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Executive Summary

The KSM (Kerr-Sulphurets-Mitchell) Project is loedtin the glacierized Boundary Ranges of
the northern Coast Mountains of British ColumbiaugBed topography, high elevations,
proximity to the ocean, and location in relationatoobust winter storm track combine to create
conditions which support the growth of large alpgh&ciers and ice fields.

The ultimate boundaries of the proposed Mitchdllipithe KSM Project area extend under the
current terminus of Mitchell Glacier. Assuming g&lcrecession rates remain constant, it is
anticipated that the glacier terminus will be upsl®f the proposed Mitchell pit location by the
time construction begins. Access to the easterre esfgthe Mitchell deposit is currently
obstructed by the glacier, and glacier melt wilpgly substantial runoff over the area of the
proposed Mitchell pit. Although Mitchell Glacier $ighe greatest potential influence on project
development and operations, several other proppsgéct infrastructure components would
also be located within glacierized watershedsotalf thirteen glaciers (or ice fields), including
Mitchell Glacier, were identified upstream of prepd Project infrastructure. The glaciers range
in size from 0.9 krhto 132 knfand in elevation from approximately 700 metres abswa level
(masl) to near 2,500 masl.

The focus of the 2011 Glacier Monitoring Programsw@a continue mass balance and glacier
dynamic studies initiated on Mitchell Glacier inQ8) and complete the first year of direct mass
balance measurements on McTagg South and West,dddHast, Gingras North and South, and
Kerr glaciers. This program included field measugata of end-of-winter accumulation, mid-
and end-of-summer ablation, surface velocity mesaments, and glacier terminus mapping of
Mitchell Glacier. Terminus measurements were cotetlfor McTagg South and West, McTagg
East, Gingras North and South, and Kerr GlaciersSaptember 2010, and ablation stake
networks were installed to allow mass balanceseacdlculated in 2011. In the 2010 mass
balance year (September 2009 - September 2010)néss balance relationships derived for
Mitchell Glacier were extended to estimate seasandlnet mass balance on McTagg South and
West, McTagg East, Gingras North and South, and Kkaciers. Given that one full year of
mass balance data is now available for these gfacike first year of direct mass balance
measurements can be completed. In addition, té thil year of mass balance measurements
are available for Mitchell Glacier.

End-of-winter accumulation on Mitchell Glacier raagfrom +0.3 m of water equivalence (w.e.)
near to the glacier terminus to +2.4 m w.e. on tigper glacier accumulation zone.
Summer ablation was observed to range more thanwater equivalence (w.e.) near the terminus
of the glacier to -0.6 m w.e. at high elevationseCthe 2011 mass balance year, a glacier-
averaged net mass balance of -0.22 m w.e., caécufedm point observations made at 27 sites,
indicates that the Mitchell Glacier was in disettpuitm, (i.e., negative mass balance) in 2011.
This value is more positive than for the 2010 maaance year (-1.33 m w.e.) and closer to the
2009 glacier-averaged mass balance (-0.04 m w.e.).
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Executive Summary

Available evidence suggests that Mitchell Glacseagtively flowing, but that recent melt rates at
the terminus are sufficient to cause a retreatohgpproximately 48 m/y from September 2010
to September 2011. This rate is greater than theage 2004 to 2008 retreat rate estimated from
satellite imagery, and the rates calculated frormiteus surveys for the 2009 and 2010 mass
balance years. Comparison of historic glacier serielevation data to current surface elevations
suggests that the glacier terminus has thinned @y @00 m since the provincial TRIM |
mapping data were created in the early 1990s. Apemison of current areal extent to historical
data prior to the early 1990’s suggests that theigt size has remained relatively unchanged in
the upper elevations but has been shrinking indiver elevations.

Annually-averaged glacier velocities were computedn repeat surveys of the ablation stake
network on Mitchell Glacier in September 2010 argpt8mber 2011. Velocities ranged from
approximately 21 m/y at 1,000 masl elevation to &0¢ at 1,400 m. These flow speeds are very
close to those observed in the 2010 mass balarare Relatively low flow velocities near the
terminus indicate that ice loss is primarily duedtwnwasting of the glacier surface rather than
accelerated flow (resulting from the input of susnmmelt water and basal sliding).

Measurements of glacier mass balance and dynamMsBagg South and West, McTagg East,
Gingras North and South and Kerr glaciers were goied between September 2010 and
September 2011. McTagg East Glacier had the loglesier-averaged net mass balance of all
glaciers in the monitoring program (-0.66 m w.An. estimated 43% of the glacier gained mass
over the 2011 mass balance year, and measured swablatgon was more than -4 m w.e. near the
terminus. As for Mitchell Glacier, surface veloediare relatively low near the terminus of this
glacier, suggesting that this loss of mass occupriedarily due to downwasting of the ice surface.

McTagg South and West, Gingras and Kerr glacidread glacier-averaged net mass balances
close to neutral (ranging from -0.15 to 0.13 m jEleasured ice loss at low elevations was less
at these sites than at Mitchell and McTagg Eastigls, with a net balance of -2.8 m w.e. at
McTagg South and West Glacier (at 1,200 masl); R2w.e. at Gingras North and South Glacier
(at 1,425 masl) and -2.0 m w.e. at Kerr Glacierl(425 masl).

Ablation stake velocities were calculated for thegaciers between September 2010 and
September 2011. McTagg South and West Glacier lghdsurface velocities, ranging from 21
to 104 m/yr, which is comparable to Mitchell Glacielowever, unlike Mitchell Glacier, it also
has high terminus velocities, which suggests that glacier responds rapidly to the input of
summer melt water, which would lubricate the bed aause basal sliding. Gingras North and
South and Kerr glaciers have low surface velogitegh maximum speeds of only 10 - 14 m/yr.
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Glossary and Abbreviations

Terminology used in this document is defined whei first used. The following list will assist
readers who may choose to review only portionsiefdocument.

Ahj Net Change in Ice Surface

Bn Mean Specific Net Balance

bn Specific Net Mass Balance

Bs Mean Specific Summer Balance

bs Specific Summer Balance

Bw Mean Specific Winter Balance

bw Specific Winter Balance

M Ice Melt

Ms Snow Melt

Pi Ice Density

Pw Water Density

AAR Accumulation Area Ratio

DEM Digital Elevation Model

DGPS Differential Global Positioning Satellite
ELA Equilibrium Line Altitude

KSM Kerr-Sulphurets-Mitchell

L andsat Land Remote Sensing Satellite
LiDAR Light Detection and Ranging

mw.ea® Metres of water equivalent per year
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Glossary and Abbreviations

NADS83 North American Datum 1983

PVC Polyvinyl Chloride

SPOT 5 Systéme Pour I'Observation de la Terre (Satellaged by Spot Image in
Toulouse, France)

TRIM Terrain Resource Information Management

UTM Universal Transverse Mercator

w.e. Water Equivalent
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1. Introduction

1.1 Project Proponent

The proponent for the KSM (Kerr-Sulphurets-MitchelProject is Seabridge Gold Inc.
(Seabridge), a publicly traded junior gold compdmadquartered in Toronto, Ontario, with
common shares trading on the Toronto Stock Exchan@anada and on the New York Stock
Exchange in the United States.

1.2 KSM Project Location

The KSM Project is a proposed gold/copper projeciated in the mountainous terrain of
northwestern British Columbia, approximately 950 kmorthwest of Vancouver, British
Columbia, and approximately 65 km north of Stewdtjtish Columbia (Figure 1.2-1).
The proposed Project lies approximately 20 km sesagh of Barrick Gold’s recently-closed
Eskay Creek Mine and 30 km northeast of the Aldskaer. The proposed processing plant and
Tailing Management Facility (TMF) will be locatedbaut 15 km southwest of Bell Il on
Highway 37.

1.3 KSM Project Description

The proposed Project as defined for the purposdkisfenvironmental baseline study will be
comprised of two distinct and geographically sefgagasieas (the Mining Area, Process Plant and
TMF; Figure 1.3-1).

The proposed Mining Area is located in the drainbagin of Sulphurets Creek, a major tributary
of the Unuk River. It will be accessed by a newdrothe Coulter Creek Access Road, to be
constructed from the current Eskay Creek Mine rdamlr deposits will be mined, the Kerr,

Sulphurets, Mitchell and Iron Cap. Ore will be d¢red and then transported through one of
two parallel 23 km long tunnels to the Process tPldon-ore mined (waste) rock will be stored
in engineered facilities (rock storage facilitiesREFs) to be located in the Mitchell and McTagg
valleys. Surface water that contacts disturbedsaweil be collected and treated at a Water
Treatment Plant.

The Process Plant and TMF will be located in thpengributaries of Teigen and Treaty creeks,
which flow to the Bell-Irving River. It will be aassed from Highway 37 by a new road parallel
to Treaty Creek of which the first three kilometiesan old forest service road. The Process
Plant will process up to 130,000 tonnes per dayrefto produce an average of 1,200 tonnes per
day of concentrate that will be transported to gbet of Stewart by truck. The tailings will be
pumped to the TMF, to be located in headless valitesated in the upper reaches of a southern
tributary of Teigen Creek and a northern tributafryfreaty Creek.
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Introduction

1.4 Glacier Monitoring Program

The KSM Project is located in the glacierized BoanydRanges of the northern Coast Mountains
of British Columbia. Rugged topography, high eléwas, proximity to the ocean, and location in

relation to a robust winter storm track combinet@ate conditions which support the growth of
large alpine glaciers and ice fields.

The ultimate boundaries of the proposed Mitchdllipithe KSM Project area extend under the
current terminus of Mitchell Glacier. Assuming ghdcrecession rates remain constant, it is
anticipated that the glacier terminus will be upsl®@f the proposed Mitchell pit location by the
time construction begins.

Access to the eastern edge of the Mitchell deositirrently obstructed by the glacier, and glacier
melt will supply substantial runoff over the arddahe proposed Mitchell open pit. Glaciers can be
described as dynamic reservoirs that store wateinlynan the form of snow and ice.

By considering the inputs (in the form of snow) dhd outputs (in the form of melt) of a glacier
system on an annual timescale, a glacier massdetzan be assessed. The dynamic behaviour
of a glacier, such as patterns of advance andatetiee linked to the observed mass balance, but
operate on longer timescales, and are affected bynaber of other factors, such as bedrock
topography, accumulation rates, and ice tempemture

Mountain glaciers experience two seasons durindy gaar: the accumulation season, where
snow accumulation, snow redistribution, and avdlascadd to the mass of the glacier, and the
ablation (or melt) season, where warm temperatamessolar radiation inputs reduce the mass of
the glacier through melting and runoff. The meaec#ir winter balanceR,) is the total winter
accumulation (mass gained) averaged over the esunface of the glacier. The mean specific
summer balanceBg) is the total ablation (mass lost) averaged dversurface of the glacieB{is
negative by convention). The net mass balance @fglacier By) is the sum ofB,, and Bs.
While internal accumulation (refreezing of rain antklt water within the snowpack) may
contribute to the glacier mass balance, it is ciftito measure. For the 2010 Mitchell Glacier
mass balance calculations presented here, intagtaimulation is assumed to be negligible in
comparison to the magnitude of the surface prosesse

Glacier mass balance represents the annual charglacier mass in response to the temperature
and precipitation patterns of a particular yeare Tdng-term response of a glacier to perturbations
in the climate/mass balance is the dynamic respomdgech can be observed through
measurements of surface flow velocities, glacippgraphy, and terminus positions. Glacier flow
rates are a product of gravity and mass: snow em@décumulates at higher elevations, thickens,
and eventually flows downhill. However, flow ratese affected by bedrock topography, surface
topography, ice thickness, temperature, and meaknainage systems. Glacier response time is
the delay between perturbations in the climate/ntedance and the dynamic response at the
terminus. Maritime alpine glaciers are thought tavén a fairly rapid response time
(Josberger et al. 2007), given their high rate assturnover; therefore, glaciers in the vicinity o
the KSM Project are expected to have response imdéise order of 5 to 50 years.
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Introduction

The KSM Glacier Monitoring Program was initiated2@08 to provide information on the rates
of down-wasting and retreat of Mitchell Glacierasenal and annual mass balance estimates and
flow velocities. Nearby glaciers were catalogued bypsometries generated for 12 glaciers that
are located upstream or proximal to proposed dewedmt. The first annual mass balance was
calculated for the Mitchell Glacier in 2009, as wat an annual rate of terminus retreat
(Rescan 2009). Multiple linear regression analysias used to determine the primary
meteorological controls on peak stream discharggslting from high glacier melt rates in 2008
and 2009. Air temperature was found to be the dantinontrol, with early season (May to July)
melt events having a more muted response in cosgawith late season (August to September)
melt events. The mass balance monitoring progras) eeatinued in 2010 (Rescan 2010) and
the relationships derived for Mitchell Glacier frottme 2010 mass balance year were used to
estimate mass balance on the other glaciers iIK8M area.

The following sections present the methods andlteedtom the 2011 Glacier Monitoring
Program for the KSM Project area, which includedhbglacier mass balance and glacier
dynamic components.

1.5 Study Objectives

The Project area is located in a glacierized regionl the proposed ultimate boundaries of the
Mitchell pit extend slightly beneath the curremmeus of Mitchell Glacier. The primary focus
of the 2010/2011 field season was to maintain tlaei& Monitoring Program initiated in 2008
through mass balance measurements, surface velow@surements, and glacier terminus
mapping at the Mitchell Glacier. In addition, masalance measurements were made on
four other glaciers upstream of the Project areaT&dg East and McTagg South and West
glaciers are located to the west and north-easpéctively) of the proposed Mitchell-McTagg
rock storage facility. Gingras North and South @es are located to the west of the Project
area, and melt water from this glacier flows sowtst, towards the Sulphurets Creek access
road. Kerr Glacier is located to the south-wegtefproposed Kerr Pit.

Development and maintenance of a monitoring progmgmires considerable knowledge of the
glacier environment and its climatic conditions dnel Glacier Monitoring Program continues to
evolve in response to new information gained witthe field visit. Continuity in glacier
monitoring is essential, given the dynamic respamses of glaciers and the possibility that
observations in any given year may not be repratigatof general trends.

Objectives of the mass balance component of thei&ldonitoring Program for 2011 were as
follows:

measure the winter balance in April 2011

measure the summer balance in September 2011

determine the net mass for each glacier balanadb@sthese measurements
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The 2011 mass balance measurements and calculéBeptember 2010-September 2011) will
provide three consecutive years of data for Mitcl@&lacier and the first direct year of
observations on the McTagg South and West, Gingaath and South and Kerr Glaciers.

Objectives of the glacier dynamic study for the P@kason were to repeat the glacier terminus
survey conducted in 2008, 2009 and 2010 on Mitctddicier and to continue tracking the

location of the ablation stake network on all gissiin order to compute glacier surface
velocities.

The potential for rapid advance of glaciers in Kf&M region is of particular concern for the
proposed mine infrastructure, and the surface wgland terminus monitoring will provide
some indication of the potential for such advance.
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2. Study Area

2.1 Monitored Glaciers

In 2010, Mitchell Glacier continued to be the prisnatudy site for the KSM Glacier Monitoring
Program. However, in 2010 glacier monitoring wasdted on several additional glaciers within
the Sulphurets Creek watershed including the McTaggth and West, McTagg East, Gingras
North and South, and Kerr glaciers. The McTagg Bbaumid West glaciers share the same glacier
terminus, and were considered as one glacier ferréport. Similarly, the Gingras North and
South glaciers were grouped together. The studigtleys span the western part of the Project
area, and their combined surface area is 293(kigure 2.1-1).

2.2 Mitchell Glacier

Mitchell Glacier is a medium-sized alpine glaciapgroximately 16 krf) that forms part of what

is known as the Unuk Icefield or the Sulphuretsiéte, in north-western British Columbia.
Mitchell Glacier was chosen for glacier monitoridige to the location of the proposed Mitchell
pit and the potential for glacier-related impacts mine water diversions, access ramps and
related infrastructure. The size and elevation eanigMitchell Glacier is also representative of
other glaciers in the region, which will be usefioit estimating glacier changes throughout the
study area. A ground view of the lower ablationeofhMitchell Glacier is shown in Plate 2.2-1.

Plate 2.2-1. Ground view across the lower ablation zone of Mitchell Glacier,
August 2011.
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Mitchell Glacier has two main accumulation basirsere new ice is formed from accumulated
snowpack and from an inflow of glacial ice from lineg-elevation basins. Ice outflow from these
main basins coalesce into a westward-flowing vallagier with a total elevation range of 1,000 to
2,460 masl (Figure 2.1-1). Plateau regions in thgeuelevations of Mitchell Glacier join with other
glaciers to the north and the south; the unnamatiaylconnected through the south-eastern saddle
was formerly a tributary of Sulphurets Glacierdtsd in the valley which contains Sulphurets Lake.

At its terminus, Mitchell Glacier is characterizég ice-cliffs, with an estimated height of
approximately 40 to 80 m (Plate 2.2-2). Recent gdopenetrating radar surveys support these
estimates and indicate an ice thickness of up @r@lapproximately 1.5 km upglacier from the
terminus. The ice cliffs are undercut at the baséobmer and current sub-glacial melt channels,
and several calving events (the sudden breakiny afvece) were observed during late-summer
field visits between 2009 and 2011.

Plate 2.2-2. Aerial view of the terminus of Mitchell Glacier, September 2010.

Middle sections of Mitchell Glacier are heavily eassed, and contain numerous icefalls, which
are both difficult and hazardous to traverse. Alifiio safe passage is relatively straightforward
in spring when several metres of snow cover theiglahelicopter support is required to access
the upper portions of the glacier in summer and Tdde bottom portions can be safely travelled
at all times of year by an alert and adequatelypgmed team, provided that snow and visibility
conditions are good. For this reason, ablationestakere installed along the lower half of
Mitchell Glacier, where the absence of substamtielasses allowed for safe glacier access and
travel by field personnel. Similarly, DGPS surveyfs glacier extent were focused near the
glacier terminus for safety reasons.
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Study Area

2.3 McTagg, Gingras and Kerr Glaciers

McTagg South and West Glacier is approximately khé in area, ranging in elevation from
960 to 2,000 masl, with the proportional area witbach elevation band increasing steadily up to
1,800 masl. The two glacier arms converge near téminus at approximately 1,250 masl
(Plate 2.3-1). An icefall is located at approxinhate 600 masl, and a steep roll-over at 1,500 masl
results in a heavily crevassed zone.

McTagg East Glacier is approximately 2.1 %in area, ranging in elevation from 1,010 to
1,900 masl, with the majority of this area locateetween 1,500 and 1,800 masl. No major
icefalls are located on this glacier; however, steep south-facing slopes above the glacier will
increase the avalanche hazard during the spriage(R13-2).

Plate 2.3-1. Aerial view of McTagg South (left) Plate 2.3-2. Aerial view of McTagg East
and West (right) Glaciers, August 2010. Glacier, August 2010.

Gingras North and South Glacier is approximatelykdt in area, ranging from 1,390 masl at the
terminus to 2,100 masl at the highest elevatiohs. Jlacier comprises a north arm that is heavily
crevassed between 1,640 and 1,780 masl (Plate) 28d3a larger south arm with moderate slope
(Plate 2.3-4).

Kerr Glacier is approximately 1.1 Kmn area, ranging from 1,320 masl at the termimus t
2,050 masl at the highest elevations. It is a stewfh-facing pocket glacier located west of and
above Sulphurets Glacier (Plate 2.3-5).
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Plate 2.3-4. Gingras South Glacier viewed from Gingras North,
September 2010.

Plate 2.3-5. View south on Kerr Glacier from approximately 1,575 masl
elevation, September 2010.
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3. Methods

3.1 Glacier Delineation

In 2008, the extent of the Mitchell Glacier wasimdehted from a composite of Landsat and
SPOT 5 images taken in 2002 and 2004, respecti@eisface hydrological divides and operator
discretion were used to map the extents of thehditdGlacier at high elevations, and a digital
elevation model (DEM) of the Mitchell Glacier at @0resolution was extracted from TRIM data
using the digitized glacier extents. From the DENlaier hypsometry (i.e., distribution of surface
area by elevation) was generated. The original TRIEM was updated in 2009 by adjusting the
glacier surface elevations based on the 2009 DGR&)s of the ablation stake locations and in
2010 by adjusting the glacier extent based on @€ DGPS survey of the terminus position.

The TRIM DEMs for the McTagg South and West, McTa&gst, Gingras North and South and
Kerr Glaciers were adjusted using the 2010 DGP@&iters surveys in order to calculate glacier
hypsometries, as well as to provide the basisheistributed mass balance estimates for 2011.

3.2 Glacier Mass Balance

Elevation exerts an important control on accumakatand ablation processes, due to the
dependence of both temperature and precipitatioal@ration. Snow accumulation is generally
greatest at high elevations due to orographic eséraant and the frontal dynamics of weather
systems in the study area. Melt is generally gstatd low elevations due to warmer
temperatures and the earlier exposure of glaceeafiter melting of the winter snowpack; glacier
ice absorbs more than twice as much solar radiatsfresh snow, resulting in enhanced melt
rates. While variations in accumulation and abftatigill occur in horizontal directions, a
monitoring network that exploits their dependence ebevation is sufficient to describe the
majority of the spatial variability in mass balance

There are several methods for measuring glacies rhaknce, each with its own benefits and
drawbacks. A brief summary is shown in Table 3.2bst glacier mass balance monitoring
conducted in Canada uses the glaciological methdd measurement (Jstrem and
Brugman 1991), and this was the primary method csade for the KSM Glacier Study.
However, components of the geodetic and index nastheere also incorporated to provide
some perspective on the historical mass balanggaofers studied, and help place results from
the current observation program in perspective.

The glaciological method used for determining thessnbalance of Mitchell Glacier involved

measuring the accumulation of snow during the wiatal the change in snow depths and ice
surface heights over the summer. As Mitchell Glagean elongated valley glacier where mass
balance is primarily controlled by elevation, monig locations were distributed along the
vertical mid-line of the glacier. A glaciologicakar runs from October to September of the
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following year, and the mass balance year from REt@009 to September 2010, for example, is
referred to as the 2010 balance year.

Table 3.2-1. Summary of Glacier Mass Balance Measurement

Methods
Method Details Summary
Index Methods: Ground surveys, air Changes in mass balance and ice flow can be
Terminus position, photos, remote sensing observed through changes in the terminus position,
area changes, though the relationship is complex and it requires
equilibrium line extensive knowledge of the glacier flow dynamics.
altitude (ELA) The equilibrium line altitude (ELA) is also a response to

mass balance conditions, and knowledge of the
relationship between the two is necessary before it can
be used as an index.

Glaciological Ablation stake network, Measurements of surface lowering (ice melt) are made
Method snow depth probing, at ablation stakes installed across a range of
and density pits elevations in the ablation zone, and end-of-summer

snow depth and density sampling at the higher
elevations yields an estimate of the summer balance.
Winter accumulation totals are sampled over the entire
elevation range of the glacier using snow probing and
density measurements in early- to mid-May.

Hydrological Measurement of Measurements of water input and output allow for the
Method precipitation, calculation of net storage within the glacier system.
evaporation, Accurate precipitation and groundwater
groundwater, and measurements are difficult or impossible to obtain,
runoff for glacier and changing morphology of pro-glacial streams
watershed. makes stream flow measurements challenging.
Geodetic Method Ground surveys, Measurement of the topographic change of the glacier
topographic maps, air surface to determine volumetric change. Sufficiently
photos, remote accurate methods require expensive high-resolution
sensing, LIDAR data such as LiDAR.

At any point on the glacier, the specific net masdance If,) is the sum of the winter
accumulation I§,) and summer ablatiorb{ negative by convention), all with units of metds
water equivalent (m w.e.):

bn:b\N+bs [1]

Point mass balance observations are denoted hyes-ttaseéh. Winter accumulation is affected by
avalanching, wind redistribution, changes in priggion type (rain versus snow), and orographic
enhancement. Accumulation can thus exhibit a htial variability, with the majority of the
variability due to elevation. Summer ablation idetined primarily by air temperature and
absorbed solar radiation. Spatial patterns of mwetdominated by the decrease in temperature
with elevation, as well as variations in radiatasorption related to shading, albedo, surfaceeslop
and aspect. Initial distributions of snow can giday a large role; before ice melt can begin,
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the snow cover must be completely removed, andittereflectivity (albedo) of snow reduces the
absorption of solar radiation.

3.21 Winter Balance

Winter balances are calculated through observatidrsnow depthds) and snow densitypf),
from which a snow water equivalent (SWE, in m) barcalculated:

bw :ds°ps/,0w [2]
wherepy, is the density of water (1.000 kgm

Field observations of snow depth and density weléected on each glacier in April 2011
(Plates 3.2-1 and 3.2-2). Snow pits were excavhetdeen the terminus and the upper basins
and snow densities were continuously sampled thnoutythe entire depth of each pit and
integrated to determine the total SWE at each quation. Snow densities below 2 m were
measured with a Federal Snow Tube. As density vavieh snow depth, a function describing
the relationship between depth and density wasrmeted so that snow density could be
estimated over the entire glacier surface.

4

Plate 3.2-1. Measuring snow density at McTagg West Glacier (1,700 masl)
in April 2011.

Snow depths were probed at numerous locations enuipper basins of each glacier (see
Chapter 4, Figures 4.2-1 to 4.2-5 for maps indmgatll snow depth sites). Between three and
six depth measurements were made at each locatidrnthee average snow depth computed.
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A relation between elevation and snow depth wasrdehed based on these field observations
in order to estimate snow depth over the entireigtasurface.

Plate 3.2-2. Probing snow depths in the upper accumulation basin of
McTagg West Glacier, April 2011.

With established relations between 1) snow depthedevation and 2) snow depth and density,
winter balancéd, was estimated over the glacier surface from Eqndfl] and the DEMs of each
glacier. The glacier averaged winter balaBgewas then calculated by integrating the estimated
specific winter balance for each DEM grid cell, atididing by the total area of the glaciéy)(

[b, [3]

B =

w

>|=

3.2.2 Summer Balance

Summer ablation is the combined loss of both snod i@e during the melt season, which
typically lasts from May to September. Snow mbfit)(is calculated by subtracting the observed
end-of-summer SWE from the observed winter baldbgeat a given location. If the ice surface
has been exposed, thbhy = b,,. Above the end-of-summer snowlirds < b,, and observations
of end-of-summer snow depth and density are requaestimate the remaining SWE.

Ice melt M) is measured using stakes (referred to as ablatekes) which are drilled into the

ice. The base of the stake remains fixed relatwvechianges in the height of the surface
(Figure 3.2-1). Total ice melt (inm w.e.) is cdited by converting the depth of ice melt
(Ad; in m) to water equivalence following:
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M =0d 2 [4]

w

wherep; is the density of ice (900 kgfrPaterson 1994).

Ablation stakes consist of two 2 m PVC poles wdtacaed with cable ties and placed in holes
at each ablation stake location (Plates 3.2-3 a2&dlB Ablation stake holes were hand-drilled to
a depth of approximately 4 m on each site visieSehstakes were measured and re-drilled where
necessary in both July and September 2011. In Béyete2011, snow depth measurements were
conducted above the end-of-summer snowline anditglepds were excavated to estimate
summer snow melt.

YA
oo S
s

:5{;

zﬁggjaﬁ“ ¥ s A'};§§?§?ﬁwi

Plate 3.2-3. Ablation stake, MI-1000, in August 2011 before re-drilling (after
a substantial amount of surface lowering).

The summer balancéd at a specific point was calculated by:
bs= M+ M, [5]

Glacier-averaged summer mass balaig¢ Was calculated by integrating the specific summer
mass balance estimated for each DEM grid cell andidg by the total ared, as in Equation [3].
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1. When the ablation stake is
installed, its intial height (h,)
above the end-of-summer
surface (ss,) is measured.

2. On subsequent visits, the
new height of the stake (h,) is
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lowering (dh = h, - hy). The
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a new intial height above the
surface will be recorded.
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Plate 3.2-4. Ablation stake, MI-900 being redrilled level with the ice surface
in August 2011.

3.2.3 Summary of Ablation Stake Sites

In September 2008, ablation stakes were installe@ight sites on Mitchell Glacier and
two additional stakes were added in July 2009 arepteé®nber 2010 (Table 3.2-2).
In September 2010, 10 additional stakes were lestadn McTagg West and South Glaciers
between 1,040 and 1,625 m; six ablation stakes wetalled between 1,150 and 1,600 masl on
McTagg East Glacier; five stakes were installedGngras North and South Glacier between
1,400 and 1,600 masl, and four stakes were indtdeween 1,425 and 1,650 masl on Kerr
Glacier (Table 3.2-2). All stakes are located betbe end-of-summer snowline, also known as
the equilibrium line altitude (ELA), and maps oflaion stake locations are provided in
Chapter 4 (see Figures 4.2-1 to 4.2-5).

3.24 Glacier-averaged Mass Balance

Mass balance values estimated for each grid eel(iv.e.) were multiplied by the area of each
grid cell (20 by 20 m) to calculate a volume (id we.). Volumes foby, bs, andb, in each grid
cell were then summed over the entire glacier amttled by the total area of the glacier to
obtain the glacier-averaged mass balance. Althahgtotal glacier mass balance is frequently
expressed as a volume, the glacier-averaged méascbas more intuitive, and it allows for
comparisons between glaciers and time periods.
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Table 3.2-2. Overview of Ablation Stake Network from 2008 to 2011

Ablation
Glacier Stake Installation Comments
Mitchell MI-900 Sep 2010 New installation in 2010
MI-925 Sep 2008 Could not be located in 2009, presumed lost due to
avalanche
MI-960 Sep 2008 Replaced MI-925 in July 2009, Melted out in
summer 2009, reinstalled Sep 2009
MI-1000 Jul 2009 Melted out in 2009
MI-1100 Sep 2008 Located in crevasse in 2009, reinstalled Sep 2009
MI-1200 Sep 2008 No issues to comment on
MI-1300 Sep 2008 No issues to comment on
MI-1400 Sep 2008 No issues to comment on
MI-1450 Sep 2008 No issues to comment on
MI-1525 Sep 2008 Relocated locally in 2010 due to crevasses formation
McTagg South MS-1440 Sep 2010 No issues to comment on
MS-1500 Sep 2010 No issues to comment on
McTagg West MW-1040 Sep 2010 No issues to comment on
MW-1200 Sep 2010 No issues to comment on
MW-1250 Sep 2010 No issues to comment on
MW-1325 Sep 2010 No issues to comment on
MW-1440 Sep 2010 No issues to comment on
MW-1500 Sep 2010 No issues to comment on
MW-1575 Sep 2010 No issues to comment on
MW-1625 Sep 2010 No issues to comment on
McTagg East ME-1150 Sep 2010 No issues to comment on
ME-1225 Sep 2010 No issues to comment on
ME-1300 Sep 2010 No issues to comment on
ME-1400 Sep 2010 No issues to comment on
ME-1550 Sep 2010 Stake not located in Sep 2011
ME-1600 Sep 2010 No issues to comment on
Gingras GS-1400 Sep 2010 No issues to comment on
GN-1425 Sep 2010 No issues to comment on
GS-1500 Sep 2010 No issues to comment on
GS-1600A Sep 2010 No issues to comment on
GS-1600B Sep 2010 No issues to comment on
Kerr KG-1425 Sep 2010 No issues to comment on
KG-1500 Sep 2010 No issues to comment on
KG-1575 Sep 2010 No issues to comment on
KG-1650 Sep 2010 No issues to comment on
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3.3 Glacier Dynamics

A primary safety concern in heavily glacierizedragn is the possibility of rapid glacial
advances, such as surges (where velocities arersomfe magnitude greater than normal
velocities), that could affect infrastructure laadnear glacier termini. The factors contributing
to alpine glacier surges are complex: glacier lmgmbgraphy, subsurface hydrological drainage
characteristics, and antecedent mass balance mwditare all contributing factors
(Raymond 1987), but these parameters are diffimuitmpossible to measure. Surging glaciers
are also not limited to a particular geographiaagegthey have been identified in Alaska, the
Yukon, and northwest British Columbia, as well &g tArctic, South America, and in the
Himalayas (Benn and Evans 1998).

Surface features that are indicative of surge-tglaiers include heavy crevassing, intense
folding visible at the surface and looped medial ranmes (Copland et al. 2003).
Other investigators have suggested that long gkomgth low slope angles have a higher
probability of being surge-type glaciers in compan with short glaciers, which will generally
have a greater slope angle (Clarke 1991). Thesergizations are useful in the context of
examining the potential for glacier surges in tf&\MKregion, but cannot be considered as rules.

In order to quantify the rate of retreat or ablatai Mitchell, McTagg South and West, McTagg
East, Gingras North and South, and Kerr Glaci@esfallowing methods were used:

annual differential GPS (DGPS) surveys of the tausi
annual DGPS surveys of the ablation stake network
field-based evidence for glacier flow

TRIM data analysis

Surveys of Mitchell Glacier terminus using DGPS eveonducted in September 2008, 2009,
2010, and 2011. Surveys of McTagg South and WesT,agg East, Gingras North and South,
and Kerr glaciers were also conducted in Septergb&f. Using a sampling interval of one
second, location coordinates were recorded as\&eyur walked along the terminus margins.
Safety concerns of collapsing ice cliffs limitecetaxtent to which the terminus was mapped in
all years, but the data collected provide a bencknfar future terminus mapping and
comparison. To reduce some of the uncertainty duited by the safety concerns, a rangefinder
was used in 2010 to determine the distance to khaeg snout where it was unsafe to walk
immediately along the terminus.

To estimate glacier flow velocities, the locatianfsablation stakes were surveyed after initial
installation in July and September of each yeaatéP8.3-1). The DGPS unit was operated for
approximately one minute at each stake using a lsammterval of one second, yielding
approximately 60 points for each site.

The DGPS data collected in the field was post-peed and corrected using an off-site base
station. From the corrected data at each stakayarage location was calculated. The change in
stake position (in the easting and northing diew| in metres) was calculated by subtracting
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the 2010 coordinates from the 2011 coordinatesalThsplacements (and flow velocities) were
calculated using trigonometry, with an estimatedZuomtal error of one metre.

Plate 3.3-1. Conducting ablation stake maintenance near the terminus of
Mitchell Glacier, June 2011.
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4. Results

4.1 Glacier Delineation and Hypsometries

41.1 Delineation

The TRIM DEM for each glacier was adjusted usingrtiethodology described in the 2009 KSM
Glaciology Report (Rescan 2010). Mitchell Glacieteat and adjusted DEM are presented in
Figures 4.1-1 and 4.1-2. The adjusted DEM has @&mim elevation of 928 masl| and a maximum
elevation of 2,461 masl (Figure 4.1-2). The termintMitchell Glacier (Plate 4.1-1) represents a
relatively small amount of the total area. The faus area (east of the UTM 426000 grid line) was
11% of the total glacier area in 2009. Recent glaitiinning and terminus retreat has reduced the
terminus area compared to previous years (seeo8ekB8-1 and Figure 4.3-1).

Plate 4.1-1. Lower Mitchell Glacier, July 2011.

In 2010, the same delineation methods were usetMédragg South and West (Figure 4.1-3),
McTagg East (Figure 4.1-4), Gingras North and Sdé&igure 4.1-5) and Kerr (Figure 4.1-6)
glaciers.

4.1.2 Hypsometries

Glacier hypsometry describes the elevation disti@ouby unit area and plays an important role
in determining glacier-averaged mass balance. Taeiey hypsometries calculated from the
adjusted DEMs are presented in Figures 4.1-7 ah@.4.
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Results

4.2 Glaciological Mass Balance

4.2.1 Monitoring Sites

Monitoring locations (ablation stakes and snow llegites) for the 2011 mass balance year for all
glaciers in the monitoring program are summarizedTable 4.2-1 and shown spatially in
Figures 4.2-1 to 4.2-5. Table 4.2-2 gives mass nicalameasurements at each site between
September 2010 and September 2011.

Table 4.2-1. Coordinates for Mitchell Glacier Ablation Stake and Snow
Depth Sites, 2010-2011

Glacier Site Easting Northing Elevation Site Type
Mitchell MI-900* 423780 6265699 883 s,d
MI-960* 423969 6265799 943 s,p,d
MI-1000* 424117 6265953 986 s,d
MI-1100* 424646 6266022 1081 s,d
MI-1200* 425452 6266357 1169 s,d
MI-1300* 425987 6266386 1256 s,d
MI-1400* 426711 6266049 1381 p,d
MI-1450* 426774 6265420 1437 s,d
MI-1525* 426965 6265174 1483 s,d
MIB1-1700" 428108 6264676 1695 d
MIB1-1800” 428613 6264632 1780 d
MIB1-1820" 428763 6265272 1822 d
MIB2-1850# 427719 6263819 1846 d
MIB0-1900” 428564 6265882 1916 d
MIB2-1900# 428365 6263736 1890 d
MIB1-1975% 430207 6263353 1977 d
MIB1-2000" 429439 6263920 2007 d
MIB2-2000# 429265 6263157 2022 p,d
MIB1-2050A" 430062 6264635 2064 d
MIB1-2050B" 429601 6264782 2045 d
MIB1-2050C* 429645 6264907 2038 d
MIB1-2050D# 429693 6264139 2065 d
MIB1-2075# 429701 6264270 2075 d
MIB1-2100" 430394 6264694 2100 p,d
MIB2-2200" 429912 6263159 2200 d
MIB2-2300A" 430869 6264349 2296 d
MIB2-2300B" 430223 6263299 2300 d
MIB2-2400" 430514 6263251 2395 d
(continued)
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Results

Table 4.2-1. Coordinates for Mitchell Glacier Ablation Stake and Snow
Depth Sites, 2010-2011 (continued)

Glacier Site Easting Northing Elevation Site Type
McTagg South MS-1440* 415792 6267432 1429 s,d
MS-1500* 415717 6267064 1486 s,d
MS-1450" 415887 6267447 1450 d
MS-1500" 415813 6267098 1500 d
MS-1550" 415621 6266784 1547 d
MS-1600" 415486 6266559 1600 p,d
MS-1700" 415291 6266116 1700 d
MS-1800" 415216 6265809 1800 d
McTagg West MW-1040* 416643 6268124 956 s,d
MW-1200* 416112 6268291 1192 s,p,d
MW-1250* 415785 6268286 1246 s,d
MW-1325* 415370 6268314 1307 s,d
MW-1440* 414755 6268419 1414 s,d
MW-1500* 414122 6268455 1485 s,d
MW-1575* 413551 6268240 1565 s,d
MW-1625* 413368 6267822 1614 s,d
MW-1650" 413747 6267710 1647 d
MW-1700A" 413797 6267333 1700 p,d
MW-1700BA" 414025 6267306 1702 d
MW-1750" 413961 6266889 1750 d
MW-1825" 414221 6266381 1825 d
McTagg East ME-1040" 418726 6269232 1043 d
ME-1150* 419112 6269223 1142 s,p,d
ME-1200" 419256 6269181 1203 d
ME-1225* 419388 6269218 1225 s,d
ME-1300* 419655 6269159 1290 s,d
ME-1400* 419914 6269020 1387 s,d
ME-1450" 420015 6268904 1448 d
ME-1550# 420515 6268719 1551 s,d
ME-1600* 420631 6268570 1589 s,d
ME-1650" 420932 6268346 1650 p,d
ME-1700" 421127 6268444 1700 d
ME-1750" 421235 6268489 1743 d
ME-1800" 421380 6268451 1794 d

(continued)
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Results

Table 4.2-1. Coordinates for Mitchell Glacier Ablation Stake and Snow
Depth Sites, 2010-2011 (completed)

Glacier Site Easting Northing Elevation Site Type

Gingras North GN-1425* 412913 6264824 1420 s,d
GN-1500" 412802 6265046 1500 d
GN-1550" 412762 6265219 1550 d
GN-1600" 412807 6265331 1592 d
GN-1800" 412988 6265878 1800 d
GN-1850" 412921 6266049 1855 d

Gingras South GS-1400* 412767 6264604 1399 s,p,d
GS-1450" 412587 6264607 1448 d
GS-1500* 412671 6264268 1506 s,d
GS-1525n 412315 6264512 1525 d
GS-1550A% 412722 6264082 1550 d
GS-1550B" 412480 6264216 1551 d
GS-1600AN 412775 6263758 1596 d
GS-1600B" 412345 6263917 1618 d
GS-1625" 412545 6263642 1630 p,d
GS-1650A" 412692 6263557 1652 d
GS-1650B" 412496 6263585 1652 d
GS-1600A* 412769 6263758 1596 s,d
GS-1600B* 412349 6263918 1602 s,d

Kerr KG-1425* 419919 6259009 1419 s,d
K G-1500* 420008 6258816 1496 s,0,d
KG-1525n 419973 6258719 1524 d
KG-1575* 420247 6258486 1568 s,d
KG-1650A* 420433 6258293 1634 p,d
KG-1650B" 420563 6258318 1654 d
KG-1675" 420503 6258235 1675 d

Note: Site in bold are ablation stakes

UTM coordinates given in UTM 9N, NAD83

* Sept 2011
A April 2011
# Sept 2010
s = stake
p = density
d =depth

422 Winter Balance

4221 Point Water Balance

End-of-winter (April, 2011) snow accumulation wagasured at 27 sites on Mitchell Glacier,
18 sites at McTagg South and West Glaciers, 13 @ateMcTagg East Glacier, 17 sites at

Gingras North and South Glacier and 6 sites at Kacier (Table 4.2-2).

November 2012
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Table 4.2-2. Summary of Measurements and Mass Balance Results, 2010-2011

ds (m) ds (m) Adi SWE Apr SWE Sep Ms Mi bs bn
Glacier Site Apr Sep (m) (bw m w.e.) (mw.e.) (mw.e) (Mw.e) (Mw.e) (Mw.e)
Mitchell MI-900 1.23 0.00 7.27 0.32 0.00 0.32 6.54 -6.86 -6.54
MI-960 2.40 0.00 8.77 0.59 0.00 0.59 7.89 -8.48 -7.89
MI-1000 1.34 0.00 8.77 0.35 0.00 0.35 7.89 -8.25 -7.89
MI-1100 2.00 0.00 4.55 0.58 0.00 0.58 4.10 -4.67 -4.10
MI-1200 2.67 0.00 3.87 0.83 0.00 0.83 3.48 -4.32 -3.48
MI-1300 2.47 0.00 3.94 0.75 0.00 0.75 3.55 -4.30 -3.55
MI-1400 3.35 0.00 2.50 0.80 0.00 0.80 2.25 -3.05 -2.25
MI-1450 2.47 0.00 2.78 0.75 0.00 0.75 2.50 -3.26 -2.50
MI-1525 2.96 0.00 2.87 0.95 0.00 0.95 2.58 -3.53 -2.58
MIB1-1700 3.28 N/A 0.00 1.09 N/A N/A 0.00 N/A N/A
MIB1-1800 3.21 N/A 0.00 1.06 N/A N/A 0.00 N/A N/A
MIB1-1820 3.47 N/A 0.00 1.17 N/A N/A 0.00 N/A N/A
MIB2-1850 5.37 N/A 0.00 2.09 N/A N/A 0.00 N/A N/A
MIB0-1900 4.11 N/A 0.00 1.46 N/A N/A 0.00 N/A N/A
MIB2-1900 5.81 N/A 0.00 2.31 N/A N/A 0.00 N/A N/A
MIB1-1975 4.86 N/A 0.00 1.83 N/A N/A 0.00 N/A N/A
MIB1-2000 4.26 N/A 0.00 1.54 N/A N/A 0.00 N/A N/A
MIB2-2000 3.95 2.53 0.00 1.51 1.34 0.17 0.00 -0.17 1.34 d
MIB1-2050A 4.52 N/A 0.00 1.66 N/A N/A 0.00 N/A N/A
MIB1-2050B 4.22 N/A 0.00 1.52 N/A N/A 0.00 N/A N/A
MIB1-2050C 4.53 N/A 0.00 1.67 N/A N/A 0.00 N/A N/A
MIB1-2050D 4.50 N/A 0.00 1.65 N/A N/A 0.00 N/A N/A
MIB1-2100 3.72 3.30 0.00 2.39 1.75 0.64 0.00 -0.64 1.75 d
MIB2-2100 5.75 N/A 0.00 2.28 N/A N/A 0.00 N/A N/A
MIB2-2200 4.82 N/A 0.00 1.81 N/A N/A 0.00 N/A N/A
MIB2-2300 5.21 N/A 0.00 2.00 N/A N/A 0.00 N/A N/A
MIB2-2400 3.91 N/A 0.00 1.37 N/A N/A 0.00 N/A N/A

(continued)



Table 4.2-2. Summary of Measurements and Mass Balance Results, 2010-2011 (continued)

ds (m) ds (m) Adi SWE Apr SWE Sep Ms Mi bs bn
Glacier Site Apr Sep (m) (bw m w.e.) (mw.e.) (mw.e) (Mmw.e) Mw.e) (Mmw.e)
McTagg MS-1440 3.56 0.00 1.53 1.29 0.00 1.29 1.38 -2.66 -1.38
South MS-1500 3.96 0.00 1.28 1.49 0.00 1.49 1.15 -2.64 -1.15
MS-1550 3.75 0.00 N/A 1.38 0.00 1.38 N/A N/A N/A
MS-1600 3.67 0.00 N/A 1.43 0.00 1.43 N/A N/A N/A
MS-1700 2.53 1.30 0.00 0.82 0.69 0.14 0.00 -0.14 0.69 d
MS-1800 3.93 N/A 0.00 1.48 N/A N/A 0.00 N/A N/A
McTagg MW-1040 N/A 0.00 3.14 N/A 0.00 N/A 2.83 N/A N/A
West MW-1200 2.77 0.00 3.15 1.09 0.00 1.09 2.83 -3.92 -2.83
MW-1250 3.46 0.00 2.92 1.24 0.00 1.24 2.63 -3.87 -2.63
MW-1325 3.24 0.00 3.17 1.13 0.00 1.13 2.85 -3.99 -2.85
MW-1440 3.66 0.00 2,52 1.34 0.00 1.34 2.26 -3.60 -2.26
MW-1500 3.21 0.00 1.63 1.12 0.00 1.12 1.46 -2.58 -1.46
MW-1575 3.33 0.00 181 1.18 0.00 1.18 1.62 -2.80 -1.62
MW-1625 4.05 0.00 1.07 1.54 0.00 1.54 0.96 -2.50 -0.96
MW-1650 3.56 0.89 0.00 1.29 0.47 0.82 0.00 -0.82 0.47 d
MW-1700A 4.02 N/A 0.00 1.47 N/A N/A 0.00 N/A N/A
MW-1700B 3.98 N/A 0.00 1.50 N/A N/A 0.00 N/A N/A
MW-1750 4.37 N/A 0.00 1.71 N/A N/A 0.00 N/A N/A
MW-1825 4.24 N/A 0.00 1.64 N/A N/A 0.00 N/A N/A

(continued)



Table 4.2-2. Summary of Measurements and Mass Balance Results, 2010-2011 (continued)

ds (m) ds (m) Adi SWE Apr SWE Sep Ms Mi bs bn
Glacier Site Apr Sep (m) (bw m w.e.) (mw.e.) (mw.e) (Mmw.e) Mw.e) (Mmw.e)
McTagg ME-1040 2.22 0.00 N/A 0.70 0.00 0.70 N/A N/A N/A
East ME-1150 2.50 0.00 4.85 0.89 0.00 0.89 4.37 -5.26 -4.37
ME-1200 3.33 0.00 N/A 1.18 0.00 1.18 N/A N/A N/A
ME-1225 2.50 0.00 3.02 0.81 0.00 0.81 2.72 -3.53 -2.72
ME-1300 221 0.00 2.27 0.70 0.00 0.70 2.04 -2.74 -2.04
ME-1400 3.16 0.00 2.03 1.10 0.00 1.10 1.83 -2.92 -1.83
ME-1450 2.48 0.00 N/A 0.80 0.00 0.80 N/A N/A N/A
ME-1550 2.30 0.00 N/A 0.73 0.00 0.73 N/A N/A N/A
ME-1600 3.13 0.00 1.01 1.08 0.00 1.08 0.91 -1.99 -0.91
ME-1650 3.65 0.85 0.00 1.49 0.45 1.04 0.00 -1.04 0.45 d
ME-1700 4.57 0.94 0.00 1.83 0.50 1.33 0.00 -1.33 0.50 d
ME-1750 4.75 0.75 0.00 1.94 0.40 1.54 0.00 -1.54 0.40 d
ME-1800 3.56 N/A 0.00 1.29 N/A N/A 0.00 N/A N/A
Gingras GN-1425 3.70 0.0 2.98 1.29 0.0 1.29 2.68 -3.97 -2.68
North GN-1500 3.79 0.0 N/A 1.33 0.0 1.33 N/A N/A N/A
GN-1550 3.73 0.0 0.92 1.30 0.0 1.30 0.83 -2.13 -0.83
GN-1600 4.01 0.0 N/A 1.46 0.0 1.46 N/A N/A N/A
GN-1800 4.91 N/A 0.00 2.01 N/A N/A 0.00 N/A N/A
GN-1850 5.10 N/A 0.00 2.14 N/A N/A 0.00 N/A N/A

(continued)



Table 4.2-2. Summary of Measurements and Mass Balance Results, 2010-2011 (completed)

ds (m) ds (m) Adi SWE Apr SWE Sep Ms Mi bs bn
Glacier Site Apr Sep (m) (bw m w.e.) (mw.e.) (mw.e) (Mmw.e) Mw.e) (Mmw.e)
Gingras GS-1400 3.67 0.0 2.40 1.43 b 0.0 1.43 2.16 -3.59 -2.16
South GS-1450 4.23 0.0 N/A 1.58 0.0 1.58 N/A N/A N/A
GS-1500 3.85 0.0 131 1.37 0.0 1.37 1.18 -2.55 -1.18
GS-1525 4.38 0.0 N/A 1.67 0.0 1.67 N/A N/A N/A
GS-1550A 3.62 0.0 N/A 1.24 0.0 1.24 N/A N/A N/A
GS-1550B 3.08 0.0 1.33 0.98 0.0 0.98 1.20 -2.18 -1.20
GS-1600A 3.38 0.0 1.33 1.12 0.0 1.12 1.20 -2.32 -1.20
GS-1600B 4.20 0.0 0.92 1.56 0.0 1.56 0.83 -2.39 -0.83
GS-1625 3.20 0.0 N/A 1.13 b 0.0 1.13 N/A N/A N/A
GS-1650A 3.31 N/A 0.00 1.09 N/A N/A 0.00 N/A N/A
GS-1650B 4.36 N/A 0.00 1.66 N/A N/A 0.00 N/A N/A
Kerr KG-1425 3.46 0.00 2.24 1.16 0.00 1.16 2.02 -3.18 -2.02
KG-1500 2.82 0.00 2.48 0.87 b 0.00 0.87 2.23 -3.10 -2.23
KG-1525 2.53 0.00 N/A 0.74 N/A N/A N/A N/A N/A
KG-1575 3.54 0.00 1.24 1.20 0.00 1.20 1.12 -2.32 2.32
KG-1650 4.53 N/A 0.22 0.64 b N/A N/A 0.20 N/A N/A
KG-1675 4.59 0.51 N/A 1.80 0.27 1.53 0.00 -1.53 0.27
KG-1700 N/A 1.40 N/A N/A 0.74 N/A 0.00 N/A 0.74

Note: end of summer snowline assumed to be between 1625 and 1650 m based on observations
N/A: No observation made or value cannot be computed
a: Values estimated using density of 529 kg/m?

b: Measured directly from snow pits

c: Stake lost during summer melt

d: bn set as remaining SWE in Sept

m w.e.: metres of water equivalent

ds = snow depth

Adi = change in depth of ice

bw = winter balance

SWE = snow water equivalence

Ms = snow melt

Mi =ice melt

bs = summer balance

bn = net balance




Results

Snow depth measurements are plotted against elavati Figure 4.2-6. Due to their
geographical proximity and comparable depth-elevatelationships, McTagg South and West
Glacier is combined with McTagg East Glacier (refdrto as ‘McTagg’). Similarly, Gingras
North and South Glacier (referred to as ‘Gingrasiyl Kerr Glacier data are combined due to the
smaller number of observations and the similar arzeé elevation distributions of these glaciers
(Figure 4.1-8). A quadratic fit is applied to easdt of depth-density data and, using a least-
squares regression technique, snow ddpithapproximated as a function of elevatifin

ds=p1 Z° +p2 Z + pa. [6]

The fitted parameterp;, p, and ps for each dataset are given in Table 4.2-3 aloni) Wie
coefficient of determination @rand the root mean squared error (RMSE).

Table 4.2-3. Quadratic Fits for Snow Depth-elevation Relationships

Glacier P1 P2 Ps R? RMSE (m)
Mitchell -1.105x 107 2.983x 10° -1.071 0.77 0.60
McTagg 4.256 x 10°® 2.308 x 10 -0.101 0.62 0.41
Gingras and Kerr  4.358 x 10°®  -10.851 x 10°° 10.317 0.71 0.25

For Mitchell Glacier all data were included in thegression analysis, but for McTagg Glacier
two outliers were removed and are indicated in feigu2-6. While Mitchell and McTagg Glaciers
show a clear trend towards increased snow depthsleivation, snow depth data from Gingras and
Kerr glaciers are more dispersed, particularly e t1,500 - 1,650 masl elevation range
(Figure 4.2-6). For this reason, six outliers weraoved from the regression analysis, as these were
anonymously low snow depths compared to the rereaiofithe dataset. The outliers in order of
increasing elevation are KG-1500, KG-1525, GS- BR%BS-1600A, GS-1625, and GS-1650A.

The resulting coefficient of determination for teaglationships ranges from 0.62 to 0.77, with a
RMSE of between 0.41 and 0.60 m. However, it isak that Gingras and Kerr glaciers show
an overall weaker snow depth-elevation gradientpamed to McTagg and Mitchell glaciers, and
the quadratic curve tends to overestimate snow naglaiion, particularly between 1,500 -
1,600 masl. The primary reason for this is thougHie the low elevation range of these glaciers
and the impact of undulating surface topographysaow accumulation over this limited
elevation range.

A quadratic formulation of the relation between wndepth and elevation is consistent with
studies that indicate that maximum snow accumulatioes not generally occur at mountain
peaks (Barry 1992). While snow depth generally eases with elevation due to orographic
enhancement and rain/snow temperature thresholag] speeds are also greatest at high
elevations and strong winds act to redistributenstm lower and more sheltered areas. In the
case of Mitchell Glacier, the highest snow depth81 m) were noted at 1,900 masl, and lower
snow depths (5.21 m) were observed at the highesopling site at 2,300 masl.
Below 1,900 masl snow depths generally decreasttdelgvation to a local minimum of 1.2 m
near the terminus (Figure 4.2-6).
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Results

Snow densities were measured in snow pits excawatdd® locations in April 2011 (four on
Mitchell Glacier, three on McTagg West and Souttad#r, two on McTagg East Glacier,
two on Gingras North and South Glacier and two enrkGlacier). Figure 4.2-7 shows all snow
density measurements as a function of snow depthwhtbe surface. It should be noted that the
lower elevation snow pits (KG-1500 and GS-1400)eveot included in the calculations of
guadratic fit. This was due to the fact that thevemensities were relatively homogeneous with
depth at the lower elevation sites. All measuredwsidensities are within the normal range
expected for alpine snowpacks (Paterson 1994) andities observed in pits at 1,600 masl and
higher follow a typical winter pattern of densitiexreasing with depth. This occurs through
densification processes (such as grain rounding camapaction) that occur as the overlying
snowpack becomes deeper and heavier.

Winter snow density observations reveal systenuitierences based on elevation. For snow pits
between 950 and 1,500 masl, density was eitheomumifwith depth (e.g., MW-1200) or was

consistently greater than at higher-elevation ggag, GS-1400). This is typical for snowpackg tha
are either melting or in a transitional state betweinter conditions and the onset of summer melt.

Temperature profiles obtained from the snow pitss/jole further information regarding the state
of the snowpack, and are shown in Figure 4.2-8.10&® of the winter snowpack generally begins
when the entire snowpack has a temperature of sjpately 0°C, and surface melt water no
longer freezes as it percolates through the snowMichell Glacier snow pits, it is clear that the
snowpack at MI-925 is melting, as evidenced by toasistent (isothermal) nature of the
temperature profile (-0.1°C) and the high densitiespared to the MIB2-2000 and MIB1-2100
snow pits (Figure 4.2-7). MI-1400 has a similar meensity to MI-925 (382 kg/frat MI-1400
and 366 kg/mat MI-925), but the temperature profile suggesés warming in the surface layers
of the snow pit has not penetrated to the base.

Similarly, at McTagg South and West Glacier and lsigd East Glacier, snow pits at MW-1200
and ME-1150 are approaching an isothermal (melsdje, but MS-1600, ME-1650 and
MW-1700 have not yet been melt-affected (Figure8).2The differentiation of melt-affected
snowpacks from high-elevation (winter) snowpacksasas clear on Gingras and Kerr Glaciers.
The temperature profiles in Figure 4.2-8 show thatApril all snow pits had warmed in the
upper reaches. However, the isothermal layer isigtent until 0.6 m in the GS-1400 snow pit,
but the temperatures decrease rapidly below 0.2 timel higher-elevation snow pits.

The occurrence of snowmelt prior to the April 20iE0d trip will not have a significant effect on

the calculation of glacier mass balance. Snowmglltoe limited spatially to the lowest portions

of the glacier, and the specific summer mass balabg at these low-elevation sites is
dominated by ice melt (Table 4.2-2). It is also gibke that higher elevation sites receive
snowfall after the winter balance measurementalain these amounts will likely be negligible
in comparison with the total observed winter baéa@and the timing of the winter balance trip
aims to minimize these complications.

Based on the depth-density and depth-temperatueestiawn in Figures 4.2-7 and 4.2-8, snow
pits that represent winter conditions (i.e., abby#0 masl) were used to produce a least-squares
regression of snow densitys and snow depthdj:

ps = PaZ’ +psZ+pe. [7]
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Results

As for the depth-elevation relationships, McTaggitBaand West and East glaciers are grouped,
as are Gingras North and South and Kerr glacidns. fiited parametergs, ps andps for each
dataset shown in Figure 4.2-7 are given in Tabl2-44.along with the coefficient of
determination (B and the root mean squared error (RMSE).

Table 4.2-4. Quadratic Fits for Snow Depth-density Relationships

Glacier Pa Ps Ps R? RMSE (m)
Mitchell -5.563 86.485 209.801 0.74 28.81
McTagg 5.077 48.983 252.976 0.63 37.22
Gingras and Kerr 3.660 80.759 181.741 0.84 63.08

4222 Distributed Winter Balance

With elevation data extracted from the adjusted BEWMIr each glacier, a distributed winter
balance for each 20 x 20 m grid cell was estimétedl) calculating the snow depth based on
the elevation-snow depth relationships (Equatioh 46d Table 4.2-3), and 2) integrating
Equation [7] to determine snow density (and hen@¢Ey for the depth of each snowpack.
The integrated form of Equation [7] is:

SWE = ;2% +psZ®+ps Z) * 0.001 [8]
The fitted parametens;, ps andpg for each dataset are given in Table 4.2-5.

Table 4.2-5. Fitted Parameters for the Integration of Equation 7

Glacier p7 Ps Po

Mitchell -1.854 43.243 209.801
McTagg 1.692 24.492 252.976
Gingras and Kerr 1.220 40.380 181.741

Due to the either uniform of inconsistent densitigth depth encountered in the lower-elevation
snow pits (Figure 4.2-7), Equation [8] was apple&levations:

1. above 1,400 masl elevation for Mitchell Glacier
2. above 1,200 masl for McTagg South and West GlanmdrMcTagg East Glacier, and
3. above 1,400 masl for Gingras North and South and Gkaciers.

The average density of the snowpack at 960 maghemitchell Glacier (366 kg/f) was used

to determine SWE from measured snow depths beld&0lmasl. Between 1,160 masl and
1,400 masl, the average density from the 1,400 piagB66 kg/ni) was used to calculate SWE.
The elevation 1,160 masl| was selected as it li¢lsvhp between the 925 masl and 1,400 masl
snow-pit locations, and it can be inferred thattmels well underway at the lower pit, and just
beginning at the upper pit.
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Results

In the same manner, the mean density at MW-1200 wsasl to calculate SWE from the
terminus to 1,200 masl on McTagg South and WestEsd glaciers (436 kgfn and the mean
density at GS-1400 (337 kgfjnwvas used to calculate the SWE from the terminus 400 mas!
on Gingras North and South and Kerr glaciers.

Table 4.2-6 gives the range of estimated wintemsdepths and,, (equivalent to SWE from
Equation [8]) across the surface of each glacike distributed 2010 to 2011 winter balance for
Mitchell Glacier is shown in Figure 4.2-9 and fdher glaciers in the study area in Appendix 1.

Table 4.2-6. Range of Estimated Winter Snow Depths and the Winter
Balance for each Glacier

McTagg
South and McTagg
Glacier Mitchell West East Gingras Kerr
Min. elevation (masl) 999 958 1,014 1,387 1,320
Max. elevation (masl) 2,464 1,997 1,899 2,113 2,054
Min.depth (m) 1.80 2.15 2.28 3.65 3.59
Max. depth (m) 5.61 4.68 4.44 6.85 6.41
Min. by, (m w.e.) 0.66 0.94 0.85 1.23 1.35
Max by, (m w.e.) 221 1.89 1.75 3.53 3.15

For Mitchell Glacier snow depths vary from 1.8 t6 & and the winter balance ranges from 0.66
to 2.21 m w.e. The minimum snow depth in 2011 kiesveen the 2009 and 2010 values, which
were 3.0 m and 0.7 m, respectively. The maximunthdispcomparable to the 2009 and 2010 mass
balance years, when maximum snow depths were g¢stima 6.0 m and 5.3 m, respectively.

McTagg South and West Glacier and McTagg East &l&ave a lower range of snow depths and
consequently winter balance compared to Mitchetoiglr (Table 4.2-6). This is primarily a

function of the more limited elevation range ofgbelaciers but is, in part, also due to the lower
slope of the snow depth-elevation curve used tdigrenow depth at these glaciers (Figure 4.2-6).

Gingras North and South and Kerr glaciers haveiderably higher estimated snow depths and
winter balance totals than the other glaciers énstudy area (Table 4.2-7). While they are located,
on average, at higher elevations than the othes, glte observed and modelled snow depths on the
Gingras and Kerr glaciers are also higher for amg@evation than the other glaciers. For example,
for 1,400 masl, which is the lowest snow depth damgpocation on Gingras and Kerr glaciers,
snow depth is estimated (using the curves shoviigare 4.2-6) to be 3.7 m, compared to 2.9 on
Mitchell Glacier and 3.2 m on McTagg South and WasEast glaciers. This also applies to
measured April snow depths (Table 4.2-2). For td@Q - 1,850 masl elevation range of Gingras
and Kerr glacier sampling sites, the mean Aprilvsrdepth is 4.1 m, compared to 3.4 m on
Mitchell Glacier and 3.7 m on McTagg South and st East glaciers.
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Results

It appears from these results that Gingras Nortth South and Kerr glaciers are in more
sheltered, topographically protected, basins atiéatanore winter snow accumulation than the
other larger glaciers in the study region.

4.2.3 Summer Balance

4231 Point Summer Balance

The summer mass balance calculation required freleevisits to each site. In September 2010,
ablation poles were drilled into the glacier anéittheight above the surface was recorded.
Ablation poles below the transient snowline werentie-drilled in mid-summer (between late
June and early August). Final changes in surfacghhevere measured in September 2011 to
provide a full year of ice melt measurements, abldteon stakes were re-drilled and reset in
preparation for the 2012 ablation season. Snowhdepihd densities above the snowline were
also sampled in April and September to providenesties of the loss of snowpack during the
summer melt season at high-elevation sites.

To estimate the summer balari@t each stake (Equation [5]), total snow nviltand ice meliv;

(in mw.e.) were calculated from field observatioBelow the end-of-summer snow line, snow
melt is assumed to equal the observed winter balakmove the snow line, the remaining SWE in
September was measured using a combination of siepth probing and snow density
measurements. Snow densities measured in two sitewop Mitchell Glacier (at 2,000 and
2,100 masl) and one additional snow pit on the Mgr&ast Glacier (at 1,700 masl) in
September 2011 were essentially uniform with deggige from layers with high densities due to
ice lens formation. For this reason the mean den§i529 kg/m was used to estimate the SWE of
the remaining snowpack at snow-depth measurentest si

Ice melt totals for stakes below the end-of-sumsemaw line were determined from the change
in stake height between September 2010 and mid-sun(late June-early August 2011), and
then again between mid-summer and September 2@taumting for ablation stake re-drilling
and extensions. Total ice surface height changek), (observed through the stake height
measurements, were converted to m w.e. followingaign [4]. Table 4.2-2 summarizes snow
melt, ice melt, and summer balance calculatedct seasurement site.

4232 Distributed Summer Balance

To estimate melt totals over the surface of eadltigt, a quadratic relation between summer
balance lfs) and elevation4) was developed (Figure 4.2-10):

bs = proZ® +p11Z + pa2 [9]

The fitted parameterpso, p11 andp;2 for Mitchell Glacier, McTagg South and West andksiEa
glaciers, and Gingras and Kerr glaciers are giveiable 4.2-7 along with the coefficient of
determination (B and the root mean squared error (RMSE).
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Results

Table 4.2-7. Quadratic Fits for Summer Balance-elevation
Relationships

Glacier P1o P11 P12 R’ RMSE (m)
Mitchell -3.849x10°  1.777x 1072 0.900 0.90 0.82
McTagg 1.892 x 10°® 5.377 x 107 0.789 0.79 0.57
Gingras and Kerr  -9.439x 10°  3.654 x 10? 0.834 0.83 0.28

Equation [9] was applied to the adjusted DEM ofheatacier to calculate the distributed
summer balance, and Table 4.2-8 gives the rangstwhated summer balances on each glacier.
The distributed summer balance for Mitchell Gladershown in Figure 4.2-11 and for other
glaciers in the study area in Appendix 2.

Table 4.2-8. Range of Estimated Summer Balance for each Glacier

McTagg
South and McTagg
Glacier Mitchell West East Gingras Kerr
Min. elevation (masl) 999 958 1,014 1,387 1,320
Max. elevation (masl) 2,464 1,997 1,899 2,113 2,054
Max. bs (m w.e.) -6.87 -5.69 -5.35 -3.90 -4.64
Min bs (m w.e.) -0.34 0.06 -0.42 -1.36 -1.20

For Mitchell Glacier, combined snow and ice metal® are estimated to range from 6.9 m w.e.
at the lowest elevations of the glacier to 0.3 ne.wn the higher areas of Mitchell Glacier
(Table 4.2-8). Terminus melt for 2011 is lower t12010 estimates (8.3 m w.e.), but the melt at
high elevations in 2010 was also estimated to BerDw.e. (Rescan 2011). This indicates that, as
for the 2010 mass balance year, the glacier expeedte melt across its entire surface over the
summer months.

For other glaciers, maximum summer ablation (snad i@ae melt) ranged from 3.9 m w.e. on
Gingras North and South Glacier to 5.7 m w.e. onTdyg South and West Glacier
(Table 4.2-8). McTagg East Glacier has a slightigifve summer balances at high elevations.
This is a result of the extrapolation of the elevasummer balance curve (Figure 4.2-10) above
the highest measurement site. Summer balance @clynires positive, however, at 1,990 m so
this only affects a small area of the upper accatran zone (~7 m of elevation) and has
negligible effect on net mass balance calculations.

It is estimated that Gingras and Kerr glaciers egpeed high melt rates across the entire surface,
with summer balances of -1.4 m w.e. and -1.2 m at.¢he highest elevations. However, it is of
note that the highest monitoring site on theseiglads at 1,675 masl while the highest elevation
is ~2,100 masl. The extrapolation of the elevatiomimer balance curve (Figure 4.2-10)
approximately 400 m above the highest monitoring $herefore results in less certainty
associated withs at high elevations.
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Results

4.2.4 Net Mass Balance

A specific net mass balanbgfor all monitoring sites was calculated as the sifithhe estimated
summermsand winter balanchk,,. For sites in the accumulation area, net balaraeset equal to
the remaining SWE in September. Summaries of tmtewi summer, and net mass balance are
given in Table 4.2-2. The winter, summer, and nasgnbalance at each monitoring site as a
function of elevation are shown in Figure 4.2-12.

Two methods could be used to estimate the net imaasce in each grid cell of the adjusted
DEMSs: 1) calculate a net balance in each grid aslthe sum of the estimated sumrogand
winter balanceb,, in each grid cell, and 2) estimate net balanceaoh grid cell based on a
guadratic relation between elevation and net balanidhe monitoring sites. Both methods are
equally appropriate (Braithwaite 2002), and shguidduce the similar results given identical
input data in the form of field measurements. Aiffedence arises solely due to differences in
the number and location of measurement sites #rabe included in each calculation.

A relationship between net mass balance and etevgigure 4.2-12) was developed according to:
bn = p13Z° +p1aZ + pis. [10]

The fitted parameterg:s, p14 andpss for Mitchell, McTagg South and West and McTaggtEas
glaciers are given in Table 4.2-9 along with thefficient of determination (8 and the root
mean squared error (RMSE). For Gingras and Keurigls, the application of a quadratic fit to
data shown in Figure 4.2-12 results in anomalobgijn maximumb, values. As discussed in
relation to the summer balance calculations, thithe result of limited data at high elevations.
For this reason, a linear modé}, € p13 Z + p14) is chosen fob, calculations at these sites, as it
produces more realistic maximurh, values. The addition of additional high-elevation
monitoring sites in the 2011 mass balance yearhgilb constrain the model at high elevations.

Table 4.2-9. Fits for Net Balance-elevation Relationships

Glacier P13 P14 P1s R’ RMSE (m)
Mitchell -2.958 x 10-6 1.644 x 10-2 -19.848 0.93 0.83
McTagg 2.956 x 10-6 1.488 x 10-3 -5.716 0.88 0.48
Gingras and Kerr* 0.010 -16.263 N/A 0.85 0.37

* linear fit.

These relationships explain 85-93% of the obsemagéhtion in net mass balance?(R 0.85 -
0.93), and hence are considered strong predictaretanass balance at all sites. It is also worth
noting that the quadratic equations developed hl12@® estimate the winter, summer and net
balances on Mitchell Glacier are very similar togd used in 2009 and 2010. From this
similarity, it can be inferred that the influendeetevation on accumulation and melt processes is
consistent between the years that mass balanceiregents have been conducted. Future mass
balance measurements on the other glaciers in tthay gegion will enable the inter-year
consistency to be assessed at these sites.
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Results

The distributed net mass balance on Mitchell, Mgr&guth and West, McTagg East, Gingras
and Kerr glaciers are shown in Figure 4.2-13 te2The minimum and maximum net mass
balance for each glacier from the distributed maslsummarized in Table 4.2-10.

Table 4.2-10. Range of Elevations and Estimated Net Balance for
Each Glacier

McTagg
South and McTagg
Glacier Mitchell West East Gingras Kerr
Min. elevation (masl) 999 958 1,014 1,387 1,320
Max. elevation (masl) 2,464 1,997 1,899 2,113 2,054
Min. b, (m w.e.) -6.38 -4.43 -4.19 -2.81 -3.46
Max. b, (m w.e.) 2.71 3.10 2.12 4.24 3.66

For Mitchell Glacier the distributed net mass bata(Figure 4.2-13) shows that mass was lost at
lower elevations and gained at the higher elevatidhe minimum net balance of -6.4 m w.e. near
the terminus (Table 4.2-10), is comparable to teasured net balance of -6.5 m w.e. at the lowest
measurement site, MI-900 (Table 4.2-2). A maximw@nbalance of 2.7 m w.e. is estimated for the
highest elevations on Mitchell Glacier. This is apgimately 1 m w.e. more than for the 2010
mass balance year. However, for two high-elevasites where net mass balance data was
measured directly (MIB2-2000 and MIB1-2100),values of 1.3 to 1.7 m w.e. are much higher
than for 2010 wheb, was between 0.3 and 0.4 m w.e. This suggestshiibanodel is producing
reliable results at high elevations on Mitchell &da and that the additional ~1 m w.e. in 2011
reflects high late-winter snow accumulation totadsmpared to the previous year.

McTagg South and West Glacier has a minimum estdnaet balance of -4.4 m w.e. and a
maximum of 3.1 m w.e. As this is calculated usihg same quadratic fit as the McTagg East
Glacier,b, values for these sites are comparable, with arloveximumb, on McTagg East Glacier
resulting simply from a lower maximum elevationelinaximum estimated net balance of between
~2 and 3 m w.e. is greater than the measured vau#ise highest-elevation monitoring sites.
At ME-1750, for examplep, was 0.5 m w.e. (Table 4.2-2; Figure 4.2-12), satjgg that
extrapolation of the elevatidm: curve to high elevations may overestimégin the upper
accumulation zone.

Estimates of net mass balance on Gingras and Kaaiegs are in line with observations at other
sites at the lower end of the elevation range, withimum b, values of -2.4 and -2.5 m w.e. on
Gingras and Kerr glaciers respectively. HowevefpadicTagg South and West and East glaciers
the extrapolation of thé, curve shown in Figure 4.2-12 above the elevatibrihe highest
monitoring site (1,700 masl) results in highvalues. At site GS-1600B, was -0.8 m w.e., and
on Kerr Glacierb, increased from 0.3 m w.e. to 0.7 m w.e. betweenl&@ and KG-1700
(Table 4.2-2). However, maximum modellgds between 3.7 and 4.7 m w.e. at these sites.
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Results

The 2011 equilibrium line altitude (ELA), defined the elevation whera, = 0, is estimated to

be 1,772 masl on Mitchell Glacier in 2011 (Tabl2-41) compared to 1,976 masl in 2010 and
1,742 in 2009. It is important to note that duehe complex surface topography of Mitchell
Glacier, the ELA is discontinuous and has been releseto span a 500 m elevation range
(Rescan 2011). The ELA on the other glaciers inrfmitoring program is estimated to be
slightly lower than for Mitchell Glacier in 2011,itlv elevations of 1,665 masl for the McTagg
South and West and East glaciers and 1,677 ma€§lifgras and Kerr glaciers (Table 4.2-11).

Table 4.2-11. Accumulation Area Ratios and Equilibrium Line Altitude
for Each Glacier

McTagg
South and McTagg
Glacier Mitchell West East Gingras Kerr
Area (km?) 16.36 7.61 2.15 2.05 1.14
+b,, area (km?) 2009 10.47 2.77 0.55 0.63 0.50
+b,, area (km?) 2010 5.27 0.00 0.00 0.07 0.02
+b,, area (km?) 2011 10.17 3.83 0.93 0.80 0.65
ELA (m) 1,772 1,665 1,665 1,677 1,677
AAR 2009 0.64 0.37 0.26 0.31 0.44
AAR 2010 0.33 0.00 0.00 0.03 0.20
AAR 2011 0.62 0.50 0.43 0.36 0.55

Note: 2009 and 2010 values for McTagg South and West, McTagg East, Gingras and Kerr glaciers are derived by applying
Mitchell Glacier mass balance relationships to these sites (Rescan 2011).

Knowledge of the ELA can be used to calculate tbeumulation area ratio (AAR), or the
proportion of glacier area which experiences atp@snet mass balance in a given year:

A
AAR = 2a>0 A [11]
A A

where 4, ., is the area with net balandg) greater than zero aris the total glacier area.

In cases wheré, is calculated as a function of elevation onky, ., is equivalent to the area
above the ELA &g 4). An AAR of 1.0 indicates that no ice melt occurred, whafeAAR of 0O
indicates that the entire ice surface was exposadetmelt. Glaciers in steady-state conditions
haveAARs between 0.5 and 0.8, depending on the local tinTdie quantities\, ., =~ As a4 and

A were calculated from the glacier DEMs and are miire Table 4.2-11 along with Mitchell
Glacier values for 2009 and 2010.

For 2011, AAR values range from 0.36 to 0.62 foigiciers (Table 4.2-11). McTagg East and
Gingras glaciers have AAR values of less than iBdicating that these glaciers were in a state
of disequilibrium (negative mass balance) in 20Ihe AAR for McTagg South and West
Glacier and Kerr Glacier indicates that 50-55%haf glaciers’ area accumulated mass over this
time period. The 2011 AAR for Mitchell Glacier israparable to the 2009 year, indicating that
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~60% of the glacier experienced a net mass gain.edekyin 2010 Mitchell Glacier had a lower
AAR value of 0.33, illustrating the interannual aadnility in the glacier mass balance regime.

4.2.5 Glacier Averaged Mass Balance

Glacier-averaged mass balancBg, Bs, B,) calculated from the distributed winter, summer a
net balances are shown in Table 4.2-12 and comelsfothe total estimated mass gained or lost
by the glacier over one mass balance year. The 28892010 values for Mitchell Glacier are
also given as a comparison. As mentioned above, etenated net balance based on
Equation [10],B,, yields similar results to the sum of the summmad winter balancesB{* in
Table 4.2-12), but is less reliable when some sitesneasured inconsistently.

Table 4.2-12. Glacier-averaged Winter, Summer and
Net Mass Balance

Glacier Year By Bs B, B.,*=B,+Bs Diff B,-B,*
Mitchell 2009 1.95 -2.03 -0.04 -0.08 0.04
2010 0.98 -2.33 -1.33 -1.35 0.02
2011 1.41 -1.71 -0.22 -0.30 0.08
McTagg South and West 2011 1.41 -1.82 -0.15 -0.40 0.26
McTagg East 2011 1.33 -2.21 -0.66 -0.87 0.21
Gingras 2011 1.75 -1.98 -0.07 -0.23 0.16
Kerr 2011 1.79 -1.83 0.13 -0.04 0.17

Note: All values in metres of water equivalent (m w.e.) and B, values are based on distributed b,.

Considering the range dif, values, and the magnitude of the estimated sunandrwinter
balances B, and B,* are in good agreement for all sites, and paréidyl Mitchell Glacier.
This consistency between methods and years is aaueaging result given the challenges
associated with weather, snow, and surface comdittbat affect data collection in the field.
For consistency with previous years, we t&8ego be the best estimate of the glacier-averaged
mass balance.

Mitchell Glacier had a negative overall mass batamc2011, but the value of -0.22 m w.e. is
higher than for the 2010 year, whBp was -1.33 m.w.e. This is a result of less summeit m
(Bswas -2.3 m w.e. in 2010 and -1.7 m w.e. in 20ht) ligher snow accumulation aBg values
(2.0 m w.e. in 2010 compared to 1.4 m w.e. in 2011)

McTagg South and West, McTagg East and GingrashNortd South glaciers also had negative
mass balances of between -0.07 and -0.66 m w.e. @lacier is the only site with a slightly
positive net mass balance. However, as discussaeeabxtrapolation of the elevatidiy-curve

in Figure 4.2-12 could result in an overestimatodrb, at high elevations, and this would bias
the glacier-averaged mass balance. HoweverBaAshas a similar value, (though slightly
negative), this potential bias does not seem te laamajor impact on the calculationBf
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4.3 Glacier Dynamics

The first full year of the glacier dynamics prograras completed on Mitchell Glacier in 2010.
In addition, stakes installed on the McTagg Soutti West, McTagg East, Gingras North and
South, and Kerr Glaciers now enables surface ugl@stimates to be calculated for the 2010 -
2011 mass balance year on these glaciers.

It should be noted that the discrepancies betwee®GPS data and the Trim data are related to
mapping accuracy in the field versus remote methBatd mapping will usually include parts
of the terminus that are debris covered, which add extensive for some glaciers. This is very
difficult to delineate using satellite imagery asml remotely-mapped extents are usually limited
to debris free sections, for which the mapper hghdn confidence. For field surveys of the
glacier termini in this study, we include debristeped ice if it is actively flowing and connected
to the main body of the glacier.

43.1 Terminus Positions

4311 Mitchdl Glacier

Differential GPS surveys of the terminus of Mitdi@lacier, collected in the September of 2008,
2009, 2010 and 2011 are shown in Figure 4.3-1. 2088 terminus was located between 100
and 250 m east of the 2004 terminus digitized fremotely sensed imagery. This represents a
retreat rate of approximately 25 to 50 m/y. Therage retreat rate between September 2009 and
September 2010 was approximately 35 m/y and theatketate at the easternmost point of the
terminus was approximately 100 m/y, twice that dota 2009. For September 2010 to
September 2011, the average retreat rate at thmenies increased to 48 m/y, with a maximum
rate of 93 m/y at the easternmost point. This yik&flects the negative mass balance of the
previous (2010) year (Table 4.2-12) Note that tlaeigr itself does not retreat (i.e., the ice does
not flow uphill); rather the rate of melt is greatban the rate of advance, causing the glacier
terminus to melt back from its position. Furthermathis retreat rate is highly variable, and is
difficult to quantify because the shape of the iawm is irregular and the retreat rate is not
uniform along the length of the terminus.

4312 McTagg, Gingrasand Kerr Glaciers

DGPS terminus surveys of the McTagg South and WEsjure 4.3-2), McTagg East

(Figure 4.3-3), Gingras North and South (Figure-4).&and Kerr glaciers (Figure 4.3-5) were
conducted in September 2010 and will be update8aptember 2012. Definition of the ice
terminus and glacial extent proved difficult whetebris covered ice, ice-cored moraines,
seasonal snow cover and debris complicated theegupoundaries (Plates 4.3-1 to 4.3-3).
This was especially the case for McTagg South andstWwand McTagg East glaciers.
These problems are commonly encountered during teenotassification work, and are

summarized by Paul et al. (2004).
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Plate 4.3-3. Aerial view of the Terminus of Gingras North and South
Glacier, September 2010. The north arm is to the right of the image, and the
south arm is at the top of the image.
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4.3.2 Surface Velocity

Glacier surface velocity was estimated from repeateys of ablation stakes drilled into the ice.
The positions of all stakes were tracked betwegreBeber 2010 and September 2011 and data
were used to estimate the total horizontal (xy) amdtical (z) displacement and surface
velocities (equivalent to the three dimensional pldisement; xyz) for 2010 - 2011.
These calculations are shown for Mitchell GlaciefTable 4.3-1 alongside values for the 2010
mass balance year. Velocities at ablation stales $ar 2010 and 2011 are very close, with a
maximum difference of 6.1 m at MI-1400. This illieges the dominant role of topography,
rather than inter-annual differences in mass balaimccontrolling surface velocities.

Table 4.3-1. Displacement and Velocity of Ablation Stakes on Mitchell
Glacier for 2009 and 2010 Mass Balance Years

September 2009 - September 2010 September 2010 - September 2011
Displacement Velocity Displacement Velocity
Site xy (m) z (m) (m/yr) xy (m) z (m) (m/yr)
MI-900 8.9 -19.8 21.7
MI-960 17.5 -10.8 20.6 14.4 -17.0 22.3
MI-1000 25.8 -8.1 27.1 23.0 -16.7 28.4
MI-1100 47 -7.2 47.6 45.7 -19.5 49.7
MI-1200 65 -11.9 66.1 55.8 -25.5 61.3
MI-1300 85 -13.3 86 84.0 -28.1 88.5
MI-1400 100 -12.4 100.8 105.1 -19.3 106.9
MI-1450 45.3 -3.5 455 45.0 -14.2 47.2
MI-1525 64 -11.9 65.1 63.3 -22.7 67.2

xy =the horizontal plane and z = the vertical plane.

A vector plot of the changes in stake location (iFég4.3-6) shows the magnitudes and directions
of ice flow observed at Mitchell Glacier. This indtes that the glacier is well-nourished at high
elevations, leading to relatively rapid downslopmnvi with the highest velocities measured at
MI-1400 (107 m/y). Near the terminus, a downslopeity of 22 m/y was observed at MI-900
and MI-960. Given the observed average terminuattrate of 48 m/yr, this suggests that
ablation at the terminus is only partially offsst ibe flow to the lower portions of the glacier.
In this situation, downwasting may become the daminmode of glacier wastage at the
terminus, as opposed to ice cliff calving. A pattef decreasing velocities towards the terminus
is furthermore consistent with previous studies vefirm-based alpine glacier dynamics
(e.g., Kaab 2005).

In addition to the glacier motion evidenced by @peGPS surveys of several ablation stakes,
the presence of numerous heavily-crevassed zosesgelhas field observations of large cracks
and shifts in the ice indicates that Mitchell Géacis characterized by an active flow regime
(Plate 4.3-4). Other evidence for the motion of Michell Glacier can be inferred from the
characteristics of ice at the glacier margins.e4a8-5 illustrates a boundary between bottom-ice
(sediment-laden) and surface ice (clean and bill&).evidence for motion at the base suggests
that the entire depth of the glacier is in motibuat that ice at the surface is travelling fastanth
ice at the base, resulting in this discontinuity.
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Plate 4.3-4. Aerial view looking southward down the Mitchell Glacier,
September 2010.

Plate 4.3-5. Discontinuity (see dashed line) between bottom ice (sediment-
laden) and surface ice, which appear to be flowing at different speeds.
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Table 4.3-2 gives estimates of surface displacerapedtvelocity for McTagg South and West,
McTagg East, Gingras and Kerr glaciers. McTagg ISa@amd West Glacier has surface velocity
range (17 to 104 m/yr) comparable to velocitieMathell Glacier (22-107 m/yr). Like Mitchell
Glacier (Table 4.3-1), the highest velocity does aocur at the terminus, but at MI-1625.
However, the velocity at a low-elevation site, MWA4D, is relatively high (99 m/yr) compared
to the velocity of 28 m/yr observed at ~1,000 masIMitchell Glacier. It is possible that the
terminus of McTagg South and West Glacier respandse rapidly to the input of summer
meltwater and that basal sliding is more domindnthe site compared to Mitchell Glacier.
By comparison, McTagg East, Gingras North and Santl Kerr glaciers have low surface
velocities at all elevations, with a maximum ofr86yr observed at McTagg East Glacier and 10
and 14 m/yr for the Gingras North and South Glaaret Kerr Glacier, respectively.

Table 4.3-2. Displacement and Velocity of Ablation Stakes on McTagg
South and West, McTagg East, Gingras North and South and Kerr

Glaciers
September 2010 - September 2011
Displacement Velocity
Glacier Site xy (m) z (m) (m/yr)
McTagg South MW-1040 53.2 -83.8 99.2
and West MW-1200 20.5 26 20.7
MW-1250 19.0 -1.9 19.1
MW-1325 22.4 -13.0 25.9
MS-1440 17.4 -11.7 21.0
MW-1440 27.5 -26.0 37.9
MS-1500 9.6 -14.5 17.4
MW-1500 30.5 -10.3 32.2
MW-1575 19.6 -11.0 22.5
MW-1625 104.1 -8.9 104.4
McTagg East ME-1150 7.1 -7.8 10.5
ME-1225 11.8 0.0 11.8
ME-1300 25.4 -9.9 27.3
ME-1400 33.7 -12.5 35.9
ME-1550 N/A N/A N/A
ME-1600 16.6 -10.5 19.7
Gingras North GS-1400 4.4 -9.2 10.2
and South GN-1425 3.4 55 6.4
GS-1500 6.8 -5.7 8.9
GS-1600A 3.7 -9.0 9.7
GS-1600B 1.2 -8.1 8.2

(continued)
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Table 4.3-2. Displacement and Velocity of Ablation Stakes on McTagg
South and West, McTagg East, Gingras North and South and Kerr
Glaciers (completed)

September 2010 - September 2011
Displacement Velocity
Glacier Site xy (m) z (m) (mlyr)
Kerr KG-1425 9.4 -4.0 10.2
KG-1500 5.1 -9.5 10.8
KG-1575 8.4 -11.1 13.9
KG-1650 6.3 -8.7 10.7

xy = the horizontal plane and z = the vertical plane.

4.4 Conclusions

Measurements of glacier mass balance and dynanit4itehell, McTagg South and West,
McTagg East, Gingras North and South and Kerr gtaciwere conducted between
September 2010 and September 2011 (Plates 4.4-4.4+8). This is the third consecutive year
of mass balance measurements at Mitchell Glacidrtla@ first year of monitoring at the other
sites. A glacier-averaged net mass balance of 10.22e., calculated from point observations
made at 27 sites, indicates that Mitchell Glacieswn disequilibrium, (i.e., negative mass
balance) in 2011. This value is more positive tfaarthe 2010 mass balance year (-1.33 m w.e.)
and closer to the 2009 glacier-averaged mass m&@@®4 m w.e.).

Plate 4.4-1. Travelling across the ablation zone of Mitchell Glacier during
the 2011 mass balance survey.

November 2012 2011 Glacier Monitoring Summary Report

REV B.1

Seabridge Gold

4-56 Rescan™ Environmental Services Ltd. (868-011-06)



Results

Plate 4.4-2. Accumulation zone of Gingras North Glacier, surveyed for
snow depth and density in April 2011.

At high elevations, Mitchell Glacier gained massthwa maximum measured net balance of
1.8 m w.e. at 2,100 masl. The AAR suggests that @%he glacier experienced mass gain
between September 2010 and September 2011. Howmtanass balances of -7.9 m w.e. at the
glacier terminus (1,000 masl) indicate that theciglacontinued to lose mass at low elevations.
Relatively low flow velocities indicate that this primarily due to downwasting of the glacier

surface rather than fast flow resulting from theunof summer melt water and basal sliding.

Evidence suggests that Mitchell Glacier is activBbwing, but low terminus velocities and
downwasting of the glacier surface are sufficientause a retreat rate of approximately 48 m/y
from September 2010 to September 2011. This raeeeter than the average 2004 - 2008 retreat
rate estimated from satellite imagery, and the sk 2009 and 2010 rates of 25 m/y and
35 ml/yr, respectively.

McTagg East Glacier had the lowest net mass balaha# glaciers in the monitoring program
in the 2010 mass balance year (-0.66 m w.e.), antAAR of 0.43, which suggests that less than
half of the glacier gained mass. This is the resfilhigh terminus ablation, with maximum
measured values of -4.4 m w.e. near the terminud,(®50 masl). As for Mitchell Glacier,
surface velocities are relatively low near the teus of this glacier, suggesting that this loss of
mass occurred primarily due to downwasting of teesurface.

McTagg South and West, Gingras and Kerr glacidread glacier-averaged net mass balances
close to neutral (ranging from -0.15 to 0.13 m jy.with AAR values of between 0.36 and 0.55.
Measured ice loss at low elevations was less aetlséges than at Mitchell and McTagg East
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glaciers, with a net balance of -2.8 m w.e. at MgyaSouth and West Glacier (at
1,200 masl); -2.7 m w.e. at Gingras North and Sé&ltcier (at 1,425 masl) and -2.0 m w.e. at
Kerr Glacier (at 1,425 masl). Gingras North and tS8cand Kerr glaciers have considerably
higher snow depths and winter balance totals thanother glaciers in the study area, which
contributes to the more positive net mass balance.

Ablation stake velocities were calculated for thegaciers between September 2010 and
September 2011. McTagg South and West Glacier iglissurface velocities, ranging from 21
to 104 m/yr, which is comparable to Mitchell Glacielowever, unlike Mitchell Glacier, it also
has high terminus velocities, which suggests that glacier responds rapidly to the input of
summer melt water, which would lubricate the bed aause basal sliding. Gingras North and
South and Kerr glaciers have low surface velogitiegh maximum speeds of only 10 - 14 m/yr.
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