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EXECUTIVE SUMMARY

A review of the seismic hazard and seismic stability of the closed Afton tailings
impoundment has been completed by Klohn Crippen Berger Ltd. (KCB). A site-specific
seismic hazard assessment was carried out to establish seismic ground motion
parameters. Both probabilistic and deterministic seismic hazard assessments were
performed. The probabilistic assessment gave higher values for the peak ground
acceleration (PGA) than the deterministic assessment, so the results of the probabilistic
assessment were used in the seismic stability analysis. It was conservatively assumed that
the glacial till foundation of the Afton tailings impoundment belongs to the reference

NEHRP site class C (very dense soil and soft rock) / D (stiff soil) boundary.

Ground motion parameters of 0.34g PGA and M7.3 earthquake magnitude
corresponding to the 10,000 year return period were used to perform a seismic stability
analysis of the tailings impoundment. An analysis of the available Standard Penetration
Test (SPT) data indicated that liquefaction is not a concern in the foundation soils. A
limit equilibrium stability analysis was performed for the maximum section of the West
Dam, representing the critical section for stability. The factors of safety calculated in the
analysis for static, pseudo-static, and post-liquefaction stability met or exceeded the
minimum targets. Seismic deformation of the West Dam was estimated using the Hynes-
Griffin and Franklin (1984) method. The computed deformation (mean plus one standard

deviation) was 11 cm, well within acceptable limits.
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INTRODUCTION

This report presents a review of the seismic hazard and seismic stability of the closed
Afton tailings impoundment. Section? describes the site-specific seismic hazard
assessment that was performed, and presents the seismic ground motion parameters
determined from this assessment. These ground motion parameters were used in a
seismic stability assessment, described in Section 3. Conclusions and recommendations

from the seismic hazard and stability assessments are given in Section 4.
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SEISMIC HAZARD ASSESSMENT

General

A site-specific seismic hazard assessment was carried out to establish seismic ground
motion parameters for the Afton mine site located in Kamloops, BC. The representative
site coordinates for the West Dam at the mine site were taken as 50.65°N and 120.54°W.
Figure 2.1 shows the location of the West Dam at the Afton mine site. The East Dam is

located about 1 lam east of the West Dam.

Probabilistic seismic hazard assessment was conducted using the Cornell-McGuire
method embodied in the computer program Ez-Frisk (Risk Engineering Inc., 2009); both
aleatory and epistemic uncertainties in the ground motion estimates were considered.
Three alternative seismic source zone models consisting of areal sources were developed
and used in the probabilistic seismic hazard assessment. An earthquake catalogue
consisting of historical earthquake data up to April 2010 was used in the development of
areal source zone model and model parameters. Selected ground motion prediction
equations were used in the assessment to predict ground motions due to shallow crustal
earthquakes and deep intraplate (or in-slab) earthquakes. The epistemic uncertainties in
the model, model parameters and attenuation equations were treated following a logic
tree approach., In addition, a deterministic seismic hazard analysis was also conducted to
assess the impact of the earthquakes that may occur on known and unknown or blind

faults around the project site.

Review of GSC Seismic Hazard Model

The 2005 National Building Code of Canada (NBCC) was based on a countrywide
seismic hazard model developed by the Geological Survey of Canada (GSC) in the mid
1990s (Adams and Halchuck, 2003). The GSC model incorporated some of the advances

in the understanding of the seismicity and reflected the current state of practice for
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seismic hazard assessment as of about 1995. The model is regional and it was intended to
provide ground motions for the 2005 NBCC, which uses a probability level of 2% in
50 years (or 2,475 year return period). Extrapolation of ground motions to lower
probability levels, such as for a 10,000 year return period, is not recommended by the
GSC as their model is not intended to provide motions at such low return period level
(Halchuck, 2007). The GSC warns against using its model to establish Maximum
Credible Earthquake (MCE) parameters for very high or extreme consequence category
dams. Furthermore, there is significant new information on seismicity and ground
motions since thé GSC model development in the mid 1990s. Therefore, a site specific
seismic hazard assessment was cartied out to establish the ground motion parameters for

the Afton dam sites.

Tectonic Setting, Earthquakes and Faults

Figure 2.2 shows the tectonic setting of the region surrounding the Afton site. The active
tectonics in the offshore region to the west of British Columbia is dominated by the
complex interactions of plate boundaries consisting of various plates including Pacific
plate, Juan de Fuca plate, Explorer plate and North American plate. Complex tectonic
movements are ongoing along the plate boundaries including oceanic floor spreading,

transform faulting and subduction (Riddihough, 1982; Adams and Clague, 1993).

British Columbia is located within the North American plate, along the northeast margin
of the Pacific plate and consists entirely of continental crust. Inland from plate boundary,
the continental mass is largely mountainous with a complex geology and tectonics. Large
scale faulting with historical movements of up to several hundreds of kilometres is
common. However, most on-land faults within BC are not recognized as being active at
present. Most of the Pacific Ocean basin is underlain by the Pacific plate, which is the
largest tectonic plate and is almost entirely composed of mafic oceanic crust. About 90%

of the earthquakes in the world occur in a band of seismicity that follows the tectonically
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active margins. However, the rate of seismicity at the Pacific Northwest is somewhat

lower than the seismicity in other portions of the Pacific Plate.

The Juan de Fuca, Explorer and Gorda (off northern California) plates comprise the
Cascadia subduction zone along the active plate margin with the North American plate
(see Figure 2.2). These plates are subducting beneath the North American plate although
the Explorer plate is progressively slowing down as it is jammed against the North
American Plate and becoming partially coupled to the north moving Pacific plate
(Riddihough, 1977). The Cascadia subduction zone extends from the northern terminus
of San Andreas Fault off Northern California to the southern end of the Queen Charlotte
Fault off the north end of the Vancouver Island. The three dimensional geometry of the
subduction zone is now relatively well defined. Figure 2.2 shows the depth contour of the
Cascadia Subduction zone (Fliick et al., 1997). The Cascadia Subduction zone follows a
distinctive curve in plain view from a north-south strike off the coast of Washington and
Oregon to a nearly north-westerly strike off Vancouver Island with a change in strike of

about 30 degrees.

North of the subduction zone, the Pacific Plate moves relative to the North America
Plate. Along the west coast, this motion is largely accommodated by dextral transcurrent

motion along the Queen Charlotte and Fairweather Faults.

The seismic hazard for regions in and around the Subduction zone comes from three
sources: (1) Crustal seismicity in the North American plate; (2) Great earthquakes of the
Cascadia subduction zone on the interface between the North American and subducting
Juan de Fuca plate; and (3) Deep ecarthquakes within the subducting slab (“in-slab”
earthquakes), It is, however, the deep in-slab earthquakes that dominate the hazard in this
region as their rates are approximately five times higher than the rates of shallow crustal

earthquakes and their shaking levels are also greater for the same size (Adams and
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Halchuck, 2002). Well known historical earthquakes in the Georgia Straight/Puget Sound
region (M6.9 in 1949, M6.7 in 1965 and M6.8 in 2001) are in-slab earthquakes. The last
great subduction interface-earthquale occwired approximately 310 year ago. These great
earthquakes can have magnitude as large as M9 and have approximate mean recurrence

rate of 600 years (Adams, 1990).

At the Afton site, the seismic hazard can come from the same three sources, i.e. shallow
crustal earthquakes, great subduction interface earthquake and deep in-slab earthquake.
However, the subducting Juan de Fuca plate is located too far away from the Afton site to
cause any significant hazard due to either the great interface earthquake or deep in-slab
earthquakes. There have been no deep historical earthquakes with depths greater than
20 km within about 225 km of the Afton site. The hazard at the Afton site is dominated
by shallow crustal earthquakes only. The seismic activity north of the Afton site has also
been low in an area confined by the Queen Charlotte Fault to the west and the North
Rocky Mountain Trench to the east. The seismic activity generally decreases in the
easterly direction towards Afton site from the active subduction zone. However,
relatively more historical earthquakes have occurred in the Southern Rocky Mountain

area located east of the Afton site.

Major faults onshore within BC generally trend in north-westerly direction consistent
with the overall regional tectonic pattern but many faults also strike across this trend.
Most reports describe the major fault movements in BC as having occurred several tens
of million years and there has never been a published case of Quaternary surface rupture
associated with an earthquake in BC, although surface traces of many faults cannot
closely be followed due to erosion, deposition and short history of historical seismicity.
Figures 2.3a and 2.3b shows the major regional and local faults, respectively, surrounding
the Afton site. None of the faults shown in Figure 2.3a and 2.3b are considered active

except for the Hell Creek fault (#9 in Figure 2.3a). This fault has a mapped length of
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4.5km and a projected length of 10 km and is considered a splay of Yalakom Fault.
Roddick and Hutchison (1973) identified this fault as possibly active. However, this fault

is located more than 125 km from Afton site.

Seismicity
Earthquake Catalogue

The instrumental catalogue for Western Canada, containing data from January 27, 1700
to December 31, 2007, was obtained from Pacific Geoscience Center (PGC) (Cassidy,
2008). Earthquake data from January I, 2008 to April 30, 2010 were downloaded from
the online database maintained by Natural Resources Canada (NRCan, 2009a) and added

to the PGC’s earthquake catalogue.

The original magnitude type in PGC catalogue was generally My, especially in the
interior of British Columbia, sometimes mb for offshore events, and often Ms for the
older larger events. For more recent events (since about 1995), Mw has been computed
directly for earthquakes larger than about M4. PGC has used the conversions listed
below, which were also used by USGS in their development of seismic hazard maps for
the United States (Petersen et al., 2008), to convert mb, Ms and M type earthquakes
magnitudes into Mw (Cassidy, 2008).

o M= 1.46%mb-2.42 for mb >5.3, and M= mb otherwise.

e M= 0.75%(Ms+1.93) for Ms <5.8, M= 1.50%(Ms-2.60) for Ms >7.8, and
M= Ms otherwise.

o M= 1.67*(ML-2.60) for ML >6.5, and M= ML otherwise.
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The recent earthquake data downloaded from online database maintained by NRC
Canada were either in Mw or M. The M, data were converted to Mw using the above

relationship.

It is noted that the magnitude conversion was not done in the GSC hazard calculations to

establish parameters for the 2005 NBCC (Adams and Atkinson, 2003).

Historical Earthquakes

Figure 2.4 shows the historical earthquakes with magnitude M =3 within about 600 km of
the Afton site. Figure 2.5 shows the historical earthquakes with magnitude M =2.5
within about 100 km of Afton. Only the earthquakes that occurred north of 47° latitude
are shown in Figures 2.4 and 2.5. Table 2.1 lists the historical earthquakes within 300 km

of the Afton site.

The largest earthquakes that occurred within 50 km, 100 km and 200 km are M3.2, M4.5,
and M5.5, respectively, and they occurred approximately 7 km, 76 km and 189 km from
the Afton site, respectively, in 1970, 1936 and 1926, respectively. As can be seen from
Figure 2.5 and Table 2.1, the seismic activity within 100 km of the Afton site with

magnitude greater than M3 in the last century was relatively low.

Table 2.1 List of Historical Earthquakes

Moment | Epicentral

Longitude | Latitude Depth Magnitude,| Distance

Year [Month| Day | Hour | Min | Sec

(deg) (deg) (lcm) i e
Earthquakes within 0-50 km with magnitude Mw > 2
1970 11 16 2 41 47.0 -120.6 50.6 18 32 7
1984 ]! 16 7 4 39.0 -120.6 50.4 18 3.0 32
1994 | 4 0 24 5.5 -120.1 504 10 3.0 41
1981 2 26 14 28 58.0 -121.0 50.8 18 2.7 38
1994 7 28 0 ! 38.6 -121.1 50.5 5 2.6 44
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Table 2.1 List of Historical Earthquakes (cont’d)

. . Moment |Epicentral
Year |Month| Day | Hour| Min | Sec Li(':ll;uae Londgltude Dle pH Magnitude, lgistance
g | (g | (lam) R e (o)

Earthquakes within 50-100 km with magnitude Mw 2 3
1936 3 28 9 15 0.0 -119.5 50.5 4.5 76
2002 8 17 16 6 272 -120.3 50.0 10 4.4 79
1993 9 19 11 24 4.1 -120.4 50.2 10 307 55
2003 8§ 20 8 33 4.1 -120.3 50.0 10 3.7 79
1989 4 9 10 33 32.8 -119.5 50.5 5 3.5 78
1956 10 L 7 30 27.0 -119.7 50.8 3.3 62
1979 4 22 2 40 24.0 -119.4 50.6 18 3.0 84

Earthqualkes within 100-200 km with magnitude Mw > 4
1926 9 17 23 14 40.0 -123.0 50.0 5.5 189
1926 9 22 21 9 50.5 -121.9 50.2 5.0 107
1962 8 28 19 19 59.0 -121.9 51.7 4.3 151

Earthquakes within 200-300 km with magnitude Mw 2 5
1918 2 4 20 37 43.2 -118.4 52.3 6.0 237
1909 | 11 23 49 -122.8 48.7 6.0 270
1976 5 16 8 35 15.1 -123.4 48.8 60.0 6.0 287
1915 8 18 14 5 -1214 48.5 5.6 247
1942 1 31 6 49 11.3 -123.6 51.2 55 223
1864 10 29 14 55 -1233 48.8 38 286
1920 | 24 7 10 0.0 -123.0 48.6 835 287
1926 12 4 13 55 -123.0 48.5 5.0 296

2.4.3 Subduction Zone and In-slab and Interface Earthquakes

Figure 2.6a shows the plate boundaries in the Cascadia Subduction zone and the location
of Afton mine site. It also shows the historical carthquakes with M 23 within a grid of
49°N-51°N 110°W—130°W. Figure 2.6b shows the same earthquakes on a cross section
through the Afton site and the approximate interface of subducting Juan de Fuca plate
along the 49°N latitude. The interface of subducting Juan de Fuca plate at the shortest
distances from the Afton site is also shown in Figure 2.6b, and was estimated from the

depth contours based on Fliick et al. (1997).

110527R-SeismicHaz&Stability.docx
File: M09713A01.730 Page 8

Klohn Crippen Berger



2.5

2.5.1

2.5.2

AFTON OPERATING CORPORATION May 27, 2011
Afton Tailings Impoundment
Seismic Hazard and Seismic Stability Assessment

As shown in Figure 2.6a, the Afton site is located near the northern end of the subducting
Juan de Fuca plate but far away from the plate boundary. The approximate shortest
distances to plate boundary at depths 30 km, 50 km, 70 km and 100 km are 350 km,
285 km, 230 km and 160 km, respectively. As highlighted in Figure 2.6b, there have been
no deep historical earthquakes (with depths >30 km) in the last century within about
200 km from the Afton site. All the deep earthquakes, which could be considered as
intraplate or in-slab earthquakes, occurred more than 200 km from the Afton site.
Therefore, it is unlikely that deep in-slab earthquakes will have much influence on the
seismic hazard at the Afton site. Figure 2.6 also shows that the subduction interface is
located at more than 400 km from the Afton site. Thus, the mega subduction interface

earthquake is unlikely to have great influence on the seismic hazard at Afton site.

Probabilistic Seismic Hazard Assessment

Methodology

The quantification of the probabilistic seismic hazard at the site is estimated using the
well-known Cornell-McGuire approach. The steps in a probabilistic seismic hazard
assessment (PSHA), as shown in Figure 2.7, consist of defining seismic sources, either
areal or linear faults; definition of the earthquake frequency within each source zone;
definition of the attenuation of ground shaking relationship for earthquakes in the area,
and, finally, numerical summation of the contributions of all earthquake magnitudes at all
distances from the site from each source. The computer program EZ-Frisk (Risk

Engineering Inc., 2009) is used to perform the calculations in the last step.

Input Parameters

The input parameters typically required to calculate the earthquake ground motions using

the Cornell-McGuire method for areal source zones include:
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e The source zone coordinates;

o B (slope of the magnitude-recurrence relation);

e The focal depth (or range of depths);

e The minimum magnitude to consider in the hazard calculations;

e The maximum magnitude that is expected to be possible within the source
Zone;

e The number of annual earthquakes exceeding the minimum magnitude
(activity rate); and

o Ground-motion relations giving site amplitude as a function of magnitude,
distance, shear wave velocity in the top 30 m, etc.

For fault sources, typically, either the activity rate or slip rate is used. In addition, they

can also be modeled using the rate at its characteristic magnitude.

Uncertainties and Treatment of Uncertainty

Two types of uncertainties associated with the seismic hazard were considered in the
analyses, namely the aleatory uncertainty and the epistemic uncertainty. The aleatory
uncertainty or the random uncertainty is due to the physical variability of the earthquake
processes such as the randomness of the location of the earthquakes and the scatter in the
earthquake ground motions. This uncertainty is readily incorporated within the Cornell-
McGuire analysis framework by integrating over the statistical distribution in the ground

motion relations and by considering the randomness in earthquake location.

The epistemic uncertainty or the professional uncertainty is due to incomplete
understanding the physical models governing the earthquake occurrence and ground

motion generation, i.e. selection and characterization of sources zones, ground motion
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relations, etc. The epistemic uncertainty was considered in the analyses following a logic

tree approach.

In the logic tree, uncertainties such as the different choices for source zones, attenuation
relations, source zone model parameters such as the maximum magnitude, depth, etc., are
weighed subjectively. Each calculated hazard result (i.e. probability of exceedance of a
specified motion) is multiplied by the branch probability. The weighted branch
probabilities are summed to obtain the mean hazard results, or may be ordered to
calculate, for example, 5p™ (median), 16" and 84" percentiles; thus, for a specific ground
motion parameter value (e.g. PGA), the mean frequency of exceedance can be calculated
along with the median value and other confidence limits. The uncertainties in the source
zone model and the ground motion relations are the key parameters that significantly

affect the seismic hazard estimates.

Seismic Source Zone Models

Three alternative source zone models were developed for the Afton project based on the
tectonic setting, geological structures and the historical seismicity to estimate the seismic
hazard for the Afton site. Figures 2.8, 2.9 and 2.10 show the three alternative source zone

models. In the development of the models, the following factors were considered:

o The Afton site is located far away from major plate boundaries located
near the coast involving the subducting Juan de Fuca plate, explorer plate
and North American plate, which are seismically active areas. The
historical earthquake data in Figure 2.8 shows that the seismic activity
generally decreases in the easterly direction from the plate boundaries to
the southern rocky mountain trench where relatively more activity was
observed,;

o As shown in Figure 2.6a, the subducting Juan de Fuca plate is located far
away from the Afton site that it is unlikely that any deep in-slab
earthquake on the subducting Juan de Fuca plate will have any significant
influence on the seismic hazard at Afton site. As illustrated in Figure 2.6b,
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there have been no deep earthquakes with depth greater than 20 km within
about 225 km from the Afton site. The seismic hazard at Afton site is
dominated by shallow crustal earthquakes;

o Subduction interface mega earthquakes with magnitude up to M9, which
may occur at shallow depths at the Juan de Fuca and North American plate
boundary, is located more than 400 km from the Afton site. Therefore, it is
unlikely this mega interface earthquake will have any significant influence
on the seismic hazard at the Afton site;

o The seismically active areas associated with the Queen Charlotte fault are
located offshore and also too far away from Afton site to influence hazard;

o Figure 2.3a shows the known regional faults around the Afton site. None
of the faults located in the vicinity of the Afton site have been identified as
active. BC Hydro indicates that the Hell Creek fault could be considered
as active. However, this fault is located more than 75 km from the Afton
site. The other known on-land active faults (Seattle Fault, Southern
Whidbey Island Fault, Devils Mountain fault, etc.) are located south of the
US-Canadian border, far away from the Afton site; and

o There is a known seismically low active area located north of the Afton
site, which is bounded by the Queen Charlotte fault to the west and
Northern Rocky Mountain trench to the east. This zone contains the Coast
Range-Coast Shear Zone, which is considered inactive.

Figure L1 in Appendix I shows the GSC-H model for the Western Canada and the
location of Afton site. The GSC-H source zone model was used as the base model for the
source zone Model 1 shown in Figure 2.8, in which the entire zone east of the more
active subduction zone is captured in a new zone named SEBC12. Most of the regional
faults are also included in this SEBC12 zone. In this model, the GSC-H model zones
within the subduction zones were retained without modification to their boundaries. They
include zones NJFF, JDF, SCM, CAS, GEO and PUG. Among them, GEO and PUG
zones represent deep in-slab earthquakes that occur on the subducting Juan de Fuca plate,
and all the other zones represent shallow crustal earthquakes. Although the GEO zone is

contained within the SCM zone, they represent earthquakes arising from two different
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sources: deep in-slab and shallow crustal, respectively. Similarly the zones PUG and

CAS also represent earthquakes from deep and shallow sources, respectively.

Model 1 assumes that the seismic activity observed east of the more active subduction
zone is possible anywhere within the SEBC12 zone and this model has the effect of
spreading the pockets of activity over a much broader area. It also assumes that the
shallow and deep seismic activity associated with the subduction zone would not extend
to the Afton site and limited to the GSC-H model zones located west of the SEBCI12
zone. In Model 1, a new zone NBC’ was introduced to capture the low seismic activity
northwest of the Afton site and the boundaries of GSC model zones NRMT and SFT

were modified to create the new zones NRMT’ and SFT”.

Figure 2.9 shows alternative Model 2, which is similar to Model 1, except that the
SEBCI12 zone in Model 1 is subdivided into SEBC1 and SEBC2 zones as shown in
Figure 2.9. In this model, the Afton site is located within the SEBCI zone, which
captures seismic activity within about 100 km band located parallel to the subducting

Juan de Fuca plate and North American plate boundaries.

Figure 1.2 in Appendix I shows the GSC R model and the approximate location of Afton
site. The GSC R model was used as a base model in the Model 3 shown in Figure 2.10. In
Model 3, all the GSC-R model zones, except CAS and SBC zones, were retained without

modification to their boundaries.

The Afton dam sites are located at the boundary between the more active CAS’ zone and
the less active SBC’ zone in Model 3. Both CAS’ and SBC’ zones represent the shallow
crustal earthquakes. Deep in-slab seismic earthquakes on the subducting Juan de Fuca
plate are represented in Model 3 by the GSP zone shown in Figure 2.10, which is isolated

from the shallow zone CAS’ by depth.
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In Model 3, seismically more active subduction zone was not excluded from the zone
containing the Afton site as in Models 1 and 2. Instead, the seismic activity associated
with the subduction zone was spread across the CAS’ zone. This aids in the consideration

of uncertainty in tectonic zonation and seismicity rates.

It is expected that Models 1 and 2 will provide a better estimate of seismic hazard at
Afton dam sites which exclude the seismicity within the subduction zone. In Model 3, the
CAS’ zone includes seismicity in the subduction zone. Thus, in the probabilistic seismic
hazard assessment, forty percent weight was assigned to each of Models 1 and 2, and

twenty percent weight was assigned to Model 3.

Magnitude Recurrence Relationships

The earthquake recurrence within each source zone was assumed to follow the well-

known Gutenberg-Richter relationship:

Log [N(>M)] = a-bM (D

where N(M) = the number of events per year greater than M
a = activity rate at Mmia
b = slope of the relationship.

The Gutenberg—Richter parameters for each source zone are determined by plotting the
logarithm of the number of events per year against earthquake magnitude. These

relationships are dependent on the reliability of the earthquake records in an area.

The magnitude completeness of earthquake records varies significantly with time. The
magnitude and location of historical earthquakes prior to the deployment of seismic
monitoring stations across Western Canada were estimated based on shaking intensity
reports and such information were available only for large magnitude earthquakes. The

instrumental earthquake recording in Western Canada began in 1899 with the deployment
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of seismograph in Victoria, BC. Since then, more instruments were deployed. The early
instruments were low gain instruments and could detect only large magnitude
earthquakes and recently low period large gain instruments were deployed which could
detect small magnitude earthquake. Figure2.11 shows current seismic monitoring
stations in the Western Canada, which are part of Canadian National Seismographic

Network (CNSN).

Magnitude recurrence relationships for the proposed source zones were developed using
the PGC earthquake catalogue updated to April 30, 2010. Duplicates were removed from
earthquake catalogues. Aftershocks were not removed from the earthquake catalogue for
events in the region under consideration. This is consistent with the procedure used by
the GSC to develop the seismic hazard maps for 2005 NBCC (Adams and Halchuck,
2003). The inclusion of aftershocks violates the assumption of Poisson independence;
however, large aftershocks contribute to the seismic hazard. It is often difficult to decide
if earthquakes have occurred as mainshock-aftershock sequences, or as swarms with
many events of similar magnitude. In general, the effect on the magnitude-recurrence
relations of including aftershocks is a small change in the recurrence slope (Basham et

al., 1982).

Prior to calculating the magnitude-recurrence relationships for each of the source zones,
earthquake data were removed from the database for periods where the data were
incomplete within a given magnitude range. This prevents bias in the computation of per
annum activity rates at each magnitude level. Table 2.2 shows the magnitude
completeness as a function of time used for all source zones. Magnitude completeness
year of 1970 for M3 means that the earthquake catalogue contains all the earthquakes

greater than or equal to M3 that occurred since 1970,
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The magnitude completeness data shown in Table 2.2 were based on the magnitude
completeness data provided for GSC’s H and R models (Adams and Halchuck, 2003).
The completeness years shown in Table 2.2 for the SEBCI2, CAS’ and SBC’ zones were

checked by plotting the number of events in the PGC catalogue for every five years.

Table 2.2 Magnitude Completeness Years

Year Magnitude
5.8 1899
5.3 1917
4.8 1940
4.3 1960
3.8 1965
3.0 1970
2.5 1985

Earthquakes for events within the subduction zone contains both shallow crustal
earthquakes and deep in-slab earthquakes. The GEO and PUG zones in Models 1 and 2
and GSP zone in Model 3 represent the deep in-slab earthquakes, and all the other zones
in Models 1 to 3 represent shallow crustal earthquakes. Therefore, the earthquake
catalogue data were separated into shallow and deep categories, and the data with depths
greater than 30 km were used to develop magnitude recurrence relationships for the deep
zones PUG, GEO and GSP. These deep earthquake data were not used in the

development of magnitude recurrence relationships for the shallow zones.

Exponential curve fitting was generally used for the source zones to develop the M-R
relationships, and they were truncated at the maximum magnitude values selected for the

ZONES.

Figure 2.12 shows the data and the M-R relationships for the shallow source zones

SEBCI12, SEBC1, SEBC2 and SBC’. Figure 2.13 shows the M-R relationships for the
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shallow source zones CAS’, CAS and SCM. Figure 2.14 shows the M-R relationships for
the deep zones, GEO, PUG and GSP. Note that, for the source zones SEBC12, SEBC1
and CAS’, where the project site is located, the M-R relationships were conservatively
adjusted to follow the trend corresponding to lower magnitude (M<4.5) earthquakes
rather than full magnitude range up to the maximum magnitude. This adjustment resulted

in much flatter slope (b) for the M-R relationship.

Table 2.3 lists the magnitude recurrence parameters used for all the source zones.

Table 2.3 Magnitude Recurrence Relationship Parameters Used for the Source
Zones
Models Source Zone Shallow/Deep B b N5
Model 1 SEBCI12 Shallow 1.620 0.70 0.1225
Model 2 SEBCI Shallow 1.290 0.56 0.0954
Model 2 SEBC2 Shallow 1.959 0.85 0.0421
Model 3 CAS' Shallow 1.460 0.63 0.2725
Model 3 SBC' Shallow 2.350 1.02 0.0213
Models 1 and 2 NBC' Shallow 1.578 0.69 0.0108
Models | and 2 NRMT' Shallow 1.410 0.61 0.0126
Models | and 2 SFT' Shallow 2.884 1.25 0.0127
Models | and 2 SCM Shallow 1.851 0.80 0.0293
Models 1 and 2 CAS Shallow 1.759 0.76 0.1638
Models 1 and 2 GEO Deep 2.548 1.11 0.0024
Models 1 and 2 PUG Deep 1.418 0.62 0.1395
Model 3 GSP Deep 1.452 0.63 0.1345

Note: B=b*Lnl0 and Nj is the activity rate expressed as number of events per year with magnitude

greater than or equal to MS5.

For soutce zones other than those listed in Table 2.3, the best estimate M-R parameters of
the GSC model were used (Adams and Halchuck, 2003). These zones are located far
away from the Afton sites and do not have any significant influence on the seismic

hazard.
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Maximum and Minimum Magnitades

It is generally accepted that the low magnitude earthquakes below a certain threshold
value are incapable of causing damage to engineered structures, and thus should not be
considered in the seismic hazard assessment. This threshold magnitude is typically taken
to be in the range of M4.5 to M5.0. The GSC selected a minimum magnitude of M4.75
for Western Canada in the development of hazard maps for 2005SNBCC (Adams and
Halchuck, 2003) and USGS selected M5.0 for Western United States in their 2008 update
of the US Hazard Maps (Petersen et al., 2008).

The duration of the earthquake, or significant number of cycles in an earthquake motion,
depends on the earthquake magnitude, and this parameter is strongly correlated to the
liquefaction triggering potential of soils and displacements and strains in earth structures.
Arango (1996) compiled data on earthquake magnitudes and distances, which have
caused soil liquefaction, and which indicate that liquefaction has not been noted for
earthquakes smaller than M5.2, even when the earthquakes have occurred at very short

distances. In the current assessment, a minimum magnitude of M5.0 was selected.

The magnitude-recurrence relationships used to characterize the earthquake activity in
each source zone were truncated at a pre-selected maximum magnitude. This maximum
magnitude is considered to be the possible maxinum magnitude of earthquake which
may occur within the zone. In the current assessment, similar to the GSC’s approach for
the 2005 NBCC, three possible values called the best, upper bound and lower bound
estimates were considered and they were assigned different weights. The maximum
magnitude values for the Model 1, 2 and 3 source zones are listed in Table 2.4. A focal
depth of 5 km was used conservatively for all the shallow zones and 30 km was used for

the deep zones listed in Table 2.4.
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Note that studies by Johnson et al. (1994) and Fenton et al (2006) concluded that M7.0 is
the approximate maximum magnitude that occurs in unrifted stable continental cratons
throughout the world, and would therefore be the lowest maximum magnitude that would
be appropriate to include in seismic hazard models for any continental source zone.
Adams and Atkinson (2003) suggested that the current best estimates of maximum
moment magnitude are M7.0 for the stable continental shield, and M7.0 - M7.8 for zones
of weakness within the continent. Ebel and Kafka (1991) noted that because earthquake
activity in the region cannot be identified with specific faults and geologic features,
geologic arguments cannot be used to further constrain the maximum magnitude that can

be expected in a region.

Table 2.4 Minimum and Maximum Magnitudes and Depths used for the Source

Zones
Historical Minimum | Maximum Magnitude, Mw
Models i Maximum Magnitude | Begt Lower | Upper Pepih
Lo Magnitude, Mw Mw -
Model 1 SEBCI2 6.8 5 73 7.0 7.8 5
Model 2 SEBCI 6.8 5 7.3 7.0 7.8 5
Model 2 SEBC2 6.0 5 7.0 6.8 7.5 5
Model 3 CAS' 1.3 5 7.8 7.8 7.8 5
Model 3 SBC' 5.5 5 7.0 6.8 7.5 5
Models 1 and 2 NBC' 5.0 5 7.0 6.8 7.5 5
Models 1 and 2 | NRMT' 5.5 5 7.0 6.8 7.5 5
Models 1 and 2 SET' 4.7 5 7.0 6.8 7.5 5
Models 1 and 2 SCM 4.5 5 7.0 6.8 75 5
Models 1 and 2 CAS 6.4 5 78 7.3 7.8 5
Models 1 and 2 GEO 4.0 5 7.0 6.8 7.5 30
Models 1 and 2 PUG 6.8 5 7.3 7.0 7.8 30
Model 3 GSP 6.8 5 7.3 7.0 7.8 30

In the analyses, 60% of the weight was assigned to the best estimate magnitude, and 20%
of the weight was assigned to each of the lower bound and upper bound estimates of

magnitudes.
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Ground Motion Prediction Equations
General

Ground motion prediction equations (GMPEs) describe the peak ground acceleration
(PGA) or the spectral acceleration at a given period in terms of the earthquake magnitude
and distance from the source. The GMPEs are typically developed by curve fitting
recorded ground motion data to an assumed or derived functional form or by theoretical
modelling. The theoretical model results are normally calibrated using recorded strong

motion data.

Uncertainties in Ground Motions

In probabilistic seismic hazard analyses, the ground motion variability, which is usually
described by a lognormal distribution, has significant impact on the computed hazard.
The standard deviation of the log normal distribution is typically used to characterize the
aleatory uncertainty or the random uncertainty in the ground motions. This random
uncertainty is directly incorporated into hazard calculations by integrating over the entire
distribution of the ground motion about the mean values. However, sometimes, the
lognormal distribution is truncated at a specified number of standard deviations. For
example, United States Geological Survey (USGS) truncated their ground motion
distribution at three standard deviations when it developed the 2008 hazard maps for the

Western United States (Petersen et al. 2008).

The value of the standard deviation and the number of standard deviations at which the
distribution is fruncated have significant control on the ground motions at lower
probability level, such as the 10,000 year return period (Abrahamson, 2000, Bommer et
al,, 2004). Larger values of standard deviation and untruncated distribution result in

larger computed ground motion, especially at low probabilities.
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In this study, the standard deviation values recommended by the respective authors of the
GMPEs were used and the ground motion distributions were not truncated. Note that
Abrahamson (2006), who studied the truncation of lognormal distribution of ground
motion relations, concluded that using an untruncated lognormal distribution in
probabilistic seismic hazard analyses is appropriate for ground motion values that are

below the physical limits of the underlying rock or soils.

The epistemic uncertainties in the GMPEs are one of the significant contributors to
overall uncertainty in a seismic hazard analysis and are assessed by considering

alternative sets of GMPEs. In this study, a suite of four GMPEs were used.

Ground Motion Prediction Equations (GMPEs)

The seismic hazard at the Afton project site primarily comes from relatively shallow
crustal earthquakes. For these shallow crustal earthquakes, the four GMPEs listed below

were used in the analyses:

@

Abrahamson and Silva (2008);

(<]

Boore and Atkinson (2008) ;

Chiou and Youngs (2008); and

Campbell and Bozorgnia (2008).

The above GMPEs were developed by a group of leading experts as part of the New
Generation Attenuation (NGA) Model Project sponsored by Earthquake Engineering
Research Institute (EERI) and based on strong motion database containing strong motion
records from 173 earthquakes worldwide. It was accepted that all the NGA equations do

a good job in capturing the accepted median relations (Abrahamson et al., 2008). These
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NGA equations were used by USGS to develop their recent seismic hazard maps for the

Western United States (Peterson et al., 2008).

The four GMPEs selected are defined for the horizontal component of the ground motion
and use moment magnitude (M) as the magnitude variable. Boore and Atkinson (2008)
uses the closest horizontal distance to surface projection of the rupture, Ry, and the
remaining three equations use the closest distance to the rupture, Ry, as the primary

distance variable.

Note that the Boore, Joyner and Fumal (1997) relationship was used to develop seismic
hazard maps for Western Canada by GSC in their 2005 NBCC maps (Adams and
Halchuk, 2003). This relationship was validated against ground motion data in California,
as of the early 1990s. A much larger strong-motion dataset (about five times) was used in
the regression analyses of the NGA equations, than the datasct used in the validation of

the Boore, Joyner and Fumal (1997).

Considering the uncertainties in the attenuation, equal weights (25%) were assigned for

each of the four NGA attenuation equations in the analyses.

For the deep in-slab or intraplate earthquakes, the following three equations were used

and they were assigned equal weights (33%) in the probabilistic hazard assessment.

e Atkinson and Boore (2003);
e Youngs etal. (1997); and

e Zhao et al. (2006).

The three equations listed above were also used by USGS in their development of the

recent seismic hazard maps for United States (USGS, 2008). GSC used only the Youngs
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et al. (1997) equation for the deep intraplate earthquakes in the development of their 2005

NBCC seismic hazard maps.

In the probabilistic seismic hazard assessment, the hazard due to the shallow crustal and

deep in-slab earthquakes were summed up to estimate the total hazards at the site.

Reference Site Condition

The reference site condition for the analyses was taken as NEHRP Site Class B (Rock)
and Site Class C (Soft Rock and Very dense Soil) boundary (NEHRP, 2003), which is
defined as having a shear wave velocity of 760 m/s in the top 30 m; thus the ground
motions were computed for this site condition. Unless otherwise noted, the ground
motion results presented in this report correspond to this NEHRP Site Class B/C
boundary condition. Note that the reference site condition used in the development of
2005 NBCC seismic hazard maps is Site Class C (Soft Rock or Very dense Soil), which

is defined as having shear wave velocity in the range between 360 m/s and 760 m/s.

Logic Tree

Figure 2.15 shows the logic tree used in the analysis to handle the epistemic uncertainty
and the corresponding weightings. The key uncertainties, which can significantly affect
the seismic hazard estimate at the project site, namely the uncertainties in the source zone
models and the GMPEs, were considered in the analysis. In addition, the uncertainty in
the maximum magnitude was also considered. Table 2.5 summarizes the weights

assigned for each branch in the logic tree.
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Table 2.5 Logic Tree Branches and the Corresponding Weights

Parameter Branch Weight
Model 1 0.4
Source Zone Models Model 2 0.4
Model 3 0.2
Best Estimate 0.6
Maximum Magnitude Upper Bound 02
Lower Bound 0.2
Ground Motion Prediction Equation gbla-hamson iu.ld il (D06 - 00 it
(GMPE) — Shallow Crustal oore and Atkinson (2008)- BAOS 0.25
Earthquales Chiou and Youngs (2008) - CY08 0.25
Campbell and Bozorgnia (2008) - CB08 0.25
Ground Motion Prediction Equation afidingon gud Boore (2003) LA
(GMPE) — Deep In-slab Earthquakes Youngs et al. (1997) L
Zhao et al. (2006) 0.33

2.5.9 Analyses and Results

Seismic hazard analyses were conducted for each combination of parameters shown in
the logic tree using the computer program EZ-Frisk (Risk Engineering Inc., 2009), and
the results were processed to obtain the mean, median, 16" and 84" percentile PGAs and
spectral accelerations. Source zones within about 600 km radius from the site were

included in the analyses.

Figure 2.16 shows the probability of annual exceedance versus PGA for the Afton site for
the three alternative source models, each with the best estimate magnitude and for the
four ground motion prediction equations. Figure 2.17 shows the mean, median, 16" and
84" percentile PGA hazard curves for the Afton site. Table 2.6 lists the mean, median,
and 84™ percentile PGAs for 2475, 5000 and 10000 year return periods for the Afton site.
Note that the results correspond to NEHRP B/C site condition.
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Table 2.6 Mean, Median and 84™ Percentile PGAs for Afton Site for Various
Return Periods

Return Period Peak Ground Acceleration, PGA (g)
(yrs) Mean Median 84™ Percentile
2,475 0.163 0.161 0.190
5,000 0.222 0.212 0.255
10,000 0.293 0.272 0.334

Figure 2.18 shows the mean, median, 16" and 84" percentile Uniform Hazard Response
Spectra (UHRS) (with 5% damping) for the 10,000 year return period for the Afton site.
Figure 2.19 shows the mean UHRS for various return periods for the Afton site. Table 2.7
lists the spectral ordinates corresponding to 10,000 year return period mean UHRS for the

Afton site.

Table 2.7 PGAs and Spectral Accelerations for 10,000 Year Return Period for the

Afton Site
Period (sec) Spe“g;?;::f;:‘;;“" (®
PGA 0.293
0.1 0.619
0.2 0.708
0.5 0.383
1.0 0.188
2.0 0.079
3.0 0.046
4.0 0.031
5.0 0.025

Figures 2.20, 2.21 and 2.22 show the source zone contributions to the hazard for
Alternative Models 1, 2 and 3, respectively. The results are for the mean values from the

four GMPEs and for the best estimate maximum magnitude parameter.
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Figure 2.23 shows the effect of maximum magnitude parameter on the PGA predicted by
Model 2 and the Boore and Atkinson (2008) GMPE.

The key results from the analyses are summarized below:

o Figure 2.16 shows that the ground motions are sensitive to the source zone
models and the range of PGAs predicted by the three models with the four
GMPE:s illustrates the uncertainty in the source zone model and GMPEs.
In general, the 10,000 year return period PGAs predicted by Models 2
and 3 were similar and Model 1 were lower. The ranges of PGAs
predicted by Models 1, 2 and 3 vary approximately between 0.20 g to
0.26 g,0.27 g to 0.36 g, and 0.27 g to 0.36 g, respectively;

o As shown in Figures 2.20, 2.21 and 2.22, the 10,000 year return period
PGA at the Afton site was dominated by contribution from the source
zones SEBC12, SEBC1 and CAS’ in Models 1, 2 and 3, respectively; and

o As shown in Figure 2.23, the effect of maximum magnitude was not
significant for the PGA at the Afton.

Consideration of earthquake size and distance is less straightforward in a probabilistic
seismic hazard analysis than in a deterministic analysis. This is because in probabilistic
analysis, the total hazard at a particular site is the result of possible occurrences of many
different earthquakes of varying sizes and distances from the site. The hazard analysis
results must be examined to identify the major contributors to the hazard at the ground
motion level of interest. This is achieved through de-aggregation of the probabilistic
seismic hazard. The representative earthquake scenario defined by dominant magnitude-
distance may vary, depending not only on the probability level under consideration, but
also on the period. For example, the dominant earthquake scenario for PGA is not
necessarily the same as that for a one second period motion. A rigid and a flexible
structure may be controlled by different earthquakes. Thus, there are different magnitude-

distance combinations applicable to different ground motions. Selection of ground

110527R-SeismicHaz& Stability.docx
File: M09713A01.730 Page 26

Klohn Crippen Berger



AFTON OPERATING CORPORATION
Afton Tailings Impoundment
Seismic Hazard and Seismic Stability Assessment

May 27,2011

motion time histories for dynamic deformation analyses and liquefaction assessment also
requires a design earthquake be defined in terms of earthquake magnitude and distance.
Results from de-aggregation analysis can be used to define such design earthquake

scenarios.

Figures 2.24, 2.25 and 2.26 show the magnitude-distance de-aggregation analysis results
for Models 1, 2 and 3, respectively, from analyses with the best estimate magnitude
parameters. The results for PGA and one second period spectral acceleration are shown in
these figures. The mean magnitude and mean distance corresponding to the 10,000 year

PGA and 1 second spectral period are listed in Table 2.8.

Table 2.8 De-Aggregation Analyses Results for the 10,000 year Return Period
Source Maximum Peak Ground Spectral
Magnitude Parameter Acceleration, PGA Acceleration
Zone Model .
Estimate () at 1 sec, Sa (g)
Acceleration (g) 0.24 0.15
Model 1 Best Mean Magnitude 6.1 6.6
Mean Distance (ki) 16 41
Acceleration (g) 0.32 0.20
Model 2 Best Mean Magnitude 6.2 6.6
Mean Distance (k) 14 26
Acceleration (g) 0.32 0.22
Model 3 Best Mean Magnitude 6.3 7.0
Mean Distance (lan) 15 41

Note that selection of the appropriate magnitude for the design earthquake will depend on
several factors, including: (1) whether the magnitude is to be used in liquefaction
assessment following a deterministic approach or probabilistic approach, or in the
estimate of seismic displacements or deformation; (2) the natural period or dominant
modal periods of the structures and how they will vary during the design earthquake; and

(3) whether the dominant source contribution to the hazard is unimodal or bi-modal.
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Deterministic Seismic Hazard Assessment

General
A deterministic seismic hazard assessment was conducted to assess the PGAs due to
carthquakes associated with the rupture of known and unknown or blind faults in the

vicinity of the project site.

A deterministic seismic hazard assessment typically involves the following four steps:

o identification and characterization of earthquakes sources capable of
producing significant ground motion at the site. Earthquakes at these
sources are called the scenario earthquakes;

e determination of source-to-site distances, usually the shortest distance to
the source;

o selection of controlling earthquake usually expressed in terms of
earthquake magnitude and distance; and,

o estimation of ground motion due to the controlling earthquake using
attenuation equation appropriate for the source and site.

Figure 2.27 schematically shows the four steps involved in a typical deterministic seismic

hazard analysis.

Scenario Earthquakes

The seismic hazard at the Afton site can originate from either shallow crustal earthquakes
on unknown or uncharacterized faults or from the deep in-slab earthquakes that may
occur on the subducting Juan de Fuca plate. Thus, in the deterministic seismic hazard

assessment, the following potential earthquake scenarios were considered:
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o Scenario 1: Shallow crustal earthquakes at unknown or uncharacterized
faults; and

e Scenario 2: Deep intraplate or in-slab type subduction earthqualkes.

2.6.3 Ground Motion Prediction Equations (GMPEs)

2.6.3.1

The same suites of GMPEs that were used in the probabilistic analyses, were used in the
deterministic analyses for both the shallow crustal and deep in-slab earthquakes, and the
ground motions were estimated for the same reference Site Class conditions (i.e. NEHRP

Site Class B and C boundary condition with Vs=760 m/s).

Scenario 1 Earthquakes — Shallow Crustal Earthquakes on Unknown and
Uncharacterized Crustal Faults

Historical earthquake records from the PGC catalogue show that the maximum
magnitudes of earthqualkes, which occurred within 100 km, 200 km and 300 km from the
Afton site are M4.5, M5.5 and M6.0, respectively. The seismic source zones containing
Afton site in Models 1 to 3 were assigned maximum magnitudes of M7.8 in the
probabilistic seismic hazard assessment. Thus, a quasi-probabilistic approach proposed
by USBR (Committee on the Safety Criteria for Dams, 1985) was used to calculate the
epicentral distance for random events in the vicinity of the project site with magnitude of
MS5.0, M6.5 and M7.8 and for a return period of 10,000 years. The magnitude recurrence
parameter for the CAS’ zone in Model 3 was used in this procedure to estimate the
distance for the M5, M6.5 and M7.8 events. (Note that the zonal parameters for the CAS’
zone in Model 3 predicted the shortest distances compared to the parameters for the
SEBC12 and SEBC1 zones in Models 1 and 2, respectively. Therefore, the ground
motion estimates using the parameters for CAS’s zone will be conservative). The
estimated distances for the M5, M6.5 and M7.8 events are 5 km, 13 km and 35 km,

respectively.
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Table 2.9 lists the calculated average PGAs from the median and median + ¢ estimates

using the four GMPEs for the three earthquakes with magnitudes M5.0, M6.5 and M7.8.

Table 2.9 Peak Ground Accelerations (PGAs) from Deterministic Seismic Hazard
Analyses for the Random Floating Earthqualkes
Earthquale Distance Average'Peak Ground Acceleration, PGA (g)
Magnitude, Mw (kkm) Median Medianto
5.0 5 0.14 0.27
6.5 15 0.15 0.26
7.8 39 0.13 0.22

Note: 'Average using the four GMPEs: Abrahamson and Silva (2008), Boore and Atkinson (2008), Chiou
and Youngs (2008) and Campbell and Bozorgnia (2008)

Scenario 2 Earthquakes — Deep In-Slab Subduction Earthquake

In this scenario, the deep in-slab earthquakes that may occur on the subducting Juan de
Fuca Plate were considered. Two deep earthquakes with magnitude M7.5, which is the
likely maximum magnitude, at depths of 50 km and 100 km were considered in this
scenario. The approximate shortest distances to these two deep earthquakes on the

subducting Juan de Fuca plate are 285 km and 170 km, respectively.

Table 2.10 lists the calculated average PGAs from the median and median + ¢ estimates

using the three GMPEs for the M7.5 earthquakes at depths of 50 km and 100 km,

respectively.
Table 2.10  Peak Ground Accelerations (PGAs) from Deterministic Seismic Hazard
Analyses for the Deep In-Slab Earthquakes
—— - e
Earthquake Depth Distance Average Peaklf}ézu(ng()i Acceleration,
Magnitude, Mw (km) (kkm) Vedian Medianto
13 50 295 0.01 0.02
7.5 100 180 0.05 0.10

Note:
(2006).
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Conclusions from Deterministic Seismic Hazard Assessment

In the deterministic seismic hazard assessment, shallow crustal earthquakes on known
faults and uncharacterized or unknown faults in the vicinity of the project site were
considered. In addition, two deep in-slab earthquakes were also considered. The PGA
estimates at the Afton site from the deterministic assessment were less than the

10,000 year return period PGA of 0.29 g estimated from the probabilistic assessment.

Local Faults Around the Site

Figure 2.3b shows the local faults in the vicinity of the Afton site. The information
available to-date in the literature indicates that none of the local faults in the vicinity of

the Afton site could be considered as active.

Two key faults near the site are the Coldwater Fault and the Cherry Creek Fault. The
Coldwater fault is a steep, brittle normal fault associated with tertiary extension (Moore
1988), (Ewing 1980). The Coldwater fault system is a north-northeasterly trending
Eocene (56 to 34 million years ago) structure with vertical offsets on a kilometre scale
(Thorkelsond, 1988). The Cherry Creek Fault is a normal fault that is associated with the
Eocene extension. The Cherry Creek units are late Triassic to early Jurassic but the
faulting occurred in the tertiary period (Kwong, 1987). The Cherry creek fault cross cuts

the Coldwater fault and is therefore younger than the Coldwater fault.

Note that, as a part of this seismic hazard assessment, no field investigations such as field
mapping or trenching were carried out and no remote sensing data were collected and
reviewed. Such studies may be warranted in the future to identify any potentially active
faults in the vicinity of the Afton site and to assess their impact on the recommended

ground motions.
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Ground Motions for the Reference Site Class Conditions

The PGA and spectral accelerations corresponding to 10,000 and 2,475 year return
periods Uniform Hazard Response Spectra (UHRS-5% damped) for the Afton site are
listed in Table2.11. The ground motions listed in Table 2.11 are applicable for the
reference site class B/C boundary condition (with shear wave velocity of 760 m/s)

assumed in the analyses.

Table 2.11  UHRS for the Afton Dam Sites for the Reference NEHRP Site Class B/C
Boundary Condition

Spectral Acceleration (g)
. 5% Damped
Petiod (seq) 10,000 year ( sl 2,475 year
Return Period Return Period

PGA 0.29 0.16
0.1 0.62 0.33
0.2 0.71 0.39
0.5 0.38 0.22
1.0 0.19 0.11
2.0 0.08 0.05
3.0 0.05 0.03
4.0 0.03 0.02
5.0 0.03 0.01

Recommended Ground Motions for Afton Dam Sites Corresponding to Site
Class C/D Boundary Condition

Table 2.12 presents the NEHRP (2003) site class definitions for site class categories A
to D. The probabilistic seismic hazard analyses were repeated to derive ground motion
parameters for site class C (very dense soil) and D (stiff Soil) boundary with shear wave
velocity of 360 m/s. In the seismic stability assessment of the dams at the Afton site, the
foundation glacial till was conservatively taken as belonging to the site class C/D

boundary category.
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Table 2.12 NEHRP (2003) Site Class Definitions for Site Class Categories A to D

Site Class Site Class Nam.e qnd Site Class Definition
General Description

A Hard rock Hard rock with measured shear wave velocity, Vs > 1500 m/s
B Rock Rock with 760 m/s < Vs < 1500 m/s

c Very dense soil and Very dense soil and soft rock with 360 m/s < Vs < 760 m/s or

soft rock with either N > 50 or Su > 100 kPa
D Stiff soil Stiff soil with 180 m/s < Vs <360 m/s or with either 15 <N<
50 or 50 kPa < Su < 100 kPa

Note: Vs, N and Su are average shear wave velocity, average standard penetration resistance and average
undrained shear strength

The probabilistic seismic hazard analyses for the site class C/D boundary condition with
shear wave velocity of 360 m/s were conducted to derive mean UHRS corresponding to
10,000 year and 2475 year return periods. Figure 2.28 shows the comparison of UHRS
corresponding to site class B/C boundary with shear wave velocity of 760 m/s and site
class C/D boundary with shear wave velocity of 360 m/s. As expected, the ground
motions amplified and the amplification at the long period was greater than the

amplification at short period and PGA.

The recommended PGA and spectral accelerations corresponding to 10,000 and
2,475 year return periods Uniform Hazard Response Spectra (UHRS-5% damped) for the
Afton site are listed in Table 2.13. The recommended motions are applicable for site class

C/D boundary with shear wave velocity of 360 m/s.

The representative earthquake magnitude for both 10,000 and 2,475 year return period
recommended for the Afton site is Mw?7.3, which can be used in the liquefaction
assessment and simplified deformation assessment of the dams, for example using

Newmark (1965) sliding block approach.
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Table 2.13  UHRS for the Afton Dam Sites for the NEHRP Site Class C/D Boundary

Condition
Spectral Acceleration (g)
; 5% Damped
Fesiod g5 10,000 year ( = 2475 year
Return Period Return Period
PGA 0.34 0.20
0.1 0.65 0.38
0.2 0.80 0.47
0.5 0.58 0.34
1.0 0.32 0.19
2.0 0.14 0.08
3.0 0.08 0.05
4.0 0.06 0.03
5.0 0.05 0.03

Note that the analyses presented in this report were performed for the West Dam site
coordinates at the Afton site. The East Dam is located approximately 1 km east of West

Dam. The difference over the distance of 1 km is expected to be negligible.
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SEISMIC STABILITY ASSESSMENT

Stability of the Afton tailings dams was reviewed based on the new seismic ground
motion parameters discussed in Section 2. This included an assessment of the
liquefaction potential of the foundation soils, static and pseudo-static stability analysis
using the limit-equilibrium method (Morgenstern-Price), and an estimation of earthquake
induced permanent displacements using the Hynes-Griffin and Franklin (1984) method.
This assessment is an update to that presented in “Closure Tailings Dam Stability

Review” prepared by Klohn-Crippen Consultants Ltd. (KC) in 1998.

Liquefaction Assessment of Foundation Soils

Foundation soils at the East and West Dams generally consist of dense, well-graded silt-
sand-gravel glacial till materials of varying depth overlying bedrock (KC 1998). Organic
soils up to 2 ft thick were present in most areas prior to construction, and soft silt up to
15 ft deep was present in areas close to Hughes Lake. Construction records (Afton
Operating Corporation, 1982 to 1996) indicate that organic and soft soils were removed
from the foundation in accordance with the construction specifications (Klohn Leonoff

(KL) 1979b).

Site investigations in the 1970s included test pits and drill holes in the foundations of
both the East and West Dams (Ripley, Klohn & Leonoff 1973, KL 1976, KL 1978, KL
1979a). Standard Penetration Tests (SPT) were performed in 12 drill holes in the
foundation of the West Dam in 1977 (KL 1978). The locations of these drill holes are
shown on Klohn Leonoff drawing D-1836-12, included in Appendix 1. This SPT data
was used to perform a liquefaction assessment using the NCEER procedure described in

Youd et al. 2001.
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The results of the liquefaction assessment are shown in Figures 3.1 to 3.12. SPT blow
counts recorded in the drill logs were corrected for field procedures and overburden
stress, and converted to a clean sand equivalent (N )go.cs. These values are plotted versus
depth for all 12 drill holes. Soils with (N|)go-cs values greater than 30 are too dense to
liquefy (Youd et al. 2001) regardless of the applied ground motion. For (N)go-cs values
less than 30, the cutoff for liquefiable soils (corresponding to a factor of safety against
liquefaction of 1.0) is determined from parameters including depth below ground surface,
total and effective overburden stress, earthquake magnitude, and peak ground
acceleration. For the purposes of this calculation it was conservatively assumed that each
drill hole represents a location outside of the dam footprint (i.e. no fill above ground
surface), and that the long term water table is at the ground surface. An earthquake
magnitude of M7.3 and a peak ground acceleration of 0.34 g were used, corresponding to

the 10,000 year return period (see Section 2.8).

The results of the liquefaction assessment can be summarized as follows:

o 2 SPTs represent materials removed during construction;
o 28 SPTs indicated soils too dense to liquefy ((N)e0-cs > 30); and

e 1 SPT (from DH-2013, 18.6 m depth) indicated soil liquefiable under the
applied ground motions and the assumed ground conditions.

The procedure used to calculate liquefaction resistance was developed for granular soils.
A review of the one SPT indicating liquefiable soil shows that the material is primarily
silt with some sand and some fine gravel. The blow count recorded in the field is 30,
corresponding to a very stiff consistency. A very stiff, fine-grained soil would not
develop significant positive pore water pressure under seismic loading. Therefore it is

reasonable to conclude that liquefaction is not a concern for this material.
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Stability Analysis

A cross-section at the maximum height of the West Dam was selected for stability
analysis. The East Dam is buttressed by a waste rock dump on the downstream side, and
has a lower earthquake design ground motion than the West Dam due to the different
consequence of dam failure (BGC 2009). Therefore, the West Dam section is the critical

stability section for the entire impoundment, and only this section was analyzed.

The stability analysis was performed using the limit equilibrium method (Morgenstern-
Price) with the Slope/W component of the GeoStudio 2007 computer program. The
section was analyzed for static, pseudo-static and post-liquefaction cases. A seismic
coefficient of 0.17 g was adopted for the pseudo-static analysis, equivalent to 0.5 times
the peak ground acceleration as recommended by Hynes-Griffin and Franklin (1984). For

the post-liquefaction analysis, full liquefaction of the tailings was assumed.

The material properties used in the analysis are given in Table 3.1. These properties are
almost the same as those used in the previous stability review (KC 1998), with a couple

of exceptions:

e The friction angle of the tailings in the static and pseudo-static analyses
was increased from 15° to 30°, which represents a more realistic strength
for tailings.

o For the post-liquefaction analysis, a strength of S, / o, = 0.15 was
assumed for the tailings.
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Table 3.1 Summary of Material Properties Used in Stability Analysis

" Unit Weight Effective Friction ; :
Material Type (ped) Angle, ¢ (degrees) Post-Liquefaction Strength
Tailings 110 30 Sue/0,"=0.15
. 143 saturated,
Compacted Till T pea——— 32 -
Foundation Till 143 30 -
Filters 125 32 -
Rockfill 125 27 -

Note: o, = effective vertical stress prior to earthquake event

For the stability analysis it was assumed that the phreatic surface in the dam corresponds
to the conditions described in KC 1998, namely, a low phreatic surface near the base of
the rockfill. Specifically, it was assumed that the phreatic surface drops quickly within
the upstream till facing and continues downstream at 6 ft above the foundation. Recent
readings in piezometers 2A and 3B confirm that the phreatic surface is near the base of

the dam, as shown in Table 3.2.

Table 3.2  West Dam Piezometer Readings — March 24, 2011

Piezometer # Depth to ‘g’, 5;‘:_’%‘:;?? Approximate Approximate Foundation
ome Water (ft) qo | Water Elev. () Elev.” (ft)
2A 48.9 2148 2099 2119
3B 33.8 2251 2217 2211

Notes: 1. Collar elevation estimated by adding 3 ft (assumed stickup height) to ground surface elevation
(estimated from plan drawing of tailings area, Figure 5 in 1991 Tailings Dam Construction
Report, Afton Operating Corporation)
2. Elevation of dam fill/foundation interface taken from drill logs 5201 and 5302 as reported in KL
1978.

The pond level in the impoundment was taken to be at El 2298 ft to match the most
recent survey in January 2010. The elevation of the tailings was assumed to be 3.7 m

(12 ft) below the crest of the dam, as in the stability section analyzed in KC 1998.
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The stability analysis section, critical slip surfaces, material properties, and calculated
factors of safety are shown in Figure 3.13. The results of the stability analysis are

summarized in Table 3.3.

Table 3.3 Stability Analysis Results - Calculated Factors of Safety

Factor of Safety
Failure Surface Static Pseudo-static Post-liquefaction
(0.17 g) (Tailings fully liquefied)
A 1.61 1.07 -
Downstream B 1.86 1.19 -
C 2.36 1.35 2.32
Upstream D 5.21 1.83 3.96

The static factors of safety meet the minimum target of 1.5 given in the Canadian Dam
Association Dam Safety Guidelines (CDA 2007). The pseudo-static factors of safety
meet the minimum target of 1.0 recommended by Hynes-Griffin and Franklin (1984).
The post-liquefaction factors of safety are well above the minimum target of 1.0 required

to prevent flow failure.

Seismic Deformation

Seismic deformation of the West Dam was estimated using the Hynes-Griffin and
Franklin (1984) method. Pseudo-static analysis was applied to Section C of the stability
model described above to calculate a yield acceleration (the pseudo-static acceleration at
which the calculated factor of safety is 1.0). Section C was chosen because significant
deformation of this section could potentially result in release of pond water and tailings.
Hynes-Griffin and Franklin provide families of curves which can be used to estimate
deformation based on the ratio of the yield acceleration to the peak ground acceleration.
Curves are provided to calculate mean, mean plus 1 standard deviation and an upper
bound. Generally the Hynes-Griffin and Franklin method is considered to overestimate
deformations, as is appropriate for a screening tool. The results of the deformation
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analysis are given in Table 3.4. Note that the upper bound deformation is considered

statistically unlikely; the mean plus 1 standard deviation is a more realistic estimate.

Table 3.4 Seismic Deformation Estimate
Deformation (cm)
Yield Acceleration (PGA =0.34 g)
Mean Mean + 1 Std. Dev. Upper Bound
0.28 g <10 11 67

For comparison, the height of freeboard is about 5.2 m, the thickness of the fine filter
zone is about 2 m, and the upstream till facing is minimum 9 m thick. Therefore, the

estimated seismic deformation of the dam is well within acceptable limits.
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CONCLUSIONS

A seismic hazard assessment for the Afton tailings impoundment has been completed.
The seismic ground motions derived from this assessment were used to complete a

stability assessment that reached the following conclusions:

e The foundation soils were found to be unsusceptible to liquefaction;

e The dams meet factor of safety targets for slope stability under static and
seismic loading; and

e The predicted seismic deformation is within acceptable limits.
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PUBLICATION OF DATA, STATEMENTS, CONCLUS!ONS ORABSTRACTS FROM OR REGARDING OUR REPORT AND DRAWINGS
1S RESERVED PENDING OUR VWRITTEN APPROVAL.

Klohn Crippen Berger

PROIECT

AFTON TAILINGS IMPOQUNDMENT

SEISMIC HAZARD AND SEISMIC STABILITY ASSESSMENT

TILE

STEPS IN PROBABILISTIC SEISMIC HAZARD ANALYSIS

CLIENT:

AFTON OPERATING CORPORATION

PROJECT Na.

M09713A01

FIGURE b,

27




8e LOVELLBON

N e

8 LT

L 1300 INOZ 3IHNOS FALLYNEILTY

NOILVHOd¥O0 ONILYEIdO NOLIV

I

RRI

LNIWANNOJINI SONITIVL NOL4Y

LNIWSSISSY ALITIEY.LS DINSIIS ANV QHVYZvH DINSIAS

(=T

10610g uaddpg uyopy

@

“SONIMYHO ONY LHOJ3Y YN0 DNIQEYOIH
HO WOHd SLOVHLSEY WO SNOISMTIONCTO
‘SLNIW3LVLS 'YI¥G 40 NOILvYOIiand
HOVANY 3SN HOd NOILYZIHOHLINY
ONV LO3rOHd 214103dS ¥ HOd LN3IT10 YN0
40 NOILYWHOAN! TVILNIQIANOD 3HL HOA
O3LLINENS JHY SONIMYHO ONY
S1H0d3H TV "SIATISHNC GNY ONENd IHL
'LN311D YN0 OL NOILOZLOHd TVNLNW ¥ SY

I T3AON IAILYNHILTV

Aepunog suoz |9poj
H-0S© palipoulun

Arepunog
auoz MmapN | [9po

7' EN-0"EIN
6 EN-S EIN
TEIN-O'FIN -
6 7IN-GFIN ©
7'SN-0'SIN v
8'GIN-G'SIN O
7 ON-0SIN v
6'9N-SSN O
ELN B

6N 4

=]

<

sbuey spnyubepy

a

B OO0« o

o021 i
e b

Te——e

1
1
1
1
I
i
1
i
!
i
1

Pomwm

-uL-l-luuunuila-----:i

&

“livg,

N

(ol

b4

i
'
,

Ex.”

ar

N

i

i
[}
!
!
!




6T LOVELLE0WN

4 N

NOILYHOdY 0 ONILVAIdO NOLIY

NI

'SONIMYHO ONY IHOJIH HNO BNIGHYO3H
Y0 WOHd SLOVHISEY HO SNOISNTONOD
'SLINIWILVLS 'WivVA 40 NOILYD|IEnd

271300 3NOZ 30HN0S 3AILYNEILTY

a3

.GJ-QL

LNINSSISSY ALITIGY.LS DIWSISS ANV HYZYH DINSIZS
LNIWANNOLAE SONTIV.L NOLIY

HOWNY 38N HO4 NOILVZIHOHLNY
ANV L03rObd O14193dS ¥ HOd LNING ¥Na
40 NOILYAHOINI TWIANIQIINOD . 3HL HOL
Q3LLINENS 3HY SONIMYHEA ANV
S1HOd3H 11V 'S3A3SHNO ONY O1ENd 3HL
"ININQ HNO OL NOILO3LOHd TWALNW ¥ SV

Jobiog uaddyn uyopy

©

Arepunog suoz [spojy
H-OSD peifipowun
Arepunog

aUOZ MaN 2 [2POoIN

.V.m”—\/_lo.ms_ v w
6'EN-GEN - ©
PYIN-OPIN v w ¥
BYN-G VYN ©
7'SIN-0°SIN v
6'AN-G'SIN O
7'ON-09N v
6'9N-G'eN O
LN B

6N 4

(o]

AREBOCO < o

sbuey spnuubeyy

¢ 130N FAILVNHILTY

e
I\Illltc\llllllzllJlll

ofe -

v i
1
1
1
N
I

U
]
n

|
1

1

|

J

g

1
!




3 i Zo_-—-éommoo wZ—n_lémmo ZOE{ 'SONIMYHT ONY LHOJ3Y HNO ONIGEYD3Y

N I ons 1t | HO WOBJ SLOVHLSEY HO SNOISNTINGD
mio | 'SINIWALYLS ‘VIVA 40 NOILLYOITENd

Biog uadd HOVGNY 3SN HO0d NOILYZIHOHLNY
€ 7300 3NOZ 308N0OS JALYNEILTY e S ONY 103rCHd 041938 v HOS LNZND B0

ull}

03LIINBNS IHY SONIMVYYAQ ONY

INJWSSISSY ALITEYLS DIWSIZS ANV OHVZYH DINSISS :
SLHOd3H 71V 'S3ATISHNO ONY DI18Nd 3HL
LNIWANNOCII SONMIVL NOLY _— “INANT N0 OL NOILDILOHd WILIW ¥ SY

AW 40 NOLLYWHOSNI TVILN3QIINDD JHL HOd

€ T3dON IAILYVNEI LTV

o024 R

I eI

’
1
e ———————
‘

frepunog sauoz [9poAl
H-0SD paljipowiun

Arepunog
auoz MmaN € [PPo

I
1
I
|
~
e —————
I
|
]

ealivazg o

7EN-0'EN - _
BEN-GEN - ° ©
7YN-O'PIN 7 ¥
6 7IN-G"FIN
7'SIN-0"SIN
6°SIN-G"SIN
7' 9IN-0"9IN
6'9N-G"9IN

eLN

6N

et et L LT
R o] ¢ -

i W00z
O !

1
|
1
Le w P
i

B
-7 1 s b
o e
e -
(W el

ar

abuey spnuubeyy




L2 LOVELLBCIN

o T

ON LT IGIE

NOLLYOJHO0 ONILVEd0 NOLV

i1

YOVYNYO NHILSIM NI SNOILYLS ONIBOLINOW JINSIFS

Ralil}

LIN3INSS3SSY ALTIEY.LS OINSIES ANY OHVZVH JINSIZS
ANINANNOAI SDNITIVL NOLIY

106109 uoddy uyopy

(

“SONIMYHAONY LHOdZH HNO ONIQHYD3d
HO WOHd SLOYHLSBY HO SNOISNIONOD
‘SLNIWILVLS "VIVO 40 NOILVDIBNd
HO\ONY 351 HO0d4 NOILYZIHOHLNY
aNY L33r0Hd 31313345 ¥ HO4 IN3ND HNO
40 NOLLYWHOZNI TYILNIJIINOGD 3HL HOd
Q3LLIWENS FHY SONIMYYO JNY
SIHOdIH 17V ‘SIATIISHNO ONY ONENd FHL
IN3170 HNO OL NOILOTLOBd WALNA ¥ SV

puecpEo.2g ub

pot g
1ous fowems 3

pusgpeoag A=),

yiomisy ydeibowsisg [2ucneN ueipeus)

JELT
snbofewy feubay
dnjexa [eubia potsd
1ous fPuenpg o
URTURSEIUEIRS
foyole Tl i ST
z..u.__.‘ 'ﬁ
nEw s S ‘
mag s
2O
: NRR oS ATS
xe —sgpl = .%%z Al 5
, =N ,ﬂﬁm vl 7 u.‘lm.ﬁ
Oezon” == @ grs e
. oem® B g B }@mnm
— =HED @ TR e ] N
e SIS ~  Tq.. sson® g25ie
-~ mguzl exvyE -
em@® ‘- w%% Bt
NS |- - | e isu.. !
Mz ML NIzl MISL  MS3 MAIT METT aem P M0

Mgs

DPTITSCILCIDG
TPTICO R TNDYLITY




i e NOILVHOJHOO ONILVIIdO NOLAV |  soumvucansssomuunoomosvony

— SIERESS #0 HOM SIOVALSBY HD SNOISTIONGQ
INOZ NOLLONAENS 40 Lsv3 SAINOZ HOL momfl CSINIWIIVLS YLY 0 NOILYDITE
SdIHSNOILYT3E 3ONIHHN3H JAMLINDYA Sablog usddps uon| HOVINY IS0 HO4 NOILYZIWOHLNY

ONY LO3rodd 2I4103dS ¥ HO4 LN3IO ¥NO
40 NOWYWHOANI TYILNSOIANOD 3HL HOd

B

Q3L.lINANS JHY SONIMYHA ONYV
S1H0d3d TV 'SAATISLNO ANY 2I18MNd IHL
‘LNI10 HNO OL NOILO3LOYd WNLAN ¥ SV

LNIWSSISSY ALMIAYLS DINSIZS ONY HYZYH DINSIES
LNINANNOLN] SONIMIV.L NOLSY

197rakk

M ‘apnuubepy a¥enbuyues
e 5 73

«©
w©
w
-
L]
-
w
n

II?
b 2
©
¥

% o

80-30°L

207307

14 1RPON-.088 —

L

LI@PON- 088 =

20-30'1
HJ-TI1BPON-2OEIS——

ZIBPON- TOEIAS o

Ud-Z[@poy- LJ83s

S330°1
ZIPPOW- LOE3s e

Ud-L BROM-ZI0g3s—— T

1 O 1

LIBPop- 210838 v

P30

dANOZ NOILONAdNSs 40 LSY3 d31vO0T SINOZ J04

eoly Jun lod oley) sauUslindoYy




gre LOVE HL6ON
. zo—-_néommoo wz—n_lémmo ZOE< ‘SONIMYHO ONY LHOJIH HNO DNIOHYD3H
B 2ol Samio HO WOoH4 m._.o_a.w_._wwm< m% mﬂo_ﬂﬂJMWWW
wirs | 'SLNIWILVIS ‘vivd 4 1LY
3NOZ NCILONTENS 3HL HLIM SINCZ HOA i T UO\ONY 3SN 404 NOILYZIHOHLNY
SdIHSNOILYT3H IONIHHNIIH SANLINDYIA ONY 103r'0dd OI4103dS v ¥0d LN HNO
( e
LN3NSSISSY ALIIBY.LS DINSIIS ONY QHVZYH OINSISS A R e EhAL LR
LNIWANNOWI SDNIMIYL NOLIV iz IN3ND ENO OL NOILJILOEd TWILNW ¥ 5%
My ‘epnuubep ayenbyues
e 5L gL ge o] ] Q' st v St o
.1 80301
|
|
4. 80-30:
u,llrl...f
=

|
H2€ P00V 570

CEPON-SY0 =

[HINNE|

TELSERCMNIOS e

IANOZ NOILLONAadns IHL HLIM SINOZ HO4

eoly Jjun tod ajey 20UdIN0DY




(454 LOvELLBON
| NOLLVHOHOD ONILVHIO NOLAY | sommucanvisommunoonasyons
- - HO WOUZ SiOVHLSAY O SNOISNTONOD
wm| 'SINIWILYLS 'VIVO 40 NOLLYOITand
SINYNOHLHYI 8Y1S-NI 4330 ONILNISTHJIH SINOZ HOS 1oBlog uoddpn uyopy HO\GNY 3SN HOd4 NOILVZIHOHLNY
SdiHSNOILY13H SON3HENOIH SANLINDYA . aNY LO3rCYd O141934d$S ¥ Hod LNINO WNo
i () B j0pmes Misdas A e
ANZINSSIASSY ALITAYLS DINSIIS ONY QHVZVH DINSI3S i S[HOd3Y T1v'SIN1ISHNO ONY O8N THL
LNINONNOJII SONITIYL NOLY ol “INTMND HNO OL NOILOILOH WILAW ¥ §Y
M ‘epnuubepy syenbyues
fadict g2 L <'g a9 £c g 3 Q' S'E (s
" 3 ' - : : 50201
ﬁ | / i i
| |
) ./I.r T ]
I ] N i |
| i N T
1 N
: ~ -
Ar/ : el
| i
i
/ 1
i
il S
—
(3 ) ’.i’
- —

_ | // i L0-3071

]
!
!
:
|

UZ-TRLSIFPON-4S9Q —

|

TELSEPON-dSD =

2-TELSIEPOIN- 9N ——

Wm TELSPBPOM-ONG @ 807301
ﬂ V4-D2L S8R0 03D
M ZeL99poM-03D @

rors0L

SIANVNOHLEVI GvIS-NI 4330 ONILNISIHdIH SINOZ HOJ

eoly Jun lod ey oouslINoey




sve HOvELLEON NOILVHOdH0D ONILVIdO NOL4V

AN T TN

INID:

SISAIYNY QHYZYH DINS|3S
oLLSIava0cHd NI 435N 23501901 4oBiag uaddyd Lol
i
LNINSSISSV ALINIEYLS DIWSIS ANY QHYZVH ONSITS A i
LNINANNONI SONMIYL NOLY

R |

(3dinD) uonenbz uonsipaid

'SONIMYHT ONY LHOJ3H BNO ONIgHYO3Y
40 WOdd SLOVHLISEY HO SNOISNIONOD
'SLNIWILVLS ‘VIVO JC NOILVOENd
HOAINY 3ISN 604 NOILYZIHOHLINY
ANV 1O3rQHd OIHI03dS V HOA NI (10 HNO
0. NOWWAHOANI TYILNITIINDD 3HL B0
QILLIWENS 3HY SON|IMYHO ANY
S1HOdY 17V 'SIATISENO ANV I18Nd FHL
IN3IMO HNO OL1 NOILDILOHd TYNLNW ¥ SY

apnyubep wnwixep

[epoyy suoz

UOIIO}] PUNOJE) Ul AJUIEla9U[)

(8002) eiubiozog pue jjeqdiie)!

(e 0=1m) (Sz'0=mw):
(9002 TE = UBLZ (8002) sbuno, pue nowy!

(e€"0=1m) (sz'0=IMm),
(£66T) Te 1o SOUNoA (8002) UOSUPRY pUE aloog |
(£€ 0=1m) (5Z°0=1m)
{£002) 81008 puE UOSURRY (8002) BAIIS puE UOSWELEIaY |
$90.N05 $82In0S
gejsus deag [BISNIO Mojieys

(STJND) suoenbs UoHOIPa.] UCHOW PUNOIL) SAIBUIS)YY

U ATUTeIa5up)

(2'0=1m)
punog Jaddn

(g 0=1m)

221n0S ul Ajuienasun

(2:0=Im)
¢ I9PO SAlBUISYY

Pt

(7" 0=1m)

punog Jomo |

(9°0=m)

158g

spnyubepy
wnuixepy

¢ I2PON SAREUISLY

(7" 0=1m)
L |BPOIN 2ANBLIBLY

S|epoy\ suo7
201103 SAIBLISHY




sL'e

“d Jhira

LOYE LLBON

9 13

LIS NOLJV 3H.L HOS
¥9d SNSY3A 3ONVAIIDXI3 TYNNNY 40 ALMISYEOHS

]

NOILYHO&H0I ONILYH3d0 NOLAV

NN

LNIWSSISSY ALMIBYLS DINSIIS ONY QEVZVH DINSI3S
ANIWANNOLWI SONIMIVL NOLIY

1574t

JoBrog uaddun uyopy

sra o

“SONIMYHO ONY LHOdIH HNO DNIGHY23Y
HO WOHd SLOVHLSEY HO SNOISATONOD
'SINIWILVLIS ‘viva 40 NOILvanand
HOVONY 380 HOd NOILYZIHOWLNY
ONV 103r0Hd 215103dS V HO: LNINO HNO
40 NOILYWHOSNI IWIINIOIINOD 3HL HOd
03LLINENS JHY SON|MVHO ANV
$1H0dad T1¥ "SIATISUNO ONY Q1ENd THL
'IN3NG ENC O NOILO3LOH VLN ¥ SV

(D) uoneI3EIY

CED oeo Al Ay

St 1

gL oL

noo

2083-1seg-Cly —«

0ATISIEEWY —a—
20vgIsegEY ——
208v-Iseg-elY —=—
8090-1seg-gilv —r—
S0ADISAG-ZNY —5—
20vgsag-guy ——
20SvHIsagaY —&—
2080-1sag- LY —x—
SRS LY —=

20vEIsag- LY ——
208v-1sag- LY —=—
3NUAABH YIfRe = =
3[UAUBL YIgL o = =

UBIPAN em

US| eomms

VOd

Lo

o0

- 100

e 1D

LoD 0

pouEpasaxy jo A)||geqold [enuuy




PN

N RINCA

LOVELLEON

N DIl

3L1S NO LY 3HL HOd SIAHND QHYZYH ¥Dd
ANLNIDEId HLPE ONY HL9L 'NYIO3A ‘N3N

NOILYYOd¥09 ONILYYIdO NOLV

NI

T

LNSWSSISSY ALITIAVLS DINSISS ONY OHYZYH JINSI3S
ANIWANNCCNL SDNIMIVL NOLSY

131701

1aBiog uaddpa uyo

(

v oro

"SINIMYHO ONY LHOdIY B0 ONIQEYDIH
HO WOH: SLOVHLSEY HO SNOISNIONCGD
'SINIWILYLS “¥iva 40 NOILLYDIENd
HO\ONY 3SN Y02 NOILYZIHDHLNY
QNY 103r0dd DI4I034S ¥ HO4 LNIND HNO
40 NOILVIAHOHNI TVLNIQIINGD 3HL WOd
Q3LLINENS IHY SINIMYHO aNV
S140d3H 11V 'SAATISHNO ONY 218N IHL
'LNIND BNO OL NOILO3LOH TYALAW ¥ SV

(B) uoneia|20Y

Al

0z cLo

g0

3[NUdEH UIFQe = =
3Iusdad Ygl- ==
UBIP | e

B e

vOd

Lto0 o

Loe

-
L=

Looo

99UEPa2IXT] JO AI|IGEQOIH [ENUUY




Ble

LovELL60N

]

ON 32111

318 NOLJY 2HL HO- SHHN GCIH3d NENL3Y
HY3A 000°01L ITILNIOHSd HLP8 NV HL9L 'NYIQ3N ‘NvIW

NOILYHO4HE0] ONILVEIdO NOLIV

NS

ANINSSISSY ALITIAYLS DINSISS ONY OHYZYH SINSIES

LNIFAONNOLNT SENITIV.L NOLIY

eyl

10609 udddp uyoy

or ¢t

[

Us)

"SON|MYHT ANV LHDJ3H HNO BNIGYYD3Y
40 WOH4 SLOYYLSEY HO SNOISNTIONOD
'SINAWILYLS 'VIVO J0 NOLLYOITENd
HONONY 35N HOd NOILYZIHOHLNY
ANV LO3rOHd O14I03dS ¥V HOH NI O U0
40 NOLLYAHOLN TWILNITIANDD IHL BOd
g3LLINBNS 3HY SINIMVHO ONY
SLH043H 1TV "S3ATISHNO ONY OI18Nd IHL
'LN3INO UNO OL NOILO3LOHd WHLAW V. 8Y

ol &0

0o

== Pem—————————

paduiep %5

31U3013d Uipe

. uea|y

1 3|nusdied Yig) -----

UBIDSIN ——

pousd wnsy 1eah goo‘ol

01

(=]
<t

09

05

0

<«

=]

(B) uonelapooy |2n2adg

Q

(=]




812 LOVELLEOW

N 1031 N DA

NOILYHOdH00 ONILVHEdO NOLAV

A

LIS NOLdV IHL Hod SQ0IH3d NEN13Y
HY3A 0000} ANY 0005 'S.+E "GLP HOL4 SHHN NYIW

QAET

ANIWSSASSY ALNIBYLS DINSIES ANY QUYZYH OINSIZS
LNINONNODN| SDNITIV.LNOLIY

13Ircik,

19619 uaddy) uyopy

AJ

oF g

™

0E 5T

"SONIMYETD ANV LH O3 HNO BNICHYD3Y
HO WOHJ SLOVHLSBY WO SNOISNIONQD
'SINIWILYLS "VIVO 40 NOILYOINaNd
HO\ONY 35N HO4 NOILYZIHOHLNY
ONV 1D3rQ4Hd 14102 dS ¥ O N3O HNO
40 NOILYWHOAN| TYIINIQIANOD 3HL HOd
Q3LLINGNS 3HY SONIMYHO ONV
S1HOdIAH 17V 'SIATISENO ANV 21End 3HL
'UN3ND BNO 0L NOILDILOBd TWALNA ¥ S¥

n
i
o
—

0

paduep %5

1A000'0 L -~
JAg00's-=-
ez —

— IAG [ —o—

sanjep Lespy

f=]
L=

0L

L=
=1

Es=]

el

L=J

<

(=]

(B) uonesapaoy |en2ads




oze

N Tl

LOVELLGON

SN )

L 1300W HO4 3LIS NOLJV LY
QdVZYH ¥Od CL NOILLNEIJLNQD ANQZ 304N0CS

NOILVHOdH0J DONILYHIdO NOLHY

NI

RALL

LN3WSS3ISSY ALNIBYLS OINSIFS ANV QHYZYH DINSIZS
ANSWANNCHINI SONITIV.L NC LSV

LI

198109 uaddus uyopy

@

“SONMYHO ONVLHOJIH HN0 DNIOHYD3Y
HO WOHA SLOYHLSEBY HC SNOISNIONOD
'SINTWILYLS VYO 20 NOILYO1IBNd
HOVONY 3Sf HOd NOILYZIHOHLNY
ANV 103r0dd O14103dS v HO- LNIIND HNO
40 NOIWYWHOZNI TWANICIINGD 3HL ¥03
G3LLINENS 3HY SONIMVE]D ANY
SL1HOJ34 1V 'SIATISUNO GNY O118nd SHL
"LN3MO HNO OL NOLLOILOH TYNLNA ¥ SY

(B) ‘uonelisjeaoy punols Yead

1]

N

YK NN

™~

o3t

£33

DS e s e

$AINOS SO IF

QIUBAOS 'ROCAMRJ-RIAADY
1Ne 4 RHOON

384 BONJ IR UBNP LUSYLION
Bupuag Bon 4 2P Uenp
BNSUIY $H00.45

LA

JEN

9Nd

039

oS

ST

ZLoa3s

RIBZEH (210

Er3E

Lralk

¥9d = pouag

T

alLy

00+31

aauapaaoxg Jo Aauanbald |enuuy




\g'z

Y]

LOVELLBON

oN U

€ 1300 504 3.1IS NOL4Y LY

NOILYHOJHOD ONILVY3d0 NOL4V

‘SONIMYHO ONY LHOJIH YN0 DNIQBYD3d
HO WOHL SLOVHLSAY Y0 SNOISIONOD

somll "SINIWILVLS 'YIVA 40 NOILYOITENnd

QHVZVH vOd OL NOILNBIYINOD 3NOZ 30HN0S

BRI}

ANINSSISSY ALITIBY.LS DINSIZS ONY QHVZYH DINSI3S

INIWANNOdWI SDNITIVL NO LY

13ITHa

JoBiog uoddus uyopy HO\ONY 38N Y04 NOILYZIHOHLNY
ONY LO3AMOHd D14103dS v U0 LN3I0 5N0

N 40 NOLYWHDANI WLINIQIANOD 3HL HOd

Ly 03LL1NENS 3HY SONIMVYHO ONY

.\\ S1HOdAY 77v "SANTISENC ONY ONBNnd 3HL

: IN3NQ YN0 OL NOILOILOH IVNLAW ¥ SY

(B) ‘uonelaje22y punois yead

Lo

N

= FOr3l

e

=

P

&

= = e e

$IUNQS IO Iy — = =

GOUTAOS TPOSANIBT-AITAEY — JL.?/!
e B0y — ™
V' BURUag 89N4 JP NEAP e Py
BNSULE S SHA0HT —

PIEIOH [B]AL

LN =

JEN —

Erat

IMd =

QIO —

WIS —

ST =—

€IS -—

Lo 3L

L283S =

¥9d = poad |

e — = .

= ARy}

0D+31

aauapeasxy Jo Acuanhbalg jenuuy




5 LOVELLEON
e Vo el
go— — NOILYHOd0I ONILVH3dO NOLY "SEONIMYHA ONY LHOJ3H HNO DNIOHYDH
B B SIS 1 Toniaee
NI E
£7300W HO4 3LIS NOLV LY 10B/0g uaddun uyoly HOLONY 350 HOd4 NOILYZIHOHLAY
QUEVZYH ¥Od OL NOLLNEIHLNOD INOZ 30HN0S ONY LO3rOYd D14103dS ¥ BO4 IN3ND BNO
) 40 NOIYWHOSNI TWILNIQISNOD 3HL ¥O4
INIWSSISSY ALITIAVLS OIWSIZS ONY AHVZYH OINS|3S A“ Y Q3L1|WENS 3dY SONIMYHO ONY
SOOI SNV VoL L4 LTS

(B) ‘uoneiajadrdy punocis yead
b 1’0

N

$A2INOT JAYID It =
UOYSLIQ —

P24 BHIO0D| =

e PRALIR|] -
Bupuag 318 J40|dxg =
BINSUILDY SHIOUG == goral

W93 L 2 J U 4400y —

TMITT 0

=T

[B1Eean — —
28 WayoN —
ds9 — Nig=i
JES —
ST) =

RIBZEH [©]0] == WOd = poleg m”

: - 00+31
geELTv

aauapaanxg jo Aouanhaiyg jenuuy




g2

Rt

. NOILVHOdY02 ONILVASdO NOLIV

AT H

¥9d NC 3ANLINDVIN WANIXYIW 40 103443

LIS NOLdY SHL LY

L)

i

IN3NSSISSY ALTIAY.LS JINSISS ANV QHYZYH DINSIZS
ANINANNOdINI SDNITIY.L NOLIY

LaeL

1061og uadduo uyopy

(

"SONIMYHO ONY.LH OdIH N0 DNITHVOIH
HO WOM:d S1OVHLSEY d0 SNOISNTANCGD
‘SINIWILVLS 'ViVA J4O0 NO[LYONENd
HO\ONY IS0 HOd NOILYZIHOHLNY
ONY LO3roHd 914103d$ ¥ HOH LN3ND Nk
40 NOILYWHOANI TWILNIOIINOD 3HL HOd
O3LLINENS IHY SONIMVHEA ONY
S1HOd3H v 'SIATISHNO ONY O118Md IHL
LN3NQ BNO OL NOILOALOH WNLOW ¥ S

(B) uoness|Eoy

0c0 o 00 g0 050 Z0 0z 0 610 0o 50 000
- —_ t 3 L3060
ENE SN, m i %
e IEs 1
SLEX
LSl |
SN
1
1
s
e
5
=
=1
- =
o,
m
=
(=]
3
Wi o
2
=
a
pUNOGIZMOT-ZIY —=— \
punogaddn-aiy —=— A
1
4
158g-qIY —=— |
b
a
Vod




v2'e LOVELLBON
R ST zo_n_ud.mo&moo OZ—-—-émmo 20-—-&4 mOmWMﬁSWMMQNMM%Q&W%ﬁﬂmﬂﬂﬂmmww
L T2Q0OW HO. e
S1INSIH SISATYNY zoﬂkﬂwmmwwﬁma #Bspg uaddys uyop
o,
ANIWSSISSY ALIIBYLS DINSIZS ONY OHYZYH OINSIZS

ANSWANNCJINI SONITIV.L NOLIY

{

'SINIWILYLS 'Viva 40 NOILVOITENd
HOV\ANY 3SN HOd NO|LVZIHOHLNY
QNY LO3rOHd 014103dS ¥ HOd LN3I10 Y0
40 NOIWYAHOLNI TVIINIA|INOD - IHL Hod
Q3LLINBNS FHY SON(MYHO ONY

85°0F :eoue)SI(q uesy
169 :epmyiubepy ueapy
S0098.156°6 -pieZeH
Sl 0 tepnyyduy
I ‘pouUsd

[ENLEA FNOFARAS

PR

uopebaibbesq soueysig-sprmuubep

S1HOdIH T1¥ 'SIATISHNO ONY SMENd 3HL
"LNIND BNO QL NOILD3LOEd TWNLOW ¥ SY

81°Sl -eduelsig uesjy
S0'S (epnyubep uesp
S00-29.L686'6 -PieZBH
¥Z 0 :apryjjdury
Yad ‘pousd

uonebaibbeaq souesig-apnuubely

FAMBT TONDTSD Ay

A=N
=




22 LavelLeon

o L

27300 404
SLINSIH SISATVNY NOILLYDIHDDY-3a

| NOLLVHOJHOD ONILVYIHO NOLAV

LNINSSISEY ALTIEY.LS QINSIZS ONY QHVZVYH JIWSI3S
INIAONNONI SDNITIYL NOLAY

NI
10B1ag uaddys uyopy
T

@

“SONIMYEHT ONY LHOC3Y HN0 BNIOHYD3Y
HO WOHd SLOVHLSEY HO SNOISNIONOD
'SINIWILYLS 'VIVO 40 NOILYOENd
HOVANY 3SN HOd NOILYZIHOHLOY
ONY LO3rQdd Ol3103dS v B0 LN3ND HNO
=0 NOLVWHOAN WWILNITIINOD 3HL HOd

g3LLIWENS JHY SONIMYHO ONY

6£°9F :92uR)SIq Uy
#9°¢ :apnuubepy ueay
$6S001000°0 -piezeH
861°0 :epngiduwy
L ‘pousd

uopebaibbeaq soueysig-spnuubey

FRAnBT) TINEFORAS

S1HOdIH 7TV "SIATISHNO ONY Dr1end IHL
‘IN3MD YN0 0L NOILOZLOHd TVNLNW ¥ SY

ELEL -e2UBlSI] uBS[y
0z o -epnuubep uesy
2220010000 -piezeH
BLE0 repmyduy
¥Od -pouad

ucnebaibbeag 2oueysig-apryubely

FaanaTh AL LS




e LOVELLEON

RG]

E1300N HOZ
SLINS3H SISATYNY NCILYDIHD9V-3d

ON LTI

NOILYHO4E0I ONILVHIH0 NOL4V

“SONIMYHA ONV LHOd3Y 5N0 DNIOEYOIH

il

soBiog uaddys uyopy

©

LN3INSS3ISSY ALIMIGY.LS JIWSIIS ONY OHVYZYH DINSIZS
LNIWANNOIN| SONITIV.L NOLSY

45001k

NI

HO WOHd SLOVHLSEY WO SNOISMIONCD
'SLNIWZLVLS 'VIYO 40 NOILY2IEnd
HOVANY 3SN HOd NOILYZIHOHLINY
ANy LD3rOHd QI4I03dS ¥ HOd LNS 110 Hno
20 NOLLYWHOSN! TWILNICIANDD 3HL HO4d

S9'0F (9oUEISIq Ueay
16°9 :epnjjubeyy uea|y
60200L000°0 :p4ezeH
S1L2'0 :epnydwy
L ‘polied

Franarny Fonpueaira

N@.Q

uoneBaibBesq souelsirepniubely

Q3LLINBNS 3HY SONIMYHO ONY
S1HOJIH TV 'STAISHNO ONY OMBNd 3HL
"IN3[10 YN0 OL NOILOALOHA TWNLNW ¥ S¥

SO'GlL -eduUEySI] uesly
0£°c :epmuubejy uesiy
S00-22i888'6 -pPiBZEH
21£°0 -epmyjdusy
YOd -polisd

=
=1

uogebaibbesq soueysig-epriubey

Fapssat), NINRFOR S




Site
My [®) M-

Source 2

STEP 1 STEP
A
c
85
: 5 "
5 %
c Y,
5 & y- J Yo
O i .
=4 It 3
d o ;
)I
N
STEP 4
STEP 3
AS A MUTUAL PROTEGTION TO OUR CLIENT, THE PUBLIC AND OURSELVES, ALL REPORTS AND DRAVINGS ARE SUBMITTED
FOR THE CONFIDENTIAL INFORMATION OF OUR CLIENT FOR A SPEGIFIC FROJECT AND AUTHORIZATION FOR USE AND OR
PUBLIGATION OF DATA, STATEMENTS, GONGLUSIONS OR ABSTRAGTS FROM OR REGARDING OUR REPORT AND DRAVNGS
1S RESERVED PENDING QLR WRITTEN APPROVAL
FROJEGT
AFTON TAILINGS IMPOUNDMENT

Klohn Crippen Berger

SEISMIC HAZARD AND SEISMIC STABILITY ASSESSMENT

STEPS IN DETERMINISTIC SEISMIC HAZARD ANALYSIS

FIGURE Ko,

CLIENT:

AFTON OPERATING CORPORATION

PROJECT Na.

MOS713A01 2.27




ge'e LOVELLBON

o RN ap 30Ok

S3IEYONNOS 070 ONY Org SY10 LIS
QL SNIONOESEHHOD SEHN 40 NOSIHYJINOD

RALIT

LNINSSISSY ALITIEY.LS DINSIZS ANY QHYZVYH OINSIIS
LNIWANNOdWI SDNIMIY.L NOLIY

LT

NOILVHOdE02 ONILYHIdO NOLIV

I

106108 uaddpg uyopy

@

(oss) pousg

ol

'SONIMYHO ONV L Od3H YN0 ONIQHYDSH
HO WOHS SLOVHLSEY HO SNOISNIINOD
'SINGWILYLS ‘Yiva 40 NOILydIland
HOVONY 35N HO4 NOILVZIHOHLNY
ONY LO3rOHd O141934S ¥ HOJ LNIMD BNO
40 NOILYIWHOLN| TVILNIQIINDD 3HL HOd
G3LLINBNS JHY SONIMVYO ONY
S1HOd3H TIV 'SIATISHNO aNY 2MANd IHL
ININT HN0 OL NOILO3LOYd TWILOW ¥ SY

Lo oo

padwrep %6 weeine
san[eA Uesiy

(Atepunoq o/g ssB|D BYS) S/ULOY.=SA -IAGL9'Z - -=--
1 (Au=mpunoq 0/g SSBIQ YS) S/WO9.=SA - K000"0 L - -+
| (Aepunoq @/o sse|D SHS) S/W 09E=SA\ ~JAG L' —=—
| (kiepunog Q0 SSB|D SUS) S/W 09E=SA-IA000'0 L —e—

[

000

020

0¥o

090

080

ozt

(B) uojeiepooy |enpadg




Depth {(m)
oo

10

12

14

16

Figure 3.1
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Figure 3.2  Corrected SPT blow counts — DH-2002
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MO09713A01.730\Figs3.1-3.12.docx



Corrected SPT blow counts

DH-2004
(Nl)so-cs
0 20 40 60 80 100
o |
=0= (N1)60-cs
= = o Factor of Safety against
liquefaction= 1.0
2 “(N1)60-cs= 30
4
6 o
E
£ 8
B
v
(a]
10 = = ==
12
1.0
0! o
g‘ Non-liquefiable
14 i !
|
0l
16
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Figure 3.5  Corrected SPT blow counts — DH-2005
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Figure 3.7  Corrected SPT blow counts — DH-2008
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Figure 3.8  Corrected SPT blow counts — DH-2009
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Figure 3.9  Corrected SPT blow counts — DH-2012
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Figure 3.10 Corrected SPT blow counts — DH-2013
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Figure 3.11 Corrected SPT blow counts — DH-2014
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Figure 3.12  Corrected SPT blow counts — DH-2015
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New Gold Inc. No agreement was reached with this company for the construction of

berms to direct the water flow into the Afton Open Pit.

The Afton Open Pit was designated in the Afton Closure Plan as the basin for storage of
flows from the spillway. This Closure Plan was approved by the South Central Mine

Development Committee as part of the decommissioning of the mine.

Tailings Pond Operational Manual

The up-dating of the operational manual was not completed prior to the land sale and
transfer of the Reclamation Permit M-112 to Abacus Mining and Exploration or its sister

company.

Future Plans and Schedule

Future plans and schedules for the Former Afton Tailing Pond will have to be developed

by the new owners of the land and Reclamation Permit holder.
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