
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix E 
 

AMEC internal report, 2011,  
“Preliminary Assessment of Earthquake-Related Liquefaction and  

Associated Submarine Slope Instability Hazard”, 20 pp. 
 
  

Attachment JRP IR 4.1 - Appendices E and F



 

AMEC Environment & Infrastructure 
2101 Webster Street, 12th Floor 
Oakland, California 94612-3066 
USA  
Tel (510) 663-4100 
Fax (510) 663-4141 
amec.com 

 

Memo    

To: Shane Kelly 
AMEC E&I, Prince George 

Project: EG0926008.4200.600  

From: John Egan 
AMEC E&I / AMEC Geomatrix 

cc: Drum Cavers 
AMEC E&I, Burnaby 

 

 

 

Tel: (510) 663-4100  

Fax: (510) 663-4141  

Date: September 12, 2011  
 

Subject: Preliminary Assessment of Earthquake-Related Liquefaction and 
Associated Submarine Slope Instability Hazard 
Enbridge Northern Gateway Project - Proposed Kitimat Marine Terminal 
Kitimat Arm, British Columbia 

 

INTRODUCTION 

This report presents the results of a preliminary geotechnical study conducted by AMEC 
Geomatrix to assess the likelihood of experiencing earthquake-triggered liquefaction and 
associated submarine slope instability in the Kitimat Arm fjord during future earthquakes in the 
region such that related hazards may affect the proposed Kitimat Marine Terminal, either 
directly (e.g., by the ground movements) or indirectly (e.g., by tsunami waves produced by 
water displaced by sudden submarine slope movements). Figure 1 illustrates the general area 
of the proposed Kitimat Marine Terminal, including Kitimat Arm and key local geographic 
features. We understand that the Terminal is to be developed as part of the proposed Enbridge 
Northern Gateway Project in British Columbia. 

The information presented and opinions rendered herein were based on readily-accessible 
published local and regional geologic and seismologic data, the very limited geotechnical 
information (i.e., logs of borings) available for the general site vicinity, existing slope geometries 
and conditions in Kitimat Arm as interpreted by the AMEC project team, and results of a 
probabilistic seismic hazard assessment (PSHA) conducted by others for the Enbridge Northern 
Gateway Project. Neither additional field exploration nor ground reconnaissance of the site was 
performed by AMEC Geomatrix during this study. 

SITE DESCRIPTION 

We understand that the Enbridge Northern Gateway Project includes the proposed development 
of a marine terminal on the west side of Kitimat Arm adjacent to the proposed western terminus 
of a twin pipeline system. The terminal would provide access for tankers to transfer petroleum 
products between the ships and the tank facilities at the terminal. The facility would be 
developed in an area north of Bish Creek on the steep, rocky western shores of Kitimat Arm 
(see Figure 1). Bedrock is generally exposed along the existing shoreline and the sub-surface 
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profile includes a steeply-dipping bedrock-controlled slope with some overlying sediments and 
glacial till. 

 

Figure 1. Proposed Kitimat Marine Terminal location and site vicinity map (after 
AMEC, 2009). 
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REGIONAL AND LOCAL GEOLOGIC CONSIDERATIONS 

Kitimat Arm is a fjord, defined as a long narrow arm of the sea, in a valley that is U-shaped and 
steep walled, generally several hundred metres deep, with high rocky cliffs or slopes along a 
mountainous coast. This significant geographic feature in the Coast Mountains of British 
Columbia is representative of the seaward end of a glacially-deepened valley. The Kitimat River 
flows into the north end of the arm where a large delta has been deposited. 

A regional surficial geology study carried out by Clague (1984) in the area extending north from 
Kitimat Arm indicates that the terrain in the region has been subjected to about 200 m of uplift 
relative to the current sea level due to unloading following de-glaciation (Clague, 1985). The 
significance of the uplift is that the present Kitimat River valley and adjacent terrain was 
previously submerged to an elevation of about 200 m, which would have resulted in delta 
deposition much further to the north. The relative sea level drop in the Douglas Channel – 
Kitimat Arm fjord following de-glaciation has resulted in a geologically rapid southward advance 
of the delta into the arm. The current Kitimat River delta is assumed to have been deposited 
within the last approximately 9,000 years, or during the Holocene (Clague, 1985). 

The combination of the deltaic sedimentation process and the shifting of the delta deposition 
location toward the south over time have been important factors in the development of the 
sediment profile in Kitimat Arm. Prior to isostatic rebound, the tidal interface was much further to 
the north and the current delta and Kitimat Arm would have been a zone of clay accumulation in 
a quiescent environment. As the delta shoreline moved south, granular deltaic sediments were 
deposited over previous accumulations of clay. As isotatic rebound (uplift) occurred, some of the 
previously deposited clay was exposed, resulting in marine mud deposits extending up the walls 
of the fjord to approximately 200 m elevation. 

Results of drilling investigations carried out in the northwestern portion of Kitimat Arm, near the 
Alcan wharf site (see Figure 1), were interpreted by Morrison (1984) to show a steeply-dipping 
bedrock profile covered with a similarly dipping layer of silt and clay several tens of meters thick, 
overlain by generally silty fine-grained sand, in turn overlain by a near horizontal surface layer of 
sand and gravel less than about 20 m thick. This profile is consistent with the expected 
sedimentary process described above. Bedrock at the site consists of Coast Plutonic quartz 
dioritic igneous rocks of Late Cretaceous to Middle Jurassic age (100 million to 150 million 
years old). 

Sediments in the delta front area are generally coarser-grained (higher content of silt, sand and 
gravel) than on the fjord walls at Moon Bay, approximately 3 km north of the proposed marine 
terminal site, where the sediments are primarily composed of clay and silt. Other observations 
of the soil material there include the following: 

 Fine-grained materials in the slide area near the 1975 slide scarp were found to have be 
low-to-medium plasticity clay or silt (Plasticity Index ≈ 20±) within a week after the slide 
(Golder Associates, 1975); 

 Undrained shear strength values in the clay/silt material were measured to be between 
about 10 kPa and 27 kPa based on samples recovered from near the slide scarp after 
the slide by Golder Associates (1975); Morrison (1984) reports measured undrained 
shear strengths as great as 42 kPa; 
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 In-situ field vane tests on the silt/clay from near the slide scarp after the slide indicate 
moderate strength sensitivities, between about 1½ and 4 (Golder Associates, 1975); 

 Artesian conditions have been measured in boreholes adjacent to Kitimat Arm including 
the Moon Bay area (Golder Associates, 1975, and Morrison, 1984), and excess pore 
pressure was possible at the landslide location due to the very low tide, construction 
loading and/or spring run off. Artesian conditions in holes in the Moon Bay area were 
reported to be 1 to 1½ m above mean tide levels based on two different boreholes at 
different times (Morrison, 1984). 

As mentioned previously, the delta in the upper reaches of the Kitmat Arm fjord is assumed to 
have been deposited within the last approximately 9,000 years, or during the Holocene, and 
active deltaic deposition is on-going. Prior et al. (1984) reported that cores from the upper delta 
indicated that the deposits consisted of mostly fine-grained sand with trace silt. Prior et al. 
(1982) also describes the slopes along the main Kitimat delta as in the 4° to 7° range; Johns et 
al. (1986) states that the Kitimat delta slope is up to 8° and that the wet bulk density of the delta 
front materials is about 1.75 Mg/m³. Cross sections developed by AMEC from available 
bathymetric data suggest that the mudline slope of the upper delta (e.g., within approximately 
50 m of the Eurocan and Ocelot (Methanex) wharves) is approximately 20°, flattening to 
between approximately 10° and 14° over the next ¼ km south from the wharves, and further 
flattening to less than 7° by a distance of ½ km south of the wharves. 

The very limited logs of borings drilled in and adjacent to the northern reaches of the Kitimat 
River delta typically encountered loose to medium dense sand, silty sand, gravelly sand and 
sandy gravel, and interfingered with silt, sandy silt, and clayey silt extending to depths as great 
as several tens of meters at some locations (Golder Associates, 1975; Prior et al, 1982; Prior et 
al., 1984; Morrison, 1984; Johns et al., 1986). Underlying these deposits are layers of dense to 
very dense sand, silt, and gravel. Morrison (1984) reports that triaxial shear tests by various 
investigators indicate that finer-grained Delta front materials (e.g., silt, sandy silt, and clayey silt) 
tested from depths between approximately 8½ m and 17¾ m had measured friction angles in 
thye range of about 26½° to 29° and that coarser sand tested from shallower depths (i.e. the 
upper 4 m to 6 m of several boreholes) had a measured friction angle of 41°.  

HISTORICAL EARTHQUAKE OBSERVATIONS 

Earthquakes occur on a regular basis in western Canada and adjacent areas and the historical 
record dates to the colonial period; historical seismicity in western North America since the early 
seventeenth century is illustrated on Figure 2 (after Natural Resources Canada, 2011). 

Most of the significant historical seismicity producing ground shaking experienced at locations in 
British Columbia has been concentrated offshore along the Pacific Coast (see Figures 2); as 
this figures illustrates, much of the seismicity in the region is small-to-moderate magnitude 
events, although large-magnitude earthquakes have and do occur in the region. The locations of 
the ten most significant earthquakes to affect Canada during the historical period are illustrated 
on Figure 3, as are numerous other moderate to large magnitude events; it is noted that six of 
these events occurred along the western coast of British Columbia. Perhaps most significant 
among these large historical earthquakes was a MW 9 event that occurred on the Cascadia 
subduction zone on January 26, 1700. According to oral native traditions, this event destroyed 
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First Nations villages (Ludwin et al., 2005), although the extent of damage is uncertain. 
Geological evidence of subsidence and a tsunami effects are present along the outer coast of 
British Columbia, as well as in Washington, Oregon, and northern California, and the event is 
confirmed by a tsunami record in Japan (Satake et al., 1996; Natural Resources Canada, 2011). 
It is estimated that the rupture of the Cascadia subduction zone extended as far north as about 
Nootka Sound on Vancouver Island, approximately 500 km south-southeast of Kitimat; we note 
that ground shaking recorded at similar distances from the MW 9.0 Tohoku Earthquake in Japan 
on March 11, 2011, had PGA values in the range of 0.005g to 0.02g. 

Figure 2. Historical seismicity affecting Canada, 1627 to 2009 (after Natural 
Resources Canada, 2011). 

 

Since 1900, there have been nine earthquakes of magnitude 6 or greater that have occurred in 
western Canada (see Figure 4; after Natural Resources Canada, 2011), including events in 
December 1918 at Vancouver Island (M 7.0), May 1929 south of the Queen Charlotte Islands 
(M 7.0), June 1946 at Vancouver Island (M 7.3), August 1949 offshore west of the Queen 
Charlotte Islands (M 8.1), July 1958 near the British Columbia-Alaska Border (M 7.9), June 
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1970 south of the Queen Charlotte Islands (M 7.4), February 1979 near the Southern Yukon-
Alaska Border (M 7.2), October and December 1985 in the Nahanni region of the Northwest 
Territories (M 6.6 and M 6.9, respectively). 

 

Figure 3. Ten largest historical earthquakes in Canada between 1627 and 2009 (after 
Natural Resources Canada, 2011). 

 

Among these earthquakes, only the M 8.1 event in August 1949 offshore of the Queen Charlotte 
Islands produced ground shaking in the Kitimat vicinity with effects exceeding Modified Mercalli 
Intensity (MMI) III (Note: MMI III effects are generally described as follows: Felt indoors by 
several, motion usually rapid vibration. Sometimes not recognized to be an earthquake at first, 
duration estimated in some cases. Vibration like that due to passing of light, or lightly loaded 
trucks, or heavy trucks some distance away. Hanging objects may swing slightly. Movement 
may be appreciable on upper levels of tall structures. Rocked standing motor cars slightly). 

The M 8.1 earthquake in August 1949 ruptured a nearly 500-km-long segment of the Queen 
Charlotte fault (Canada's equivalent of the San Andreas fault) offshore to the west of the Queen 
Charlotte Islands (Natural Resources Canada, 2011), approximately 270 km west southwest of 
Kitimat. Ground shaking at Kitimat from this earthquake, based on published attenuation 
relationships, is estimated to have been characterized by PGA values in the 0.03g to 0.05g 
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range. The isoseismal intensity map for this event is illustrated on Figure 5; it indicates that MMI 
VI effects were experienced in the Kitimat vicinity, which is consistent with the previously-
mentioned estimates of ground shaking level  (Note: MMI VI effects are generally described as 
follows: Felt by all, indoors and outdoors. Frightened many, excitement general, some alarm, 
many ran outdoors. Awakened all. Persons made to move unsteadily. Trees, bushes, shaken 
slightly to moderately. Liquid set in strong motion. Small bells rang -church, chapel, school etc. 
Damage slight in poorly built buildings. Fall of plaster in small amount. Cracked plaster 
somewhat, especially fine cracks chimneys in some instances. Broke dishes, glassware, in 
considerable quantity, also some windows. Fall of knick-knacks, books, pictures. Overturned 
furniture, in many instances. Moved furnishings of moderately heavy kind). 

 

Figure 4. Significant Earthquakes and Historical Seismicity in Canada since 1900 (after 
Natural Resources Canada, 2011) 

 
 

Based on available information, there have been no tsunami events experienced in Kitimat Arm 
that are known to be associated (temporally or otherwise) with historical earthquake 

Attachment JRP IR 4.1 - Appendices E and F



Memo – Kitimat Marine Terminal Liquefaction 
September 12, 2011 
Page 8 of 20 

I:\Project\AMEC_IWO\A00271.000 Kitimat\3000 REPORT\Kitimat Liquefaction Memo-091211.docx 

occurrences in the region or elsewhere worldwide (Natural Resources Canada, 2011; Fisheries 
and Oceans Canada, 2011). 

 

Figure 5. Map of the August 22, 1949, offshore Queen Charlotte Islands earthquake 
reported MMI effects (after Natural Resources Canada, 2011). 

 
 

GROUND SHAKING HAZARD 

A preliminary probabilistic seismic hazard analysis (PSHA) was conducted by Atkinson (2009) 
for eight sites along the proposed Gateway Pipeline route in British Columbia to characterize 
earthquake ground shaking that may occur at the sites during future seismic events in the 
region; the location of the pipeline route and the eight sites is illustrated in relation to historical 
seismicity (all known events of M>1 through 2005) on Figure 6.  
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Figure 6. Locations of PSHA calculation sites along the proposed Gapeway Pipeline 
Project route (shown by black symbols). The proposed Kitimat Marine Terminal 

site is located near the westernmost calculation site. Recorded seismicity 
illustrated represents M>1 earthquakes through 2005. Adapted from Atkinson 

(2009). 

 

Peak ground acceleration (PGA) and peak ground velocity (PGV), as well as response spectral 
ordinates (5% damped), were calculated for the horizontal component of ground shaking 
assuming reference site conditions corresponding to “rock”, or Site Class B as used in the 
International Building Code (IBC), ASCE/SEI 7-10, and the National Building Code of Canada 
(NBCC); Atkinson (2009) noted that the NBCC uses a reference ground condition of Site Class 
C, which is somewhat softer and ground response would result in slightly higher ground motions 
that were estimated by the PSHA (see also Adams and Halchuk, 2007). 

Atkinson (2009) presented results of the preliminary probabilistic seismic hazard analyses for 
six annual probabilities of exceedance in the range of 2x10-3 to 2x10-4. This range of annual 
probabilities of exceedance corresponds to commonly-used 50-year probabilities of exceedance 
in the range of approximately 10% to 1%, or equivalent return periods of 500 years to 5000 
years. Figure 7 illustrates the hazard curve for PGA developed from the results presented by 
Atkinson (2009). Comparison of the PSHA results presented by Atkinson (2009) indicates that 
the hazard is highest at the westernmost sites, due to the active plate tectonics near the coast, 
and decreases markedly toward the inland sites. Readers are referred to Atkinson (2009) for 
details regarding the PSHA methodology and results. 
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Figure 7. PSHA results for peak ground acceleration (based on Atkinson (2009).

 

Results of the preliminary probabilistic seismic hazard analyses presented by Atkinson (2009) 
indicate that ground shaking at the proposed Kitimat Marine Terminal site corresponding to a 
2% probability of exceedance in 50 years or Maximum Considered Earthquake (MCE) hazard 
level is characterized by a PGA of approximately 0.12g for Site Class B site conditions. 
Incorporating site response considerations for the deep, relatively soft, sediment conditions that 
may be present in portions of the Kitimat Arm, an MCE PGA value of about 0.22g is obtained.  

We understand that the operating life of the project is 50 years, but it may be desired to 
consider ground shaking at the site with other probabilities of exceedance in the 50-year project-
life timeframe or other time periods. To do so, we utilize herein, the mathematical formulation 
used for PSHA that was first proposed by Cornell (1968, 1969, 1971), which assumes that the 
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occurrence of damaging earthquakes can be represented as a Poisson process and that the 
probability that a ground motion parameter, Z, will exceed a specified value, z, in time period t is 
given by: 

 tzetzZP tz   )(0.1)( )(   

in which  (z) is the average annual frequency during time period t at which the level of ground 
motion parameter Z exceeds value z at the site resulting from all earthquakes on all seismic 
sources in the region. The inequality at the right of the equation is valid regardless of the 
appropriate probability model for earthquake occurrence, and  (z)·t gives an accurate and 
slightly conservative estimate of P (Z > z) for probabilities of 0.1 or less, provided  (z) is the 
appropriate average annual value for time period t. 

Using this relationship, one can use the PSHA results presented by Atkinson (2009) to calculate 
seismic ground shaking hazard conditions for any desired probability of exceedance and 
timeframe combination. For example, if one wanted to know the probability of exceedance of 
ground shaking characterized by PGAs of 0.05g (for Site Class B site conditions) within the 50-
year operational life of the project, one would obtain the annual frequency of exceedance of a 
PGA of 0.05g from Figure 7 (approximately 1.3x10-3 per annum), and use the formulation above 
to estimate an approximately 6% probability of exceedance in 50 years; similarly, one would 
estimate an approximately 1% probability of exceedance in 50 years for Site Class B ground 
shaking characterized by PGAs of 0.20g. 

EARTHQUAKE-TRIGGERED LIQUEFACTION 

Liquefaction is a soil behavior phenomenon in which a saturated soil loses a substantial amount 
of strength due to high excess pore-water pressure generated by and accumulated during 
strong earthquake ground shaking. During earthquake ground shaking, induced cyclic shear 
creates a tendency in most soils to change volume by rearrangement of the soil-particle 
structure. The potential for excess pore-water pressure generation and strength loss associated 
with this volume change tendency is highly dependent on the density of the soil, with greater 
potential in looser soils. Youd and Perkins (1978) have addressed the liquefaction susceptibility 
of various types of soil deposits, assigning a qualitative susceptibility rating based upon general 
depositional environment and geologic age of the deposit. The relative susceptibility ratings of 
Youd and Perkins (1978) indicate that recently deposited, relatively unconsolidated soils, such 
as Holocene-age river channel, flood plain, and delta deposits, as well as uncompacted artificial 
fills located below the groundwater table, have high to very high liquefaction susceptibility. 
Typically, soils considered to be particularly susceptible to liquefaction include loose, relatively 
clean sand and silty sand deposits, as well as uniformly-graded, non-plastic silt (e.g., National 
Research Council, 1985), although loose gravels also are susceptible to liquefaction (Valera et 
al., 1994). Silty and clayey soils having plasticity tend to be less susceptible than cohesionless 
soils to liquefaction-type behaviors; some sensitive clays, however, have exhibited liquefaction-
type strength losses (Updike et al., 1988). Dense natural soils and well-compacted fills have low 
susceptibility to liquefaction. 

Based on geologic and depositional considerations alone, the Youd and Perkins (1978) 
classification mentioned above suggests that the deltaic deposits of upper Kitimat Arm may be 
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considered to have high to very high susceptibility to earthquake-induced liquefaction. This 
characterization seems to be confirmed by the typically loose to medium dense sand, silty sand, 
gravelly sand and sandy gravel, and occasional silt conditions indicated on the limited number 
of available logs of borings drilled in and adjacent to the northern reaches of the Kitimat River 
delta. 

Probability of Liquefaction 

The likelihood of experiencing liquefaction (or not) at a specific location is primarily influenced 
by the susceptibility of the soil, the amplitude and duration of ground shaking and the depth of 
groundwater. In reality, natural geologic deposits, as well as man-placed fills, encompass a 
range of liquefaction susceptibilities due to variations of soil type (i.e., grain size distribution), 
relative density, etc. Therefore, portions of a particular liquefaction-potential zone may, in fact, 
not be susceptible to liquefaction and this should be considered when assessing the probability 
of liquefaction at any given location within the soil unit or zone. In general, we expect the non-
susceptible portion of a soil unit or zone to be smaller for soil units or zones with higher 
liquefaction susceptibilities. This "reality" is incorporated by a probability factor that quantifies 
the proportion of a zone deemed susceptible to liquefaction (i.e., the likelihood of susceptible 
conditions existing at any given location within the soil unit or zone). For this study, because of 
the limited amount of “site-specific” data, we have elected to utilize relationships between 
liquefaction probability and peak horizontal ground acceleration (PGA) that we have developed 
previously for soil deposits of high to very high liquefaction susceptibility. These relationships 
were developed based on the state-of-practice empirical procedures (e.g., Seed and Idriss, 
1971, 1982; Seed and others, 1985; National Research Council, 1985; Youd, et al., 2001) and 
the statistical modeling of the empirical liquefaction catalog presented by Liao et al. (1988) for 
representative characteristics of soils within a given liquefaction-susceptibility designation, in 
this case, high to very high liquefaction susceptibility. The relationships used to represent the 
liquefaction susceptibility of the deltaic deposits of the upper Kitimat Arm are illustrated on 
Figure 8. 

Based on the geologic considerations, seismic hazard, and liquefaction susceptibility 
characterizations discussed previously in this report, we have developed the following 
comments and opinions regarding the hazard associated with potential earthquake-triggered 
liquefaction: 

1. Although there is a minute probability that small pockets of sediment may experience 
liquefaction at peak horizontal ground acceleration (PGA) levels as low as about 0.05g, 
we do not expect such pockets of liquefaction to significantly affect the global strength 
of the surficial sandy slope sediments and, therefore, the stability of slope at those 
ground shaking levels. 

2. At ground shaking levels characterized by pga of about 0.10g to 0.20g, the conditional 
likelihood (i.e., given that ground shaking level) that liquefaction would be experienced 
by substantial portions of the surficial sandy slope sediments becomes considerably 
greater (i.e., as great as about 50% ±), which, in turn, would likely result in conditions 
conducive to potential slope instability and downslope movements. Based on the results 
of the probabilistic ground motion assessment conducted for the project, the probability 
of those levels of ground shaking occurring or being exceeded at the site is estimated to 
be in the range of about 2x10-4 to 5x10-4 per annum or about 1% to 2½% in 50 years. 
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Considering together the conditional liquefaction probability and the probability of the 
ground shaking level necessary to trigger that liquefaction, we estimate that the 
probability that the surficial sandy slope sediments will experience global strength loss 
associated with liquefaction and result in conditions conducive to potential slope 
instability and downslope movements is in the range of about ½% to 1% during the 
anticipated 50-year life of the project. 

 

Figure 8. Conditional probability of liquefaction for soil deposits characterized as having 
high to very high liquefaction susceptibility (adapted from Geomatrix, 2004).  

 

3. At ground shaking levels characterized by pga of about 0.20g and greater, the 
conditional likelihood (i.e., given that ground shaking level) that liquefaction would be 
experienced by substantial portions of the surficial sandy slope sediments becomes 
significant (i.e., >50% and very quickly approaches essentially unity [say 98% to 
100%]), which, in turn, would result in conditions conducive to slope instability and 
downslope movements. However, based on the results of the probabilistic ground 
motion assessment conducted for the project, the probability of those levels of ground 
shaking occurring or being exceeded at the site is estimated to be much smaller than 
the probabilities for the ground shaking levels discussed previously; so, in fact, the 
combined probability for these potentially more severe conditions is considerably lower 
than that discussed above (i.e., in the range of about ⅓% to ½% during the 50-year 
project life). 
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As such, from a risk perspective, the conditions described in item 2 above, represent, in our 
opinion, the more critical conditions for design considerations. 

Liquefaction-Related Ground Failure Phenomenon 

Permanent ground displacements due to lateral spreads or flow slides and differential 
settlement are commonly considered significant potential hazards associated with liquefaction. 
These displacement hazards are direct products of the soil behavior phenomena (i.e., high pore 
water pressure and significant strength reduction) produced by the liquefaction process. Lateral 
spreads are ground failure phenomena that occur near abrupt topographic features (i.e., free-
faces such as creek banks) and on gently sloping ground underlain by liquefied soil. Lateral 
spreading movements may be on the order of millimeters to meters or more and are typically 
accompanied by surface fissures and slumping. Flow slides generally occur in liquefied 
materials found on steeper slopes and may involve ground movements of hundreds of meters. 
As a result, flow slides can be the most catastrophic of the liquefaction-related ground-failure 
phenomena. 

Earthquake-induced settlement is a result of the dissipation of excess pore pressure generated 
by ground shaking that, as described above, is associated with the tendency for loose, 
saturated soils to rearrange into a denser configuration during shaking. Such dissipation will 
produce volume decreases (termed consolidation or compaction) within the soil that would be 
manifested at the ground surface as settlement.  

Various relationships for estimating lateral ground displacement have been proposed, including 
Liquefaction Severity Index (LSI) by Youd and Perkins (1978), a relationship incorporating slope 
and liquefied soil thickness by Hamada et al. (1986), a modified LSI approach presented by 
Baziar and others (1992), and relationships by Youd et al. (2002), in which they characterize 
displacement potential as a function of global earthquake and local site characteristics (e.g., 
slope, liquefaction thickness, and grain size distribution). Similar to the previously-discussed 
relationships between liquefaction probability and peak horizontal ground acceleration (PGA) 
that we have developed during prior studies for soil deposits of high to very high liquefaction 
susceptibility, we have developed lateral ground displacement relationships that consider 
estimates based on Youd et al. (2002), as well as more site-specific estimates based on simple 
stability and deformation analysis for lateral spreading conditions using undrained residual 
strengths for liquefied sand (e.g., Seed and Harder, 1990; Olson and Stark, 2002) along with 
Newmark-type (1965) and Makdisi and Seed (1978) displacement approaches, as well as more 
analytical approaches (e.g., Wang et al., 2001, 2006). These relationships represent the 
expected lateral ground displacement at a given distance from a free-face (e.g., top of slope) for 
a ground shaking level relative to the threshold level that will induce liquefaction in the particular 
zone.  

Probabilities of experiencing various amounts of ground settlement at a location, given the 
occurrence of liquefaction, also were developed using available published relationships (e.g. 
Tokimatsu and Seed, 1978; Ishihara, 1991) and representative soil characteristics. Soil 
characteristics within each of the liquefaction-potential zones were assessed from an 
examination of soil properties data sets compiled for geologic map units characterized for past 
liquefaction studies conducted by AMEC Geomatrix.  
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Based on considerations of ground failures and permanent ground displacement mechanisms 
such as described, as well as stability and ground deformation analyses of other submarine 
slopes involving liquefiable soils, we are of the opinion that, if these surficial sandy deltaic 
deposits were to experience earthquake-triggered liquefaction and associated strength loss, 
they still would exhibit a non-zero undrained residual shear strength (e.g., Seed and Harder, 
1990; Olson and Stark, 2002) that would inhibit downslope movements associated with slope 
instability. As such, given the relatively gentle slopes (i.e., 10° to 14° or flatter, except the 20° 
upper near-shore slopes) and the sediments’ undrained residual shear strength, we are of the 
opinion that the sediments would experience a limited displacement behavior, rather than flow 
slide or turbidity current characteristics. 

SUMMARY AND CONCLUSIONS 

As stated previously, the primary purposes of the present preliminary geotechnical study were 
to assess the likelihood of experiencing earthquake-triggered liquefaction and associated 
submarine slope instability in the Kitimat Arm fjord during future earthquakes in the region such 
that associated hazards may affect the proposed Kitimat Marine Terminal, either directly (e.g., 
by the ground movements) or indirectly (e.g., by tsunami waves produced by water displaced by 
sudden submarine slope movements). 

The assessment resulted in the following comments and opinions regarding the hazard 
associated with potential earthquake-triggered liquefaction: 

1. There is a minute probability that small pockets of sediment may experience liquefaction 
at peak horizontal ground acceleration (pga) levels as low as about 0.05g; however, 
such pockets of liquefaction are not expected to significantly affect the global strength of 
the surficial sandy slope sediments and, therefore, the stability of slope at those ground 
shaking levels. 

2. At somewhat stronger ground shaking levels (e.g., 0.10g to 0.2g), the conditional 
likelihood that liquefaction would be experienced by substantial portions of the surficial 
sandy slope sediments becomes considerably greater and conditions conducive to 
potential slope instability and downslope movements may result. We estimate that the 
probability that the surficial sandy slope sediments will experience global strength loss 
associated with liquefaction and result in conditions conducive to potential slope 
instability and downslope movements is in the range of about ½% to 1% during the 
anticipated 50-year life of the project. 

3. At yet stronger ground shaking levels (i.e., >0.20g), the conditional likelihood that 
liquefaction would be experienced by substantial portions of the surficial sandy slope 
sediments becomes significant, which, in turn, could result in conditions conducive to 
slope instability and downslope movements. However, the probability of those levels of 
ground shaking occurring or being exceeded at the site is estimated to be much smaller; 
so, in fact, we estimate the combined probability for these potentially more severe 
conditions to be considerably lower than that discussed above (i.e., in the range of about 
⅓% to ½% during the 50-year project life). 

4. We are of the opinion that, were these surficial sandy sediments to experience 
earthquake-triggered liquefaction and associated strength loss, they still would exhibit a 
non-zero undrained residual shear strength that would inhibit downslope movements 
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associated with slope instability; such that, given the relatively gentle delta slopes, we 
are of the opinion that the sediments would experience a limited displacement behavior, 
rather than flow slide or turbidity current characteristics. 

We would also like to make a few comments regarding potential slope instability occurrence due 
to depositional and/or other gravity (static) loading of the delta soils, resulting, perhaps, in a 
state of liquefaction and movement of the delta soils. As mentioned previously, available 
bathymetric data suggest that the mudline slope of the main Kitimat delta is typically in the 4° to 
8° range, but increases up to approximately 10° and 14° within a distance of about ¼ km south 
of the Eurocan and Ocelot (Methanex) wharves and as steep as approximately 20° within 50 m 
of the wharves. As also mentioned previously, results of shear tests indicate that the sandy soil 
materials friction angles in the range of about 29° to 41°. Given this combination, we expect that 
the delta slopes have factors of safety against slope instability that are greater than unity (i.e., 
FS > 1) under existing depositional and gravity conditions. If changes to those conditions occur, 
for example, due to such events as sudden depositional over-steepening or construction 
activities, factors of safety against slope instability could reduce to unity or below and result in 
gravity-induced downslope movement and potential “static” liquefaction of the soils. Based on 
our previously-discussed characterization of the typically loose to medium dense sand, silty 
sand, gravelly sand and sandy gravel, and occasional silt conditions indicated by the limited 
number of available logs of borings drilled in and adjacent to the northern reaches of the Kitimat 
delta, we expect that, for natural events such as deposition, gravity-induced instability could 
occur in local areas with slopes exceeding about 20°, but movement could extend to areas with 
slopes as flat as approximately 10° if  gravity-induced instability were triggered. Similar to our 
opinion for earthquake-triggered liquefaction and associated strength loss, we expect the soils 
would exhibit a non-zero undrained residual shear strength that would inhibit downslope 
movements associated with slope instability, such that the sediments would experience a limited 
displacement behavior, rather than flow slide or turbidity current characteristics. For external 
driving force events that may cause instability, for example due to construction activities, similar 
expectations of limits for potential slope movements cannot be stated without evaluation of 
specific scenarios. 

Lastly, we recommend that, if additional information regarding local slope conditions, 
geotechnical properties, and/or other considerations becomes available in the future, the 
preliminary assessment presented herein be re-examined and updated in light of that new 
information. 

BASIS OF EVALAUTIONS AND RECOMMENDATIONS 

Conclusions presented herein are based on a geotechnical evaluation of the available data as 
noted. If conditions or information other than those reported are noted during subsequent 
phases of the project, AMEC Earth & Environmental should be notified and be given the 
opportunity to review and revise the current conclusions, if necessary.  

The present study was undertaken and this report prepared for the exclusive use of Enbridge 
Northern Gateway Pipelines. Our review and evaluations, as well as the conclusions and 
recommendations presented in this report are intended only for consideration of the likelihood of 
earthquake-triggered liquefaction, associated slope instability hazard, and potential seismically-
induced slope deformations within Kitimat Arm affecting the proposed Kitimat Marine Terminal. 
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In the performance of our professional services, AMEC Geomatrix, its employees, and its 
agents comply with the standards of care and skill ordinarily exercised by members of our 
profession practicing in the same or similar localities. No warranty, either express or implied, is 
made or intended in connection with the work performed by us, or by the proposal for consulting 
or other services, or by the furnishing of oral or written reports or findings. We are responsible 
for the conclusions and recommendations contained in this report, which are based on data 
related only to the specific project and location discussed herein. In the event conclusions or 
recommendations based on these data are made by others, such conclusions and 
recommendations are not our responsibility, unless we have been given an opportunity to 
review and concur with such conclusions or recommendations in writing. 
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February 7, 2011 

 

To:    Shane Kelly, AMEC – Earth and Environmental, Prince George 

 

From:   Isaac Fine and Brian Bornhold, Coastal and Ocean Resources Inc. 

 

Re.:    Submarine Landslide-Tsunami Modeling, April 27, 1975 

 

 

1. Introduction 

 

The goal of this work is to produce a realistic slide and tsunami wave model which fit 

the 1975 observations at Kitamaat Village (the only available observational site). The 

parameters of the observed waves were the following [Murty, 1979; Murty and Brown, 

1979]:  

- Maximum crest (maximum runup) +4.5m; 

- Maximum trough (maximum rundown) -3.7m; 

- Maximum wave height (trough-to-crest-) 8.2 m. 

 

 

2. Software and Data 

We used the following data, information, and software:  

 

(a) The Canadian Hydrographic Service (CHS) high-resolution dataset. 

(b) High-water coastline (5.2 m above chart datum)  

(c) Position of the failure (1975 submarine slide) provided by AMEC (Area 1) 

(d) Cross-section inside Area 1 (Section 1) provided by AMEC 

(e) Numerically estimated depth of the failure provided by AMEC (results from 2D 

LSDYNA modeling: Model 1A) 

(f) Model LIQUID, which is a 3D depth-integrated double-couple model of the 

viscous slide movement and associated slide-generated tsunami waves [Fine et 

al., 1998, 2003; Thomson et al., 2001; Rabinovich et al., 2004]. 
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3. Construction of the Gridded Bathymetry 

 

We used three steps to construct the gridded bathymetry data: (1) The CHS data were 

gridded on a rectangular area; (2) The unreliable data (i.e. where the actual CHS data 

were more than 10 m away from a grid point) were removed from the dataset; (3) Finally, 

we used the high-water coastline (5.2 meters above chart datum) and the reliable gridded 

data to construct the final grid. Two examples of the resultant grid are shown in Figures 1 

and 2. 

  
 

Figure 1. An example of the gridded bathymetry in the vicinity of the slide failure. 

The colors reflect the CHS depth data 
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Figure 2. The gridded bathymetry, the CHS depth data and the position of the 

observational data (star) in the vicinity of Kitamaat Village. 
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4. Estimation of the Original Slide 

 

Figure 3. 

 

 

 

We chose a pentagon which 

surrounds Area1 of the failure and 

removed all depth data inside this 

pentagon from the original grid. 

 

 

 

 

 

 

 

 

 

 

 

Then we reconstructed a new grid 

within the pentagon using ‘kriging 

interpolation’. The resultant 

reconstructed bathymetry is assumed 

to correspond to the “before slide” 

state. This ‘original’ bathymetry has 

been used in all following steps to 

evaluate the slide. 

 

 

 

 

 

 

 

 

 

The differences between the 

‘original’ (reconstructed) bathymetry 

and the modern bathymetry provided 

by the CHS are assumed to be related 

to the 1975 slide (“Slide A”). The 

slide volume is 1.68 10
6
 m

3
. 
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Figure 4.  

 

 

Slide A 
 

The reconstructed slide based on the 

bathymetry differences. 

Volume= 1.680 10
6
 m

3
. 

 

 

 

 

 

 

 

Slide B 
 

The same as for Slide A but with 20% 

increase in the slide thickness. 

Volume= 2.016 10
6
 m

3
. 

 

 

 

 

 

 

Slide C 
 

The same as for Slide A but with 40% 

increase in the slide thickness. 

Volume= 2.352 10
6 

m
3
. 

 

 

 

 

 

 

 

Slide D 
(Arc in the direction along the 

Section 1 line with maximum 

thickness of 34 m) 

Volume is 2.327 10
6 

m
3
. 
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Figure 5. The cross-section slide thickness profiles along Section 1. The profile for 

Slide C (basic slide + 40% increase in volume) is close to the arc slide estimated 

based on the LSDYNA model (by Blair Gohl, AMEC). 

 

 

5. Modeling 

 

We used the LIQUID program to simulate both the slide movement and the 

generation of tsunami waves. The basic approaches of the model were: 

 

 - The domain contains two thin layers of viscous fluid with different characteristics 

representing slide and water properties. 

 - The model is based on the shallow-water approximation. 

 - The model is double-coupled; i.e., it includes the feedback of the generated waves 

on the slide movement. Altogether we made 12 runs of the model, with four different 

slides (listed before as Slides A, B, C, and D) and three different slide viscosities: 20 

kPa·s, 10 kPa s, and 2 kPa s). The slide density was 1900 kg/m
3
. 

 

 

6. Results  
In Table 1 we present the main modeling results of our calculations. The trough-to-

crest wave height (wave range) values are shown in the table. It is obvious that the model 

provides reasonable wave heights at the Kitamaat Village site, which are in agreement 

with historically known 1975 site observations  of 8.2m [Murty, 1979; Murty and Brown, 

1979]:  

0 100 200 300 400 500

Distance along Section 1 (m) 

0

10

20

30

40

Slide thickness (m)
D (arc)

A 
B (=A+20%) 
C (=A+40%) 
SECTION1 
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Table 1. Basic modeling results for four slides with different viscosities. The cyan 

high-lights underestimated results, the magenta highlights overestimated results, 

while the yellow highlights the results which are in good agreement with observations 

(within 15% deviations). The points A1 though A6 correspond to the positions along 

the outer face of each of the two proposed docks (Figure 6). 

 

Slide  A B C D 

Volume (10
6 

m
3
) 1.686 2.023 2.360 2.327 

Computational run A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 

Viscosity (kPa s) 20 10 2 20 10 2 20 10 2 20 10 2 

Site Maximum wave height (m) 

Kitamaat Village 4.6 6.0 8.7 5.9 7.6 10.4 7.3 9.3 11.8 8.0 9.1 10.6 

             

A1 1.4 2.0 2.7 2.0 2.6 3.4 2.7 3.3 4.0 3.2 3.6 3.8 

A2 1.2 1.6 2.1 1.7 2.1 2.5 2.2 2.7 3.0 2.7 2.9 3.1 

A3 0.9 1.2 1.7 1.2 1.6 2.1 1.6 2.0 2.5 1.8 2.0 2.3 

A4 0.7 1.0 1.4 0.9 1.3 1.8 1.3 1.6 2.1 1.5 1.7 1.9 

A5 0.7 0.9 1.4 1.0 1.2 1.7 1.2 1.5 1.9 1.4 1.5 1.7 

A6 0.9 1.2 1.6 1.2 1.6 2.0 1.6 1.9 2.4 1.8 2.0 2.3 
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Figure 6. Locations of model locations A1-A6 in Table 1. 
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8. Time Series and Wave Spectra at the Proposed Dock Site 

 

Figure 7 shows the time series of wave heights at the locations A1 through A6 along the 

faces of the two proposed docks. The highest wave range (trough to crest) is about 2.65 

m. 
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Figure 7. Time series of wave heights at the six locations along the proposed docks (A1-

A6; Series 1 through 6). 

 

 

Figure 8 presents the power spectra for waves at each of the locations A1 through A6 

along the faces of the proposed docks.  
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Power spectra of the record, run C1

-2

0

2

4

6

8

10

12

14

0 0.02 0.04 0.06 0.08 0.1

Frequency (Hz)

S
p

e
c

tr
a

 (
m

^
2

 s
) sp1

sp2

sp3

sp4

sp5

sp6

 
Figure 8. Power spectra for the six locations along the outer faces of the two 

proposed docks, A1 through A6 (sp1 through sp6). 

 

 

 

9. Conclusions 

 

a. The generated tsunami wave heights depend on the slide volume and slide 

viscosity. 

 

b. The results of Model C and Model D are compatible; this means that the 

wave height only weakly depends on the initial slide shape. 

 

c. For the compatible results at the Kitamaat Village site, we obtain similar 

results for the construction area (marine terminal). This means that 

achieving reasonable results for the village site also results in reliable 

results for the proposed dock site. 
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