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EXECUTIVE SUMMARY
This report presents the results of a seismic dam stability and deformation assessment conducted
by Amec Foster Wheeler of the Lynx Tailings Disposal Facility (Lynx TDF) at Nyrstar’s Myra Falls
mine. Two dimensional (2D) finite element (FE) modelling was carried out for the worst case dam
cross-section, as determined by previous static stability analysis by Amec Foster Wheeler in April,
2015, at a dam crest elevation of 3410 m. Dam geometry and static material properties used in
this assessment were based on this previously conducted analysis.
The Unified Hazard Response Spectrum for hard rock at 5% damping for the 1/2475 Annual
Exceedance Probability (AEP) event was utilized as the target spectrum for spectral matching for
six large magnitude, earthquake subduction events. The selection of this design earthquake
loading level is consistent with current Canadian Dam Association (CDA) guidelines for a “high
hazard” dam. The FE analysis consisted of initial static loading, dynamic loading, and postseismic loading, and the model was divided into over 80 soil zones. Subsequent to initial loading,
cyclic resistance ratios (CRR’s) at which initial liquefaction triggering occurs (caused by excess
pore pressure generation during cyclic loading) were computed both deterministically and
probabilistically for each soil zone and a design CRR was selected. Excess pore pressures due
to cyclic loading were simulated using cumulative shear strains resulting from their effects. Single
element calibration was performed to calibrate soil parameters to the desired cyclic strain
accumulation after 30 equivalent cycles of loading, representative of a large magnitude (M9)
subduction earthquake event.
The earthquake record with the largest Arias intensity and duration of significant shaking
(Record 1) was utilized during initial analyses to perform detailed seismic stability and deformation
analysis. The analysis was performed both with and without cyclic strain accumulation due to
excess pore pressure generation. The results confirmed that initial liquefaction triggering of
foundation materials below the dam and consequent reduction in post-seismic shear strengths
will lead to downstream movements of the downstream shell of the dam. However, a combination
of upstream and downstream dam movements are likely with the upstream mode of deformation
being the more predominant due to the presence of soft tailings paste upstream of the dam and
relatively steep slopes used in construction of the upstream face of the dam. With the
incorporation of cyclic strain accumulation due to pore pressure generation, upstream horizontal
movement of the dam crest of 1.1 m was computed, with 0.4 m of horizontal movement at the
dam toe using Record 1 input. These movement predictions are based on highly conservative
assumptions as to the lateral continuity and post-seismic strength of weaker glaciofluvial
foundation units, as well as the premise, amounting to double jeopardy,that high transient
foundation water levels co-occur with the design seismic event.
Dam response was also
assessed for three additional earthquake records, and displacements were found to be slightly
less than those computed with Record 1. Overall, the seismic stability analysis does not indicate
a dam breach, and dam movements are considered to be within the 2001 Lynx Dam stability
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design criteria that were established by Klohn-Crippen Consultants Ltd. in accordance with the
state of practise at the time of design. The calculated deformations for the design earthquake are
not expected to significantly impair the post-seismic serviceability of the tailings facility. It is implicit
in the CDA guidelines (CDA, 2013, 2014) that loss of freeboard, dam breach and resultant
downstream flow of tailings are not to occur following the design seismic event. The present
analysis indicates loss of freeboard, dam breach and downstream flow of tailings will not occur
for the tailings dam geometry and intensity of earthquake shaking being considered in the present
report.
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assumptions, conditions and qualifications set forth in this report.
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INTRODUCTION

This report presents updated seismic stability and deformation analyses of Lynx Dam at the Lynx
Tailings Disposal Facility (Lynx TDF). The dam location is shown in Figure 1.1. These updated
analyses are based on static and dynamic, two dimensional (2D) finite element modeling for the
anticipated most-critical dam cross-section having a crest elevation of 3410 m. This represents
the elevation of the next proposed dam raise. Additional raises are anticipated to achieve an
ultimate dam elevation of 3430 m. 2D finite element static and dynamic stability analyses have
not yet been carried out for the ultimate dam height and will be required in the future.
The present report supplements earlier static and post-seismic stability analyses carried out at
various 2D dam cross-sections based on simplified limit equilibrium approaches and post-seismic
dam displacement estimates made using the Bray and Travasarou (2007) simplified approach.
The latter are described in Amec Foster Wheeler’s report entitled “Dam Stability Assessment and
Design Update Report” dated April, 2015. This initial stability review was carried out in response
to various directives from the British Columbia Ministry of Energy and Mines (MEM) (Amec Foster
Wheeler, 2015a). Since modifications to the east abutment of the Lynx Dam have been proposed,
MEM also directed that an application for a mine permit amendment be undertaken by Nyrstar.
The permit application must be supported by appropriate dam stability analyses along with
recommendations for any required revisions to dam cross-sections or foundation/tailings pond
treatment. A permit application was submitted prior to April 30, 2015 in conjunction with the initial
stability review report.
A plan of the Lynx Dam is shown in Figure 1.2 and the plan location of Section F-F’ considered
in previous limit equilibrium (LE) stability analyses described in the Amec Foster Wheeler April,
2015 report. Section F-F’ was found to have the lowest post-seismic factor of safety using the
soil strength parameters described in the April, 2015 report. Therefore this section has been
considered for purposes of developing a detailed 2D FE model. Figure 1.4 shows the idealized
dam cross-section used in the previous LE modeling.
The Lynx Dam is classified as a “high consequence” dam as defined by the Canadian Dam
Association (2013, 2014) guidelines. The classification is supported by a dam breach inundation
study carried out by Amec Foster Wheeler (2015c). Lynx TDF is currently in the “operations”
phase as defined by the CDA Mining Dams supplement. The CDA guidelines recommend that
the Earthquake Design Ground Motion (EDGM) for the operational phase of the facility should be
based on an earthquake having an annual exceedance probability (AEP) of 1:2475, considered
to be equivalent to an earthquake with a 2% chance of exceedance in 50 years. The ground
motion levels have been evaluated probabilistically and deterministically by Amec Foster Wheeler
and reported under separate cover (Amec Foster Wheeler, 2015d). A copy of this report is
presented in Appendix A.
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Amec Foster Wheeler reviewed available piezometric data in the Lynx TDF tailings, dam, and
foundation soil, and relied on the latter data to specify appropriate groundwater levels to be
considered in the various stability analyses and whether seismically induced, initial transient
liquefaction (causing cyclic strain accumulation or “cyclic mobility”) is likely to occur within the
foundation soils. No detailed groundwater modeling was carried out at this point in the stability
assessment. The selection of appropriate groundwater levels in lieu of modelling is discussed in
Section 1.1.
The previous post-seismic stability analyses (Amec Foster Wheeler, 2015a) assumed that
transient initial liquefaction or cyclic mobility1 would occur in loose/soft materials upstream of Lynx
Dam (paste tailings, reclaim sand, loose uncompacted Zone J dam materials). Based on this
assumption and considering the relatively low post-liquefaction strengths of materials upstream
of the dam, the previous limit equilibrium analyses indicated that post-seismic failure of the
upstream face is probable for the current centerline raise design. However, breach of the dam as
a result of upstream deformation is considered unlikely given the wide dam crest width and high
operational freeboard (minimum tailings freeboard of 3 m) stipulated in the design.
The previous post-seismic stability analyses also assumed transient initial liquefaction would
occur in loose to medium dense granular or finer grained foundation materials (glaciofluvial or tilllike deposits) under and downstream of the Lynx TDF. The simplified deformation analyses, using
a method proposed by Bray and Travasarou (2007) and using the post-seismic strengths given
in the April, 2015 AMEC Foster Wheeler report for the various material types, indicated that the
downstream slope of Lynx TDF would be displaced by approximately 1 m. The B&T analysis
considered a dam crest elevation of 3410 m and used earthquake motions representative of the
1:2475 AEP event. This deformation is considered unlikely to be sufficient to cause a dam breach,
even in light of the anticipated upstream crest deformation.
1.1

Groundwater Levels

A long-term record of piezometric levels in the Lynx Dam foundation area was not available for
this assessment. Lynx TDF vibrating wire piezometers (VWPs) were installed in August 2014 and
they have been manually read since then. For the Lynx Dam stability review (Amec Foster
Wheeler, 2015a), the highest groundwater levels observed in the foundation soils were used to
develop the phreatic surface profile used in the limit equilibrium models and shown in Figure 1.4.
Although it was known that these maximum groundwater levels were associated with heavy
rainfall, the likelihood of these levels was unclear. Along Cross-Section F-F’, piezometric levels
near Myra Creek are typically close to the water level in the creek, and are sloping up towards
Various technical terms used to describe soil liquefaction effects resulting from seismic shaking are
provided in a Glossary of Terms in Appendix B.
1
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the valley flanks at an average horizontal gradient of about two percent. Paste tailings and the
upstream shell of the dam composed of reclaim sand are saturated but the dam rock fill remains
drained as indicated by VWPs in the lower half of the embankment and the absence of seepage
on the downstream face of the dam. The top 15 metres of foundation soils in Lynx Dam toe area
is also typically drained although perched water is occasionally detected by VWPs in relation to
heavy rainfall.
Available information suggests that the Old and Lynx tailings dam foundations overlie a single
deep highly permeable alluvial aquifer consisting of glaciofluvial sand and gravels with an overall
hydraulic gradient approximately parallel to Myra Creek. Piezometer data for the Old TDF were
shifted and scaled up to infer groundwater levels in foundation soils below the ultimate toe of Lynx
Dam foundation where it intersects Cross-Section F-F’ (see Figures 1.3 and 1.4). A simulation
model was also developed using the last 36 years of daily rainfall data to complement the results
prior to the beginning of the Old TDF monitoring period. Percent time exceedance and partial
duration annual exceedance probability relationships were established for both the inferred and
simulated piezometer levels. Probabilistic and statistical analysis results suggest that piezometric
levels below Lynx Dam may rise by up to about eight metres above normal groundwater levels in
response to a series of winter storm events. The mean groundwater level is estimated to
Elev. 3361.4 m that is 2.3 m below the base of the inferred loose foundation materials in Becker
drill hole and penetration testing location BH14-10, which comprise the loose glaciofluvial sand
and till units. Additional details on the piezometer data analysis and probabilistic assessment are
presented in Appendix D.
To reflect the conservative assumption that the inferred upper loose units could be saturated and
subject to transient liquefaction should the design earthquake occur during the wettest time of
year, a high phreatic surface was selected for the dynamic analysis as illustrated on Figure 1.4.
This groundwater level is a relatively infrequent event exceeded only 10 days in 36 years (0.08%
of the time) and with an annual exceedance probability (AEP) of 1:4. The EDGM are an extremely
rare event (2% in 50 years, or AEP of 1:2475) and the combined probability of seeing it occurring
simultaneously with the selected groundwater level would be about four times lower if considering
the annual exceedance relationship and about a thousand times lower if considering the percent
exceedance over the period of record.
Section 2.5.2 of CDA Dam Safety Guidelines (Canadian Dam Association, 2007) distinguishes a
“sunny-day” (i.e. caused by an earthquake) from a “flood-induced” failure, and mentions that in
the analysis of a sunny-day failure it is generally considered reasonable to use maximum
operating pond levels and steady-state seepage through the dam. This would apply to the design
earthquake load case and the post-earthquake condition if return to pre-earthquake pore pressure
distribution is assumed. Thus, combining the extreme earthquake with unusually high
groundwater levels is not typical according to standard practice and represents an additional level
of conservatism. Groundwater levels used for seismic design could be lowered to match average

S:\PROJECTS\Other Offices\Nanaimo (NX)\NX14001 - ALL Nyrstar Myra Falls\NX14001C - Nyrstar Lynx Dam
Raise\Detailed Design\Dynamic Stability Analysis\Lynx Seismic Stability Report_Feb 2016.docx

Page 3

Nyrstar Myra Falls Ltd.
Update on Seismic Stability and Deformation Assessment
Myra Falls, BC
February 2016

Amec Foster Wheeler
Environment & Infrastructure

seepage conditions during the wet season should deformation criteria or stability factors of safety
be exceeded. Although it influences the potential occurrence of transient liquefaction in shallow
foundation materials, the height of the phreatic surface does not have much influence on
computed seismic displacements if most deformations occur in deep soil zones that are saturated
at all times, which is what is expected for Lynx Dam.
2.0

METHODOLOGY & MODEL DEVELOPMENT

Seismic hazard assessment at the Lynx Dam site to develop ground motion time histories at
bedrock level for use in seismic response analysis of Lynx Dam was carried out in order to include
improvements which have been made in the understanding of regional seismicity in coastal BC.
This updates a previous study undertaken by Klohn-Crippen (1999), particularly the contribution
of subduction earthquakes to total hazard (Amec Foster Wheeler, 2015d). The seismic hazard
assessment is summarized in Section 2.1 and the full report is included in Appendix A. Spectral
matching of input rock motion time histories were then developed for use in seismic deformation
modeling, which is discussed in Section 2.2. The computer program LSDYNA, version 970 was
used for the seismic deformation modelling (Livermore Software Technology, 2001).
Development of the 2D seismic FE model of the Lynx Dam is presented in Sections 2.3 to 0.
2.1

Seismic Hazard Assessment

Amec Foster Wheeler has recently completed a detailed seismic hazard assessment for the dam
site based on both probabilistic and deterministic methods. The details and results of the hazard
assessment are presented fully in Appendix A. The study considered the location, magnitude,
and frequencies of occurrence of shallow crustal earthquakes, deep subducted oceanic crust
(slab) earthquakes, and large magnitude offshore subduction interface events. The updated
seismic hazard study concluded that the dominant seismic hazard resulting in significant bedrock
ground motion stems from the potential for subduction-type earthquakes occurring within the
Cascadia Subduction Zone (CSZ). The ground motions are developed using alternative
earthquake ground motion prediction relationships (GMPE’s) appropriate for each earthquake
source type that relate peak spectral acceleration for a given structural period to M, R, and site
subsurface conditions.
The probabilistic assessment has been used to develop target uniform hazard response spectra
(UHRS) at bedrock level for various annual earthquake probability (AEP) levels, consistent with
Canadian Dam Association (CDA, 2013, 2014) guidelines. The probabilistic approach allows one
to assess which earthquake types (subduction or crustal), earthquake magnitudes, and
earthquake epicentral distances result in the largest hazard at the site, expressed in terms of
contributions to seismic hazard. De-aggregation plots for peak ground acceleration and spectral
acceleration at selected periods of vibration have also been prepared. The deaggregation plots
developed show that the largest contribution to hazard results from a full rupture of the entire
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length of CSZ, with a closest approach of rupture of about 40 km from the site. Based on the
deaggregation of probabilistic seismic hazard analysis (PSHA) results, the controlling earthquake
for the mean 1:2475 AEP spectrum has the following characteristics:


Moment magnitude M9 event;



Peak rock acceleration of 0.55 g (based on mean hazard for “soft rock” conditions);



Closest distance of fault rupture of about 40 km; and



Significant durations of shaking in excess of 100 seconds representative of large
magnitude M9 subduction interface events.

It is noted that the seismic hazard model considered full and partial ruptures of the CSZ. For full
ruptures, the mean maximum magnitude is M9.0 with an upper bound M9.2 and represents
cumulative energy release over the entire length of the CSZ. Partial ruptures of the CSZ with
earthquake magnitudes in the range of M8 to M8.8 represent lesser amounts of cumulative energy
release. In all ruptures, the GMPE’s used in the PSHA assumes the effect of progressive slip
along the length of the CSZ is concentrated at the closest distance of the rupture to the site.
The deterministic assessment of bedrock ground motions to calculate a target response spectrum
was based on the maximum expected moment magnitude (M) at the closest distance of rupture
(R) for the different earthquake source types. Comparison of the deterministic and probabilistic
results show that the mean probabilistic UHRS for a 1:2475 AEP lie between the median and 84th
percentile deterministic spectrums for a magnitude M9 earthquake on the CSZ interface source.
The mean UHRS was selected rather than the median UHRS as it showed slightly higher peak
spectral accelerations in the 0 to 1 second period range, which matches the anticipated natural
resonant frequency of the dam under these shaking levels. The deterministic approach also is
used to develop scaling relations between “soft rock” and “hard rock” spectra as discussed below.
The target response spectrum for analysis of the tailings dam is selected as the mean horizontal
1:2475 AEP uniform hazard response spectrum (UHRS), consistent with CDA guidelines for
active operations case. The target UHRS for 5% structural damping [1] for the 1:2475 AEP event
is plotted in Figure 2.1. This target spectrum was provided in July, 2015 based on the preliminary
PSHA carried out up to that time. Subsequent checks of the PSHA were carried out in November,
2015, which indicated an error in short period spectral ordinates, as discussed below.
Note the 5% damping level is a reference damping level commonly used in analysis of earthquake
response of linear elastic structures using modal superposition analysis and using elastic
response spectra to describe ground motion input. The latter are typically developed for a 5%
structural damping level but other damping levels could be selected. A description of elastic
[1]

Other reference damping levels could be selected to compute a target UHRS; however, the selection of damping level has limited
influence on computed rock motions filtered to match the target UHRS.
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response spectra as these relate to response of single degree of freedom oscillators and their
use in dynamic modal analysis is given by Clough and Penzien (2003). The selection of reference
damping level will affect the computed response spectrum for a given ground motion time history
applied to the base of a structure. Therefore it is important to state what this reference level is.
The probabilistic hazard analysis was also carried out for other AEP’s, considering up to a
1:10,000 AEP event. Design of the Lynx Dam for Closure – Passive Care, as defined by the CDA
Mining Dams supplement (CDA, 2014) requires consideration of rock motion levels half-way
between the 1:2475 and 1:10,000 AEP events. The higher motions will be considered in later
seismic analysis for the long-term closure case.
The above probabilistic and deterministic analyses use GMPE’s relating magnitude, distance and
peak spectral acceleration developed for specific earthquake source types and the soil or bedrock
shear wave velocity at the site. The PSHA result is a target response spectrum for a specified
AEP based on the specified shear wave velocity. The response spectra were originally developed
for a relatively “soft rock” site condition with an average shear-wave velocity of 450 m/s, to
represent the conditions within the glaciofluvial deposits approximately 50 m below the base of
the dam. However, the bedrock underlying the site consists of generally harder felsic to mafic
volcanic rocks and mixed volcaniclastics (dacite, andesite and basalt) with shear wave velocities
likely in excess of 1500 m/s, and in preparation for the dynamic analyses, it was judged that it
would be more appropriate to use a target response spectrum representing hard rock site
conditions as the input motion for the dynamic analyses. Therefore, the soft rock target spectrum
was modified to represent hard rock site conditions using the spectral ratio for soft rock to hard
rock. The latter ratios were developed from a deterministic analysis considering a M9 subduction
earthquake occurring at an epicentral distance of 40 km.
Figure 2.1 shows that input ground motions for “hard rock” are slightly amplified compared to “soft
rock” in the short period range (< 0.15 seconds), with amplification factors estimated to be up to
1.2. The input ground motions for “hard rock” are de-amplified for periods longer than about 0.15
seconds with de-amplification factors in the range of about 0.9 to 0.5.
The original (July, 2015) target hard rock and soft rock spectra for the 1:2475 AEP event are
shown on Figure 2.1. The reduction in peak spectral acceleration at a period of 0.2 seconds is
evident for the “hard rock” case. This reduction has a slight effect (reduced) on computed dam
displacements under seismic loading conditions.
Later checks carried out in November, 2015 of the July, 2015 PSHA indicated the soft rock
spectrum was over-predicted at a period of 0.2 seconds but was correct at shorter and longer
periods. The revised hard rock and soft rock spectra for the 1:2475 AEP event are shown on
Figure 2.1. This comparison shows that the ground motion (horizontal acceleration) time histories
that were matched to the July, 2015 target spectrum (after scaling to simulate hard rock
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conditions) have higher accelerations in the short period range compared to the revised
November, 2015 target spectrum. Therefore the seismic response results, which are based on
the July 2015 target spectrum, are judged to be slightly conservative.

Figure 2.1:
2.2

UHRS for the 1:2475 AEP earthquake for “soft rock” and “hard rock”

Input Rock Motion Time Histories

Given that seismic hazard to the site for the 1:2475 to 1:10,000 AEP earthquake hazard is
dominated by contributions from offshore, large magnitude subduction events and that seismically
induced deformations of Lynx Dam will increase with longer duration shaking, a suite of
earthquake records representative of large magnitude subduction earthquakes were selected for
use in seismic analysis of the dam. Each record represents the maximum horizontal component
of shaking recorded during the particular earthquake. The earthquake records were selected
based on distance from the source location and the recording station to provide a reasonable
match to the results from the PSHA. The latter indicated dominant hazard from subduction
earthquakes at a distance of 40 to 70 km from the site. Records were also selected such that
spectra computed from the unfiltered accelerograms only required linear scaling in the range of
0.5 to 2 times to approximately match the target UHRS.
Spectral matching was performed using the latest version (2009) of the program RSPMATCH09
(Al Atik and Abrahamson, 2010). A target UHRS for hard rock conditions based on 1:2475 AEP
spectra developed in July, 2015 were considered. A tolerance of within 20% of the target UHRS
in the period range of interest (0 to 1 second) was used to obtain a relatively loose fit to the target
spectrum in order to preserve the realistic nature of the recordings. Four records from the 2011
Tohoku Earthquake in Japan having the highest Arias Intensity and longer significant durations
of shaking after filtering using RSPMATCH were selected for use in seismic analysis of Lynx Dam
(Records 1 to 4 in Table 2.1). It was anticipated that these records would produce the highest
seismic deformations of the dam. The characteristics of each record, after filtering, linear scaling
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and spectral matching, are summarized in Table 2.1. Comparison spectral acceleration plots of
the four filtered records versus the target UHRS are shown in Appendix C.
As noted earlier, hard rock target spectra based on later November, 2015 analyses produced
somewhat lower spectral accelerations in the short period range (0.2 seconds). Record 1 input
motions were filtered to approximately match this revised UHRS. This indicated somewhat lower
Arias intensities and peak ground accelerations than input ground motions produced considering
the July, 2015 target spectrum. Therefore, use of the July, 2015 ground motions in seismic
analysis of the Lynx Dam was considered to be slightly conservative and no additional analysis
using the November, 2015 target spectrum (and associated filtered ground motions) was
considered necessary.
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No.

Earthquake
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Summary of Earthquake Accelerogram Characteristics for Hard Rock Conditions.

Recording
Station

M(1)

R(2)

Comp.

(km)

PGAorig(3)

Linear

AIorig(4)

Td,orig(5)

PGAfinal(6)

AIfinal(7)

Td,final(8)

(g)

Scaling
Factor

(m/sec)

(sec)

(g)

(m/sec)

(sec)

1

2011
Tohoku,
Japan

MYGH09

9

῀60

EW2

0.41

1.5

14.07

104.87

0.40

11.32

106.60

2

2011
Tohoku,
Japan

IWT011

9

῀60

EW

0.45

1.5

10.90

90.96

0.46

8.89

100.07

3

2011
Tohoku,
Japan

MYG009

9

῀60

EW

0.48

1.2

8.00

102.58

0.30

6.98

106.77

4

2011
Tohoku,
Japan

MYG009

9

῀60

NS

0.67

1.2

6.80

104.52

0.51

8.06

113.97

5

2011
Tohuku,
Japan

MYG015

9

῀50

EW

0.17

0.5

3.96

113.76

0.45

4.51

113.71

6

2010 Maule,
Chile

PUENTE
ALTO

8.8

῀70

NS

0.45

1.7

7.43

36.23

0.42

5.57

38.22

Notes:
1. Earthquake moment magnitude
2. Horizontal epicentral distance of recording station from earthquake epicentre.
3. PGAorig = peak horizontal ground acceleration of record after filtering and linear scaling, but before spectral matching using RSPMATCH
4. AIorig = Arias Intensity of accelerogram after filtering and linear scaling, but before spectral matching using RSPMATCH
5. Td,orig = significant duration of earthquake record after filtering and linear scaling, but before spectral matching using RSPMATCH
6. PGAfinal = peak horizontal ground acceleration of record after spectral matching to the hard rock spectrum using RSPMATCH
7. AIfinal = Arias Intensity of accelerogram after spectral matching using RSPMATCH
8. Td,final = significant duration of earthquake record after spectral matching using RSPMATCH
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Two Dimensional Seismic Analysis of Lynx Dam

A two dimensional (2D), nonlinear, finite element (FE) model was developed to estimate potential
static and seismic deformations of Lynx Dam. The cross-section considered in the model was
based on Section F (located at approximately Sta. 0+457m) presented in the earlier static and
post-seismic stability assessment (Amec Foster Wheeler, 2015a) using limit equilibrium (LE)
methods. Reference is made to this earlier report for description of the various foundation, dam,
and tailings materials. Section F was chosen for more detailed dynamic analysis since the limit
equilibrium analyses indicated lowest static and post-seismic factors of safety relative to other
cross-sections considered. This is because the dam is higher and foundation soils are thicker and
somewhat softer compared to other dam cross-sections.
The limit equilibrium modeling considered potential downstream modes of failure and used post
seismic residual strengths in those materials considered susceptible to initial transient liquefaction
under design levels of earthquake shaking. The following materials were considered to undergo
transient liquefaction:


Finer and coarse-grained glaciofluvial and till zones below the foundation phreatic
surface;



Loosely placed, saturated, fine mine waste (Zone J) and reclaim sand materials making
up the upstream shell of the dam;



Potentially loose, saturated starter dam fill, and



Paste tailings assumed to be largely saturated.

Minimum post-seismic factors of safety in the range of 1.2 to 1.5 were computed, and were found
to be sensitive to the post seismic residual strength assigned to the finer grained glaciofluvial
layers.
Limit equilibrium (LE) modelling of the upstream failure mode was subsequently carried out. This
considered both post seismic (after initial liquefaction) strength parameters and a pseudo-static
horizontal acceleration coefficient to approximately account for the effect of the earthquake inertial
forces. This LE modeling was carried out to demonstrate a potentially critical upstream
deformation mode, rather than considering only downstream modes of deformation, since it was
considered important that the dynamic FE modeling be able to simulate both modes of
deformation. Factors of safety less than 1 were computed using typical upstream failure modes
shown in Figure 2.2 and considering an effective horizontal seismic acceleration coefficient (kh)
of 0.3 g. Factors of safety less than 1 indicate that significant upstream movements of the dam
crest would likely occur during seismic shaking. Note that selection of the particular kh value is
rather approximate but is consistent with values typically used in pseudo-static LE analyses of
seismic dam response (roughly 50 to 60% of the rock PGA level). Accelerations higher than this
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Elevation

were computed to occur in the upstream portions of the dam and paste tailings based on results
from the 2D dynamic FE modeling.
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Figure 2.2:
2.4

Typical upstream mode of failure (Section F) at Lynx Dam.

Finite Element Model Soil Zones

The various soil zones considered in the 2D finite element modeling are shown on the cross
section presented in Figure 2.3. The soil zones were developed from Section F and review of
available geotechnical drill hole and Becker Density Test data. The latter were corrected for
energy delivered to the top of the Becker casing drill string and correlated to equivalent Standard
Penetration Test N60 values using methods proposed by Sy (1997). The latter procedure accounts
for soil friction on the Becker casing and the energy efficiency of the Becker diesel hammer.
The Becker Penetration Test (BPT) data indicated the presence of 0.3 to 1 m-thick zones of loose,
generally finer grained soils, at various depths in the glaciofluvial soils (Amec Foster Wheeler,
2015b). The available drill hole data were not sufficient to determine whether these finer grained
materials represented either continuous layers or discontinuous zones. For the purposes of the
analysis, two of those zones have been assumed to be laterally continuous in the vicinity of
Section F: one “shallow” layer at about 20 m depth, and one “deep” layer overlying bedrock. These
materials were designated as “fine-grained” glaciofluvial soils based on visual descriptions
indicating a higher fines content (silt and clay), and were assumed to be cohesive, normally
consolidated, and contractive in shear response. These assumptions are judged to be
conservative and introduced significant potential planes of weakness in the dam stability models.
The groundwater table used in the foundation soils is also shown based on review of longer term
piezometer data described earlier in Section 1.1. A relatively high groundwater level has been
used in the modeling. The records for the Old TDF indicate that piezometric levels along the valley
are typically close to the elevation of the adjacent reach of Myra Creek, and suggest that
piezometric levels may rise by up to about 6 m in response to a typical series of winter storm
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events. Applying similar groundwater level rise to normal levels in the Lynx TDF area results in a
piezometric level approximately 2 m above the base of the inferred loose (till) foundation
materials. For this reason, it was assumed that these loose layers could be subject to transient
liquefaction, assuming a large earthquake occurred during a wet time of year. Adoption of this
high groundwater level amounts to double jeopardy with simultaneous occurrence of a low
probability earthquake event and a low probability groundwater level. However, it was found
(described later) that the assumption of a higher groundwater level only influences the potential
occurrence of transient liquefaction in near surface zones of looser till. The latter have a more
limited effect on computed downstream, post-seismic deformations of the dam compared to the
occurrence of transient liquefaction in deeper materials.

Figure 2.3:
2.5

Soil zones used in LSDYNA Seismic Model.

General Description of Cyclic Stress-Strain Model Used in LSDYNA

LSDYNA can consider a variety of nonlinear soil stress-strain models and can incorporate large
strain soil deformations. It also uses very sophisticated convergence criteria, important for
analysing deformations due to strong seismic shaking. The various potentially liquefiable soil
zones have been assumed to have nonlinear, hysteretic response during cyclic shearing with
limiting shear strength calculated using a Mohr-Coulomb failure criterion. Non-liquefiable,
granular materials were modelled using a nonlinear “geologic cap model” or GCM (Livermore
Software Technology, 2001). For small changes in shear stress, response is linear elastic and
elastic strains occur. For larger changes in shear stress, plastic strains occur resulting in
nonlinear shear stress – shear strain response. Shear stresses are limited according to the Mohr-
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Coulomb failure criterion. Further details of the geologic cap model can be found in the reference
by Chen and Baladi (1985) and Weidlinger Associates (1978).
For static loading prior to earthquake shaking, granular soils (reclaim sand, dam materials, coarse
grained glaciofluvial soils, till and colluvium) were assumed to undergo fully drained response and
drained shear strengths were calculated in terms of peak friction angles φ’. The paste tailings and
fine grained glaciofluvial layers were assumed to be undrained in their response and equivalent
friction angles were used to calculate stress-level dependent undrained strengths. For both
drained and undrained static response, stress-strain behaviour was simulated using the elasticplastic GCM model characterized by an elastic shear (Gmax) and elastic bulk modulus (Belas)
parameters for stress states below the Mohr-Coulomb failure envelope, or the moving plastic
hardening surface (“cap”) defined in terms of stress invariants. An associative flow rule is
presumed for stress states on the failure envelope or cap, and plastic strains are computed at
failure using this flow rule.
Under cyclic (earthquake) loading conditions, the geologic cap model is also able to simulate
cyclic hysteretic response (which results in internal hysteretic damping within the soil mass) and
permanent strain accumulation resulting from cyclic shearing. The seismic shear wave velocity
(Vs), small strain shear modulus (Gmax) and elastic bulk modulus (Belas) used to characterize elastic
soil response for lower amplitude cyclic stresses have been assumed to increase with mean
confining stress and therefore to vary with depth.
Typical static and cyclic shear stress – shear strain response considering both sinusoidal and
random earthquake input for a single element of paste tailings undergoing plane strain, simple
shear deformation is shown in Figure 2.4. The element was initially loaded to simulate initial
vertical and horizontal stresses within the element (250 kPa and 200 kPa, respectively) followed
by monotonically increasing, static shear loading applied to the top of the element. The finite shear
strength of the element is indicated, dictated by the Mohr-Coulomb failure parameters. Cyclic
shear loading was also simulated considering a sinusoidal base motion input with a peak
acceleration of 0.25 g and random earthquake base motion with a peak acceleration of 0.55 g.
The cyclic hysteretic response and permanent strain offsets computed by the GCM are shown in
the figure.
The primary limitation of LSDYNA is that cyclic pore pressure development during seismic
shaking cannot be explicitly considered using soil stress-strain models currently implemented in
the computer code. For saturated soil zones considered to be subject to transient liquefaction
during seismic shaking, the present modeling used a “total stress” approach to describe the cyclic
shear stress-shear strain response. It is noted we use the term “liquefiable” to denote excess pore
pressure build-up during application of cyclic shear stress that would result in significant cyclic
shear strain accumulation (typically in excess of 2%) after N cycles of shear loading. The pore
pressure build-up and resultant strain accumulation is termed cyclic mobility in the engineering
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literature and is a transient strain development phenomenon. It does not necessarily result in
permanent loss of soil shear strength (relative to pre-earthquake conditions) since after the end
of cyclic earthquake loading, compact to dense granular soils may dilate during shear loading
(imposed by the weight of the dam) and regain most of the shear strength temporarily lost during
shaking due to excess pore pressure build-up. Looser granular soils, on the other hand, may lose
significant shear strength during and following seismic shaking due to sustained positive pore
pressure build-up. This results in the development of large shearing strains and flow deformations
under the weight of the dam.
Limiting cyclic resistance ratios (CRR’s) were considered applicable for the different liquefiable
soil zones for which transient liquefaction triggering could occur. Here a CRR is defined as a
constant amplitude shear stress divided by the vertical effective overburden stress required to
trigger transient liquefaction or excessive shear strain development (cyclic mobility) after N cycles
of loading. Transient liquefaction triggering occurs when the cyclic shear stress ratio (CSR =
driving shear stress caused by earthquake shaking divided by the vertical effective stress) in an
element of soil reaches the specified limiting CRR and is applied for a sufficient number of loading
cycles, after which large shear strains develop in a particular soil element. If cumulative shear
strains are large enough, the model simulates development of a large strain (post transient
liquefaction) residual strength.
The geologic cap model was used in single element calibrations to simulate cyclic shear strain
accumulation at a specified CRR (shear strains in the range of 2 to 10%, depending on material
type, for 25 to 30 constant amplitude shear stress cycles at a defined CRR). The number of
effective cycles used in the calibrations was considered representative of the number of effective
shaking cycles in a large M9 subduction event for granular soils (Idriss and Boulanger, 2008).
Unsaturated soil zones and the saturated, medium dense to very dense glaciofluvial units were
assumed to not generate any excess pore pressures during seismic shaking. The same soil
parameters used in initial static modeling were used during analysis of seismic shaking. The latter
parameters also include the effects of cyclic hysteresis.
Relatively low degrees of additional Rayleigh-type stiffness and mass-proportional damping were
used for all dynamic analyses, corresponding to 2 to 5% critical damping levels over the 0.5 to 2
second period range and up to 10% damping in the period range of 0.05 to 0.5 seconds.
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Figure 2.4: Single element shear stress – shear strain simulations for paste tailings
considering static and cyclic simple shear loading under plane strain conditions using
the Geologic Cap Model within LSDYNA.
2.6

Boundary Conditions and Stages of FE Modeling

A rigid base bottom boundary was used in the dynamic 2D FE modeling with horizontal seismic
base motions applied to the bottom boundary. The assumption of a rigid base boundary with
seismic wave energy fully reflecting from the bottom boundary is considered to be a realistic
boundary condition given the shear wave velocity contrasts anticipated between the glaciofluvial
overburden and hard bedrock. High-frequency wave reflections from the base of the model would
be a characteristic of the calculated response. This would lead to increased high-frequency
acceleration response at various zones within the model. An energy-absorbing bottom boundary
would tend to reduce computed surface response, and would only be appropriate for a bottom
boundary representing softer, lower shear wave velocity bedrock.
The stages of FE analysis were as follows:


Stage 1 – Initial Static Loading: Application of gravitational self-weight loads in the model
using effective buoyant weights of soil elements below the groundwater table and total
unit weights above the groundwater table, producing initial stresses, strains and
displacements in the model. Pre-earthquake, drained stress-strain model parameters
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were used. Referring to Figure 2.3, horizontal segments defining the bottom boundary of
the model were assumed to be fixed in horizontal X and vertical Y directions. Vertical
segments defining the bottom boundary of the model were assumed free to move in Y and
fixed in X. The right hand side (RHS) lateral boundary was assumed free in Y but partially
constrained in X due to application of lateral K0 effective stresses.

2.7



Stage 2 – Dynamic Loading: Using a rigid, fixed base boundary condition in the model
(X and Y displacements constrained at all points along the stepped bottom boundary),
seismic lateral inertial loads were then applied to the soil mass (= total mass of a particular
soil element x input base acceleration) following the application of self-weight gravity
loads. The right hand side lateral boundary was free in Y but fixed in X during seismic
shaking. The latter constraint was designed to prevent lateral boundary instability during
strong seismic shaking. Since the RHS boundary is located a horizontal distance of 142 m
from the toe of the dam (see Figure 2.3), this lateral boundary constraint has limited effect
on computed dam displacements during seismic shaking.



Stage 3 – Post-Seismic Static Loading: Application of gravitational self-weight loads (same
as Stage 1) using effective buoyant weights of soil elements below the groundwater table
but using post seismic residual strengths in all soil regions deemed to have undergone
transient liquefaction during Stage 2 seismic shaking. The same boundary conditions as
used in Stage 1 were used. Stage 3 produced no significant differences in dam
displacement from that indicated at the end of Stage 2 since post-liquefaction residual
strengths were used in all soil zones with the exception of the loose to medium dense
glaciofluvial soil zones. In the latter case, large strain, drained strengths were assumed to
develop following transient liquefaction in these materials.
Pre-Earthquake Static Material Properties

A summary of pre-earthquake static material properties is given in Table 2.2.
Peak friction angles and soil unit weights used in the FE modeling are identical to those used in
the earlier LE analyses. Small strain shear modulus (Gmax) values in sands and coarse grained
sands and gravels were estimated using equations recommended by Seed et al (1984) based on
Standard Penetration Test N1,60 values inferred from available Becker Density Test Data (Amec
Foster Wheeler, 2015b). N1,60 values for the paste tailings and reclaim sand are estimates based
on the physical characteristics of these materials. In absence of in situ geophysical measurements
of shear wave velocity (and Gmax) it was assumed that these equations apply to the fine and
coarse grained glaciofluvial, colluvium, till, dam fill and reclaim sand materials. The mean N 1,60
values for each material type used in the Gmax calculations are given in Table 2.2. Gmax is
dependent on mean effective confining stress which was estimated at the centre of each soil zone
based on the static (pre-earthquake) finite element modeling. The latter provided values of vertical
effective stress, lateral effective stress (from which the lateral earth pressure at rest coefficient K0
was calculated) and mean effective confining stress. Poisson’s ratio (ν) was then calculated
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assuming one dimensional compression as ν = K0/(1+K0). Elastic bulk modulus (Belas) was
calculated using isotropic elasticity relationships from Gmax and ν.
For the paste tailings, downhole seismic cone penetration test data are available from which shear
wave velocities versus depth in the tailings have been measured and used to calculate Gmax
values. Belas values equal to 40Gmax have been used during pre-earthquake static loading to
ensure near zero volume change behaviour.
It is noted that the selection of the equivalent friction angle (11.3°) in the paste tailings was
designed to simulate an undrained strength ratio (undrained strength divided by vertical effective
stress) of about 0.17 based on a K0 of 0.76 (or a strength ratio of 0.2 for a K0 of 1.0). An equivalent
friction angle of 12° was selected for the fine grained glaciofluvial layers to simulate an undrained
strength ratio of about 0.19 for a K0 of 0.8 – 0.9. These equivalent friction angles simulate
contractive undrained response of typical normally consolidated cohesive soils.
2.8

Cyclic Liquefaction Resistance

Cyclic loading of saturated materials during seismic shaking can cause excess pore water
pressures (relative to pre-earthquake static water pressures), leading to temporary reduction in
soil effective stresses, soil stiffness and soil strength. This results in cyclic shear strain
accumulation (cyclic mobility) under the action of driving cyclic shear stresses (due to earthquake
inertial forces acting within the foundation soils during seismic shaking), depending on the
amplitude of shear stress pulses and number of shaking cycles. The latter depend on the intensity
and duration of earthquake input motions at bedrock level and whether or not these input motions
are amplified through the overlying overburden soils and dam materials. The static self-weight of
the dam also sets up driving shear stresses in the foundation soils, leading to additional shear
strains in the foundation soils during shaking.
The degree of cyclic strain accumulation (as influenced by cyclic pore pressure generation and
the duration and amplitude of seismic shaking) and post seismic residual strengths following
transient liquefaction are the crucial factors in calculating dam deformations during and
subsequent to seismic shaking. Where excess pore pressures temporarily equal the preearthquake vertical effective stresses in the ground, then a state of transient soil liquefaction (or
“initial liquefaction”) develops. At this point, the soil shear strength is temporarily reduced to a
very small value. Subsequent application of shear stress under static loading conditions
(e.g. under the weight of the dam) will increase shear strain and for compact to dense granular
soils may cause soil dilation and development of a significant post-liquefaction residual strength.
The latter may approach the pre-earthquake drained shear strength, depending on granular soil
density, pre-earthquake effective confining stress level, and the amount of shear strain that is
permitted to occur under the weight of the dam. Soil dilation and strength gain is important in
arresting soil movements in response to sustained driving shear stresses imposed by the weight
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of the dam. For saturated loose granular soils, the post seismic residual strength after transient
liquefaction will be very small and much reduced below the pre-earthquake drained strength.
Thus, large shear strains and flow movements will occur in these looser materials under the action
of sustained shear stress following the end of earthquake shaking.
The cyclic “initial liquefaction” resistance of the saturated foundation subsoils, saturated dam
materials, and saturated reclaim sand have been evaluated using commonly accepted methods
in earthquake engineering practice as summarized by Idriss and Boulanger (2008, 2014), Seed
et al (2003), Cetin (2004) and Kramer and Mayfield (2007). Both deterministic and probabilistic
methods have been used in the present assessment of cyclic liquefaction resistance at Lynx Dam,
taking into account uncertainty and variability in soil properties and correlations between
liquefaction triggering and soil properties. Fundamentally, soil resistance to excess pore pressure
generation caused by application of cyclic shear stress depends on relative density, initial stress
state (vertical and mean confining stress, initial shear stress), degree of over-consolidation, fines
content and number of load cycles for a given shear stress amplitude. Soil relative density can be
correlated to stress normalized Standard Penetration Resistance with further corrections for fines
content to give an “equivalent clean sand” value. This is termed an N1,60,ecs value.
The available field-based correlations between N1,60,ecs and cyclic resistance to initial liquefaction
indicate provided N1,60,ecs values are greater than about 30 (e.g. dense granular soils) there is a
very high resistance to cyclic pore pressure generation and initial liquefaction triggering, even
under the high design levels of seismic shaking being considered for Lynx Dam. Small excess
pore pressures that might temporarily develop in dense soils under high cyclic shear stress
amplitudes and large number of shaking cycles are reduced due to shear-induced dilation with
further post-cyclic shear loading. This limits cyclic strain accumulation. Cyclic pore pressure
development is also limited by the presence of initial static shear stresses which exist under the
downstream shell and toe of the dam. For dense soils with N1,60,ecs greater than about 30, it is
reasonable to neglect significant cyclic strain accumulation from cyclic pore pressure
development. Thus, cyclic pore pressure development and significant cyclic strain accumulation
have been neglected for the medium dense to very dense glaciofluvial, till and colluvium units
under the dam, where these are saturated. It is also assumed that the newly placed Zone A rock
fill material upstream of the dam during the future dam raise (Zone 73 shown in Figure 2.3) will
be compacted and also partially saturated, rendering it non-liquefiable.
Given the relatively low N1,60,ecs values inferred from available Becker Density Testing and fines
content measurements in some portions of the foundation soils, transient liquefaction triggering
has been considered highly likely for the following soil units provide these exist below the
groundwater table and are saturated: finer grained glaciofluvial layers, coarse grained, loose to
medium dense glaciofluvial layers, and loose till. The cyclic resistance to initial liquefaction is
expressed in terms of a “cyclic resistance ratio”, or CRR. This is the cyclic shear stress amplitude
divided by the vertical effective stress acting on a soil element that must be applied for a given
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number of uniform stress cycles Ncyc to cause transient liquefaction (i.e. excess pore pressures
which temporarily equal the pre-earthquake vertical effective stress). An Ncyc value of 25 to 30
cycles has been assumed, representative of an M9 earthquake event.
The available field correlations between CRR and N1,60,ecs provided in the above references
indicate that the following variables must be considered: earthquake moment magnitude M (this
influences shaking duration and effective number of loading cycles), initial vertical effective stress
level (σ’vo), ratio of initial shear stress to vertical effective stress level (termed the parameter α),
lateral stress coefficient K0, stress normalized Standard Penetration Test N1,60, and fines content
(FC). We have considered a constant magnitude M9 earthquake in the evaluation of CRR for
each soil unit. The other variables have been considered to be random variables characterized
by a mean and standard deviation, and to be log normally distributed. The initial stress states
depend on the soil zone being considered (see Figure 2.3). Mean and standard deviation values
of the random variables used for each material type are shown in Table 2.2 but detailed values
for each soil zone can be provided upon request.
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Table 2.2:
Material Type
Fine grained glaciofluvial (deep, saturated)
Fine grained glaciofluvial (shallow,
saturated)
Loose to med. dense glaciofluvial
(saturated)
Med. dense to dense glaciofluvial
(saturated)
Dense Colluvium (unsat./sat.)
Medium dense to dense till (saturated)
Loose till (saturated)
Loose glaciofluvial (saturated)
Loose Zone J dam material (saturated)
Loose Zone J dam material (unsaturated)
Compact Zone J dam material
(unsaturated)
Loose Zone A dam material (unsaturated)
Compact Zone A dam material
(unsaturated)
Paste tailings
Reclaim sand
Zone A (new placement, upstream,
unsaturated)(2)

Summary of Static Geotechnical Properties

0.44

Belas
(x 106 kPa )
1.9-2.0

Φ’
(deg.)
12

0.79 - 0.92

0.44-0.48

1.3-1.9

12

3.3-5.2

0.40 - 0.65

0.28-0.39

0.9-1.4

30

353 - 459

3.1-5.0

0.39 - 0.99

0.28-0.48

1.0-1.8

35

40
33
7
8
4
4

251 - 408
280 - 321
210 - 214
239
374
222 - 228

1.5-4.0
1.9-2.5
1.0
1.3
3.2
1.0

0.44 - 0.70
0.54 - 0.92
0.57 - 0.65
0.93
0.44 - 0.54
0.47 - 0.57

0.26-0.41
0.35-0.48
0.36-0.39
0.48
0.30-0.35
0.32-0.36

0.3-0.9
0.6-0.8
0.2
0.7
0.8
0.2

34
36
32
30
32
32

21.3

26

316 - 460

2.2-4.6

0.57

0.36

0.7-1.5

32

20.9

29

441

4.1

0.47

0.32

1.0

32

23.6

68

340 - 416

2.8-4.2

0.43

0.30

0.5-0.8

39

18(1)
17.6

1.5
7

147 - 277
228 - 243

0.3-1.1
0.9-1.1

0.76 - 0.79
0.57 - 0.62

0.43-0.44
0.36-0.38

1.8-4.4
0.2-0.3

11.3
32

20.9

29

336

2.4

0.94

0.48

0.6

32

γ
(kN/m3)
23.8

Gmax
(x 105 kPa)
2.3-2.4

K0

ν

8

Vs
(m/sec)
310 - 316

0.79

23.8

8

253 - 309

1.6-2.3

24.6

23

365 - 455

24.1 - 25.3

39 - 43

23.6
23.9
22.2
22.4
22.3
19.6

N1,60

γ = moist unit weight above water table or saturated unit weight below water table
N1,60 = inferred, stress normalized, mean Standard Penetration Test N60 value based on Becker Density Testing
Vs = seismic shear wave velocity
Gmax = small strain shear modulus = (γ/g) Vs2 where g = gravitational constant
Belas = elastic bulk modulus
Φ’ = peak friction angle
(1) An effective unit weight of 14 kN/cu.m. has been assumed in the paste tailings to calculate effective stresses using a static pore pressure ratio Ru = 0.22 based on average
piezometric measurements.
(2) Compaction to the newly placed Zone A material and partial saturation of the material is assumed, rendering it non-liquefiable.
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Mean and standard deviation values of the random variables used in probabilistic CRR determination

Material Type

Equivalent Normalized
SPT Index “N1, 60” (1)

Fine Contents
“FC” % (1)

Initial Vertical Effective
Stress
“σ’vo” kPa (2)

Earth Pressure
Coefficient at Rest “K0”

Shear Stress Ratio “α”
(2)

(2)

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Fine grained glaciofluvial
(deep, saturated)

8.2

0.9

30.9

7.8

773 - 837

5 - 27

0.8 - 0.8

0.0001 0.01

0.02 - 0.1

0.009 0.016

Fine grained glaciofluvial
(shallow, saturated)

8.2

0.9

30.9

7.8

330 - 759

1 - 53

0.8 - 0.9

0.004 - 0.04

0.02 - 0.19

0.006 0.026

Loose to med. dense
glaciofluvial (saturated)

22.8

12.2

9.4

7.5

445 - 1213

55 - 163

0.4 - 0.7

0.01 - 0.07

0.02 - 0.18

0.005 0.052

Med. dense to dense
glaciofluvial (saturated)

42.6

20.2

9.4

7.5

245 - 898

16 - 113

0.4 - 1.1

0.01 - 0.13

0.02 - 0.27

0.012 0.104

Dense Colluvium (unsat./sat.)

40.5

19.2

18.7

7.8

187 - 187

25 - 25

0.6 - 0.7

0.04 - 0.07

0.01 - 0.06

0.008 0.022

Medium dense to dense till
(saturated)

33.2

15.8

23.2

7.1

149 - 351

21 - 54

0.5 - 0.9

0.03 - 0.24

0.03 - 0.33

0.019 0.063

Loose till (saturated)

6.6

3.2

23.2

7.1

171 - 199

17 - 25

0.6 - 0.7

0.05 - 0.12

0.04 - 0.04

0.027 0.044

Loose glaciofluvial (saturated)

8.2

0.9

9.4

7.5

219 - 219

10 - 10

0.9 - 0.9

0.04 - 0.04

0.05 - 0.05

0.029 0.029

Saturated loose Zone J dam
material

4.1

3.9

21

6.5

486 - 532

69 - 88

0.4 - 0.5

0.04 - 0.07

0.04 - 0.06

0.038 0.043

Reclaim sand

5

0.5

41.2

8.3

212 - 283

31 - 37

0.6 - 0.6

0.06 - 0.09

0.02 - 0.04

0.033 0.045

Loose Zone A dam material

30.1

33.7

10.5

3.2

85 - 85

38 - 38

0.9 - 0.9

0.34 - 0.34

0.12 - 0.12

0.065 0.065

Notes:
1.
2.

Normalized equivalent-SPT (N1)60 and fine content statistics derived from interpreted BDT (Becker density testing) and sieve analysis results.
Vertical effective stress (σ'vo), coefficient of earth pressure at rest (Ko) and shear stress ratio (α) statistics derived from initial static stress state computed
with LSDYNA.
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CRR values for each soil zone have been evaluated using 2 different procedures considering an
M9 earthquake event:


A deterministic method according to Idriss and Boulanger (2008, 2014) using mean values
of N1,60, fines content (FC), and stress level parameters (σ’vo, α, K0).



A probabilistic method according to Cetin et al (2004) taking into account uncertainty in
the above random variables and performing Monte Carlo simulations for various trial
values of the random variables, and considering probabilities of liquefaction as a uniformly
distributed function (PL from 1% to 99%). The program GoldSim as well as an in house
program was used for these MC simulations, from which a cumulative density function
(CDF) was constructed for the CRR in a particular zone. The CRR value at a 33rd and 50th
percentile value were evaluated from the CDF.

A summary of the range of computed CRR values for each material type using both the
deterministic and probabilistic approaches is given in Table 2.4
Values obtained with the
Idriss and Boulanger (I&B) deterministic approach were typically higher than those obtained
following the probabilistic approach as the I&B approach looked at mean parameters and did not
consider lower probabilities of transient liquefaction. The deterministic I&B methods also
incorporated “more favorable” earthquake magnitude (duration) weighting factors recently
proposed by Idriss and Boulanger (2014). It was found that a significant reduction in CRR
occurred in zones having high values of effective overburden stress which tends to suppress
dilation effects and results in greater tendency for cyclic pore pressure generation. The long
duration M9 seismic event also leads to greater potential for cyclic pore pressure build-up and
very low CRR values. The possible benefit of the effect of initial static shear on increasing the
dilational tendencies of medium dense to dense granular materials and increasing CRR values
has been considered. Where CRR values less than 0.05 were computed, a minimum CRR of 0.05
was selected. The calculations indicate the granular soil units having N1,60 values less than about
30, and considering the randomness in density and fines content, have a high susceptibility to
cyclic mobility, or transient liquefaction.
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Material Type
Fine grained glaciofluvial
(deep, saturated)
Fine grained glaciofluvial
(shallow, saturated)
Loose to med. dense
glaciofluvial (saturated)
Med. dense to dense
glaciofluvial (saturated)
Dense Colluvium
(unsat/sat.)
Medium dense to dense till
(saturated)
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Summary of CRR Values to Cause Transient Liquefaction
Deterministic vs. Probabilistic Methods
Transient
CRRI&B
CRR30
CRR50
Liquefaction?

Design
CRR

Yes

0.09-0.10

0.03

0.03

0.05

Yes

0.08 – 0.11

0.03 – 0.04

0.03 – 0.04

0.05

Yes

0.12 – 0.19

0.05 – 0.07

0.07 – 0.10

0.09

No

-

No

-

No

-

Yes

0.10

0.03 – 0.04

0.04

0.05

Yes

0.09

0.04

0.04

0.05

Yes

0.08

0.02

0.02

0.05

Reclaim sand

Yes

0.11

0.03

0.03 – 0.04

0.05

Zone A (new placement,
upstream, unsaturated)

No

Loose till (saturated)
Loose glaciofluvial
(saturated)
Saturated loose Zone J
dam material

-

Notes:
CRRI&B = CRR value based on mean parameters and evaluated deterministically using the methods of Idriss and Boulanger (2008,
2014)
CRR30 = CRR value evaluated probabilistically using Monte Carlo simulation and the method of Cetin et al (2004) at the 30 th
percentile level
CRR50 = CRR value evaluated probabilistically using Monte Carlo simulation and the method of Cetin et al (2004) at the 50 th
percentile level
CRR values computed considering an M9 earthquake.

The cyclic pore pressure generation characteristics of the paste tailings has been inferred from
cyclic direct simple shear test data presented by Wijewickreme et al (2005) and Haile and Kerr
(1989) for typical fine grained, low to medium plasticity mine tailings. The Haile and Kerr data are
specific to the Myra Falls tailings and used cyclic triaxial tests. The latter indicated that a cyclic
shear stress ratio (CSR) of 0.15 was necessary to produce transient liquefaction or cyclic axial
strains in excess of 2.5% after 30 cycles of shaking. Under cyclic simple shear conditions, which
are more representative of earthquake loading of the tailings due to vertically propagating shear
waves, the cyclic stress ratio required to cause initial liquefaction is approximately 60% of the
stress ratio determined from cyclic triaxial conditions (Idriss and Boulanger, 2008). Therefore a
CRR value of 0.09 has been adopted for the paste tailings considering 30 effective cycles of
constant amplitude shaking. Additional cyclic simple shear testing of undisturbed paste tailings
samples are recommended to confirm the above data.
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Post-Seismic Residual Strengths

Where granular soils are strongly dilatant in response to shearing during cyclic loading (generally
taken as N1,60 values higher than about 15), cyclic shear loading during earthquake shaking may
cause temporary increase in pore water pressures and transient liquefaction may occur
(depending on the duration and amplitude of cyclic shear stress). Once shaking stops and in
response to shearing under self-weight gravitational loading, the material will dilate and this will
reduce the pore pressures generated by shaking to near zero. At this point, the post-seismic
strength approaches the pre-earthquake drained strength and limited permanent strength loss
relative to pre-earthquake conditions occurs. However, permanent deformations in the dilative
soil mass will occur due to the cyclic pore pressure generation during shaking and under the
action of sustained shear stress caused by the weight of the dam.
Where soils are contractive in response to shearing during cyclic loading (generally taken as N1,60
values less than about 15 based on correlations suggested by Idriss and Boulanger, 2008; Olson
and Stark, 2003 and Seed, 2010), the large-strain shear strength is less than the pre-earthquake
drained shear strength. This is due to the maintained generation of excess pore pressures, since
limited dilation occurs following the cessation of earthquake shaking under the action of static
shear. Pore water migration and ingress of water into these liquefied zones (partial drainage
effects) following the end of earthquake shaking will also tend to reduce the post-cyclic strength
of the soil mass. The potential development of temporary water films at the interface between
permeable and less permeable layers due to pore water diffusion may also lead to localized
reductions in post-seismic residual strength. The maintenance of a continuous water film over a
large area will depend on whether the soil can span (arch) over a water-filled void. At higher
confining stresses, this mechanism seems less likely and water films are likely to have a limited
spatial extent. Water within the film may gradually flow into fissures within the soil mass generated
by earthquake shaking and post-seismic movements, leading to elimination of the water film.
The post cyclic liquefaction strength (or post-seismic residual strength) of granular soils depends
fundamentally on void ratio, fines content, whether the soil element is contractive or dilative at a
given confining stress level and in situ void ratio, mode of undrained shear (compressive,
extensional, simple shear) and whether or not soil volume change (partially drained conditions)
and localized water film formation can occur due to pore water flows into the liquefied zone at the
end of shaking. As a result of all of these complexities, it is common practise to rely on field
correlations between post seismic residual strength ratios (residual strength divided by the preearthquake vertical effective stress) and granular density state (correlated to N1,60). Publications
by Stark and Mesri (1992), Olson and Stark (2003), Idriss and Boulanger (2008), and Seed (2010)
have been used to facilitate selection of post-liquefaction strength ratios in granular soils based
on both field and laboratory data.
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Selection of post-seismic residual strengths in various soil regions has been made based on the
following considerations:


Paste Tailings: A post-earthquake residual shear strength Sr is assumed proportional to
vertical effective stress according to Sr = 0.14 σ’vo (where σ’vo equals the pre-earthquake
vertical effective stress). This was simulated in the geologic cap model by using an
equivalent friction angle Φequiv = 8°. Using a post-liquefaction K0 = 1.0 and adopting a
Mohr-Coulomb failure criterion gives Sr = 0.14 σ’vo. This residual strength value was
adopted for the tailings paste based on post-cyclic, constant volume, simple shear tests
performed in 1995 at the University of British Columbia on silt tailings from the Old TDF
(Klohn-Crippen, 1999). This strength is 28% less than the static undrained shear strength
adopted for the paste (0.17 σ’v based on K0 = 0.8). This value is at the lower bound of
post-cyclic data presented by Wijewickreme et al (2005) for a variety of fine grained
(silt/clay) mine tailings using constant volume, cyclic simple shear tests. This test data
should be checked in the future since it is not clear that sample saturation was achieved
during the constant volume testing. Sample desaturation may affect test results since
comparisons between undrained tests with pore pressure measurements and constant
volume tests where pore pressures were not explicitly measured have only been made for
saturated soil conditions. Where soil samples are saturated, results between the two types
of tests have been found to be identical (Dyvik et al, 1987).
Cone penetration test data within the paste tailings (Amec Environment & Infrastructure,
2012) confirmed the absence of silt/sand interbeds, which are typical of conventional
tailings deposition but not for paste tailings due to their non-segregating nature. If those
layers were present, they could be responsible for lower post-seismic residual strengths
due to the presence of porewater migration and void ratio redistribution. At this stage of
review (subject to future confirmation using undrained, cyclic testing in saturated
materials), Amec Foster Wheeler considers the value of Sr = 0.14 σ’vo to be a “best
estimate” value.



Reclaim Sand: Coarse tailings (reclaim sand) deposited hydraulically or by un-compacted
end-dumping during construction, is assumed to be in a very loose to loose state and to
be saturated. A post-seismic residual strength Sr = 0.08 σ’vo has been used consistent with
data presented by Stark and Mesri (1992) and Olson and Stark (2003) based on a best
estimate value of N1,60 = 7 and average fines content of 45%. This has been simulated in
the geologic cap model using Φequiv = 4.5° and K0 = 1.0 following cyclic initial liquefaction.



High-Fines Mine Waste: Available Becker Density Test information that exists for the fine
mine waste rockfill (referred to as uncompacted Zone J) indicates it is loose with mean
N1,60 values of about 4 and average fines contents of about 21%. Provided this material
is saturated it would be expected to be subject to cyclic initial liquefaction. Using
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correlations by Stark and Mesri and Olson and Stark developed primarily for sands and
silty sands a post-seismic residual strength Sr = 0.05 σ’vo was estimated. To account for a
higher gravel content in this material we have doubled the Sr to 0.10 σ’vo. This has been
simulated in the geologic cap model using Φequiv = 6° and assuming K0 = 1.0 following
cyclic initial liquefaction.


Loose to Medium Dense Glaciofluvial: For the loose to medium dense glaciofluvial
layers at lower elevations having inferred mean N1,60 values of 23 based on Becker data
we consider that these sand and gravel materials are fundamentally dilative and would
have post-seismic, residual strengths equal to their pre-earthquake drained strengths.



Fine-Grained Glaciofluvial Layers: Becker Density Test information is relatively limited
in these thin layers (less than 1 metre thick) of loose glaciofluvial materials. Modeling was
carried out with limited geological understanding about these horizons, which were
presumed to be silty with average fines contents of about 31% and laterally continuous.
Two discrete layers were considered in the FE model to investigate their behaviour under
seismic loading. The available Becker data indicate loose zones with mean N1,60 values of
about 8. Using correlations by Stark and Mesri and Olson and Stark, a post-liquefaction
residual strength Sr = 0.09 σ’vo was estimated. This has been simulated in the geologic cap
model using Φequiv = 5° and assuming K0 = 1.0 following liquefaction.



Loose Till and Glaciofluvial Layers: Becker Density Test information suggests these
materials are loose with mean N1,60 values in the range of 7 to 8 and mean fines contents
of 9 to 23%. Provided these zones are saturated they are liquefiable. Using correlations
by Stark and Mesri and Olson and Stark, a post-liquefaction residual strength Sr = 0.07
σ’vo was estimated. This has been simulated in the geologic cap model using Φequiv = 4°
and K0 = 1.0.



All other materials: For all other materials that are assumed to be either unsaturated
(above the anticipated high phreatic conditions) or are sufficiently dense (N1,60 > 15) and
therefore dilative, the drained strength models used in the post-seismic stability analyses
are the same as for the static condition.

It is noted that the geologic cap model which is based on a Mohr-Coulomb failure criterion gives
shear strengths which are a function of Φequiv, K0 and σ’vo. Therefore the post-cyclic strengths
developed in a particular finite element will depend on stress state at the end of shaking and the
strength ratios may vary slightly from the targeted values.
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Single Element Calibration to Simulate Cyclic Strain Accumulation

The progressive development of excess pore pressures during cyclic loading at the design CRR
is assumed to result in cumulative shear strains in excess of 2% within a single soil element
considering 25 to 30 equivalent cycles of constant shear stress loading. For soils with some
cohesion (fine grained glaciofluvial, paste tailings) or soils with high gravel content (e.g. loose
Zone J material) we have considered the cyclic strain accumulation in 25 to 30 cycles to be in the
range of 2 to 5% whereas for granular soils having a high sand content (e.g. coarser grained
glaciofluvial, till or reclaim sand) we consider the cyclic strain accumulation to result from excess
pore pressure generation will be in excess of 5%. Considerable judgment has been applied in
estimating cyclic strain potentials. It is expected that the total stress methods being used will
provide conservative estimates of cyclic straining in liquefiable zones since progressive pore
pressure build-up is not explicitly considered (leading to progressive reduction in soil strength)
and the limiting shear strength for the entire duration of cyclic loading is set to a post-seismic
residual strength once the cyclic resistance ratio (shear stress divided by vertical effective stress
at which significant cyclic strain accumulation occurs) is exceeded. Single element, cyclic simple
shear models were developed using LSDYNA for various soil zones with each element subjected
to an initial vertical effective and K0 lateral effective stress prior to the start of cyclic loading. The
peak shear stress amplitude was calculated as CRR x the initial vertical effective stress. Cyclic
sinusoidal shear loading was applied as rigid base motion to the element using a 1 Hz loading
frequency. Average shear strains in the element were computed as the average lateral
X-displacement at the top of the element divided by the element height (2.0 m). The geologic cap
model was used to simulate cyclic strain accumulation within the element through judicious
selection of the following key parameters:


Equivalent friction angle Φequiv designed to simulate a specified post-seismic residual
strength ratio Sr/σ’vo based on a pre-earthquake K0 value (slightly lower than the value of
K0 = 1.0 assumed following cyclic initial liquefaction). This leads to Φequiv values used
during cyclic loading slightly higher (a degree or so) than used for the post-liquefaction
stability evaluation.



Shear modulus G = Gmax.



Bulk modulus B = 10*G to achieve approximately zero volume change during cyclic
undrained loading.



Cyclic strain accumulation factor R used in the geologic cap model formulation (Weidlinger
Associates, 1978).

Achieving the required degree of cyclic shear strain accumulation was sensitive to Φequiv, G and
R. A summary of key cyclic loading parameters used in the seismic modeling for various soil
zones is summarized in Table 2.5. Typical cyclic loading response for an element of reclaim
sand, paste tailings, loose to medium dense coarse grained glaciofluvial, loose fine grained
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glaciofluvial, and loose till is shown in Figures 2.5A to 2.5E, respectively. The progressive
accumulation of shear strain in one direction with progressive cyclic loading is evident.
In the case of the loose to medium dense glaciofluvial deposits (Figure 2.5C), it was assumed
that following initial liquefaction triggering the large strain strength would equal the drained
strength. However in order to generate sufficient cyclic shear strain during the single element
calibrations it was necessary to use an artificially low equivalent friction angle. After the end of
shaking and during a post-earthquake static analysis, the full drained strength was used in these
materials.
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Table 2.5
Material Type
Fine grained glaciofluvial (deep, saturated)
Fine grained glaciofluvial (shallow, saturated)
Loose to med. dense glaciofluvial (saturated)
Med. dense to dense glaciofluvial (saturated)
Dense Colluvium (unsat./sat.)
Medium dense to dense till (saturated)
Loose till (saturated)
Loose glaciofluvial (saturated)
Loose Zone J dam material (saturated)
Loose Zone J dam material (unsaturated)
Compact Zone J dam material (unsaturated)
Loose Zone A dam material (unsaturated)
Compact Zone A dam material (unsaturated)
Paste tailings
Reclaim sand
Zone A (new placement, upstream,
unsaturated)(2)

Summary of cyclic geotechnical properties.

γ
(kN/m3)

N1,60

23.8
23.8
24.6
24.1 - 25.3
23.6
23.9
22.2
22.4
22.3
19.6
21.3
20.9
23.6
18
17.6

8
8
23
39 - 43
40
33
7
8
4
4
26
29
68
1.5
7

Transient
Liquefaction
?
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes

20.9

29

No

Gmax
(x 105 kPa)

Belas
(x 106 kPa )

Φequiv’(3)
(deg.)

CRR

R

2.3-2.4
1.6-2.3
3.3-5.2
3.1-5.0
1.5-4.0
1.9-2.5
1.0
1.3
3.2
1.0
2.2-4.6
4.1
2.8-4.2
0.3-1.1
0.9-1.1

2.3-2.4
1.6-2.3
3.3-5.2
3.1-5.0
0.3-0.9
1.9-2.5
1.0
1.3
3.2
0.2
0.7-1.5
1.0
0.5-0.8
0.3-1.1
0.9-1.1

6 (5)
6 (5)
9/30(1)
35
34
36
5 (4)
5 (4)
7.4 (6)
32
32
32
39
9 (8)
5.9 (4.5)

0.05
0.05
0.09
0.05
0.05
0.05
0.09
0.05

110
110 - 130
125 - 150
1
2
1
150
150
20
2
1
2
1
50 – 75
75

2.4

0.6

32

-

1

γ = moist unit weight above water table or saturated unit weight below water table
N1,60 = inferred, stress normalized, mean Standard Penetration Test N60 value based on Becker Density Testing (except paste tailings and reclaim sand values which are estimates
based on physical characteristics)
Vs = seismic shear wave velocity
Gmax = small strain shear modulus = (γ/g) Vs2 where g = gravitational constant
Belas = elastic bulk modulus = 10Gmax for saturated regions
Φequiv’ = effective friction angle to simulate the target Sr/σ’vo value
R = cyclic strain accumulation factor used in geologic cap model
(1) An artificially reduced Φequiv of 9° was used in this material during shaking to develop cyclic straining. Φequiv was increased to 30° to simulate development of drained strengths
following seismic shaking
(2) Compaction to the newly placed Zone A material and partial saturation of the material is assumed, rendering it non-liquefiable.
(3) Post-liquefaction equivalent Φ shown in parenthesis is the value to achieve target S r/σ’vo using K0 = 1.0 after transient liquefaction.
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Figure 2.5A: Single element cyclic response using geologic cap model to simulate
cyclic shear strain accumulation from transient pore pressure build-up in loose reclaim
sand at a CRR = 0.05 considering 30 stress cycles.

Figure 2.5B: Single element cyclic response using geologic cap model to simulate
cyclic shear strain accumulation from transient pore pressure build-up in paste tailings
at a CRR = 0.09 considering 30 stress cycles.
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Figure 2.5C: Single element cyclic response using geologic cap model to simulate
cyclic shear strain accumulation from transient pore pressure build-up in loose to
medium dense glaciofluvial soils at a CRR = 0.09 considering 30 stress cycles.

Figure 2.5D: Single element cyclic response using geologic cap model to simulate
cyclic shear strain accumulation from transient pore pressure build-up in loose fine
grained glaciofluvial soils at a CRR = 0.05 considering 30 stress cycles.
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Figure 2.5E: Single element cyclic response using geologic cap model to simulate
cyclic shear strain accumulation from transient pore pressure build-up in loose till at a
CRR = 0.05 considering 30 stress cycles.
3.0

MODEL OUTPUT

LSDYNA model output for Lynx Dam Section F considering a dam crest elevation of 3410 m was
obtained for four seismic input motions having the highest Arias Intensities and significant
durations of shaking as summarized in Table 2.1 (Records 1 to 4). Emphasis was made on
computing post-seismic dam displacements. Due to the high intensity rock motions and the long
durations of shaking considering an offshore subduction earthquake it is necessary to use a finite
element program that can incorporate large strain deformations, material non-linearity, and has a
robust convergence criterion. LSDYNA incorporates all of these factors. Initial attempts to use a
different FE program which incorporates a nonlinear, dynamic effective stress model and
incorporating explicitly cyclic pore pressure generation were unsuccessful due to convergence
difficulties and inability to run the entire duration of shaking. In addition, this program was unable
to simulate an upstream mode of deformation, which was considered to be a valid failure mode
based on limit equilibrium modeling considering the presence of soft paste tailings upstream of
the dam and overly steep upstream slopes.
The various analyses included:
Stage 1:
 Initial self-weight gravity loading of dam and its foundations, considering a foundation
phreatic surface to estimate initial pore pressures in the foundation soils, buoyant unit
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weights in the reclaim sand and upstream zones of saturated dam material, and “effective”
unit weights in the paste tailings to account approximately for downward seepage
gradients.
Stage 2:
 Dynamic modeling of dam response with no cyclic strain accumulation considered from
pore pressure generation. This was done to check on cyclic shear stress levels in the dam
foundations and whether transient liquefaction triggering was likely. The model also
provided lower bound estimates of dam deformations. Earthquake Record 1 was used in
this evaluation. Pre-earthquake static soil properties were used as presented in Table 2.1
(reduced equivalent friction angles were used in the paste tailings and fine grained
glaciofluvial deposits to simulate contractive undrained response). Cyclic hysteresis in the
stress-strain models was considered.


Dynamic modeling of dam response with cyclic strain accumulation resulting from pore
pressure generation using the methods described previously for the various material types
presented in Table 2.4. All 4 input records were used in this evaluation to assess the effect
of the earthquake record on computed dam displacements.

Stage 3:
 Post-seismic stability analysis of dam response assuming transient liquefaction occurs in
critical regions and post-liquefaction residual strengths develop. A static analysis using
self-weight gravitational loading was used after completion of the Record 1 input motion
to check whether the dam was stable following mobilization of these reduced residual
strengths.
3.1

Dam Response with No Cyclic Strain Accumulation from Pore Pressure
Generation – Input Record 1

The following figures illustrate key results:
 Figure 3.1A illustrates lateral X-displacement contours (in units of metres) in the model
and the tendency of the crest of the dam to move upstream into the soft paste tailings and
the downstream shell of the dam to move downstream due to the weakening effect of the
upper layer of fine grained glaciofluvial.
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Figure 3.1A: Post-seismic displaced shape of FE mesh showing X-displacement
contours without cyclic strain softening due to pore pressure generation. Xdisplacements are in units of metres.
 Figure 3.1B illustrates maximum shear strain contours with strain concentrations in the
upstream paste tailings and reclaim sand, and in the downstream zones of the assumed
weaker, fine grained glaciofluvial deposits.

Figure 3.1B: Post-seismic displaced shape of FE mesh showing maximum shear strain
contours and strain concentrations without cyclic strain softening due to pore
pressure generation. Shear strains are dimensionless.
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The key nodal output locations on the dam (upstream crest, downstream crest, toe of dam) are
shown in Figure 3.1C.

Figure 3.1C: Key nodal output locations on the dam.


Figure 3.1D presents computed X-displacements (absolute values, in units of metres)
versus time at the upstream and downstream crest of the dam, as well as at the dam toe,
showing the tendency for upstream movement at the upstream crest of the dam, and
downstream movement elsewhere along the dam.

X-Displ. (m)

Absolute X-Displacement From LSDYNA Section F Model
Run 3B (No Excess Pore Pressure)
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1 0
-0.2
-0.3
-0.4

50

100

150

200

Model Time (sec)
Node 9607 (downstream toe)

Node 12505 (upstream crest)

Node 12535 (downstream crest)

Figure 3.1D: Absolute X-displacements (in metres) versus time at dam toe and upstream
and downstream crests without cyclic strain softening due to pore pressure generation.
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Figure 3.1E and Figure 3.1F present computed horizontal velocities (in units of m/sec)
versus time at the downstream crest of the dam and at the dam toe. These are compared
to the input rock velocities, indicating strong amplification up through the foundation
materials (without considering cyclic strain softening due to liquefaction) and the
downstream shell of the dam.

Absolute X-Velocity From LSDYNA Section F Model
Run 3B (No Excess Pore Pressure)
0.6

X-Vel. (m/sec)

0.4
0.2
0.0
-0.2

0

50

100

150

200

-0.4
-0.6
Model Time (sec)

Node 12535 (downstream crest)

Input base veloc.

Figure 3.1E: Absolute X-velocities (in units of m/sec) versus time at downstream crest
of dam compared to input base velocity.
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Absolute X-Velocity From LSDYNA Section F Model
Run 3B (No Excess Pore Pressure)
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Figure 3.1F: Absolute X-velocities (in units of m/sec) versus time at downstream toe of
dam compared to input base velocity.


Figure 3.1G and Figure 3.1H present computed effective cyclic shear stress ratios (CSR)
versus elevation in foundation materials under the dam centreline, half-way down the
downstream shell of the dam, and at the dam toe. Note that the CSR’s are computed using
drained soil properties using the Geologic Cap Model with no consideration of cyclic strain
softening due to pore pressure generation. The effective CSR’s are dimensionless and
are defined as CSR = 0.65(xy,max - xy,0)/σ’vo where xy,max is the peak shear stress on the
horizontal plane computed within a particular soil element during shaking, xy,0 is the preearthquake initial static shear stress, and σ’vo is the pre-earthquake vertical effective stress
acting on the soil element. The soil profile at each location is also indicated. The computed
effective CSR’s are compared to the design CRR’s (as shown in Table 2.4) computed
using the deterministic Idriss and Boulanger (2008) methodology. The comparison
indicates that transient liquefaction triggering should be expected in the fine grained
glaciofluvial layers and loose to medium dense glaciofluvial layers based on available N1,60
data and the calculated low CRR values. We also expect transient liquefaction triggering
in the paste tailings, reclaim sand and looser saturated portions of the dam due to their
inferred low CRR values.
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Effective CSR's vs. Elevation
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dam centerline
3320
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Effective CSR

0.6
Dam centreline
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Design CRR

Figure 3.1G: Computed effective cyclic shear stress ratios (CSR) versus elevation under
the dam centreline and half-way down the downstream shell of the dam (dam flank).
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Figure 3.1H: Computed effective cyclic shear stress ratios (CSR) versus elevation at the
dam toe.
The computed downstream and upstream horizontal dam displacements in absence of cyclic
strain accumulation due to transient soil liquefaction were relatively small (less than 0.5 m).
3.2

Dam Response with Cyclic Strain Accumulation to Simulate the Effects of Pore
Pressure Generation – Input Record 1

The following figures illustrate key results considering use of input Record 1, which has the highest
Arias Intensity and duration of shaking compared to other records and produced the highest dam
displacements:


Figure 3.2A illustrates lateral X-displacement contours (in units of metres) in the model
and the tendency of the crest of the dam to move upstream into the soft paste tailings,
and the downstream shell of the dam to move downstream due to the weakening effect of
the upper layer of fine grained glaciofluvial. Upstream movements of the dam crest of up
to about 1.1 m are computed. Downstream toe movements of about 0.4 m are computed.
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Figure 3.2A: Post-seismic displaced shape of FE mesh showing X-displacement
contours (in units of metres) with cyclic strain softening due to pore pressure
generation.


Figure 3.2B illustrates maximum shear strain contours with strain concentrations in the
upstream paste tailings and reclaim sand, loose dam fill and in the downstream zones of
the assumed weaker fine grained glaciofluvial deposits. Strains are highest in these
materials due to the development of transient liquefaction. More moderate shear strain
levels are developed in the deeper loose to medium dense glaciofluvial deposits as well
as the near surface layers of loose saturated till and glaciofluvial materials. All of the latter
materials are also assumed to undergo transient liquefaction. The assumption of lateral
continuity of the upper layer of finer grained glaciofluvial deposit is considered to be
conservative and will lead to computed higher lateral dam displacements given the high
shear strain concentrations in this layer. Where additional site investigation indicates these
weaker finer grained materials are discontinuous the seismic deformation model could be
updated to approximately simulate this effect. However, the present modeling using its
conservative assumptions, indicates that seismic stability of the dam for the elevation 3410
dam raise is adequate. Shear strain levels in the deeper, loose to medium dense
glaciofluvial deposits are more moderate than computed in the upper layer of finer grained
glaciofluvial. The computed strain levels are generally consistent with seismic liquefaction
in these materials. Given the anticipated variable density of the glaciofluvial deposits, it
would be expected that portions of the material will liquefy and other denser portions may
not. Therefore the assumption of a uniform, low CRR value throughout the entire zone is
also expected to be conservative and will lead to higher estimates of post-seismic dam
displacement.
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Figure 3.2B: Post-seismic displaced shape of FE mesh showing maximum shear strain
contours and strain concentrations with cyclic strain softening due to pore
pressure generation. Shear strains are dimensionless.


Figures 3.2C and 3.2D present a plot of post-seismic lateral X-displacements (absolute
values, in units of metres) at various elevations for 2 different locations: one located at the
upstream crest of the dam (Figure 3.2C) and another at the downstream toe of the dam
(Figure 3.2D). The soil profile at each location is also indicated. Figure 3.2C indicates
that the majority of upstream lateral movement occur in the paste tailings and reclaim sand
due to seismic transient liquefaction effects. More modest downstream movement occurs
in deeper layers. Figure 3.2D indicates lateral downstream movements at the toe of the
dam are attenuated by the presence of the upper layer of medium dense to very dense
glaciofluvial (considered non-liquefiable), despite localized seismic liquefaction effects in
near surface layers of loose till and glaciofluvial units. High shear strains and lateral
X-displacements occur in the assumed laterally continuous, weak layer of fine grained
glaciofluvial and lower strains and displacements in the underlying zone of loose to
medium dense glaciofluvial due to seismic liquefaction effects. In this sense, the upper
layer of fine grained glaciofluvial is responsible for a majority of post-seismic deformations
in the foundation units and due to its weaker nature acts as a form of seismic base isolation
to the dam.



Figure 3.2E presents computed X-displacements (absolute values, in units of metres)
versus time at the upstream and downstream crest of the dam, as well as at the dam toe,
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showing the tendency for upstream movement at the upstream crest of the dam, and
downstream movement elsewhere along the dam.

Figure 3.2C: Post-seismic lateral X-displacements versus elevation at the upstream
crest of the dam.
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Figure 3.2D: Post-seismic lateral X-displacements versus elevation at the downstream
toe of the dam.
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Figure 3.2E: Absolute X-displacements (in units of metres) versus time at dam toe and
upstream and downstream crests with cyclic strain softening due to pore pressure
generation.


Figure 3.2F presents computed Y-displacements (settlements in metres) versus time at
the upstream and downstream crest of the dam, as well as at the dam toe, showing
settlement of the dam crest (0.3 to 0.7 m) and slight heave at the dam toe (less than
0.1 m).
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Figure 3.2F: Y-displacements (settlements in metres) versus time at the upstream and
downstream crest of the dam (nodes 12505 and 12353, respectively), as well as at the
dam toe (node 9607).


Figure 3.2G to Figure 3.2L present computed maximum shear strains versus time at
various locations and materials in the model (paste tailings, reclaim sand, loose Zone J
dam materials, deep loose to medium dense glaciofluvial, loose upper zones of
glaciofluvial and till). Largest strains are computed in the paste tailings, reclaim sand, and
fine grained glaciofluvial. More moderate strains are computed in the remaining materials.
The computed strain levels are consistent with the occurrence of transient liquefaction in
these materials.
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Figure 3.2G: Maximum shear strains (dimensionless) versus time in saturated paste
tailings adjacent to reclaim sand (Zone 68).

Figure 3.2H: Maximum shear strains (dimensionless) versus time in saturated loose
reclaim sand (near centre of Zone 69).
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Maximum shear strains (dimensionless) versus time in saturated loose
Zone J dam materials (near centre of Zone 59).

Figure 3.2J: Maximum shear strains (dimensionless) versus time at various locations
and depths in the deep layer of loose to medium dense glaciofluvial under downstream
flank of dam, under the dam toe and beyond dam toe.
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Figure 3.2K
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Maximum shear strain (dimensionless) versus time in the upper loose
glaciofluvial soil (Zone 81) at various locations.

Figure 3.2L: Maximum shear strain (dimensionless) versus time in the loose till (Zone
78) at various locations.
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Post-Seismic Stability

Following cessation of earthquake shaking using the Record 1 input, a post-seismic static analysis
was carried out imposing self-weight gravitational stresses and using post-liquefaction residual
strengths discussed previously. Figure 3.3A shows the post-seismic displaced shape of the dam
(X-displacement contours) which is not substantially different than Figure 3.2A at the end of
earthquake shaking. Figure 3.3B and Figure 3.3C show the X and Y-displacements (in metres)
on the dam versus time following earthquake shaking which do not vary significantly. These
results indicate that the dam is stable using post-liquefaction residual strengths and that no dam
breach is indicated, despite upstream slumping of the dam towards the paste tailings. This
stability is largely due to the buttressing effect of the compacted rockfill downstream shell of the
dam and the presence of an upper foundation layer of medium dense to dense glaciofluvial
deposits. The latter tends to act as a reinforcing foundation layer.

Figure 3.3A: Post-seismic displaced shape of FE mesh showing X-displacement (in
metres) contours using post-liquefaction residual strengths following seismic shaking
using Record 1 (filtered MYG – EW record)
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Figure 3.3B: Absolute X-displacements (in units of metres) versus time at various
locations on the dam, using post-liquefaction residual strengths following seismic
shaking using Record 1 (filtered MYG – EW record).

Figure 3.3C: Absolute Y-displacements in metres (settlements) versus time at various
locations on the dam using post-liquefaction residual strengths following seismic
shaking using Record 1 (filtered MYG – EW record).
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Dam Response with Cyclic Strain Accumulation from Pore Pressure Generation –
Input Records 2 to 4

Computed displacements are sensitive to the characteristics (duration, intensity) of the input rock
motions. Using the other 3 filtered input rock records, post-seismic X and Y displacements (in
metres) on the dam (upstream crest, downstream crest, toe of dam) were computed as
summarized in Table 3.1. Computed displacements are slightly smaller than computed using
Record 1. The dam is indicated to be stable following shaking using these large magnitude
subduction earthquake records. The 2001 design of the Lynx tailings dam (Klohn-Crippen, 2001,
summarized in Amec, 2008), established a horizontal displacement limit by reference to the 1999
CDA guidelines of 1 m for the 1/475 year event (operational conditions) and 3 m for the 1/10000
year event (closure conditions) as estimated by pseudo-static stability analysis. The results
presented in Table 3.1 which are based on detailed finite element analysis and the 1/2475 year
event have resulted in a maximum horizontal displacement of 1.1 m (located at the upstream
crest of the dam). This is considered to be within the limits of 2001 design criteria. Computed
post-seismic settlements at the dam crest are also less than the minimum tailings freeboard of
3 m used in operational design of the dam.
Table 3.1
Computed post-seismic dam displacements.
Record
Upstream Crest
Downstream Crest
Dam Toe
∆x
∆y
∆x
∆y
∆x
∆y
(m)
(m)
(m)
(m)
(m)
(m)
1
-1.10
-0.65
-0.17
-0.25
0.34
0.07
2
-0.79
-0.41
-0.05
-0.38
0.32
0.03
3
-0.51
-0.35
0.00
-0.32
0.26
0.02
4
-0.74
-0.42
-0.04
-0.37
0.29
0.04
∆x = computed post-seismic X-displacement at upstream dam crest.
∆y = computed post-seismic Y-displacement at upstream dam crest.

4.0

SUMMARY AND CONCLUSIONS

Updated seismic stability and deformation analysis of the Lynx Dam at the Lynx TDF were
performed based on static and dynamic 2D finite element modelling for the worst case dam crosssection at a dam crest elevation of 3410 m. Based on the detailed seismic hazard assessment
performed by Amec Foster Wheeler (2015d), the uniform hazard response spectrum at 5%
damping for the 1/2475 year event for the mean hazard under hard rock conditions was utilized
as the target spectrum. Spectral matching was performed using this target spectrum to six large
magnitude subduction events and four records (having the highest durations and Arias Intensities)
were selected for use in modeling.
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The geometry and static material properties of the critical cross-section used in the seismic
modeling were developed during the static stability assessment (Amec Foster Wheeler, 2015a).
The cross-section was divided into over 80 zones for the seismic model. Two, 1m thick layers of
loose, finer grained glaciofluvial material (shallow and deep) were conservatively assumed to be
laterally continuous. N1,60 values for the foundation and dam materials were inferred from Becker
Density Testing and fines content of the soils, from which cyclic resistance ratios (CRR’s) at which
transient liquefaction would occur during shaking were calculated. The CRR for the softer tailings
paste upstream of the dam was inferred from available cyclic laboratory test data.
The FE analysis was divided into three stages: 1) Initial static loading, 2) Dynamic loading, and
3) Post-seismic static loading. After initial static loading, CRR values for each soil zone were
computed using both deterministic and probabilistic methods. For the probabilistic analysis, Monte
Carlo simulation was performed to account for uncertainty in N1,60, fines content, and stress level
parameters (σ’vo , K0, and α). Correlations in the literature between post-liquefaction residual
strength ratios and granular density state were used to facilitate selection of post-liquefaction
strength ratios. Excess pore pressures developed during cyclic loading were not directly
modelled. Rather, the effect of excess pore pressure was simulated by using stress-strain model
parameters which resulted in large cumulative shear strains following the end of shaking. Single
element, cyclic simple shear models were developed for each soil zone, and soil parameters were
adjusted to achieve the desired degree of cyclic strain accumulation resulting from imposition of
a design CRR and considering 30 equivalent cycles of constant amplitude shaking.
Detailed seismic stability and deformation analysis was performed using the record with the
largest duration of significant shaking and highest Arias intensity (Record 1). Dynamic loading
was performed initially without cyclic strain accumulation from pore pressure generation. This
resulted in relatively small horizontal displacements (less than 0.5 m), and demonstrated the
tendency of the crest of the dam to move upstream into the paste tailings, as well as downstream
movement of the downstream shell of the dam. The latter occurred primarily due to the
assumption of contractive undrained behaviour of the upper fine grained glaciofluvial layer.
Comparison of effective CSR’s to computed CRR values indicated transient liquefaction triggering
is expected during shaking in the foundation materials under and downstream of the dam. The
latter consist of finer grained glaciofluvial layers, loose to medium dense glaciofluvial layers, and
near surface loose till and glaciofluvial materials (provided the latter are assumed to be saturated).
The loose/soft nature of materials located upstream of the Lynx Dam (tailings paste, reclaim sand
and loose Zone J materials) also indicates these materials are subject to transient liquefaction.
With the addition of cyclic strain accumulation from pore pressure generation in the FE modeling,
similar directions of movement were evident as without cyclic strain accumulation from pore
pressure generation. Upstream and downstream dam movements were computed to be less
neglecting cyclic strain/pore pressure generation. With consideration of cyclic strain/pore
pressure generation, upstream movement of the dam crest of 1.1 m was computed, with
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downstream movements of the dam toe of 0.4 m using the Record 1 input. High levels of shear
strain developed in the upstream paste tailings and reclaim sand, loose Zone J dam fill and in the
downstream zones of the finer grained glaciofluvial layers. Moderate shear strains developed in
the deeper glaciofluvial deposits and near-surface layers of loose till and glaciofluvial materials.
A post-seismic static analysis was carried out using the FE model, imposing self-weight
gravitational stresses, and using post-liquefaction residual strengths at the end of earthquake
shaking. The latter modeling did not result in significant additional displacements compared to
those computed at the end of earthquake shaking.
Dam response was also assessed with three additional earthquake records (Records 2 to 4).
Computed displacements from these records were found to be slightly less than those computed
using Record 1.
The results of the seismic stability modelling indicate that a dam breach is not anticipated, despite
upstream slumping of the dam. The computed dam movement is considered to be within the
design criteria limits presented in the 2001 design of the Lynx tailings dam (Klohn-Crippen, 2001
as summarized in Amec, 2008). The proposed dam raise configuration to elevation 3410 m is
considered to be stable provided foundation groundwater levels are maintained at anticipated
levels.
The assumption of lateral continuity of the upper zone of fine grained glaciofluvial material,
widespread liquefaction susceptibility of the deeper, loose to medium dense glaciofluvial (GF)
layer, and a high foundation groundwater level (which leads to prediction of transient liquefaction
in the shallower zones of loose till and glaciofluvial materials) is expected to lead to conservative
estimates of post-seismic dam displacements. The assumption of transient liquefaction occurring
in localized zones within the near surface till and glaciofluvail materials has a secondary effect on
computed downstream dam displacements, compared to the assumption of liquefaction in the
underlying glaciofluvial deposits. The assumption of the co-occurrence of a high groundwater
table and the design 1/2475 seismic event has a low probability and amounts to double jeopardy.
Despite these perceived conservatisms, the dam is expected to be stable following a major design
earthquake.
The presence of an intermediate layer of relatively dense glaciofluvial material above the deeper
loose to medium dense GF and finer grained GF acts to reinforce the dam foundations and
attenuates seismic liquefaction effects in these deeper soil units. Considerable weakness exists
in the paste tailings, reclaim sand and looser saturated portions of the dam upstream of the dam
crest. These weaker zones indicate that significant upstream deformations of the dam crest will
occur towards the tailings storage area following a design seismic event. Due to the broad zone
of unsaturated dam fills provided within the downstream shell and the relatively broad dam crest
width dam breaching is not expected.
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LIMITATIONS & CLOSURE

Recommendations presented herein are based on a geotechnical evaluation of the findings of the
site investigation noted. If conditions other than those reported are noted during subsequent
phases of the project, Amec Foster Wheeler should be notified and be given the opportunity to
review and revise the current recommendations, if necessary. Recommendations presented
herein may not be valid if an adequate level of review or inspection is not provided during
construction.
This report has been prepared for the exclusive use of Nyrstar Myra Falls Ltd. for specific
application to the area within this report. Any use which a third party makes of this report, or any
reliance on or decisions made based on it, are the responsibility of such third parties. Amec
Foster Wheeler accepts no responsibility for damages, if any, suffered by any third party as a
result of decisions made or actions based on this report. It has been prepared in accordance with
generally accepted soil and foundation engineering practices. No other warranty, expressed or
implied, is made.
Respectfully submitted,
Amec Foster Wheeler Environment & Infrastructure,
a Division of Amec Foster Wheeler Americas Limited
Reviewed by:
Original signed by
Catherine Tatarniuk, Ph.D., P.Eng.

Original signed by
Ed McRoberts, Ph.D., P.Eng.

Catherine Tatarniuk, Ph.D., P.Eng.
Geotechnical Engineer

Ed McRoberts, Ph.D., P.Eng.
Principal Engineer

Original signed and sealed by
Blair Gohl, Ph.D., P.Eng.

Blair Gohl, Ph.D., P.Eng.
Senior Associate Geotechnical Engineer
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SEISMIC HAZARD EVALUATION
Myra Falls Tailings Disposal Facility
Nyrstar Myra Falls Mine, British Columbia
EXECUTIVE SUMMARY
Myra Falls Mine is an underground mine, with historic open pit mine works, located on
Vancouver Island, which is situated near the tectonic boundary of the Pacific and North
American Plate. Several tailings disposal facilities have been constructed at the site as part of
the mining operations. Large earthquakes that occur along the plate boundary, typically every
few hundred years, have the potential to cause significant damage to man-made structures
such as tailings disposal facilities if they are not designed for appropriate regulatory levels of
ground shaking.
The primary purpose of this investigation is to assess probabilistic response spectra at
selected probabilities of exceedance, deterministic response spectra for significant seismic
sources, to identify the dominant earthquake sources contributing to ground motion
exceedance probabilities, and to develop a suite of acceleration time histories representing
scenario earthquakes identified from the dominant sources and matched to a target spectrum
for Myra Falls Mine tailings disposal facilities. The work included developing a seismic source
model that considers earthquakes sources in the site region, selecting ground motion
prediction equations, performing a probabilistic seismic hazard analysis (PSHA), and
developing uniform hazard response spectra at ground motion return (exceedance) periods of
100, 225, 475, 975, 2475, 4,975, and 10,000 years. Plots of contributions to and
deaggregations of the hazard show that the dominant source contributing to hazard at the site
at all ground motion return periods longer than 225 years and for peak ground acceleration
(PGA) and spectral periods of 0.2, and 1.0 seconds is a M 9.0 Cascadia Subduction Zone
(CSZ) interface earthquake occurring at distance of 40 km. A small to moderate contribution to
hazard at ground motion return periods of less than 475 years results from M 7.0 Juan de
Fuca Intraslab earthquakes occurring at a distance at 43 km.
Median and 84th percentile deterministic response spectra were prepared for the CSZ interface
and Juan de Fuca intraslab events identified from the deaggregation, and for a M 7.4 crustal
earthquake occurring at a distance of 18 km. A comparison of the deterministic and
probabilistic spectra shows that the median deterministic response spectrum for the M 9.0
Cascadia earthquake lies between the probabilistic spectrums for the 975-year and 2475-year
return periods. The median spectra for the subducted slab M 7.0 earthquake are slightly higher
than the probabilistic spectra for a 975-year return period at a spectral period of 0.2 seconds
and shorter periods, and fall off with increasing periods to be lower than the 475-year return
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period spectra at longer spectral periods. The median spectrum for the M 7.4 crustal
earthquake is very close to the probabilistic spectrum for a 475-year return period.
The 84th percentile spectra for the M 9 CSZ interface are similar to the probabilistic spectra for
a 4,975 year return period at very short and long periods, but are slightly higher than the
4,975-year return period spectra at intermediate periods of 0.15 to 0.5 seconds. The 84th
percentile spectra for the M 7 subducted slab earthquake lie between the 2,475-year and
4,975 year probabilistic spectra or are about equal to the 4,975-year spectra at periods up to
0.2 seconds, and fall off to be about equal to the 475-year return period spectra at a spectral
period of 1.5 seconds and longer periods. The 84th percentile spectrum for the M 7.4 crustal
earthquake lies between the 975-year and 2,475-year return period probabilistic spectrums.
Comparison of the peak ground acceleration (PGA) from this study and previous studies
shows a slight increase from 0.2 g (Klohn-Crippen, 1999) and 0.18 g (2015 National Building
Code Canada [NBCC], Natural Resources Canada, 2016) to 0.22 g (this study) for a 475-year
return period, and from 0.6 g (Klohn-Crippen, 1999) to 0.71 g (this study) for a 10,000-year
return period. The PGA results of 0.35 and 0.55 g from this study are higher than the PGA
results of 0.29 and 0.45 g from the 2015 NBCC, both at 975- and 2,475-year return periods,
respectively. The difference in the results may be due to a differences in the geometry or
recurrence rates for the controlling Cascadia subduction sources or may be due to differences
in the ground motion prediction equations used in this study compared to the 2015 NBCC. In
either case, the more detailed treatment of the source geometry and the ground motion hazard
model prepared for this study provide more appropriate results for the site than the 2015
NBCC model.
A suite of acceleration time histories representing the scenario earthquakes identified from the
results of the PSHA and DSHA was prepared for use in dynamic analysis of the tailings
disposal facility. Time histories representing subduction interface, subduction intraslab, and
crustal earthquakes, were selected and scaled to match a 2,475-year uniform hazard target
response spectrum. The target spectrum was taken as the 2,475-year uniform hazard
response spectrum based on consideration of the high hazard dam classification and the
operational phase of dam operation following the draft Dam Safety Guidelines for Mining
Dams prepared by the Canadian Dam Association (CDA; 2014). This classification and
corresponding annual exceedance probability are presented for consideration by the owner
(Nyrstar Myra Falls) and regulators (BC Ministry of Energy and Mines).
The time histories selected for inclusion in the suite include six subduction interface
recordings, two subduction intraslab recordings, and four crustal earthquake recordings.
The spectra describe above were prepared for an assumed soil site condition with a shear
wave velocity (VS30) of 450 m/s. A set of scaling factors is provided to adjust the 2,475 year
uniform hazard spectrum for hard rock conditions with a VS30 of 1,100 m/s.
Amec Foster Wheeler
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1.0

INTRODUCTION

This report presents the results of a site-specific seismic hazard study performed by Amec
Foster Wheeler Environment & Infrastructure, Inc. (Amec Foster Wheeler) for the Nyrstar Myra
Falls Mine Tailings Disposal Facilities, located in the Strathcona-Westmin Provincial Park on
Vancouver Island, British Columbia (Figure 1), as a basis of design for continued operation
and for closure. The purpose of this study was to perform probabilistic and deterministic
seismic hazard analysis (PSHA and DSHA) for the project site and to develop site-specific
earthquake response spectra. A fundamental part of probabilistic seismic hazard assessment
(PSHA) is the incorporation of alternative credible models and parameter values in the
analysis to formally incorporate the scientific uncertainties in seismic sources and ground
motion attenuation, and to allow the resulting uncertainty in the analysis results to be
quantified and the sensitivity to different modeling assumptions to be examined. The 2012
Probabilistic Seismic Hazard Analysis prepared by BC Hydro and their consulting team was
used as a primary basis/resource for the present study. The 2012 BC Hydro study represents
a comprehensive assessment of seismic hazard for dams operated by BC Hydro, and is
judged to provide a much more robust and scientifically credible assessment of seismic hazard
in British Columbia than other seismic hazard models, such as the model developed for the
2010 National Building Code of Canada (National Resource Council of Canada [NRCC],
2010).
1.1

SCOPE OF WORK AND PROJECT TEAM

The primary purpose of this investigation is to assess response spectra at selected
probabilities of exceedance, and to identify the dominant earthquake sources contributing to
ground motion exceedance probabilities for Myra Falls Mine tailings disposal facilities.
The scope of work included the following tasks:
a) Compile and evaluate information related to seismic sources;
b) Develop a seismic source model that considers earthquakes sources in the site
region, including development of an earthquake catalog and assessing parameters
(location, magnitude, and recurrence rate) for seismic sources in the region;
c) Select ground motion prediction equations;
d) Perform a PSHA and develop uniform hazard response spectra at ground motion
return (exceedance) periods of 100, 225, 475, 975, 2475, 4,975, and 10,000 years;
e) Prepare deaggregations and identify the magnitude and distance for the dominant
contributions to seismic hazard for the selected ground motion return periods for
peak ground acceleration (PGA) and spectral periods of 0.2, and 1.0 seconds.
f)

Perform a deterministic seismic hazard analysis (DSHA) that considers the
maximum earthquake that may occur on fault sources that contribute significantly to
seismic hazard at the site or that are close to the site; and
Amec Foster Wheeler
3

\\Oad-fs1\doc_safe\Canada\NX4001F.2\3000 rpts\Myra Falls Rpt_020216\1 txt, cvrs\_Myra Falls Final Text.docx

g) Develop a set of 11 time histories of earthquake ground motions and spectrally
match them to the target response spectrum.
Project participants include:









Dr. Bob Youngs, Principal Engineer, Technical Approver
Mr. Donald Wells, Senior Associate Engineering Geologist
Ms. Alexis Lavine, Associate Geologist
Ms. Kelley Shaw, Staff Geologist
Mr. Blair Gohl, Senior Associate Geotechnical Engineer
Ms. Christine Peters, Senior II Engineer and Project Manager
Ms. Catherine Tatarniuk, Geotechnical Engineer, and
Dr. Tuna Onur, Onur Seemann Consulting

We appreciate the cooperation of BC Hydro in providing a copy of their comprehensive 2012
report on Probabilistic Seismic Hazard Analysis for their dams.
1.2

DESCRIPTION OF TAILINGS DISPOSAL FACILITIES

The Myra Falls Mine is located in the central Vancouver Island mountain ranges in the
alluvium-filled hanging valley of Myra Creek. The mine began operation in 1966 with open pit
and underground mining for zinc, lead, copper, gold and silver. The Old Tailings Disposal
Facility was constructed to reduce metal levels in Buttle Lake and became operational in 1985
(Haile and Kerr, 1989). The Lynx Tailings Disposal Facility was constructed in the area of the
Lynx Open Pit at a later date. Both of the tailings disposal facilities are located on the north
side of Myra Creek downstream of the mill site. The facilities were designed as a fully drained
system with minimal surface ponding to allow for maximum utilization of space and upstream
embankment construction on the tailings. A system of drains that act as a hydraulic
confinement was constructed in the alluvium beneath the facility to prevent the build-up of a
phreatic surface into the tailings. The potential for strong ground motions and resulting
liquefaction at the site was taken into account during design of the tailings facilities through
testing of the materials; however, comparison of the cyclic resistance of the tailings with
extreme earthquake loading show that there is a possibility of liquefaction if saturated
conditions exist (Haile and Kerr, 1989).
For the purpose of performing the seismic hazard evaluation, we use a location of 49.5704° N
and -125.5912° W, at the south side of the Old Tailings Disposal Facility. We note that the
results of this study (ground motion response spectra) are not sensitive to the geographic
location within the general mine site, except as related to changes in subsurface conditions.
1.3

REPORT ORGANIZATION

The project scope and project team are described in Section 1.1, and a description of the
tailings disposal facilities is provided in Section 1.2. The geologic, tectonic, and seismic setting
Amec Foster Wheeler
4

\\Oad-fs1\doc_safe\Canada\NX4001F.2\3000 rpts\Myra Falls Rpt_020216\1 txt, cvrs\_Myra Falls Final Text.docx

of the site are described in Section 2.0. The site subsurface conditions and materials are
described in Section 3.0. The approach, methodology, and inputs for the seismic hazard
analysis are described in Section 4.0. The results of the PSHA are described in Section 5.0.
Deterministic spectra for scenario earthquakes are presented in Section 6.0, and a
comparison of the PSHA and scenario earthquake spectra is provided in Section 7.0. A brief
summary of the work for the selection and modification of time histories is presented in Section
8.0, and conclusions and supplementary recommendations are presented in Section 9.0.
References are presented in Section 10.0. Recurrence parameters for the areal seismic zones
and subduction zone is presented in Appendix A. A description of preliminary response
spectra provided to the project team in July of 2015 is presented in Appendix B, and a detailed
description of the selection and modification of time histories to match the target probabilistic
response spectrum is provided in Appendix C.
1.4

LIMITATIONS

In the performance of our professional services, Amec Foster Wheeler, 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 other 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 locations 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.
2.0

GEOLOGIC AND TECTONIC SETTING, AND SEISMICITY

An understanding of the regional tectonics, Quaternary geologic history, and seismicity of an
area (i.e., the seismotectonic setting) facilitates the identification of geologic structures that
may be seismic sources and provides a context for developing tectonic models of crustal
deformation that can be used to evaluate the tectonic role of individual geologic structures.
The following sections present a summary of the regional geologic and tectonic settings, and
the seismicity of the Vancouver Island, British Columbia region.
2.1

GEOLOGIC AND TECTONIC SETTING

The Myra Falls Mine tailings disposal facilities are located in the Myra Creek Valley in the
central mountain ranges of Vancouver Island, British Columbia. Vancouver Island is located
above the active Cascadia Subduction zone (CSZ), where the Juan de Fuca Plate is
subducting obliquely beneath the North American Plate at approximately 40 to 45 mm/yr
(DeMets and Dixon, 1999; Figure 1). The Cascadia Subduction zone extends from the
northern end of the San Andreas fault, near Cape Mendocino in Northern California to the
Amec Foster Wheeler
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southern end of the Queen Charlotte fault, near the northern end of Vancouver Island. The
oceanic plates west of the CSZ include the Gorda Plate, the Juan de Fuca Plate, the Explorer
Plate, and the Winona and Dellwood blocks north of the Explorer Plate (Figure 1). At the
northern end of Vancouver Island, the plate boundary is defined by the primarily strike slip
Queen Charlotte fault. East of the CSZ, the Oregon Coast Block is a large area or microplate
that is rotating clockwise around a Euler pole in eastern Washington and colliding with
northeastern Washington and the southwestern B.C. Coast Mountains (e.g., Wells et al., 1998;
Miller et al., 2001; Savage et al., 2001; Wells and Simpson, 2001; Svarc et al., 2002;
McCaffrey et al., 2007). Focal mechanisms in the Vancouver Island area are a mix of strikeslip, oblique, and reverse slip faulting (Mulder, 1995), which is consistent with crustal
shortening related to the northward impingement of the Oregon Coast Block and oblique
subduction on the CSZ.
Vancouver Island is underlain primarily by Paleozoic to Jurassic basement rock of the
Wrangellia terrane (England and Calon, 1991), accreted to the North American Plate margin
during multiple episodes of plate collision in the middle Cretaceous to Paleogene, and by
Paleozoic plutonic rocks of the Coast Plutonic Complex. Accretion of the Wrangellia terrane
resulted in a north-northwest-trending structural grain expressed by thrust and reverse faults
and folds. The mine site is underlain by Paleozoic metavolcanic and metasedimentary rocks of
the West Coast Complex and sedimentary rocks of the Butte Lake Group; Mesozoic volcanic,
plutonic and sedimentary rocks; and Quaternary glacial sands and gravels (BC Ministry of
Energy and Mines, 1995). Dense alluvial sands and gravels in the Myra Creek valley are up to
60 meters thick (Haile and Kerr, 1989).
Myra Creek flows from west to east and is deeply incised into the mountain range. Bedrock in
the vicinity of the mine site includes volcaniclastic rocks ranging from fine-grained, thinly
bedded, cherty tuffs to thick bedded lapilli-stone, and coarse breccia (Muller, 1980).
Quaternary sediments in the Myra Creek Valley were deposited during and after the Fraser
glaciation, which occurred from 29 to 13 ka (thousands of years before present; Howes, 1981).
Glacial till in the valley is typically massive, unsorted deposits of volcanic clasts in a silty sand
to sand matrix. In the early stages of deglaciation, a lake was formed in Myra Creek Valley,
and glaciolacustrine clay, silt, and fine sand were deposited over the till on the valley floor.
Landslide and colluvial deposits are also present in the area of the tailings disposal facility.
2.2

SEISMICITY

The mine site is located in a seismically active area, lying above the Cascadia subduction
zone. Numerous historical earthquakes have occurred in the offshore region, many of which
have occurred along transform faults such as the Nootka fault, and additional historical
earthquakes have occurred below Vancouver Island and regions to the east (Figures 2 and 3).
Historical earthquakes that have caused strong ground shaking on Vancouver Island are
Amec Foster Wheeler
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described in Section 2.1, and the earthquake catalog developed for this study is described in
Section 2.2.
2.2.1

Historical Earthquakes

The earliest written report of seismicity in British Columbia is a captain’s journal entry from
1793. As population in B.C. increased in the mid-1800s, newspaper reports documenting
earthquakes and their felt effects became more common. The first seismographs were
installed in 1898, and more sensitive seismographs were installed starting in the 1950s. The
highest seismicity in the region is along the Pacific-Juan de Fuca plate boundary, where
convergence is between 40 to 50 mm/yr. Data from the telemetered seismic network in
southwest B.C. (starting in the 1980s) showed evidence for a locked east-dipping boundary
between the North American plate and subducting Juan de Fuca plate extending to a depth of
approximately 80 km. Geologic and paleoseismic evidence for coseismic uplift and
subsidence, liquefaction, tsunamis, and offshore turbidity flows are consistent with the
occurrence of very large earthquakes, and dating of the youngest of these events indicates
that the most recent major rupture on the CSZ was in 1700. Although there are no historical
written records of the earthquake, Native American legends allude to the occurrence of a
devastating earthquake around 1700 (Ludwin, 1999). The earthquake generated a tsunami,
which was recorded in Japan. Modeling and analysis of the tsunami suggest that it was
generated by a complete rupture of the CSZ from Cape Mendocino in northern California to
Vancouver Island, B.C. (>1000 km) with a magnitude of approximately M 9 (Satake et al.,
1996, 2003; Atwater et al., 2005). Turbidites near the Oregon-Washington continental margin
are interpreted to record occurrence of 13 events in the last 7.7 ka that ruptured all or part of
the CSZ (Adams, 1990; Geist, 2005; Goldfinger et al., 2012). The mean recurrence interval of
CSZ megathrust earthquakes from the 2012 BC Hydro study is approximately 560 years.
Significant large historical earthquakes that caused strong ground shaking across Central
Vancouver Island and the region of the mine site include: the M 9 Cascadia subduction zone
earthquake in 1700 described above; the M 7.2 Vancouver Island earthquake in 1918; the M
7.0 Queen Charlotte Islands earthquake in 1929; the M 7.3 Vancouver Island earthquake in
1946; the M 8.1 Queen Charlotte Islands earthquake in 1949, and the M 7.8 Haida Gwaii
earthquake in 2012. The central Vancouver Island region has experienced five earthquakes
greater than about M 7 since 1918. Many smaller historical earthquakes have also occurred in
the Vancouver Island region, most of which occurred offshore west of the island (Figure 2).
The site is located approximately 50 km east-northeast of the epicenter of the 1918 Vancouver
Island M 7 earthquake, which occurred along the west coast of Vancouver Island (Figure 2).
Surface wave analysis implies a predominantly strike-slip focal mechanism on a NNW or ENE
striking fault (BH Hydro, 2012), however the earthquake has not been associated with a
particular fault (Cassidy et al., 1988). Thirteen to fourteen aftershocks were documented, with
the largest being estimated at MS 5.6 (Cassidy et al., 1988). The ground shaking in central
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Vancouver Island is identified as Modified Mercalli Intensity (MMI) V, and based on the extent
of the felt reports and the available seismograph records, it is interpreted as an intraplate
earthquake.
The site is located approximately 60 km west-southwest from the epicenter of the 1946 M 7.3
Vancouver Island earthquake, which occurred along the east coast of Vancouver Island
(Figure 2). An alternate location for the 1946 earthquake shows it occurred in the Forbidden
Plateau area of central Vancouver Island, just west of the communities of Courtenay and
Campbell River (e.g., Hodgson, 1946; Rogers and Hasegawa, 1978; Slawson and Savage,
1979; Rogers, 1998; Lamontagne et al., 2008), and about 25 km east-northeast of the site.
The earthquake apparently occurred on a northwest-striking right lateral strike-slip fault,
interpreted to be the Beaufort Range fault (Rogers and Hasegawa, 1978; Slawson and
Savage, 1979). Three to five aftershocks were reported, with the largest estimated at M 4.5. A
maximum MMI of VIII is estimated for the east-central coast of Vancouver Island, and the
shaking may have been as strong as MMI XI in the epicentral region (Rogers and Hasegawa,
1978). The most severe damage, including numerous landslides and collapse of railroad
bridges, was reported near the Upper Campbell Lake – Elk Lake Valley and Buttle Lake
regions near the center of Vancouver Island (Rogers and Hasegawa, 1978).
The most recent significant earthquake that caused strong ground shaking on Vancouver
Island was the M 7.8 October 28, 2012 Haida Gwaii earthquake, which apparently occurred on
a northeast-dipping thrust fault extending beneath the Queen Charlotte fault west of Haida
Gwaii, British Columbia. Although the earthquake was center more than 400 km northwest of
the northern part of Vancouver Island, it resulted in ground shaking corresponding to MMI III to
V across the central and northern parts of Vancouver Island (Bird and Lamontagne, 2015).
2.2.2

Development of Earthquake Catalog

An earthquake catalog extending from 1700 to 2015 was compiled for this project from the
following earthquake catalogs: the Geological Survey of Canada (GSC) 1700-1985 (SHEEF)
catalog, GSC (1985*-present) catalog, Advanced National Seismic System (ANSS) catalog,
Incorporated Research Institutions for Seismology (IRIS) catalog, National Geophysical Data
Center (NGDC) catalog, and the Lamont-Dougherty Earth Observatory (LAMONT) catalog. A
combined independent catalog was developed by merging the above catalogs, converting to a
common magnitude scale (moment magnitude, M), and removing duplicate events and
dependent events (aftershocks and foreshocks). The conversion from various magnitude
scales to M was performed using conversion equations presented in BC Hydro (2012). The
catalog was then divided into slab and crustal events based on depth of the earthquakes with
respect to the location and depth of the subducting slab as defined by McCrory et al. (2006).
The uncertainty in M is addressed by computing an adjusted magnitude M* to account for bias
in earthquake recurrence rates due to magnitude uncertainty and uncertainty in conversion to
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M from other magnitudes. The conversion follows the approach described in Electric Power
Research Institute (EPRI) et al. (2012). The adjusted magnitudes are used in the recurrence
calculations for the areal seismic zones and other seismic sources.
3.0

SITE CONDITIONS

The subsurface conditions at the Myra Falls tailings disposal facility are described in this
section. The available information to characterize the site geologic conditions described in
Section 3.1 includes geologic maps of the area (British Columbia Ministry of Energy and
Mines, 1995) and mapping and subsurface exploration data presented in previous reports
prepared for the Myra Falls tailings disposal facility (e.g., Haile and Kerr, 1989; Frontier
Geosciences, 1998 [Appendix in Klohn-Crippen, 1999], Klohn-Crippen, 1999), as well as
ongoing investigations by Amec Foster Wheeler. Shear wave velocities for various subsurface
materials are available from previous and ongoing investigations noted above are summarized
in Section 3.2.
SITE GEOLOGIC CONDITIONS

3.1

The site is underlain by Paleozoic metavolcanic and metasedimentary rocks of the West Coast
Complex and sedimentary rocks of the Butte Lake Group; Mesozoic volcanic, plutonic and
sedimentary rocks; and Quaternary glacial sands and gravels (BC Ministry of Energy and
Mines, 1995; Klohn-Crippen, 1999). Dense alluvial sands and gravels in Myra Creek valley are
up to 60 meters thick (Haile and Kerr, 1989). The depth to bedrock generally decreases from
west to east in the Myra creek valley. Bedrock is at least 58.5 m below the original ground
surface at the west end of the abutment, and a localized bedrock outcrop is present near the
east end of the abutment of the tailings disposal facility (Klohn-Crippen, 1999). Sedimentary
deposits beneath the tailings disposal facility are grouped into four main soil units by KlohnCrippen (1999) as described below:


Unit 1, Starter Embankment Fill: The starter embankment fill is typically 5 to 6 m thick
and consists of very dense sand and gravel with trace to some cobbles. Loose to
medium dense starter fill is found on the west end of the Area 1 starter embankment.



Unit 2, Gravel/Sand and Gravel: This unit consists of sub-angular gravel and sand and
gravel with variable silty and cobble layers and occasional sand and organic layers,
and is between 13 and 35 meters thick. In two test holes, a low plastic organic silt layer
and an organic unit of interbedded silt and silty sand and gravel were encountered in
the upper 3 meters of this unit. Unit 2 is subdivided into an alluvial unit (2a), which
extends across the site and is characterized by clean sand and gravels with less than
10% fines, and a colluvial unit (2b), which is located in the western half of the tailings
disposal facility and consists of 3 to 6 m of silty sand and gravel.
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Unit 3, Sand/Interbedded Sand and Silt: Fine to medium grained sand and/or
interbedded silt and fine sand were encountered between approximately 25 and 35 m
depth. The thickness of this unit ranges from 0 to 12 m. The low plasticity of the silt (5
to 12% plasticity index) indicates this unit could be liquefiable during earthquake
shaking.



Unit 4, Lacustrine Clay: A low plasticity lacustrine clay underlies Unit 3.

The bedrock exposed near the east end of the tailings disposal facility is identified as felsic to
mafic volcanic rocks and mixed volcaniclastics (dacite, andesite and basalt, lapilli-tuff) (KlohnCrippen, 1999).
3.2

SHEAR WAVE VELOCITY OF SUBSURFACE MATERIALS

Shear wave velocities were measured by Frontier Geosciences in two approximately 40 meter
deep boreholes to intersect foundation materials for the tailings impoundment dam (Appendix
in Klohn-Crippen, 1999). In borehole BK98-02, there are three distinct shear wave velocity
layers: an upper layer of silty sand and gravel with some cobbles (Unit 1, embankment starter
fill), with a velocity of 450 m/s from 0 to 8 m; a middle lower velocity zone of finer silt, sand and
gravel (Units 2 and 3) with a velocity of 245 m/s extending down to 29 m; and a lower layer of
gravel and clay or gravel with a velocity of 335 m/s extending down to 37 m (Unit 4). In
borehole BK98-3, seven separate shear wave velocity layers were identified, with velocities
ranging from 265 to 375 m/s (Klohn-Crippen, 1999).
More recent shear wave velocity measurements by Amec Foster Wheeler (2015) indicate
shear wave velocities between approximately 350 and 700 m/s in the upper 40 m (BH14-08,
BH14-10A, and BH14-11A). A shear wave velocity of 450 m/s was selected as appropriate to
represent the shear wave velocity of the uppermost 30 m (VS30) of Quaternary deposits
beneath the embankment materials of the tailings disposal facility based on the available
shear wave velocity measurements.
4.0

SEISMIC HAZARD ANALYSIS

A probabilistic seismic hazard analysis (PSHA) and a deterministic seismic hazard analysis
(DSHA) were performed to characterize earthquake ground shaking that may occur at the
project site during future seismic events in the region. The PSHA and DSHA were conducted
using seismic hazard codes (software programs) developed by Amec Foster Wheeler1. The
PSHA was conducted to estimate the probability of exceedance of peak ground acceleration
(PGA) and response spectral accelerations (Sa) at the site during selected exposure times.
The DSHA was conducted to estimate the mean response spectral accelerations (Sa) at the
site that would result from scenario earthquakes that represent the largest contributions to the
1

The primary computer codes used to perform the seismic hazard analysis were the FORTRAN executables
xcd53w2 (06/30/14), xcd53BC (10/28/2013), haz51 (5/26/2011),), and tree50 (05/10/07). These or previous
versions of the programs have been validated internally and through a PEER project (Thomas et al., 2010).
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PSHA results. The response spectra are developed for the site conditions described in
Section 3 and in this section.
The PSHA is based on an assessment of the recurrence of earthquakes on potential seismic
sources in the greater Vancouver Island, B.C. region and on ground motion prediction
equations (GMPEs) appropriate for the types of seismic sources in the region and the
subsurface conditions interpreted for the project site. Results of the hazard analysis are
expressed as relationships between amplitudes of PGA and spectral acceleration, and the
annual frequencies or return periods (return period being the reciprocal of annual frequency)
for exceeding those ground motion amplitudes. The site-specific PSHA was performed to
develop equal hazard response spectra that represent six ground shaking levels, representing
ground motion exceedance periods (or return periods) of 100, 225, 475, 975, 2,475, 4,975,
and 10,000 years.
The approach for conducting the PSHA, the seismic source model, and the selection,
weighting, and modification of GMPEs for the site conditions is described in this section. The
results of the PSHA and DHSA are presented in Section 5.
APPROACH FOR PROBABILISTIC GROUND MOTION ANALYSIS

4.1

The PSHA procedure requires the specification of probability functions to describe the
uncertainty in both the time and location of future earthquakes and the uncertainty in the
ground motion level that will be produced at the project site. The basic elements of the
analysis are:


identification of potential (active) seismic sources that could significantly contribute
to seismic hazard at the project site;



specification of an earthquake recurrence relationship for each seismic source,
defining the frequency of occurrence of various magnitude earthquakes up to the
maximum magnitude possible on the source;



specification of GMPEs defining ground motion levels as a function of earthquake
magnitude, distance from an earthquake rupture, and assumed site condition; and



calculation of the frequency of exceedance of PGA and spectral accelerations (i.e.,
seismic hazard) using inputs from the elements above, and development of equalhazard (i.e., equal-probability-of-exceedance) response spectra from the results.

The elements of the PSHA are described in the following sections.
4.2

SEISMIC SOURCE MODEL

In the PSHA, the earthquake sources are represented by a spatial location, maximum
magnitude, and a rate of occurrence of earthquakes up to the maximum magnitude. The
seismic sources are based on the 2012 BC Hydro seismic source characterization for the
Pacific Northwest, which represents the most comprehensive recent seismic hazard study for
the region. Three types of seismic sources were identified and considered for the evaluation of
Amec Foster Wheeler
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earthquake hazard at the Myra Falls tailings disposal facilities site: active crustal fault sources,
crustal areal seismic source zones, and subduction zone (interface and intraslab) sources
(Figures 2 through 5). The known active crustal faults that extend to within about 150 km of the
site were characterized (Figure 2), and are described in Section 4.2.1. Parameters that are
considered to assess the maximum magnitude and rate of earthquakes on faults are the fault
length, expected rupture length, width or thickness of the fault and the seismogenic crust, fault
dip, and fault slip rate. Crustal areal seismic source zones representing the distributed crustal
seismicity in the Vancouver Island area are shown as polygons on Figure 3. Some poorly
known or inferred faults are also modeled as embedded faults within the Southern Coastal
Margin areal source zone (the zone within which the site lies) and the Northern Volcanic Arc
source zone (see Section 4.2.2 and Figure 3). The Cascadia subduction zone interface and
intraslab sources are shown in Figures 4 and 5 and are described in Section 4.2.3.
4.2.1

Active Fault Sources

For this project, active faults are defined as those that have had displacement or seismic
activity during the Quaternary period (i.e., 2.6 million years before present [Ma] to the present).
These faults are considered likely to be active in the future. The fault parameters defined to
characterize an active (seismogenic) fault for ground motion hazard assessments include: the
geometry and rupture dimensions of the fault; the size of the maximum earthquake; the nature
(style) and amount of slip on the fault expected for the maximum earthquake; the amount of
aseismic slip on the fault; and the rate and nature of earthquake recurrence. The following
faults within 150 km of the site from the BC Hydro (2012) model are included in the PSHA:
Eastern Olympic Mountains and Strait de Juan de Fuca fault zones, and the Leech River and
Calawah faults in the Olympic Peninsula source zone; and the Devil Mountain – Leech River,
Seattle, South Whidbey Island, Tacoma, Skipjack, Strawberry Point, and Utaladay faults in the
Puget Lowland source zone (Figures 2 and 3). The source parameters for these faults are
summarized in Table 1 and the full characterization of these source parameters is discussed in
detail in Volume 2 of the BC Hydro (2012) report.
4.2.2

Crustal Areal Seismic Source Zones

In seismic hazard analysis, crustal areal source zones are used to model the seismicity that
cannot be associated with specific geologic structures. This includes random background
seismicity and larger events that occur on faults that are not explicitly included in the seismic
source model. Crustal areal seismic source zones included in the model are based on the BC
Hydro (2012) source characterization, but not including source zones too distant to contribute
to the seismic hazard at the site. In the BC Hydro (2012) SSC model, two types of areal
source zones are modeled, those that consider the only the seismicity occurring within the
source zone, and those that consider the both the seismicity as well as poorly known or
inferred faults present within a source zone that are referred to as embedded faults. Crustal
areal source zones modeled with embedded faults include the Southern Coastal Margin
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(SCM) seismic source zone (the zone including the site) and the Northern Volcanic Arc (NVA)
seismic source zone east of the site. For the areal zones with embedded faults, the rate of
occurrence of earthquakes on embedded faults is based on the seismicity occurring in the
zone; therefore, the embedded faults act to localize the seismicity along these features, but do
not increase the overall rate of earthquakes within the source zone (BC Hydro, 2012).
Crustal areal seismic sources included in the model (Figure 3) are: Southern Coastal Margin
(SCM, narrow and wide alternatives), Northern Volcanic Arc (NVA, narrow and wide
alternatives), Northern Coastal Margin (NCM), Northern Intermontane (NIM), Nootka
Transform Zone (NTZ), Nootka Transform Zone - Continental (NTZC), Olympic Peninsula
(OLY), Puget Lowland (PL, narrow and wide alternatives), Southern Intermontane (SIM), and
Southern Volcanic Arc (SVA, narrow and wide alternatives).
The site lies within the SCM zone (Figure 3). The SCM zone has the highest rate of observed
seismicity amongst the crustal areal source zones and includes two M 7+ earthquakes that
occurred in 1918 and 1946. The northern end of the SCM zone coincides with the north edge
of the subducting Juan de Fuca Plate and the southern end of the zone is defined primarily by
differences in GPS residual strain and the style of active faulting for the OLY and PL zones to
the south of the SCM. Two alternative geometries are used for the eastern boundary of the
SCM zone and the west boundary of the NVA (Figure 3).
The left-lateral Nootka transform zone separates the Juan de Fuca and Explorer Plates off the
west coast of northern Vancouver Island, and strikes perpendicular to the Cascadia margin. It
is divided into two seismic source zones: an offshore and subducting oceanic crustal zone
(NTZ), which is discussed in Section 4.2.3.3, and the overlying continental crust segment
(NTZC). Although the Nootka fault is not known to penetrate the continental plate, Hyndman et
al. (1979) and Cassidy et al. (1988) suggest possible stress coupling or interaction between
the subducting Nootka fault and the overlying crust.
The characterization of the areal seismic source zones (extent, geometry, and maximum
magnitude distribution) follows BC Hydro (2012) and is presented in Table 2.
For each of the areal source zones, we evaluated the recurrence of earthquakes up to the
maximum magnitude based on the seismicity occurring in the zone. The distribution of
seismicity within the zones was modeled with either a uniform distribution or a kernel density
distribution, or a combination of the two following the characterization in BC Hydro (2012). The
kernel density distribution model assumes that historical seismicity within the zone reflects the
overall level of earthquake hazard, but does not necessarily reflect the spatial distribution of
this hazard. The recurrence parameters for the source zones are computed from the historical
and instrumental seismicity within each zone using the maximum likelihood methodology
developed by Weichert (1980). The recurrence rates for the source zones are based on a
truncated exponential model (Cornell and Van Marcke, 1969). Plots showing the rate of
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historical seismicity and the modeled recurrence, as well as the recurrence parameters (rate
and b-value) for each of the areal source zones are presented in Appendix A. Overall, the
recurrence rates obtained for each of the areal source zones in this study are similar to or
nearly the same as for rates presented in the BC Hydro study (2012).
4.2.3

Subduction Zone Sources

Earthquakes occurring along the Cascadia subduction interface (megathrust) and the WadatiBenioff zone (intraslab or intraplate) are major contributors to ground shaking hazard along the
Pacific Northwest coast, and occur along the convergent plate boundary between the
subducting Juan de Fuca Plate and the Explorer and Gorda subplates, and the overlying North
American Plate. Subduction zone sources included in the model are: the Cascadia subduction
zone interface source, the shallow and deep Puget Sound segments and the Vancouver Island
segment of the Wadati-Benioff zone (JdFPS, JdFPD, and JdFVI, respectively), and the Nootka
Transform Zone (Table 3). The majority of historical seismicity on the CSZ beneath Puget
Sound and Vancouver Island has occurred in the Wadati-Benioff zone (e.g., the 2001 M 6.8
Nisqually, Washington earthquake).
4.2.3.1 Cascadia Subduction Zone Interface Seismic Source Zone
The Cascadia subduction zone interface is the boundary between the overriding North
American Plate and the subducting Juan de Fuca, Gorda, and Explorer plates (Figure 1). The
CSZ interface extends from Cape Mendocino, California to Vancouver Island, British
Columbia, a distance of approximately 1,100 km. Paleoseismic, geologic, and tsunami studies
indicate that earthquakes as large as M 9 have ruptured the CSZ on average every 500 to 600
years (e.g., Satake et al., 1996; Goldfinger et al., 2012). The only large instrumentally
recorded earthquake that may have occurred on the interface is the 1992 M 7.2 Cape
Mendocino earthquake, however, this earthquake also may have occurred in the overlying
North American plate. The limited historical seismicity recorded along the interface, combined
with geologic and geodetic data, suggest that the interface is locked.
As part of the BC Hydro (2012) PSHA, a detailed seismic source model was developed for the
CSZ. The significant parameters in characterizing the CSZ interface source are extent and
potential segmentation of the megathrust interface, the location of the eastern down-dip extent
of the megathrust rupture zone, recurrence models and recurrence intervals for interface
earthquakes, and maximum magnitude of interface earthquakes. Epistemic uncertainties in
these and other parameters are addressed using a logic tree approach. The geometry of the
interface is based on McCrory et al. (2006), with modifications based on data from the
Geological Survey of Canada (Figure 4).
The potential segmentation of the CSZ (sections of the interface that may rupture contiguously
or individually) is based on records of sudden subsidence, tsunamis, liquefaction in coastal
wetlands, and continental shelf and slope landslides and turbidites off the Cascadia margin
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(BC Hydro, 2012). The model considers the following range of earthquake sizes for different
rupture scenarios: full rupture events (M ~ 9); intermediate-size events which rupture either
one or two segments of the interface or “float” along a combination of segments (8 < M < 8.8);
and small earthquakes (M < 8). Four rupture sources are considered for the CSZ interface
based on the segmentation model and events identified by Goldfinger et al. (2012):
1. 19 to 20 full or nearly full-length ruptures;
2. 10 to 12 ruptures involving only the southern half of the margin;
3. 7 to 8 smaller ruptures involving only the southern quarter of the margin; and
4. a floating earthquake in the northern half of the interface.
The northern boundary of the CSZ interface is considered to be either at the Nootka fault or at
the northern end of the Explorer Plate at the Brooks Peninsula (Figure 4).
The BC Hydro model considers two alternative geometries for the CSZ interface. The
preferred geometry of the CSZ interface is based on McCrory et al (2006), with modifications
in the area of Vancouver Island based on data from the Geological Survey of Canada (Figure
4). The alternative model is assigned lower weight in the logic tree, and is modeled with a
shallower, geometry based on Nicholson et al. (2005) and Audet et al. (2008); this low
weighted model is not included as an alternative in this study because it would not result in a
significant difference in seismic hazard at the mine site based on the sensitivity analyses
presented in the 2012 BC Hydro study.
The interface consists of two zones: an offshore locked zone and an effective transition zone
(ETZ) that extends down-dip and landward of the locked zone (Wang et al., 2003). The locked
zone is located entirely offshore and the base of the portion of the ETZ that is assumed to
rupture with the locked zone extends to the west coast of Vancouver Island. The maximum
depth of the eastern edge of the interface varies from 15 km in the south offshore of Oregon
and Washington to 30 km beneath southern Vancouver Island to 15 km under northern
Vancouver Island.
The model considers a range of maximum magnitudes for the different segmentation models.
For full ruptures, the mean Mmax is considered at M 9.0, which is the generally accepted
characteristic magnitude of a full CSZ megathrust event, with an upper bound estimate of M
9.2 to account for a rupture scenario analogous to the 2004 M 9.2 Sumatra earthquake (BC
Hydro, 2012). A range of maximum magnitudes is used for ruptures of one or more segments.
Maximum magnitude, characteristic, and truncated exponential models were used to
characterize the magnitude-recurrence relationships of the CSZ interface. Because of the
limited number of historical earthquakes on the interface, the recurrence of large (M > 8)
earthquakes is based on the Holocene paleoseismic record. The maximum magnitude model
is used for M 8 to 9 earthquakes and the truncated exponential model is used for M 5.0 to 7.9
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earthquakes, which is consistent with observations from other subduction zones worldwide
(BC Hydro, 2012). Both time-dependent and time-independent recurrence intervals were
calculated. Time-dependent recurrence intervals for full rupture megathrust earthquakes were
calculated based on the Goldfinger et al. (2012) turbidite record, and are equivalent Poisson
recurrence intervals. Recurrence intervals were calculated both for clustered and nonclustered behavior. The mean recurrence interval within a cluster is 260 years and the mean
recurrence interval for the period between clusters (gaps) is 1,012 years (BC Hydro, 2012).
Time-independent Poisson recurrence intervals were calculated only for the segmented
ruptures. The mean recurrence intervals for the segmented ruptures are 580 years for the
Southern Oregon (SO) + Northern California (NC) segments and 812 years for the NC
segment. In addition, the overall mean recurrence from the logic tree for earthquakes of
greater than or equal to M 8 is 208 years, while the mean recurrence for earthquakes of M 9
and larger is 873 years (BC Hydro, 2012).
4.2.3.2 Juan de Fuca Intraslab Seismic Source
The most seismically active element of the Cascadia subduction zone in historic times has
been the Wadati-Benioff zone, within the subducting Juan de Fuca plate. The characterization
of the zone in this report and BC Hydro (2012) is based primarily on recorded seismicity within
the slab and the geometry and thermal state of the subducting slab. Based primarily on
differences in the distribution and focal depths of seismicity, the subducting slab is divided into
three zones: the Puget Sound zone which includes the south Vancouver Island to Puget
Sound deep (JdFPD) and shallow (JdFPS) zones and the north Vancouver Island (JdFVI)
zone (Figure 5). The JdFPS zone extends from a depth of approximately 10 to 30 km, and the
JdFPD zone extends from a depth of approximately 30 to 70 km, with a + 10 km depth
uncertainty on the boundaries. The western boundary of the JdFPS is at a depth of 10 km,
which generally corresponds to the edge of the continental shelf. The north Vancouver Island
intraslab zone extends from a depth of 10 km to 50 or 60 km. A seismogenic thickness of 15 to
22 km is used for all intraslab zones.
The maximum magnitude of events in the JdFPS zone is estimated at M 6.25 +0.25 based on
the low magnitude of M 5.0 for the largest historical event in the shallow offshore slab source.
The maximum magnitude for the JdFPD zone is M 7.0 -0.2,+0.5 based on the maximum
thickness of the Wadati-Benioff zone (e.g., Kao et al., 2009), and the magnitudes of the largest
historical intraslab earthquakes (M 6.8 in 2001, M 6.9 in 1965, and M 7.0 in 1949). A maximum
magnitude in the range of M 6.3 to 6.8 in the JdFVI zone is based on the relatively shallow
Wadati-Benioff zone beneath Vancouver Island, which is further from the bend in the plate
where stresses are concentrated. Recurrence rates for the Juan de Fuca intraplate zones
were calculated using the truncated exponential model and are presented in Appendix A.
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4.2.3.3 Nootka Transform Zone
The Nootka Transform fault is a 20 to 27 km wide left-lateral strike-slip fault zone that
separates the subducting Juan de Fuca and Explorer plates (Braunmiller and Nabelek, 2002).
The fault zone is approximately 150 to 175 km long, and is oriented almost perpendicular to
the deformation front along the Cascadia margin (Figures 3, 4 and 5). The offshore subducting
portions of the fault in the oceanic crust are included in the NTZ zone, and the continental
crust above the CSZ interface is included in the crustal NTZC zone. The Nootka transform
fault is defined by a broad (40 km wide) zone of earthquakes and an offset in seafloor
magnetic anomalies (Riddihough, 1977). The seismogenic thickness for the transform is based
on the thickness of seismogenic oceanic crust (Willoughby and Hyndman, 2005) and the depth
of seismicity along the transform and in the Wadati-Benioff zone in the subducting slab.
Maximum magnitude distributions are between M 6.2 and 7.2 for the NTZ zone.
4.3

SELECTION OF GROUND MOTION PREDICTION EQUATION MODELS

A ground motion prediction equation relates the amplitudes of peak acceleration and response
spectral acceleration to earthquake magnitude, site conditions, and source-to-site distance.
Past studies of strong-motion data indicate that the ground motions from various types of
earthquake sources considered in this analysis exhibit different characteristics in terms of the
scaling of ground motion amplitudes with magnitude, source-to-site distance, and period of
vibration. In addition, different GMPE models are required for different types of seismic
sources such as crustal faults and subduction-related sources.
The seismic sources considered in this analysis are crustal faults, and subduction interface
and intraslab sources. Therefore, we considered two different types of GMPEs; one type
developed from strong motion recordings of worldwide earthquakes on crustal faults, and the
other type developed from strong motion recordings of global intraslab and interface
earthquakes. For each type of seismic source, alternative ground motion attenuation
relationships were utilized. The uncertainty in the predicted value of a ground motion
parameter for each attenuation relationship was modeled by assigning a statistical distribution
around the median value in accordance with values given by the authors of the respective
attenuation relationships used in this study. All of the GMPEs use shear wave velocity (VS30) to
adjust the result for site conditions. As described in Section 3.2, a VS30 of 450 m/s was selected
as representative for the Quaternary deposits beneath the tailings disposal facility.
4.3.1

Ground Motion Prediction Equations for Crustal Sources

The GMPEs selected for the crustal sources in this analysis are those developed for Pacific
Earthquake Engineering Research Center (PEER) Next Generation Attenuation (NGA) West 2
project. These models provide estimates of spectral accelerations in the period range of 0.01
seconds to 10 seconds (spectral frequencies of 0.1 to 100 Hz), representing the median
horizontal component of ground motions. The GMPEs are defined in terms of M (moment
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magnitude), distance, slip type, and fault dip. All five models (Abrahamson et al., 2014
[ASK14]; Boore et al., 2014 [BSSA14]; Campbell and Bozorgnia, 2014 [CB14]; Chiou and
Youngs, 2014 [CY14]; and Idriss, 2014 [I14]) provide ground motion estimates as a function of
the average shear wave velocity of the top 30 meters of the site, VS30. The Idriss (2014) model
does not include parameters for sites where the VS30 is less than about 1,500 feet per second
(450 meters per second), or for normal slip earthquakes, and because the site VS30 was equal
to the limit of applicability for the Idriss GMPE, it was not used in this analysis. All other models
are applicable for sites where VS30 in the range of 180 meters per second (or lower for two
models) to about 1,000 m/s, and for all types of crustal earthquakes. These four selected NGA
West 2 GMPEs (ASK14, BSSA14, CB14, and CY14) were weighted equally in the hazard
analysis because the scientific community considers all of them to be valid scientific models.
The models also include an adjustment for slip type, fault dip, location on footwall or hanging
wall, and epistemic uncertainty (FE). The general structure of the NGA West 2 GMPEs as
implemented in the seismic hazard model is shown on a logic tree on Figure 6.
Additional information required for implementation of four of the NGA GMPEs is the depth to a
shear wave velocity of 1000 meters per second (ASK14, BSSA14, and CY14) and 2.5
kilometers per second (CB14), referred to as Z1.0 and Z2.5, respectively. Because no sitespecific data is available to estimate these parameters directly, we use the default calculations
provided for the GMPEs, which calculate Z1.0 and Z2.5 based on the site VS30. Following these
formulations, and based on the site VS30 of 450 m/s, the depth to a shear wave velocity of
1,000 m/s was assigned as 307 m for ASK14 and 292 m for CY14, and the depth to a shear
wave velocity of 2.5 km/s is assigned as 1,105 m for CB14.
4.3.2

Ground Motion Prediction Equations for Subduction Sources

The GMPE selected for the subduction sources in this analysis is the BC Hydro Ground
Motion Prediction Equation for subduction earthquakes developed for the BC Hydro project by
Norm Abrahamson, Nicolas Gregor, and Kofi Addo. The model provides estimates of spectral
accelerations in the period range of 0.01 to 10 seconds (spectral frequencies of 0.1 to 100 Hz),
representing the median horizontal component of ground motions. The GMPE is defined in
terms of M (moment magnitude), distance, location in forearc or backarc, and site shear wave
velocity (VS30).
BC Hydro (2012) developed a global model based on the entire data ground motion data set
developed for the project, and an alternative Cascadia model that adjusts the short period
motions to be consistent with the recorded ground motions from Cascadia intraslab
earthquakes. The BC Hydro subduction GMPE also includes alternative adjustments for
magnitude scaling (∆C1), epistemic uncertainty of the median ground motion, and single
station sigma. The general structure of the BC Hydro subduction GMPE as implemented in the
seismic hazard model is shown on a logic tree on Figure 7. A full description of the BC Hydro
subduction GMPE is available in Volume 3 of BC Hydro (2012).
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5.0

PROBABILISTIC SEISMIC HAZARDS ASSESSMENT

We developed site-specific five-percent damped horizontal probabilistic (uniform hazard)
response spectra for the site based on the updated seismic source model developed for this
study and the appropriately weighted NGA and BC Hydro GMPEs. The ground motion hazard
is calculated for the original ground surface (top of firm ground) beneath the tailings disposal
facility.
5.1

SEISMIC HAZARD RESULTS

The results of the PSHA are presented as a seismic hazard curve at PGA or other specific
spectral period. The hazard curve is the relationship between the amplitude of PGA (or other
spectral period) and the annual frequency of exceeding that acceleration amplitude at the site.
The return period for exceedance is the reciprocal of the annual frequency of exceedance.
The basic results of the PSHA are presented in terms of annual frequency of exceedance
versus spectral acceleration (commonly referred to as hazard curves) for a VS30 of 450 m/s.
The frequencies of exceedance of various values of peak ground acceleration and response
spectral acceleration at the site for given structural periods were calculated by combining, for
each fault and then for all the faults:
1. the annual frequency of earthquakes of various magnitudes on a fault obtained from
the fault recurrence relationships;
2. given an earthquake of a certain magnitude on a certain fault, the probability
distribution of the location of the earthquake on the fault obtained using the selected
rupture area versus magnitude relationship and assuming equal likelihood of rupture
along the length and some prescribed probabilities along the depth of the fault; and
3. given an earthquake of a certain magnitude occurring at a certain distance from the
site, the probability distributions of ground motion at the site obtained from the selected
attenuation relationships. For this study, attenuation relationships were utilized
corresponding to peak ground acceleration (0.01 second) and 10 structural periods
(0.03, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and ten seconds) at a damping ratio of 5
percent.
Figures 8 to 10 illustrate typical results of the probabilistic analysis for VS30 = 450 m/s ground
motions at the site in terms of annual frequency of exceedance of PGA and response spectral
acceleration at periods of 0.2 and 1.0 seconds, and a damping ratio of 5 percent. The total
hazard curve obtained from the PSHA is shown as the uppermost curve on each of these
figures, and the contributions to the total hazard from combined subduction sources (interface
and intraslab) and combined crustal sources (faults and areal source zones) is shown by
additional curves on the uppermost plot on each figure. Hazard curves for individual
subduction sources and individual crustal sources are shown on the lower left and lower right
plots on each figure, respectively, along with the total hazard and summed hazard curve for
each respective type of source.
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These results show that the dominant contribution to hazard is from subduction sources,
except at long periods (1.0-second period and longer periods) and for annual frequencies of
exceedance larger than about 0.002 (ground motion return periods of about 500 years or less),
where the hazard from subduction and crustal sources is approximately equal. As shown on
the lower left plots on Figures 8, 9, and 10, the dominant contribution to hazard at all periods
and for all frequencies of exceedance smaller than about 0.002 (ground motion return periods
of about 500 years and longer) is the CSZ interface. Earthquakes occurring within the
subducted Juan de Fuca slab (all three subzones) have the largest contribution to subduction
zone hazard for annual frequencies of exceedance larger than about 0.002 (ground motion
return periods of about 500 years or less). The crustal areal source zones, particularly the
Southern Coastal Margin zone (the zone that the site lies within) also have a significant
contribution to hazard at long periods and for annual frequencies of exceedance larger than
about 0.002, as shown on the lower right plot of Figure 10.
5.2

EQUAL HAZARD RESPONSE SPECTRA FOR TOP OF ROCK

Having obtained the annual frequency of exceedance of a certain level of horizontal response
spectral acceleration, the probability of exceeding that level within any time period of interest is
then obtained assuming a Poisson distribution, as follows:
PE = 1 - exp (-t)

in which "PE" is the probability of exceedance, "" is the annual frequency of events that
exceed that level of ground motion, and "t" is the specified time period of interest.
Horizontal probabilistic (uniform hazard) response spectra are developed for return periods of
100, 225, 475, 975, 2,475, 4,975 and 10,000 years, for PGA and spectral acceleration at the
10 structural periods noted above. The mean and median horizontal spectra for the VS30 of 450
m/s are listed in Table 4 and are shown on Figures 14 and 15. The horizontal spectra
predicted from the NGA relationships are the orientation independent GMRotD50 spectra,
where GMRotD50 is described by Boore (2010) as the median of the full range of spectral
amplitudes over all possible rotation angles. Deaggregations of the mean hazard results for
magnitude, distance, and epsilon for six return periods (225, 475, 975, 2,475, 4,975, and
10,000 years) and for PGA and structural periods at 0.2, and 1.0 seconds are shown on
Figures 11 to 13. The plots show the percent contribution to the total hazard from all seismic
sources, where magnitude is binned in 0.1 magnitude units, and the distance contributions to
hazard are binned as follows:
0 – 5 km

>15 – 20 km

>50 – 75 km

>5 – 10 km

>20 – 30 km

>75 – 100 km

>10 – 15 km

>30 – 50 km

>100 – 150 km
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The contributions also are colored to show the associated value of epsilon, representing the
number of standard deviations of the result from the mean, where the values for epsilon are
binned as shown on the figures.
DEAGGREGATION OF HAZARD FOR CONTROLLING SCENARIO EARTHQUAKES

5.3

The deaggregation plots on Figures 11 to 13 show the largest contribution to hazard results
from large magnitude earthquakes (M 8.5 to 9.4) occurring on the CSZ interface source for the
distance bins of 30 to 75 km from the site. These plots also show a small contribution from
earthquakes of M 5.5 to 7.5 occurring in the background areal source zone and the intraslab
source zones for the distance bins of 30 to 100 km from the site, for ground motion return
periods of 100 to 475 years (Figures 11a, 12a, and 13a). The hazard is completely dominated
by large magnitude earthquakes on the CSZ interface at all ground motion return periods
longer than 500 years (Figures 11b-c, 12b-c, and 13b-c). Note that the highest spectra for
return periods of less than 975 years occurs at a period of 0.2-seconds, while the spectra at
0.2 and 0.3 seconds are similar for a return period of 975 years, and the highest spectra for
longer return periods (2,475 years and longer) is shifted to a period of 0.3 seconds (Figures 14
and 15).
Considering the contributions to hazard shown on Figure 8 to 10, and the deaggregation
results shown on Figure 11-13, we identify four scenario earthquakes that represent the range
of maximum ground motions that may occur at the site. The magnitude and distance to rupture
for these scenarios are:


M 9.0 at 40 km – Mega-earthquake on the CSZ interface



M 6.8 at 40 km – Earthquake on Juan de Fuca Vancouver Island Intraslab source;



M 7.0 at 43 km – Earthquake on Juan de Fuca Puget Sound Deep Intraslab source;
and



M 7.4 at 18 km – Crustal earthquake in Southern Coastal Margin background areal
source zone.

Deterministic response spectra for these scenario earthquakes are prepared for comparison to
the probabilistic spectra as described in Sections 6.0 and 7.0
5.4

DISCUSSION OF PRELIMINARY PROBABILISTIC SPECTRA FROM JULY OF 2015

Preliminary probabilistic spectra were initially developed and provided to the project team in
July of 2015. In performing further analysis and checks on the preliminary results during
October of 2015, we identified an error in the calculation of the 0.2-second period spectra,
which resulted in the preliminary response spectra being too high at this period. We calculated
new spectra at additional periods of 0.15 and 0.3 seconds, and recalculated spectra at all
other periods, as presented in Sections 5.2 and 5.3. The original July probabilistic spectra are
shown in Appendix B. It is our understanding that the probabilistic spectra for a return period of
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2,475-years from Appendix B were used in selection and initial scaling of the time histories as
described in Section 7.0 and Appendix C. We note that the July 2,475-year spectra envelope
the final 2,475-year spectra. Therefore, results from analyses performed with or based on the
July 2015 spectra may be viewed as conservative.
6.0

DETERMINISTIC SPECTRA FOR SCENARIO EARTHQUAKES

A deterministic seismic hazard analysis (DSHA) was performed using the scenario
earthquakes identified from the deaggregation results in Section 5.3. Median and 84th
percentile horizontal deterministic response spectra were calculated for the scenario
earthquakes using the same suites of GMPEs used for the corresponding source types
(subduction or crustal sources) in the PSHA, and are listed in Tables 5 and 6, respectively.
These scenarios and the associated response spectra represent the range of earthquake
ruptures and associated ground shaking that may occur at the site, in consideration of the
range of ground motion return periods considered in the PSHA. The highest median and 84th
percentile spectra result from the CSZ interface source (Tables 5 and 6, Figure 16). The PGA
for the median and 84th percentile CSZ interface spectra is equal to 0.42 g and 0.76 g,
respectively. Note that while the highest spectra for the subducted slab and crustal sources
occur at a period of 0.2 or 0.25 seconds, respectively, the highest spectra for the Cascadia
interface source occurs at 0.4-second period.
7.0

COMPARISON OF RESULTS OF PSHA AND DSHA, AND COMPARISON TO
RESULTS OF OTHER PSHA ASSESSMENTS

A comparison of the median and 84th percentile spectra for the scenario earthquake sources
with the probabilistic spectra for selected ground motion return periods is shown on Figures
17a and 17b, respectively. As expected, given the mean return period of 873 years for M
9+ruptures extending along the entire Cascadia plate interface (Section 4.2.3.1), the median
deterministic response spectrum for the M 9.0 Cascadia earthquake lies between the
probabilistic spectrums for the 975-year and 2475-year return periods. The median spectra for
the subducted slab M 7.0 earthquake are slightly higher than the probabilistic spectra for a
975-year return period at a spectral period of 0.2 seconds and shorter periods, and fall off
rapidly with increasing periods to be lower than the 475-year return period spectra at spectral
periods greater than 0.5 seconds. The median spectrum for the M 7.4 crustal earthquake is
very close to the probabilistic spectrum for a 475-year return period (Figure 17a).
The 84th percentile spectra for the M 9 CSZ interface are similar to the probabilistic spectra for
a 4,975 year return period at very short and long periods, but are slightly higher than the
4,975-year return period spectra at intermediate periods of 0.15 to 0.5 seconds. The 84th
percentile spectra for the M 7 subducted slab earthquake lie between the 2,475-year and
4,975 year probabilistic spectra or are about equal to the 4,975-year spectra at periods up to
0.2 seconds, and fall off rapidly to be about equal to the 475-year return period spectra at a
spectral period of 1.5 seconds and longer periods. The 84th percentile spectrum for the M 7.4
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crustal earthquake lies between the 975-year and 2,475-year return period probabilistic
spectrums (Figure 17b).
Site specific seismic design ground motion information previously prepared for the site include
PGA values from Klohn-Crippen (1999) and PGA values obtained from the National Building
Code of Canada (NBCC; National Research Council of Canada [NRCC], 2010; National
Resources Canada [NRC], 2016). A comparison of values from these sources and from the
present investigation is provided below.
Peak Ground Acceleration (g)
Return Period
(years)
475
1,000 (975)
2,475
10,000

Klohn-Crippen
(1999)
0.20
0.30 (taken as
one-half of
MCE)
-0.60

National Building Code Canada
2005
0.18

2010
0.18

2015
0.18

This Study –
(Mean Sa)
0.22

--

0.22

0.29

0.35

0.34
--

0.34

0.45

0.55
0.71

Note: MCE – Maximum Credible Earthquake (Canadian Dam Association, 2014); Sa – Spectral
acceleration.

The comparison above shows that for the ground motion return periods shown above, the
PGA obtained in the present investigation is higher than the PGA obtained in the previous
studies. The primary reasons for this difference may be that 1) the distance from the site to the
subducted slab and plate interface sources in the present study may be smaller than in the
NRC NBCC and Klohn Crippen seismic hazard models, and/or 2) the mean maximum
magnitude for rupture of the CSZ interface increased from about M 8.5 for previous
investigations to M 9.0 for this study. This increase in the maximum magnitude is based on
substantial scientific data developed over the past twenty years to support the occurrence of
much larger earthquakes on the CSZ, and is documented in BC Hydro, 2012 and many other
sources. The suites of GMPEs used for the present study are not exactly the same as the
suite used by NRC to prepare the 2015 National Seismic Hazard Maps (Halchuk et al., 2014),
but we do not know what portion of the difference in results may be attributed to the
differences in the suites of GMPEs or to differences in the exact geometry of the plate
interface and distance to the site. The site-specific seismic hazard model and GMPE for the
Cascadia subduction sources (the controlling source for the hazard) used in this study were
developed by BC Hydro for use at BC Hydro dams. It provides a comprehensive assessment
of the epistemic and aleatory uncertainties in the model, as appropriate for a site-specific
model. We reviewed the input parameters for the Cascadia plate interface used in the NBCC
model as presented in Halchuk et al. (2014), and they are similar to the input parameters used
in the site-specific model. However, we cannot determine if the difference in results is due to a
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difference in source geometry, earthquake recurrence, or GMPEs without performing detailed
sensitivity analyses. In any case, the more detailed treatment of the source geometry and the
ground motion hazard model prepared for this study provide more appropriate results for the
site than the 2015 NBCC. We note that ground motion mapping results prepared for the NBCC
and by Klohn Crippen (1999) are for soft rock condition similar to the site conditions used in
this study; so the difference in results is not attributable to differences in the site conditions
used to develop the results.
We also prepared a comparison of the site-specific response spectra at 10%, 5%, and 2% PE
in 50 years to corresponding response spectra for the project site from the 2015 NBCC using
the NRC seismic hazard calculator (NRC, 2016). The site-specific and NBCC response
spectra are both calculated for a site condition of 450 m/s, and the comparison on Figure 18
shows that the site specific spectra are higher by about 10% to 18% at periods less than about
1.5 seconds, are similar at 1.0 second (~3% higher), and are 40% to 90% lower at periods of 2
to 10 seconds. The difference in these results likely arises from the different suites of GMPEs
used for this site specific study compared to the NRC NBCC.
As an additional check on the construction of the independent version of the BC Hydro seismic
hazard model for this study, we calculated seismic hazard results at PGA for the BC Hydro
Heber Diversion dam site for comparison to the PGA results presented in BC Hydro (2012).
The Heber Diversion site is located about 40 km northwest of the Myra Falls Tailings Disposal
Facility, and is located at about the same distance from the CSZ interface and JdFPD and
JdFVI subducted slab sources, and within the same areal source zone as Myra Falls Mine (the
Southern Coastal Margin [SCM] zone) (Figure 19). The result from our model are calculated
for a hard rock site condition (VS30 760 m/s) and are directly comparable to the BC Hydro
result. The hazard curves from the BC Hydro report and from our source model are quite close
for annual frequencies of exceedance equal to or lower than 0.002, reflecting the dominance
of the CSZ interface at these frequencies of exceedance and that the characterization of the
interface source is nearly the same in both models. The Heber Diversion hazard curve is
higher at annual frequencies of exceedance higher than about 0.003, corresponding to PGA of
up to approximately 0.15 g. We suggest that the difference in hazard at the higher annual
frequencies of exceedance may result from differences in the rates of crustal earthquakes in
the SCM zone and in the JdFPD and JdFVI subducted slab sources from our model to the BC
Hydro model, and that the differences in rates are due to differences in the final earthquake
catalog prepared for each study. Specifically the difference between the results may be due to
earthquake catalog processing (location differentiation, declustering and smoothing) and
reduced level of uncertainty implemented in this study. Overall, we judge that for the Heber
Diversion site, our seismic hazard model produces results that are quite comparable to the
results from the BC Hydro model. There are no published results for other spectral periods for
Heber Diversion in the BC Hydro (2012) report
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8.0

SELECTION AND MODIFICATION OF GROUND MOTION TIME HISTORIES

A suite of acceleration time histories representing the scenario earthquakes identified from the
results of the PSHA and DSHA was prepared for use in dynamic analysis of the tailings
disposal facility. Time histories from the three different types of earthquake sources,
subduction interface, subduction intraslab, and crustal earthquakes, were reviewed for the
best match to the magnitude and distance of the earthquake, site conditions at the recording
station, and overall spectral shape and content compared to these criteria for a target
spectrum developed for the site conditions at the tailings disposal facility. The target spectrum
was selected based on consideration of the dam classification and the phase of dam operation
following the draft Dam Safety Guidelines for Mining Dams prepared by the Canadian Dam
Association (CDA, 2014). For the present operational phase, the dam classification for tailings
disposal facility is considered to be high hazard, and the corresponding annual exceedance
probability for earthquake ground motions is 2,475 years. This classification and
corresponding annual exceedance probability are presented for consideration by the owner
(Nyrstar Myra Falls) and regulators (BC Ministry of Energy and Mines).
The time histories selected for inclusion in the suite are representative of the three types of
earthquakes sources, and include six subduction interface recordings, two subduction
intraslab recordings, and four crustal earthquake recordings. The suite of time histories, a
detailed explanation of the time history selection and modification process, and the meta-data
and other parameters of the selected time history recordings is present in the attached
consulting report prepared by Onur Seemann Consulting (Appendix C).
Note that as described in Section 5.3 and Appendix B, the preliminary July 2015 2,475-year
return period spectrum used to select the time histories contained an error and was too high at
a period of 0.2 seconds. While the shape and peak of the final probabilistic spectrum
presented in Sections 5.2 and 5.3 are somewhat different compared to the preliminary July
spectrum, we note that the selection of time history records is based on a range of information,
not just the shape and level of the target spectrum. Therefore, the overall selection of time
histories is regarded as robust and representative of appropriate spectral characteristics for
use in dynamic analyses.
9.0

CONCLUSIONS AND SUPPLEMENTARY RECOMMENDATIONS

Conclusions and recommendations for the seismic hazard analysis are presented in Section
9.1, and additional recommendations for adjusting the response spectra to represent hard rock
site conditions is presented in Section 9.2.
9.1

CONCLUSIONS AND RECOMMENDATIONS

The results of the PSHA show that the dominant contribution to seismic hazard at ground
motion return periods of 975 years and longer, and for PGA and other spectral periods, is from
M 9 earthquakes occurring on the CSZ interface source. For shorter return periods (475 years
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and 225 years), and for spectral periods less than about 0.2 seconds, the subducted slab and
crustal sources have the largest contributions (Figures 8-10). The dominance of the CSZ
interface source at most spectral periods and longer ground motion return periods also is
shown on the deaggregation plots (Figures 11 to 13). Deterministic spectra for M 9 CSZ
earthquakes have a similar spectra shape, with the peak spectra shifted from 0.2 to 0.3
seconds, compared to probabilistic spectra, with the median spectra having an equivalent
return period of a bit less than 900 years, and the 84th percentile spectra having a return period
greater than 4,975 years. The MCE, which is defined as the Maximum Credible Earthquake by
the CDA (2014), is taken as the 84th percentile deterministic spectra for a M 9.0 CSZ interface
event.
The dam classification of the Tailings Disposal Facilities may be considered as high hazard
following the guidelines of the CDA (2014). Based on this classification, and for the present
operational phase of the facilities, the 2,475-year return period spectrum is appropriate for use
in evaluation and modification of the existing tailings facilities. For evaluation of the facilities for
closure, the CDA guidelines specify that the target ground motion level may be taken as onehalf between the 2,475-year return period spectrum and the 10,000 year return period (RP)
spectrum or the MCE (CDA, 2014). As noted above, the MCE is taken as the 84th percentile
deterministic spectra for a M 9.0 CSZ interface event, and this is lower than the 10,000 year
RP spectrum as shown on Figure 17b. Therefore, the target spectrum for evaluations for the
closure phase of operations may be taken as one half between the 2,475 year RP spectrum
and the MCE spectrum
For most analyses, we recommend use of the subduction interface time histories provided in
Appendix C, either scaled or spectrally matched to an appropriate target spectrum. For any
work or facilities where the performance objectives/guidelines indicate use of ground motion
return periods of 475 years or less is acceptable, use of scaled or spectrally matched time
histories for subducted slab or crustal earthquakes also may be considered.
9.2

RECOMMENDATIONS FOR ADJUSTING SPECTRA FOR HARD ROCK CONDITIONS

Following additional analysis of site data, the project team concluded that it would be more
appropriate to use ground motions calculated for the top of hard rock at the east end of the site
rather than the top of firm ground under the central and west portions of the tailings disposal
facility. The change in site conditions was based on additional analysis of the site conditions
by the project team, whereby it was determined that it was more appropriate to model the
entire thickness of Quaternary deposits and to evaluate site response based on input motions
representing the top of hard rock rather than the top of firm ground. Because the decision to
change the site conditions was made after the ground motion calculations had been performed
and the time history selection had been completed, and because the revised response spectra
for the site response analysis were needed in an expedited time frame, we judged that it would
be reasonable to use site-specific scaling factors to adjust the target response spectra to
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represent hard rock conditions. To develop appropriate scaling factors, we considered the
contributions to hazard for PGA and additional periods at the ground motion return period
(2,475 years) used in the stability analyses of the tailings disposal facility. For the 2,475 year
return period ground motions, the hazard is dominated by the contribution from the CSZ
interface source (Figures 8-10, and 11b, 12b, and 13b). Therefore, we judge that it is
reasonable to develop scaling factors to adjust the PSHA results based on comparison of the
deterministic spectra for M 9.0 event on the CSZ interface.
We developed the period dependent scaling factors shown below based on comparison of the
84th percentile results because we note that the dominant epsilon contribution for the CSZ
interface at the 2,475-year return period ground motion level is in the range of 0.9 to 1.0
(approximately one sigma or 84th percentile). We also reviewed the limit of applicability of the
GMPEs and note that the spectra is not sensitive to VS30 for values greater than about 1,100
m/s, therefore the spectral ratios are based on a comparison of spectra calculated for VS30
1,100 and 450 m/s.
Period (seconds)

Ratio of Spectra for VS30
1,100:450 m/s

0.01

0.88

0.02

0.88

0.05

1.10

0.10

1.16

0.20

0.88

0.50

0.55

1.00

0.51

2.00

0.55

5.00

0.62

We understand that the VS30 for bedrock at the site is likely in the range of 1,500 m/s or higher.
Although the GMPEs are not sensitive to VS30 greater than 1,100 m/s, based on our
experience, and because of the uncertainty in the VS30 for the bedrock, it appears reasonable
to use the scaling factors shown above to adjust the spectra in Table 4 from the stiff soil/soft
rock condition (450 m/s) to represent a hard rock condition (equal to about 1,100 m/s or
harder).
10.0
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TABLES

TABLE 1
CHARACTERIZATION OF CRUSTAL FAULT SOURCES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia
Name
[probability of
activity]1

Code

Devil Mountain Fault
unsegmented

DMF

Devil Mountain Fault
Leech River Fault
Combined Rupture

DMF
+
LRF

Leech River Fault
unsegmented

Calawah

LRF

CAL

Surface Trace
Style of
Distance to Site
Faulting
(km)
(dip direction)

235

235

Reverse [0.6]
Strike Slip [0.4]

Reverse [0.6]
Strike Slip [0.4]

235

Reverse [0.6]
Strike Slip [0.4]

149

Strike Slip [0.4]
Reverse
Oblique [0.6]

Total
Length
(km)

Rupture
Length
(km)

125

40 [0.3]
60 [0.4]
125 [0.3]

229

35 [0.3]
70 [0.4]
115 [0.25]
235 [0.05]

110

35 [0.3]
75 [0.4]
110 [0.3]

84

83 [0.5]
40 [0.5]

Minimum Depth
of Seismogenic
Rupture (km)

Maximum Depth
of Seismogenic
Rupture (km)

Dip
(degrees)

0

20 [0.3]
25 [0.4]
30 [0.3]

Reverse Oblique:
45N [0.4] 60N [0.6]
Strike Slip:
60N [0.4] 75N [0.6]

0

20 [0.3]
25 [0.4]
30 [0.3]

Slip Rate
(mm/yr)

Mean

Range

0.08 [0.1]
0.2 [0.2]
0.35 [0.4]
0.5 [0.2]
0.75 [0.1]

7.3

7.0 - 7.7

Reverse Oblique:
45N [0.4] 60N [0.6]
Strike Slip:
60N [0.4] 75N [0.6]

0.08 [0.1]
0.2 [0.2]
0.35 [0.4]
0.5 [0.2]
0.75 [0.1]

7.3

6.7-8.4

0

20 [0.3]
25 [0.4]
30 [0.3]

Reverse Oblique:
50N [0.4] 60N [0.6]
Strike Slip:
65N [0.4] 80N [0.6]

0.08 [0.1]
0.2 [0.2]
0.35 [0.4]
0.5 [0.2]
0.75 [0.1]

7.4

6.7 - 7.9

0

20 [0.3]
25 [0.4]
30 [0.3]

45N [0.2]
60N [0.4]
90 [0.4]

0.05 [0.3]
0.2 [0.4]
1.0 [0.2]
2.0 [0.1]

7.2

6.8-7.8

6.9

6.8-7.2

6.8

6.5-7.7

Skipjack Fault

SJF

184

Strike Slip [0.6]
Reverse [0.4]

40

40

0

20 [0.3]
25 [0.4]
30 [0.3]

Strike Slip: 90 [1.0]
Reverse:
60N [0.5]
60S [0.5]

Reverse:
0.07 [0.3]
0.4 [0.4]
0.7 [0.3]
SS:
0.03 [0.3]
0.15 [0.4]
0.3 [0.3]

Utsalady Point Fault

UTF

245

Strike Slip [0.4]
Reverse
Oblique [0.6]

30

28 [0.3]
55 [0.7]

0

20 [0.3]
25 [0.4]
30 [0.3]

45N [0.2]
60N [0.4]
90 [0.4]

0.15 [0.25]
0.3 [0.5]
0.4 [0.25]
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TABLE 1
CHARACTERIZATION OF CRUSTAL FAULT SOURCES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia
Name
[probability of
activity]1

Code

Surface Trace
Style of
Distance to Site
Faulting
(km)
(dip direction)

Total
Length
(km)

Rupture
Length
(km)

Minimum Depth
of Seismogenic
Rupture (km)

Maximum Depth
of Seismogenic
Rupture (km)

Dip
(degrees)

0 [0.5]
4 [0.5]
0

20 [0.3]
20 [0.3]
25 [0.4]
25 [0.4]
30 [0.3]
30 [0.3]

30N [0.2]
Reverse Oblique:
45N [0.4]
45N [0.4] 60N [0.6]
60N [0.2]
Strike Slip:
70N [0.2]
60N [0.4] 75N [0.6]

0

20 [0.3]
25 [0.4]
30 [0.3]

45N [0.2]
60N [0.4]
90 [0.4]

0

20 [0.3]
25 [0.4]
30 [0.3]

Tacoma
Fault
Devil
Mountain
Fault
unsegmented

TF
DMF

312
235

Reverse [1.0]
[0.6]
Strike Slip [0.4]

50
125

23
40 [0.3]
50
60 [0.7]
[0.4]
125 [0.3]

Strawberry Point Fault

SPF

245

Strike Slip [0.4]
Reverse
Oblique [0.6]

27

26

Seattle Fault Zone
(unsegmented)

SFZ

Lake Creek-Boundary
Creek-Little River Fault

LC-BCLR

298

Reverse [1.0]

216

Strike Slip [0.4]
Reverse
Oblique [0.6]

Eastern Olympic
Mountains Fault Zone

EOFZ

139

Strike Slip [0.4]
Reverse
Oblique [0.6]

Strait of Juan de Fuca
Fault Zone

SJFFZ

263

Reverse
Oblique [1.0]
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Slip Rate
(mm/yr)

Mmax Distribution2
Mean

Range

6.9

6.4-7.6

6.7

6.5-7.3

30S [0.5]
45S [0.5]

0.2 [0.1]
0.7 [0.2]
0.9 [0.4]
1.4 [0.2]
2.0 [0.1]

6.9-7.2

6.6-7.7

0

20 [0.3]
25 [0.4]
30 [0.3]

60N [0.3]
75N [0.4]
90 [0.3]

0.1 [0.15]
0.5 [0.35]
1.0 [0.35]
2.5 [0.15]

6.9

6.4-7.6

60E [0.3]
75E [0.4]
90 [0.3]

0.2 [0.15]
0.5 [0.4]
1.0 [0.3]
4.0 [0.15]

7.1

6.6-7.8

30N [0.2]
60N [0.4]
90 [0.4]

0.1 [0.3]
0.5 [0.4]
1.0 [0.3]

7.1

6.6-7.9

70

70 [0.5]
35 [0.5]

29

22 [0.3]
30 [0.4]
64 [0.3]

150

30 [0.4]
60 [0.4]
90 [0.2]

0

20 [0.3]
25 [0.4]
30 [0.3]

100

30 [0.4]
60 [0.4]
115 [0.2]

0

20 [0.3]
25 [0.4]
30 [0.3]

0.08 [0.1]
0.26 [0.2]
0.2 [0.2]
0.6 [0.7]
0.35 [0.4]
2.5 [0.1]
0.5 [0.2]
0.75 [0.1]
0.2 [0.2]
0.5 [0.2]
0.8 [0.4]
1.1 [0.15]
2.0 [0.05]
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TABLE 1
CHARACTERIZATION OF CRUSTAL FAULT SOURCES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia
Name
[probability of
activity]1

Devil Mountain Fault
Southern
Whidbey Island
unsegmented
Fault (unsegmented)

Code

DMF
SWIF

Surface Trace
Style of
Distance to Site
Faulting
(km)
(dip direction)

235
214

Strike
Slip[0.6]
[0.5]
Reverse
Reverse
Strike Slip [0.4]
Oblique [0.3]
Reverse [0.2]

Total
Length
(km)

Rupture
Length
(km)

Minimum Depth
of Seismogenic
Rupture (km)

Maximum Depth
of Seismogenic
Rupture (km)

Dip
(degrees)

125
122

40 [0.3]
30
60 [0.4]
[0.4]
45 [0.4]
125
[0.3]
89 [0.2]

Strike Slip: 0
Reverse 0
Oblique: 0
Reverse:
0 [0.5] 4 [0.5]

20 [0.3]
20
25 [0.3]
[0.4]
25
30 [0.4]
[0.3]
30 [0.3]

SS and
RO:
Reverse
Oblique:
45N
45N [0.2]
[0.4] 60N
60N [0.4]
[0.6]
80N [0.4]
Strike
Slip:
Reverse:
60N [0.4]
75N [0.6]
30S [0.4] 45S [0.4]
60S [0.2]

Slip Rate
(mm/yr)

0.08 [0.1]
0.2 [0.2]
0.7 [0.3]
0.35
[0.4]
0.9
0.5 [0.4]
[0.2]
1.2 [0.3]
0.75
[0.1]

Mmax Distribution2
Mean

Range

7.0-7.3

6.6-7.9

Notes:
1. [ ] Numbers in brackets are subjective probability weights for expressing uncertainty in the various input parameters.
2. Refers to the Maximum Magnitude distribution calculated from the fault source input parameters. A distribution is calculated that incorporates the
full range of uncertainties in the input parameters (i.e., rupture length, fault dip and seismogenic depth) and the use of two equally weighted,
empirically derived regression relationships (i.e., rupture area versus magnitude and rupture length versus magnitude) of Wells and
Coppersmith (1994).
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TABLE 2
CHARACTERIZATION OF CRUSTAL AREAL SOURCE ZONES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

Source Zone

Source
Zone
Code

Type

Approx.
distance
from sites
(km)

Style of Faulting
(Dip)

Average Fault
Trend

Average
Dip

Dip Direction

Maximum Depth
Topmost Depth of Seismogenic
of Rupture (km)
Rupture (km)

Seismicity
Smoothing

Maximum
Magnitude
Distribution

Southern
Coastal Margin

SCM

Crustal with
embedded
faults

0

Strike-slip [1.0]

Random

90

N/A

0

15 [0.3]
20 [0.4]
25 [0.3]

Smoothed [0.5]
Uniform [0.5]

7.3 [0.4]
7.5 [0.4]
7.7 [0.2]

Northern
Coastal Margin

NCM

Crustal

146

Strike-slip [0.4]
Reverse Oblique [0.45]
Reverse [0.15]

N-S (SS)
30 (RO)
E-W ( R)

90 (ss)
60 (RO)
30 (r)
60 (r)

Reverse:
E [0.5], W [0.5]
Reverse Oblique:
N [0.5], S [0.5]

0

15 [0.3]
20 [0.4]
25 [0.3]

Smoothed [0.7]
Uniform [0.3]

7.0 [0.3]
7.2 [0.4]
7.5 [0.3]

Puget Lowland

PL

Crustal

189

Reverse Oblique [0.6]
Strike-slip [0.4]

E-W [0.33]
65 [0.34]
40 [0.33]

Various

Various

Reverse Oblique:
0 [0.7]
4 [0.3]

20 [0.3]
25 [0.4]
30 [0.3]

Smoothed [0.7]
Uniform [0.3]

6.7 [0.3]
7.0 [0.4]
7.3 [0.3]

40 [0.3] r
55 [0.4] r
70 [0.3] r
60 [0.3] ss
75 [0.4] ss
90 [0.3] ss

Reverse Oblique:
N [1.0]
Strike Slip:
N [1.0]

Reverse Oblique:
0 [0.7]
4 [0.3]

20 [0.3]
25 [0.4]
30 [0.3]

Smoothed [0.5]
Uniform [0.5]

6.8 [0.3]
7.0 [0.3]
7.3 [0.3]
7.6 [0.1]

E

0

10 [0.3]
15 [0.4]
20 [0.3]

Uniform [1.0]

6.8 [0.3]
7.0 [0.3]
7.3 [0.3]
7.6 [0.1]

Uniform [1.0]

6.8 [0.3]
7.0 [0.3]
7.3 [0.3]
7.6 [0.1]

Uniform [1.0]

6.8 [0.3]
7.0 [0.3]
7.3 [0.3]
7.6 [0.1]

Olympic
Peninsula

OLY

Crustal

134

Reverse Oblique [0.6]
Strike-slip [0.4]

E-W [0.2]
65 [0.3]
40 [0.2]
395 [0.1]
370 [0.1]
325 [0.1]

Northern
Volcanic Arc

NVA

Crustal with
embedded
faults

141/177

Reverse Oblique to
Reverse

40*

45 [0.3]
60 [0.4]
75 [0.3]

NE

0

10 [0.3]
15 [0.4]
20 [0.3]

E

0

18 [0.3]
20 [0.4]
22 [0.3]

Southern
Volcanic Arc

SVA

Crustal

262/283

Reverse Oblique

15

55 [0.3]
70 [0.4]
86 [0.3]

Southern
Intermountain

SIM

Crustal

295

Reverse [1.0]

25 [0.7]
Random [0.3]

45 [0.3]
55 [0.4]
65 [0.3]
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TABLE 2
CHARACTERIZATION OF CRUSTAL AREAL SOURCE ZONES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

Type

Approx.
distance
from sites
(km)

Style of Faulting
(Dip)

Average Fault
Trend

Average
Dip

Dip Direction

NIM

Crustal

249

Strike-Slip [1.0]

30 [0.7]
Random [0.3]

90

N/A

0

18 [0.3]
20 [0.4]
22 [0.3]

Uniform [1.0]

6.8 [0.3]
7.0 [0.3]
7.3 [0.3]
7.6 [0.1]

NTZC

Crustal

100

Strike-slip [0.34]
Reverse [0.33]
Normal [.33]

50 [0.5]
10 [0.5]

90 (ss)
70 (rv/n)

Various

0

15 [0.4]
18 [0.4]
20 [0.2]

Uniform [1.0]

7.0 [0.4]
7.25 [0.4]
7.5 [0.2]

Source
Zone
Code

Northern
Intermountain
Nookta Fault
Zone Continental

Source Zone

Amec Foster Wheeler
Page 2 of 2

Maximum Depth
Topmost Depth of Seismogenic
of Rupture (km)
Rupture (km)

Seismicity
Smoothing

Maximum
Magnitude
Distribution
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TABLE 3
CHARACTERIZATION OF SUBDUCTION SOURCE ZONES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia
Intraslab Sources

Source Zone

Approximate
Source Zone Distance from
Code
Site (km)

Juan De Fuca Puget Sound
Shallow

JdFPS

43

Juan De Fuca Puget Sound
Deep

JdFPD

43

Juan De Fuca Vancouver Island

JdFVI

40

Depth Contour
Depth Contour
Defining Updip Defining Downdip
Boundary
Boundary
20 [0.2]
10 [1.0]
30 [0.6]
40 [0.2]
20 [0.2]
60 [0.2]
30 [0.6]
70 [0.6]
40 [0.2]
80 [0.2]
10 [1.0]

50 [0.5]
60 [0.5]

Seismogenic Zone
Thickness (km)
15 [0.2]
17 [0.7]
22 [0.1]
15 [0.2]
17 [0.7]
22 [0.1]
15 [0.2]
17 [0.7]
22 [0.1]

Seismicity
Smoothing
Smoothed [0.4]
Uniform [0.6]
Smoothed [0.4]
Uniform [0.6]
Smoothed [0.7]
Uniform [0.3]

Maximum
Magnitude
Distribution
6.0 [0.2]
6.25 [0.6]
6.5 [0.2]
6.8 [0.2]
7.0 [0.7]
7.5 [0.1]
6.30 [0.2]
6.50 [0.6]
6.80 [0.2]

Fault Zone Sources

Source Zone

Nootka Transform Fault Zone

Approximate
Source Zone Distance from
Code
Site (km)

NTZ

65

Faulting Style

Strike Slip

Strike (azmith)
and
Dip⁰(degrees)
⁰
N46⁰E [1.0]
⁰
75 NW [0.2]
90 [0.6]
75 SE [0.2]

Seismogenic Depth

Seismicity
Smoothing

Maximum
Magnitude
Distribution

Uniform [1.0]

6.2 - 7.21

Uncertainty of N-S
Boundary

Recurrence
Interval

Top Depth (km):
2.5 [0.3] 3.0 [ 0.4] 3.5 [0.3]

Thickness (km):
3.0 [0.2] 6.0 [0.5] 10 [0.3]

Interface Source

Source Zone

Cascadia Interface
(note: geometry adopted from
McCory et al. [2006])

Approximate
Closest
Source Zone Distance from
Code
Site (km)

CFS

40

Northern Edge
of Rupture

Earthquake Size

Mega Earthquake
(M~9)
Intermediate
Brooks Peninsula
Earthquakes
[0.9]
Nootka Fault [0.1] (8≤ M< 8.9) Small
Earthquakes
(8< M)

Rupture Source
Segments
EX+WANO+SO+NC
WANO+SO+NC
WANO+SO
EX+WANO
SO+NC
NC

⁰

±100 km either side
See table
⁰
of lat 45 N:
G-PB6a and GPB6b
+100 km [0.2]
in BC Hydro Report
45 N latitude [0.6] - Volume 2 Appendix
100 km [0.2]
G

Note: EX = Explorer, WANO = Vancouver Island - Washington - Northern Oregon, SO = Southern Oregon, NC = Northern California
1. Maximum magnitude distribution varies with seismogenic depth.

I:\Project\Canada\NX14001F.2\3000 Report\FINAL REPORT\2 tbls\Table_3.xlsx

Amec Foster Wheeler
Page 1 of 1

TABLE 4
HORIZONTAL UNIFORM HAZARD RESPONSE SPECTRAL ORDINATES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

MEAN HAZARD
Spectral Acceleration (g) at 5% Damping for Return Period (yr)
Period
(seconds)
0.01
0.03
0.05
0.1
0.15
0.2
0.3
0.5
1
2
5
10

100

225

475

975

2,475

4,975

10,000

0.064
0.066
0.083
0.129
0.146
0.148
0.128
0.089
0.044
0.018
0.005
0.002

0.121
0.126
0.152
0.239
0.276
0.283
0.250
0.182
0.092
0.040
0.011
0.004

0.222
0.229
0.255
0.398
0.481
0.505
0.486
0.396
0.235
0.100
0.027
0.010

0.351
0.357
0.375
0.586
0.705
0.751
0.753
0.660
0.421
0.174
0.052
0.016

0.546
0.553
0.559
0.884
1.086
1.149
1.173
1.072
0.654
0.283
0.081
0.024

0.705
0.714
0.702
1.127
1.359
1.455
1.499
1.353
0.862
0.362
0.107
0.031

0.876
0.885
0.881
1.375
1.701
1.842
1.915
1.707
1.086
0.455
0.132
0.040

MEDIAN HAZARD
Spectral Acceleration (g) at 5% Damping for Return Period (yr)
Period
(seconds)
0.01
0.03
0.05
0.1
0.15
0.2
0.3
0.5
1
2
5
10

100

225

475

975

2,475

4,975

10,000

0.061
0.063
0.080
0.125
0.141
0.143
0.122
0.086
0.042
0.017
0.005
0.013

0.116
0.120
0.144
0.229
0.263
0.270
0.234
0.171
0.085
0.036
0.010
0.022

0.205
0.212
0.239
0.375
0.445
0.466
0.435
0.344
0.193
0.080
0.023
0.033

0.324
0.331
0.352
0.555
0.653
0.690
0.683
0.590
0.366
0.149
0.045
0.049

0.505
0.513
0.526
0.814
1.016
1.069
1.087
0.992
0.593
0.253
0.072
0.076

0.634
0.647
0.649
1.053
1.246
1.328
1.360
1.228
0.764
0.329
0.099
0.105

0.787
0.801
0.801
1.260
1.528
1.649
1.701
1.516
0.983
0.405
0.119
0.139
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TABLE 5
HORIZONTAL 50th PERCENTILE DETERMINISTIC RESPONSE SPECTRAL
ORDINATES FOR SIGNIFICANT SOURCES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

Period
(seconds)1

0.01
0.02
0.05
0.08
0.1
0.15
0.2
0.25
0.3
0.4
0.5
0.75
1
1.5
2
3
4
5
7.5
10.0

50th Percentile Spectral Acceleration (g)
Crustal
Juan De Fuca
Juan De Fuca
Cascadia
Source –
V.I. Intraslab – Deep Intraslab –
Interface –
M 7.4 at 18 km M 6.8 at 40 km
M 7.0 at 43 km
M 9 at 40 km
0.233
0.235
0.294
0.363
0.420
0.503
0.536
0.536
0.515
0.459
0.408
0.294
0.226
0.150
0.110
0.071
0.052
0.039
0.021
0.013

0.287
0.287
0.369
0.481
0.587
0.660
0.667
0.598
0.539
0.440
0.340
0.198
0.134
0.067
0.043
0.023
0.015
0.011
0.005
0.003

0.334
0.334
0.423
0.547
0.666
0.753
0.772
0.703
0.642
0.535
0.421
0.250
0.171
0.087
0.057
0.031
0.021
0.014
0.007
0.005

0.417
0.417
0.399
0.506
0.643
0.798
0.858
0.863
0.893
0.906
0.811
0.621
0.487
0.292
0.199
0.113
0.081
0.057
0.026
0.017

Notes:
1. Response spectra are five-percent damped, except for PGA (0.01 seconds), which is not
damped.
2. Distances represent closest distance of rupture to site (R Rup).
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TABLE 6
HORIZONTAL 84th PERCENTILE DETERMINISTIC RESPONSE SPECTRAL
ORDINATES FOR SIGNIFICANT SOURCES
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

Period
(seconds)1

0.01
0.02
0.05
0.08
0.1
0.15
0.2
0.25
0.3
0.4
0.5
0.75
1
1.5
2
3
4
5
7.5
10.0

84th Percentile Spectral Acceleration (g)
Juan De Fuca
Juan De Fuca
Cascadia
Crustal Source –
V.I. Intraslab –
Deep Intraslab –
Interface
–
M 7.4 at 18 km
M 6.8 at 40 km
M 7.0 at 43 km
M 9 at 40 km
0.416
0.419
0.539
0.674
0.782
0.929
0.990
0.996
0.971
0.878
0.792
0.589
0.457
0.305
0.223
0.145
0.105
0.079
0.043
0.025

0.523
0.523
0.673
0.877
1.069
1.203
1.215
1.090
0.982
0.802
0.620
0.361
0.244
0.121
0.078
0.042
0.028
0.019
0.009
0.006

0.609
0.609
0.771
0.996
1.214
1.373
1.407
1.280
1.169
0.975
0.766
0.456
0.311
0.159
0.103
0.057
0.038
0.026
0.013
0.008

0.760
0.760
0.727
0.923
1.171
1.454
1.563
1.573
1.627
1.650
1.478
1.132
0.888
0.532
0.362
0.205
0.148
0.103
0.047
0.031

Notes:
1. Response spectra are five-percent damped, except for PGA (0.01 seconds), which is not damped.
2. Distances represent closest distance of rupture to site (R Rup).
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APPENDIX A
Recurrence Parameters for Areal Crustal and Subducted Slab Source Zones
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APPENDIX B
Preliminary Seismic Hazard Results from July 2015

APPENDIX B
PRELIMINARY SEISMIC HAZARD RESULTS FROM JULY 2015
Seismic Hazard Evaluation
Myra Falls Mine Tailings Disposal Facilities
Nyrstar Myra Falls Mine, British Columbia

Preliminary probabilistic spectra were developed and provided to the project team in July of
2015. These preliminary results are provided in this appendix along with a comparison of the
preliminary mean uniform hazard response spectra (UHRS) with the final URHS presented in
Section 5. As noted in Section 5.4 of the report, in performing further analysis and checks on the
preliminary results during October of 2015, we identified an error in the calculation of the 0.2second period spectra, which resulted in the preliminary response spectra being too high at this
period.
The preliminary seismic hazard results for 0.2-second period, and the corresponding
deaggregation of the mean hazard results for magnitude, distance, and epsilon for six return
periods (225, 475, 975, 2,475, 4,975, and 10,000 years) are shown in figures B-1 and B-2a-d,
respectively. The preliminary hazard on Figure B-1 is higher for all return periods longer than
about 800 years compared to the final hazard results on Figure 9. The distribution of hazard
among the distance bins at 30 to 50 km and 50 to 75 km is slightly different in comparing the
preliminary and final results (Figures B-2a-d and Figures 12a-d), but both results show the
dominant contribution of large magnitude (M 9 +/-) full length ruptures on the Cascadia
Subduction Zone interface source to the total hazard. There is no difference in the preliminary
and final results at any other spectral period, as shown by the comparison of the preliminary
mean response spectra with the final mean response spectra on Figure B-3.
These preliminary results are superseded by the final results presented in Section 5 of this
report, and should not be used for any interpretations or analyses.
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Ground Motion Time-History Selection Process for the Myra Falls
Tailings Dam Site
Introduction
Myra Falls Tailings Dam site lies in Cascadia Subduction Zone and as such can be affected by three types
of earthquakes: 1) subduction interface earthquakes, 2) deep earthquakes in the subducting slab, and 3)
shallow earthquakes in the continental crust.
Due to the proximity of this site to the landward edge of the estimated rupture area of the Cascadia
Subduction Zone, hazard at Myra Falls Tailings Dam site is dominated by subduction interface
earthquakes at all spectral periods. Also significant is the potential for shallow crustal earthquakes such
as the M7.3 earthquake that happened in 1946 in the vicinity of this site.
This report describes the tasks undertaken by Onur Seemann Consulting (OSC) for selecting 11 base
ground motion time histories appropriate for this site at the return period(s) of interest. Assistance was
provided by OSC to Amec Foster Wheeler in processing, scaling and matching of these records to the
target spectra, however these tasks were largely carried out by Amec Foster Wheeler and are not part of
this report.
The probabilistic and deterministic seismic hazard analyses were carried out and target spectra were
provided by Amec Foster Wheeler (the preliminary spectra on April 21st, 2015 and final spectra on July
10th, 2015). A more in depth description of earthquake hazard in this region as well as the hazard
analyses can be found in their report.
The return periods of interest are 2,475-years and longer. The base records are selected such that they
would require as little modification as possible of their frequency content, i.e. their response spectra are
reasonably close in shape to the target spectra. The period range is kept as broad as possible, however
according to the information provided by Amec Foster Wheeler, periods longer than 2.0 seconds are
generally out of the period range of interest.

Subduction Interface Earthquakes
The subduction interface earthquakes expected in the Cascadia Subduction Zone have a moment
magnitude of Mw9.0 and are roughly 40km to 70km (horizontal distance, i.e. Rjb) to Myra Falls mine, BC,
depending on the definition of the landward extent of estimated rupture zone.
The current Geological Survey of Canada (GSC) hazard model that is the basis of the 2005 and 2010
National Building Code of Canada (Adams and Halchuk, 2003) treats these earthquakes as a
deterministic source with a magnitude Mw8.2. This is in part due to a lack of ground motion records
from Mw~9.0 earthquakes at the time this model was prepared, which made it challenging to predict
1
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ground shaking from such large magnitude earthquakes. However, the 2012 BC Hydro Seismic Hazard
study (BC Hydro, 2012) and the new GSC hazard model that is intended for the 2015 National Building of
Canada (Halchuk et al., 2014) characterizes these earthquakes with Mw~9.0 as in recent years,
recordings have become available from two subduction interface earthquakes in this magnitude range:
2010 Maule, Chile and the 2011 Tohoku, Japan earthquakes.
There are some disadvantages to selecting records from the 2011 Tohoku, Japan earthquake: 1) the
subduction zone characteristics such as age and temperature where this earthquake happened is
different from Cascadia Subduction Zone, and 2) this earthquake had a shorter rupture and higher slip
than what we would expect in the Cascadia Subduction Zone. However, it is the largest dataset ever
collected from a subduction zone earthquake and it is the only dataset from a Mw~9.0 subduction
interface earthquake. Hence, the record set presented in this report draws heavily from the 2011
Tohoku, Japan earthquake.
In selecting records to represent subduction interface earthquakes, the distance range of interest (Rjb of
40km to 70km) was also considered as part of the selection process. In terms of distance, the landward
extent of the estimated Tohoku rupture area is used in calculating the Rjb presented in Table 1 for
consistency with the distance definition used for Cascadia. As the subduction interface earthquakes
dominate the hazard at the Myra Falls mine site, a total of six records are selected from this type of
earthquake. These are described in Table 1.
Table 1. Base Records Selected from Subduction Interface Earthquakes

IWT0111103111446_EW

EW

2011 Tohoku, Japan

IWT011

9.0

Estimated
Rjb (km)
~60

MYG0091103111446_EW

EW

2011 Tohoku, Japan

MYG009

9.0

~60

MYG0091103111446_NS

NS

2011 Tohoku, Japan

MYG009

9.0

~60

MYG0151103111446_EW

EW

2011 Tohoku, Japan

MYG015

9.0

~50

MYGH091103111446_EW2
stgopuentealto1002271_NS

EW2
NS

2011 Tohoku, Japan
2010 Maule, Chile

MYGH09
PUENTE ALTO

9.0
8.8

~60
~70

File

Comp.

Event

Station

Mw

Estimated Vs30
(m/s)
7.5m of gravel
on rock
7m of gravelly
soil on rock
7m of gravelly
soil on rock
5m of silt and
clay on sand
360

Time
step (s)
0.01
0.01
0.01
0.01
0.01
0.01

The Chilean record was downloaded from the Center for Engineering Strong Motion Data web site
(http://www.strongmotioncenter.org/) and was processed by Universidad de Chile. The five records
from K-Net and KiK-Net were downloaded unprocessed from the K-Net and KiK-Net web site
(http://www.kyoshin.bosai.go.jp/). Record processing (baseline correction and filtering) for K-Net and
KiK-Net records was carried out by Amec Foster Wheeler with input from OSC. The filter corners were
determined based on the frequency domain characteristics of each particular record.
About 60 records from 30 stations were screened from the 2011 Tohoku earthquake recordings in order
to select the five Japanese records listed in Table 1. Similarly, 12 records from six stations were screened
from the 2010 Maule earthquake recordings to select the record listed in Table 1.
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Shallow Crustal Earthquakes
Geological Survey of Canada (GSC)’s current hazard model (Adams and Halchuk, 2003) produces
relatively small contribution from shallow crustal earthquakes to the overall hazard in Myra Falls mine,
BC. However, one of the largest on-land earthquakes (magnitude 7.3) ever recorded on Canadian
territory occurred near the mine site in 1946 (http://earthquakescanada.nrcan.gc.ca/historichistorique/events/19460623-eng.php). Although it caused no surface rupture, BC Hydro (2012) seismic
hazard report refers to this event and the potential faults nearby that might have caused it.
Given that a magnitude 7.3 earthquake has already occurred in this area and given the proximity of the
site to the estimated fault rupture, four records from three shallow crustal earthquakes were selected
(Table 2) from the Pacific Earthquake Engineering Research Center (PEER) NGA strong motion database
(http://ngawest2.berkeley.edu/) based on the magnitude range of this fault’s potential (Mw7.0-Mw7.5)
and the distance range of this fault to Myra Falls mine site (10km-30km).
Table 2. Base Records Selected from Shallow Crustal Earthquakes
File
RSN3746_CAPEMEND_CBF360
RSN5827_SIERRA_MEX_MDO000
RSN5990_SIERRA_MEX_E07090
RSN6959_DARFIELD_REHSS88E

Event

Mw

1992 Cape Mendocino
2010 El Mayor - Cucapah
2010 El Mayor - Cucapah
2010 Darfield NZ

7.0-7.2
7.2
7.2
7.0

Mechanism
Reverse
Strike-slip
Strike-slip
Strike-slip

Rjb
(km)
16
13
27
20

Pulse
Y
N
N
Y

Vs30
(m/s)
459
242
210
141

Time
step (s)
0.005
0.005
0.005
0.005

Two of the records were selected to have velocity pulses to capture the possibility that a future fault
rupture may be close enough that such effects may be observed at the Myra Falls mine site. All records
were processed by the PEER NGA program as described at: http://ngawest2.berkeley.edu/
The number of records screened for the selection of the four records listed in Table 2 are: 30 records (15
stations) from the 1992 Cape Mendocino, California earthquake, 40 records (20 stations) from the 2010
Darfield, New Zealand Earthquake, 14 records (7 stations) from the 1999 Duzce, Turkey earthquake, and
24 records (12 stations) from the 2010 El Mayor – Cucapah earthquake.
While three of the time-histories selected were recorded on sites softer than Site Class C (Vs30 <
360m/s), effort was made to make sure that these records did not exhibit major long-period peaks that
require intensive frequency-domain modification. The shape of the response spectrum was more
prominently used than Vs30 in selecting appropriate records in order to minimize the frequency-content
and amplitude modifications needed to match the target spectrum.

Deep Inslab Earthquakes
Deep earthquakes in the subducting slab are a relatively minor contributor to hazard in Myra Falls mine,
BC (both from the perspective of GSC’s 2015 hazard model and BC Hydro’s 2012 hazard model). Hence
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only two records were selected to represent these events: one from the 2001 Nisqually, WA earthquake
and one from the 2001 Geiyo earthquake in Japan. These earthquakes are both deep earthquakes in the
subducting slab; have similar magnitudes, depths and faulting mechanisms to the inslab earthquakes we
would expect near the Myra Falls site.
The two records that were selected are presented in Table 3. The record from the Nisqually earthquake
was obtained from the United States Geological Survey (USGS) National Strong-Motion Project (NSMP)
and the record from the Geiyo, Japan earthquake was obtained from the Japanese K-Net ground motion
database.
Table 3. Base Records Selected from Deep Inslab Earthquakes
File
Nisqually1416a_a
EHM0160103241528_EW

Comp.

270
EW

Event

Station

2001 Nisqually
2001 Geiyo, Japan

7032
EHM016

Mw
6.8
6.8

Depth
(km)
55
50

Rjb
(km)
16
47

Vs30 (m/s)
17m gravel, sand
and silt on clay

Time
step (s)
0.005
0.01

The record from NSMP was processed by the USGS. The record from K-Net was processed (baseline
corrected and filtered) by Amec Foster Wheeler with input from OSC. The filter corners were
determined based on the frequency domain characteristics of this particular record.
To arrive at these two records, a total of 40 Nisqually earthquake records (20 stations) from USGS
NSMP; and 48 Geiyo earthquake records (24 stations) from K-Net and KiK-Net databases were screened.

Ground Motion Time Histories
The following series of figures present the acceleration, velocity, and displacement time-series (on the
left) as well as the response spectra for the base records selected for Myra Falls mine site (on the right).
Velocities and displacements are in units of cm/s and cm, respectively. Accelerations are in units of g.
On the response spectra plots, also plotted are the final 2,475-year mean Uniform Hazard Spectrum
(UHS) provided by Amec Foster Wheeler on July 10th, 2015 (solid blue curve), and the preliminary 2,475year UHS provided by Amec Foster Wheeler on April 21st, 2015 (dashed blue line). The records were
selected based on the shape of the preliminary UHS, which was used as the target spectrum. Since the
final UHS is very close to the preliminary UHS, base records did not need to change when the final UHS
became available.
The time-histories and the response spectra below are displayed with preliminary processing carried out
by OSC for the purposes of selecting the base records. The scaled response spectrum plotted in gray in
some of the plots is for visualization purposes only and is intended for comparison of the shapes of the
UHS and the response spectra. The final processing, scaling and frequency-content modification for all
records were carried out by Amec Foster Wheeler.
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Subduction Interface Earthquake Records
IWT0111103111446 EW

IWT0111103111446 EW Scaled by:1.8
2

0.2
1.8

0
-0.2
-0.4

1.6
0

50

100

150
Time (s)

200

250

300

1.4

Spectral Acceleration (g)

Acceleration (g)

0.4

Velocity (cm/s)

40
20
0
-20

Displacement (cm)

-40

0

50

100

150
Time (s)

200

250

300

1.2

1
0.8
0.6

10
5

0.4

0
0.2

-5
-10

0

50

100

150
Time (s)

200

250

0

300

0

0.5

1

50

100

150
Time (s)

200

250

300

4

4.5

5

1.4

Spectral Acceleration (g)

Acceleration (g)
Velocity (cm/s)
Displacement (cm)

3.5

1.6

-0.5

0

0

50

100

150
Time (s)

200

250

300

1.2

1
0.8
0.6

20

0.4

0

0.2
-20
0

50

100

150
Time (s)

200

250

0

300

0

0.5

1

1.5

MYG0091103111446 NS

2

2.5
Period (s)

3

3.5

4

4.5

5

MYG0091103111446 NS Scaled by:1.5

0.5

2
1.8

0

1.6
-0.5

0

50

100

150
Time (s)

200

250

300

1.4

Spectral Acceleration (g)

Acceleration (g)

3

1.8

0

50

40

Velocity (cm/s)

2.5
Period (s)

2

0

20
0
-20
-40

Displacement (cm)

2

MYG0091103111446 EW Scaled by:1.4

MYG0091103111446 EW
0.5

-50

1.5

0

50

100

150
Time (s)

200

250

300

1.2

1
0.8
0.6

20
10

0.4

0
0.2

-10
-20

0

50

100

150
Time (s)

200

250

0

300

5

0

0.5

1

1.5

2

2.5
Period (s)

3

3.5

4

4.5

5

Tuna Onur, Ph.D.
Onur Seemann Consulting

12 August 2015

MYG0151103111446 EW Scaled by:1

MYG0151103111446 EW
2

0.2

-0.4

Velocity (cm/s)

1.8

0
-0.2

1.6
0

100

150
Time (s)

200

250

300

1.4

50

0

-50
0

Displacement (cm)

50

Spectral Acceleration (g)

Acceleration (g)

0.4

50

100

150
Time (s)

200

250

300

1.2

1
0.8
0.6

20

0.4

0
0.2
-20
0

50

100

150
Time (s)

200

250

0

300

0

0.5

1

MYGH091103111446 EW2

3

3.5

4

4.5

5

4

4.5

5

4

4.5

5

2
1.8

0
-0.2

1.6
0

50

100

150
Time (s)

200

250

300

1.4

Spectral Acceleration (g)

Acceleration (g)

2.5
Period (s)

0.2

-0.4

40

Velocity (cm/s)

2

MYGH091103111446 EW2 Scaled by:1.8

0.4

20
0
-20
-40

Displacement (cm)

1.5

0

50

100

150
Time (s)

200

250

300

1.2

1
0.8
0.6

10

0.4

0
0.2
-10
0

50

100

150
Time (s)

200

250

0

300

0

0.5

1

stgopuen HSOT CH2NS a

1.5

2

2.5
Period (s)

3

3.5

stgopuen HSOT CH2NS a Scaled by:2

Acceleration (g)

2
0.2
0.1

1.8

0
-0.1

1.6

-0.2
0

100

50

150

1.4

Spectral Acceleration (g)

Velocity (cm/s)

Time (s)
20
0
-20
0

100

50

150

Displacement (cm)

Time (s)

1.2

1
0.8
0.6

10
5

0.4

0
0.2

-5
-10

0

100

50

0

150

Time (s)

6

0

0.5

1

1.5

2

2.5
Period (s)

3

3.5

Tuna Onur, Ph.D.
Onur Seemann Consulting

12 August 2015

Shallow Crustal Earthquake Records
RSN3746 CAPEMEND CBF360
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RSN6959 DARFIELD REHSS88E
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Subducting Slab Earthquake Records
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Disclaimer
All information and data provided as part of this report (and any attachments to this report) are the
author’s best estimates on a subject that is susceptible to large uncertainties and varying
interpretations. In no event shall Onur Seemann Consulting (OSC) and its consultants be liable to any
party for direct, indirect, special, incidental, or consequential damages, including injuries, loss of life,
loss of property or any form of financial loss, arising out of the use of the information and data
described herein.
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Appendix B
Glossary of Terms

Glossary of Terms
Cyclic mobility: Ground failure due to incremental strains and deformations associated with
cyclic loading from a large earthquake, resulting in limited soil strains and deformations without
liquid-like flow.
Transient or “initial” liquefaction: The point at which the increase in pore water pressure is
equal to the initial effective confining pressure resulting from cyclic shear stress loading acting on
an element of soil. Imbalanced driving shear stress (“initial static shear stress”) may or may not
act on the soil element prior to the start of cyclic loading. Transient liquefaction is sometimes
referred to as initial liquefaction but does not necessarily imply permanent loss of shear resistance
of the soil element since under the action of sustained static shear stress after the end of cyclic
loading, soil element dilation and reduction in pore water pressure may occur.
Flow liquefaction: A phenomenon in which the static equilibrium of a soil deposit with low
residual strength, such as that of a liquefied soil, is destroyed by static or dynamic shear stresses,
causing large deformations. Flow liquefaction occurs in loose contractant soils (typically loose
granular soils or sensitive, strain softening cohesive soils) where the static or dynamic loading
triggers large excess pore water pressures and shear strength reduction. Under the action of
imbalanced driving shear stresses where high excess pore pressures remain, the residual shear
strength at large strains are less than the driving shear stress and large deformations result. The
deformations continue until equilibrium is established between the driving shear stresses and the
residual strength of the soil.
Dilatant pore pressure: Reduction in pore water pressure that is induced during the static or
cyclic shearing of soil where the soil under conditions of limited volume change (undrained
condition) wants to expand in volume (dilate) but because of the undrained condition, pore water
pressures reduce (relative to initial static pore pressures U0 and any previous positive excess
pore pressures that may have developed) and may go negative to a minimum value of -1
atmosphere at which pore water cavitation occurs. The occurrence of dilatant pore pressure
response is the main reason following static or cyclic shear loading of a soil element and the initial
development of high (positive) excess pore pressures, that strength regain occurs in the soil and
large flow deformations do not occur.
Contractant pore pressure: Positive excess pore water pressure (over and above the static
water pressure U0) that is induced during the static or cyclic shearing of contractant soil under
undrained conditions. A contractant soil wants to contract in volume under the action of static or
cyclic shear stresses but under undrained conditions this volumetric contraction is prevented and
excess pore water pressures develop. This phenomenon is responsible for transient liquefaction
and flow liquefaction. Contractant pore pressure response may occur over a limited range of shear
strains and at larger strains, dilatant pore pressure response may occur leading to strength gain.
Post-seismic residual strength or post-cyclic liquefaction residual strength: The residual
strength, or steady-state strength, of a soil, mobilized at large shear strains (typically in excess of
10%) after soil failure due to static or cyclic shear loading. The residual strength of a soil depends
on many factors. For a granular soil, the main variables are initial density (void ratio), effective

confining stress level, soil gradation, direction of shear stress applied to the soil element (due to
the influence of initial soil fabric), and whether partial drainage can occur during large strain
deformations. At large strains, the influence of initial soil fabric may be largely erased and the
direction of shear stress application may have a limited effect. For a cohesive soil, similar
variables influence residual strength with the added influence of soil mineralogy, pore fluid
chemistry, sensitivity to shear disturbance and resultant reduction in shear strength with
increasing strain, and whether the soil has been previously sheared (reducing the influence of
initial soil fabric).
Pore pressure redistribution: Change in the spatial distribution of pore pressures occurring after
an earthquake whereby excess pore pressures generated during the earthquake seep from zones
of higher excess pore water pressure to zones of lower excess pore water pressure. This “partial
drainage” effect can influence post-seismic residual strengths due to volume change within the
soil mass.
Water film: A thin layer of water that may develop during earthquake shaking at the base of a
soil layer that is less permeable than the underlying and overlying soil layers, which can act as a
sliding surface leading to localized reductions in post-seismic residual strength (due possibly to
this and other factors) and post-liquefaction soil failures. The maintenance of a continuous water
film over a large area will depend on whether the soil can span (arch) over a water-filled void. At
higher confining stresses, this mechanism seems less likely and water films are likely to have a
limited spatial extent. The water pressure within the film cannot exceed the total overburden stress
acting above the film. However, for a normally consolidated granular material the maximum water
pressure may be limited by considerations of hydraulic fracturing. For a normally consolidated
sand (with lateral earth pressure coefficient K0 less than 1) the total horizontal stress is smaller
than the total vertical stress and thus the “water film” pressure may not reach the total overburden
stress. Water within the film may flow into fissures within the soil mass generated by earthquake
shaking and post-seismic movements, leading to elimination of the water film.

Appendix C
Spectral Acceleration Plots
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Figure C1: Record 1- MYGH09 EW2 spectrum before and after spectral matching
compared to target UHRS for hard rock based on July, 2015 UHRS.
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Figure C2: Record 2- IWT011 EW spectrum before and after spectral matching compared
to target UHRS for hard rock based on July, 2015 UHRS.
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Figure C3: Record 3- MYG009 EW spectrum before and after spectral matching compared
to target UHRS for hard rock based on July, 2015 UHRS.
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Figure C4: Record 4- MYG009 NS spectrum before and after spectral matching compared
to target UHRS for hard rock based on July, 2015 UHRS.

Appendix D
Groundwater Conditions in Lynx Dam Foundation

Groundwater Conditions in Lynx Dam Foundation
A long-term record of piezometric levels in the Lynx Dam foundation area was not available for
this assessment. Monitoring wells were installed in 2011 and 2013 downstream of Lynx Tailings
Disposal Facility (TDF), and vibrating wire piezometers (VWP’s) were installed in Q3-2014 in Lynx
Dam fill and into shallow and deep foundation soils within the dam’s ultimate footprint. Lynx TDF
VWP’s are read manually with reading frequency ranging from weekly, during the construction
season, to monthly during the rest of the year. To date, slightly over a year of piezometer data is
available for Lynx. For the Lynx Dam stability review (Amec Foster Wheeler, 2015a), the highest
groundwater levels observed in the foundation soils, which generally occurred on November 30,
2014, were used to develop the phreatic surface profile used in the limit equilibrium models and
shown in Figure 1.4. Although it was known that these maximum groundwater levels were
associated with heavy rainfall (286 mm in 11 days), the likelihood of these levels was unclear.
Along Cross-Section F-F’, piezometric levels near Myra Creek are typically close to the water
level in the creek, and are sloping up towards the valley flanks at an average horizontal gradient
of about two percent. Paste tailings and the upstream shell of the dam composed of reclaim sand
are saturated but the dam rock fill remains drained as indicated by VWPs in the lower half of the
embankment and the absence of seepage on the downstream face of the dam. The top 15 metres
of foundation soils in Lynx Dam toe area is also typically drained although perched water is
occasionally detected by VWPs in relation to heavy rainfall.
Available information suggests that the Old and Lynx tailings dam foundations overlie a single
deep highly permeable alluvial aquifer consisting of glaciofluvial sand and gravels with an overall
hydraulic gradient approximately parallel to Myra Creek. The variability of groundwater levels
below the Old TDF was taken as a proxy for variability in levels under the Lynx TDF. The Old TDF
“Plane A” VWP array was commissioned in March 1990 for Tailings Disposal Area 1, representing
the west half of the original tailings facility. Nineteen years of daily readings for Old TDF “Plane A”
VWP A2-E covering the time period from April 1996 to October 2015 were shifted and scaled up
to infer groundwater levels in foundation soils below the ultimate toe of Lynx Dam foundation
where it intersects Cross-Section F-F’ used in the dam stability review (i.e. BH14-10, VWP 29324
at Elev. 3359.1 m).
Amec Foster Wheeler undertook probabilistic assessment of groundwater levels using the longer
period of record for the Old TDF calibrated with the data available for Lynx TDF. A simple model
using rainfall data to predict groundwater levels was also developed and used to complement the
results prior to the beginning of the Old TDF monitoring period and to fill data gaps in the records.
Daily rainfall series previously developed for the Myra Falls mine site by Amec Environment &
Infrastructure (2012) were completed to include the most recent rainfall data from Nyrstar Mining’s
Paste Plant weather station. This rainfall series ranging from October 1979 to 2015 was utilized
as input data for the simulation model, which was also calibrated to match inferred and observed
piezometric datasets for VW 29324 and used in the probabilistic assessment. Calibration results
for the inferred and simulated groundwater levels are illustrated on Figure D1 together with daily
rainfall and observed levels at VW 29324 and MW13-05D, a nearby monitoring well installed in
2013.

Figure D1: Calibration Results for the Inferred and Simulated Piezometer Level at
VW29324 (BH14-10) location
The probabilistic assessment results are shown for inferred groundwater levels on Figure D2 in
the form of a water level exceedance curve (i.e. a reservoir exceedance curve) which is typically
used by the US Bureau of Reclamation and US Corps of Engineers in seismic and hydrologic risk
analysis for water dams. A reservoir exceedance curve is not a probability curve because
reservoir elevations heads are correlated between successive time intervals and dependent on
the season of the year. It represent the percentage of time that the water level is at or above a
certain elevation. The percent exceedance is directly used in combined probability calculations
(i.e. the conditional probability of the design earthquake and the groundwater level, two
independent events, being at or higher than a certain design level) and annualized by the seismic
load probability. In the seismic dam response and deformation analysis presented in this report,
a high groundwater level of 3367 m elevation, being the contact between the colluvium unit and
the till, was used. In comparison, the maximum recorded level at VW29324 was 3364.55 m. It can
be seen from Figure D2 that the selected water level is never exceeded but this may be due to
data gaps as the Old TDF piezometers are only read once per day. Figure D3 shows the return
period relationship for a partial duration series analysis with a threshold level at 3367 m using the
36 years of simulated data, including the extremely wet winter of 1991-1992.

Figure D2: Water Level Exceedance Curve for VW29324 (BH14-10)

Figure D3: Simulated VW29324 Levels vs. Return Period
(Partial Duration Series, 3367 m Threshold)

Probabilistic and statistical analysis results suggest that piezometric levels below Lynx Dam may
rise by up to about eight metres above normal groundwater levels in response to a series of winter
storm events. The mean groundwater level is estimated to Elev. 3361.4 m that is 2.3 m below the
base of the inferred loose foundation materials in Becker drill hole and penetration testing location
BH14-10, which comprise the loose glaciofluvial sand and till units between Elev. 3363.7 m and
3366.7 m. By setting the groundwater level at 3367 m elevation, it was assumed that these
inferred loose units could be saturated and subject to transient liquefaction should the design
earthquake occur during the wettest time of year, i.e. the period from November through January
during which most high groundwater level events were found to occur. However, modelling results
indicate that these loose units will be drained 95% of the time. The phreatic surface selected in
the dynamic analysis is illustrated on Figure 1.4.
Section 2.5.2 of Dam Safety Guidelines (Canadian Dam Association, 2007) distinguishes a
“sunny-day” (i.e. caused by an earthquake) from a “flood-induced” failure, and mentions that in
the analysis of a sunny-day failure, it is generally considered reasonable to use normal maximum
operating reservoir levels combined with mean annual flow conditions. Structures should be able
to withstand extreme load conditions without failing, although the safety factors may be low and
the functionality of the structures may be compromised. However, loading combinations generally
consider only one extreme load at a time, in other words, the design earthquake event is not
considered simultaneously with extreme flood events. For the design earthquake case, the usual
(permanent and normal operating) loads should be considered in conjunction with the seismic
loads produced by a design level earthquake, i.e. normal reservoir ponding level and steady-state
seepage through the dam prior to the seismic event. This also applies to the post-earthquake
condition if return to pre-earthquake pore pressure distribution is assumed. Thus, combining the
extreme earthquake with unusually high groundwater levels is not typical according to standard
practice and represents an additional level of conservatism. Groundwater levels used for seismic
design could be lowered to match average seepage conditions during the wet season should
deformation criteria or stability factors of safety be exceeded. Although it influences the potential
occurrence of transient liquefaction in shallow foundation materials, the height of the phreatic
surface does not have much influence on computed seismic displacements if most deformations
occur in deep soil zones that are saturated at all times, which is what is expected for Lynx Dam.
Based on the current assessment results, the maximum simulated groundwater level obtained in
the deep sand and gravel aquifer at VW24324 (BH14-10) was Elev. 3369 m. The selected
groundwater level for the seismic deformation modelling (Elev. 3367 m) is a relatively infrequent
event exceeded only 10 days in 36 years (0.08%). Considering the partial duration series, the
annual exceedance probability (AEP) of this groundwater level would be 1:4. The design
earthquake is a rare event (2% in 50 years, or AEP of 1:2475) and the combined probability of
seeing it occurring simultaneously with the selected groundwater level would be about 4 times
lower if considering the annual exceedance relationship and about a thousand times lower if
considering the percent exceedance over the period of record. Moreover, it has been determined
that high piezometric level events with a 3363.7 m elevation threshold (corresponding to the
bottom of the loose glaciofluvial sand unit in BH14-10) rarely exceed 7 days in a normal year, and
that longer events of 20 days or more for the same threshold elevation have annual exceedance

probabilities of less than 1:5. In comparison, extreme groundwater levels typically last less than
two days except for the winter of 1991-1992 where it rained 1393 mm in 60 days and for which
simulated levels exceeded Elev. 3367 m for seven days.

