, respectively, with results for a simulation which com-
bines the two ground motions in a single simulation (test 9).
Johns et al. (1986) have suggested that the timing difference
between the two slides would possibly be based on the time
required for the failed slide material from Moon Bay to arrive
at the delta front, but this suggestion has not been examined
in more detail and would strongly depend on the choice of
the two slide geometries in our simulations. We have thus not
accounted for this difference based on travel time in the
present study. A plot of the superposition of results for tests
2 and 7 is shown in Fig. 9 as the red dashed line. The
combined events provide a more comprehensive agreement
with published observations. The dominance of the Moon
Bay slide in the west to east direction in determining maxi-
mum water surface displacement at the First Nations Settle-
ment is preserved, while the additional observations of strong
drawdown in the harbor and large waves further to the south
are accounted for by the addition of the second larger Kitimat
River delta slide failure in the north to south direction.

Test 9 results (Fig. 9, solid line) for the combination of the
two slides in a single simulation show that linear superposi-
tion is largely valid for the event, except in areas where
tsunami surface displacements are of the order of the local
depth. The validity of the linear superposition is undoubtedly
due to the great depth of the Kitimat Arm fjord, which
renders the wave height-to-water depth ratio controlling non-
linearity to be small. The exception to this occurs during
maximum drawdown at the Eurocan Terminal and the North-
land Navigation Wharf, where the linearly superposed draw-
downs exceed the local water depth.

Deformable viscous slide

A deformable slide simulation (test 10) was carried out for
the combined slide configuration, using the viscous layer slide
model. The initial slide geometry is a combination of the
Moon Bay slide (test 2) and the Kitimat River delta slide (test
7), with both slides initiated simultaneously. A fluid viscosity
of 10 kPa is used for the lower slide mass in all simulations.

Landslides 13 * (2016) | 1431



| Original Paper

First Nations Settlement

elevation (m)

Eurocan Terminal

300

elevation (m)

elevation (m)

elevation (m)

300

time (s)

Fig. 10 Comparison of water levels resulting from solid slide superposition (red dashed lines) and a deformable slide simulation (black solid lines)

A comparison of the deformable slide results to the super-
posed solid slide results from test 9 is shown in Fig. 10. Note
that the reduction of drawdown at the Eurocan Terminal and
the Northland Navigation Wharf in the deformable slide case
is an artifact of the initial slide deformation, which includes
an upslope as well as a downslope collapse, effectively
infilling several of these shallow regions. No detailed attempts
have been made to configure the initial geometry of the
viscous slide in order to eliminate this upslope collapse, as
our main interest is in the wave-making performance of the
two models relative to each other.

Test 9 and test 10 results are largely consistent in terms of
maximum generated wave heights, but the deformable slide
produces a wave form with less high-frequency content in the
near field of the event. These types of model discrepancies
would be a strong basis for discriminating between models in
a well-constrained experimental setting, but the knowledge of
the source mechanism and geometry in the present case
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would not allow such an evaluation. The differences in fre-
quency content in the near field are largely absent once the
waves have propagated to Clio Bay. The overall comparison
indicates that the deformable slide model predicts somewhat
lower wave heights than the solid slide model. Existing data is
insufficient as a basis for drawing more detailed conclusions
on the accuracy of the results.

Discussion

The smaller Moon Bay slides considered here (tests 2 and 3;
Table 1) produce crest-to-trough wave amplitudes at the First
Nations Settlement site which are consistent with the obser-
vations reported in Golder (1975), Murty (1979), and Murty
and Brown (1979). In particular, a Moon Bay slide with a
volume of V,=1.941x10° m? is seen to produce a wave height
at First Nations Settlement of 8.2 m, in close agreement with
the published observations (Table 1, test 2). This slide is
slightly larger than the initial reconstructed slide volume from



Fine and Bornhold (2011) and 14 % smaller than the initial
estimate of 2.3x10° m? reported by Golder (1975). Wave
heights resulting from slide volumes at either end of that
range are still reasonable and consistent with observations to
within a reasonable degree of uncertainty. It was found that
the wave height at First Nations Settlement is not sensitive to
reasonable changes in the initial solid slide width, with total
slide volume held constant. It is apparent that this reconstruc-
tion of the main west to east slide, with volumes in reason-
able agreement with reconstructions of the slide volume based
on examination of bathymetric data (Fine and Bornhold 2013;
Golder 1975), provides a description of wave height at First
Nations Settlement which is consistent with observations. In
our simulation, the arrival time of the largest positive crest
occurs about 120 s after the initiation of the slide event. The
Moon Bay slide scenario considered here does not reproduce
additional observations, including the occurrence of a large-
amplitude wave with height on the order of 6 m, further to
the south in Clio Bay, and the large drawdown of water level
occurring early in the event in the Eurocan terminal and
other areas in the northern extreme of the Arm. A second
slide representing a failure of the Kitimat River delta structure
is seen to reproduce these observations without interfering
with the Moon Bay slide as the dominant mechanism for
the largest wave at First Nations Settlement.

Overall, the model has been shown to produce tsunami
wave heights which are consistent with previous modeling
efforts, and has further been shown to give reasonable pre-
dictions of observed wave activity when used in a manner
that is consistent with the present understanding of the event.
Model results indicate that the strongest influence on the
amplitude of generated waves is the slide volume, with chang-
es in slide shape (with volume held constant) playing a lesser
role. The model is sensitive to the choice of internal Coulomb
friction angle ¢ for the solid slide case, but this choice may
be constrained using estimates of ¢ shown in Sassa (1999),
Figure 8, leading to results which are in reasonable agreement
with observations. In particular, waves generated using solid
slides with ¢ constrained by Sassa (1999) are of comparable
magnitudes to waves generated using deformable slides with
fluid viscosities comparable to values obtained in the calibra-
tion reported in Fine and Bornhold (2011), given equal slide
volumes. Further, as shown in Table 1, the maximum wave
height observations at the First Nations Settlement and Clio
Bay fall within the modeling results obtained from the super-
position of Moon Bay and Kitimat River delta slides, using
either the solid or deformable slide models.

The viscous flow model described here represents the ini-
tial stage in the development of a depth-integrated slide layer
coupled to the general nonhydrostatic 3D code NHWAVE for
free-surface hydrodynamics. The modeled material rheology is
presently being extended to include granular debris flow (Ma
et al. 2015), erosion and deposition of substrate material,
entrainment of water from the overlying water layer, and
effects of vertical acceleration which are neglected in the
present and earlier formulations for the slide layer in hori-
zontal Cartesian coordinates. These developments will be re-
ported in the near future.
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