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TC: Bill Horne DATE:  January 24, 2006
FROM: Gordon Zhang FiLE: HLOOU60 004

SUBJECT: Thermal Analysis of East and South Dams
Jericho DHamond Mine, Nunavat

The lericho Fasr and South Easr Dams were designed as zoned dams with a geomembrane liner

nchored within 4 frozen 0l kev trench (HBA, 20 The design intent is 1o maintain the

geomembrane liner anchor in the kev trench in a frozen condition over the mine ife,
Thermal analyses were carrded our to predict the short and long-term thermal conditions of the Fasr
and Sourk Dams under various assumed conditions. The thermal model was caitbrated using the

measured ground temperatures ar the site and considered the thermal mnpacts of a nearby lake on

the inidal ground temperarures within the dam footprint. This memo summarizes the inpur dara

and results of the rhermal an: yses.

2.8 THERMAL ANALYSES METHODOLOGY

Analvses were carried our using FBAs proprietary two-dimensional finite element f‘nmpuar madel,

GEOTHERM. The model simulates transient, rwo-dimensionsl hear conduction with change of
1

phase for a varety of bou ndm'" conditions. The heat exchange at the ground surface s modeled
with an energy balance equation considering alr temperature, wind velocity, snow depth, and solar
radiation. The model facilitates the inclusion of ten werature phase change relationshi ips for saline

sotls, such rhat any freezing depression and unfrozen warer content variatons can be explicitly

modelled.
4 CLIMATIC DATA FOR THERMAL SVALUATIONS
31 MEARN CLIMATIC CONDITIONS

Climatic dama required for the thermal analyses ncludes monthly atr tcgt"zpmfa‘fr_;rc wind speed, solar

radiation, and snow cover. There has been no meteorol ogical station ar the Jericho Diamond Mine
site. The closesr e'fzc?cwz'f‘ﬁ{w—;f_;zi station 1s af Lupin/C ontwovto Lake, which is approximarely 30 km
south of the mine site. The chmartic darm for air temperature, snow cover, and wind speed were
obtained from Environment (;ziz'zz?«-;{:‘i s mercorclogical station ar Lupin/Cong swovto Lake, which has
been f);‘:ufi{jﬁ‘f since 1959, Mean monthly air o nperatures for the thermal analvses were based on

climatic n_f.)rmzjn at Lupin/Contworto Idate from FEnvironmenr {anadas’s

ar Contwon

vend snow cover dam were based on the 10611991

I‘J“%E chmatic nors e

Monthly wind speed dara were based on the

Environment Canada, 19930 The solar radiaton dar were

}zmm




ohtained from the mezeorological station at Norman Wells, which is ar 4 similar s tude as that for

the feriche mine site. The solar mdiatdon dam were %}:as:cci o the 1951-1980 dlﬂ‘,?@‘i © normials ar

Norman Wells ¢ 3 the clhimatic conditons used for

':-’,m‘zr(..}zzz"ﬁcn{_ Canada, 19825y, Table | summariz

the thermal analvses,

Monthly Air Temperature
Mionth ) Monthly Wind |  Month-End | Daily Solar
Mean 1 i 100 Warm Speed Snow Cover Ragdiation
{1871-2000) {kmih} m) {Wim?)
Jaruars R 202 (344
Fobruary 2RA “2345 F3.3 152
March -24.5 S2h6 134 LG 975
April -159 -13.2 £43 (.6 [79.2
May 57 -47 16.5 3.5 2334
June 6.5 0.2 {1 2672
July HLE 16,3 { 2345
Auguse 3.8 125 i 1663
September 1.8 2.5 234 .02
October Z7 194 015 17 5
November 171 6.4 (LR 2.
December SR -22.2 [6.3 (.37 2.4
SMean Annual 1101 -7
Freezing Tndex £C-daved dAH4 444
Thawing Indesx ¢ KTH P43

2 TIN 100 WARM YEAR AIR TEMPERATURES

A probabilistie

Eh ]

analysis was carried out to determine the mean mo snthly remperatuces representative
of a Tin 10 warm vear. The frecxing index and th wing indes for each vear at | AE??}‘E?_:’:(:(}E}f'\*\"(')}‘?{}

Lake from 1959 to 2004 were caleulated.  The freezing index for each winrer swvas ranked in

ascending order and plat d on probability paper. A “best-fir” line was drawn throug gh the set of
FoInts w estmare the 1 in 100 warm vear ‘m:;/m.z index. A similar procedure was rc;wcatcd for rhe
SumuTier {CMpPErarures o (;hmm the Toin 100 warm vear thawing index.  Mean winter air

remperatures were multplied by the o of fhc Pin 100 yvear freezing indes 1o the mean fre ering
1

index 1o estmare the monthiy winter i"if.'} warm vear. Similarly, mean

:wwpuz;mma afalin
11

suminer @it temperatures were multiplied by the rato of the 1in 100 vear thawing index to the mean

thawing index w estimare the monthly summer air terperatures of 2 Fin 100 warm vear.




Monthly air temperatures for 2 1 in 100 warm vear are also listed in Tuble 1. As shown in Table L
the 1 in ].U%f WAL vear annual air temperature is approximately 3.3°C warmer than the mean annual

i

ity

air temperature for the period of 1971 1o 2000,

sy B kg e RPN B P som e e EFEFGfOsmas e oM o AL REER R Fuhoaep e et
3.3 AR TEMPERATURES CONSIDERING GLOBAL WARMING TRENDE

Measured air temperatures for the perind of 1939 1o 2004 indicare that there was generally a

warming rend in the arr temperatures at Lupin/C ontwovio Lake. Panel on Yﬂner;;ljg Ressarch and
Development (PERIDDY for Environmenr Canada (PERLDY, 199y

temperature change due o

Voreported on estimates of

P

H

obal warming. The “best estimare™ scenario and the pessimistic “high
seenano were presented 1o the PRRD (199¢

sensiyviey’

eport. The predicred emperature changes

vary with month and ladrude, Table 2 lists the estimarted monthly air remperature inereases per
decade for the “hest estimate™ case and “high sensitivies” case at « lantude similar to that for the
Jericho Diamond Mine sire (NG5.8Y based on the data from | HRIZ (1998),

Year December March June September
Jantary April July October
Fabruary May August November
Best Uarimare 151 {138 0.1z (BRI
L High Sensfuiviee .54 (163 119 (117
4.3 CALIBRATION THERMAL ANALYSIS
4.4 MODELLED S0 PROFILE AND PROP ERTIES

A thermistor cable was instalied in borchole Bt 13- 1) wirhin the & ootprint of the Fast Dam dur ring

the 2003 geotechnical program conducred by SRIC Consulting, The subsurface soil protile for BH-
(13-10 consisis of a chin 0.1 m) organics laver overlving 23 m thick o]l and granite bedrock. The il
s stlry sand and gravel with cobbles and beulders, The index properiies for the soils were estimared
bused on the geotechnical dara from the site invest gation and past experience. Thermal properties
of the soils were determined indi rectly from w di established correlations with soil index propersties
Larcuks T986; Johnston 1981,

Table 3 summarizes the material propertics used in the calibration

thermal analvsis.



ABLE 3 MATERAL PROFERTIES USED INCAL BRATION THERMAL ANAL Y58

s

Material Water Buik Thermal Soecific Heat L.atent Heat
Content Density Conductivity
{%} {(Mg/m® {Wlm-K) {kdfkgeT) {MJ/m3
Frozen Unfroren Frozen Unfrozen
f\iuxﬁ:’(\ﬂ anies 2t 138 1.96 330 267
[l 9 45 085 A oot
Bedrook i 2.53 3.0 .06 1.75 0677 i
4.2 THERMAL MODEL CALBRATION AND ANALYBIS RESIL TS

One-dimensional calibration thermal analvses were carried out o calibrare the thermal model with
the measured ground temperature ar BH-03-100 Inpur such as snow properties, ground surface
condrrions and evapotranspivation factor were modified to calibration thermal analyses 1o obtain a
Table 4 compares the
1w BE-0310.

vood agreement between the modeled and measured ground temperatures,
cabbrated ground remperatures with those measured on Seprember 29, 2003

Depth below Ground Surface | Measured at BH-03-10 Modef at BH-G3-10
{m} (°C) =)

2 -2.5 LG
3 W37 SA
9 -6.2 S5K
i5 .3 BENY

Table 4 indicates thar there is generally a good agreement berween the measured and calibrared
ground temperatures for BH-03-10 except for the depth of 2.0 ar which the measured eround
remperature was approximareiy 2 C colder than the calibrared. However, warmer measured
ground remperatures at a depth of 2.0 m below the ground surface ar other borehole locarions ar the
mine site sugeest that the measured ground temperature ar the depth of 2 m for BH-03-10 4 appears

too cold Em' some u;‘kzu'mfn reasons.  Fhe measured w‘(auﬁd temperature at a depth of 2 m was
.57 on Seprember 29, 2003, and -0.4°C on October 18, 2005 for BH-03-06, BH-03-06 was on 4

shighely Inga;’:r eround surface on the west side of the West D:m‘;. This borehole had o similar soil

profile within top 6 m ag that for BH-03-10.

brated sround temperatures were generally consistent with the m

In summary, the cal sured dam

and on the shighth conservative fwarmer side.,



TIAL R Y PRSI A s TLE PV AR BT R T
54 INITIAL GROUND TEMPERATURES BENEATH DAM FOOTPRINTS

A thermal ang! vsis was carried out to evaluare the thermal Pinfluence of the ncarhy water hodies

) on nigal ground temperatures at the Bast and South Base Dams locarions, A lake with a

diameter of 140 m was simulated in 2 two-dimensiona] axisymmertric thermal analysis to rEpresent

the presence of Long Lake upstream of the Fast Dam or the lake downstream of the South Fase
Dam. The lake was simulated as remperature boundary with assumed lake warter remperatures
similar o those measured at northern lakes. The soil protile and properties used in the analvsis were
the same as fisted in Table 3.

The thermal analvses resules estimare that the ground remperatures are warmer closer towards the

fake edge; however, the lake bas little thermal intluence grearer than 30 m aw av from f?( ¢ lake edge,
The majorey of dam Foorprint s more than 30 m away from the closest nearby lake,  Estimared
ground temperatures ar a location 30 m away from the lake edge were used as iniria) vround
temperatures prior ro the dam construction for the thermal analvses of the two dams. The estimared

imitial ground temperatures on January 30 were selected o represent the winter construction
conditions of the two dams. The estimated initial ground temperarure at a depth of 15 m from the
gmum? urface was ~5.6'C, which is 0.7°C warmer than the measured ground temperature ar the

samie depth at BH-03

S 2 2 [ ¥ STAYTINAT Fri v a e P ¥4
5.0 THERMAL EVALUATION OF EAST DAM
8.1 DILINDEX AND THERMAL PROPERTIES

The soil index pr(mtrfics for the construction materials and native soils were estimated based on the
geotechnical date from the site invesdgation and past experience, Thermal properties of the soils
were determined indirecty from well-established correlations with soil mndex p fc)gjcrt‘ics or based on

past experience. Table 5 summarizes the matertal propertics used in the thermal analvses,

s

L=




Water Content  Bulk Density  Thermal Conductivity Specific Heat Latent Heat
(%) {Mgim?3) {Win-K} {kdfkgeC) [ me)

Material

Frozen Unfrozen Frozen Unfrozen

Run-oi-Mme o 216 1.63 077 (183 ot
.
ISt - . -
il Fil ERE 140 i 66 (182 356 =)
(unsaiurared)
208 Minus 4 218 e 193 3,70 0E7 s
i
Drnsatursied
edding Sard . - L N
Bedding § 5 s P a3 P uT {180 000 34
¢ LHEORAT RO
Z
1 Coarse Tailings . ) .
5 ) = & A Ld 1.51 (L81 193 18
{unsaruratedy
. Crverburden T 0 2065 EASE (LES P 64
S
Bedrock ! .44 3 75 E 8
T F sarovaced) 13 2206 277 AR #ih 3 P43 57
Coarse Talings L D aw -
. L i3 218 276 Htt (191 Fis ER)
{saruraced)
Fiese Tailings 162 1.31 0.77 1,58 287 264

8.2 UASES SIMULATED AND ASSOCIATED ASSUMPTIONS
The rvpical design cross-section for the Fast Dam is identical to that for the Sourh Fast Dam, The
fowest original ground surface elevaton ar the conrreline of the 1 ast Dam is 317 m, and at the South

Fast Dam is 318 m, A vertical cross- secton perpendicular to the axis of the Fasr Dam through s
lowest original ground surface was simulared in the hermal ans hvses

Three cases were simulared in the thermal analyses as listed in Table 6, o m';ﬂmm various climare
scenanos, Individual thermal analysis runs were conducred ro simulate gradual rises of the upstream

water and fine tailings surface elevations with fime. The tine ailings c&%e\-':ﬁirm rise with tme was

k
£
i

M) for fine milings withour enteained jee. Al analyses

<

based on the data presented in SR {21
assumed that the water level in the PRKCA was maintined ar highest possible level,  This is o
CONSCIVAtive assumpion, as it results in warmer ground temperatures. The operation water levels

are expecred to be fower than that assumed,

Case 1 assumed mean climarie condirons, Case 2 was anabvzed o evaluare the giobal warming
mmpacts on the !_(:};.‘i;;—rc;“m thermal conditions of the dams.  Air temperatures associared with the
“high sensitivin cas the global warming were used in the analyses. Case 3 wag ;m:-:dj\_'zcd 55

estirnate the maximum rhaw deprh afrer two conseeutive 1in 100 warm Vears,

Sl



Upstream Upstream Fine Adr
Bo. Water Tailings Temperature
Elevation Elevation (m) Assumed

i { darn 30, 20000 o a1 Mean
2 Jun 12006 o func
3 fun, 1
1 dun |
5 ig':p
8 Juin 2080w a1, 26012

bure, 1, 2002 1o {un. |, 2002

2 ) fun 1) 200 o fun |
T Jur 12012 00 Fun i
Warmning
3 6l fun 1, 2000 w0 Jun i, 2017 5230 BEARE Pin 100 Warm

A water/ice temperature boundary was applied on the upstream side of the dam and fne ratlings

, 3 )
that are below the water level, The assumed warer wemperature was based on measured lake warer
temperacures in northern lakes and past experience in design some frozen core dams ar EKATI

Dinmond Mine (EBA, 2003). Table 7 lists assumed warer femperatures for shallow lakes (< 1.5 m

deep; and deep lakes (> 1.5 m deep).

RS : 4

Lake Mid-Month Lake Water Temperature {C)

Depth ™ B Y, R Y [ A 5 O ~ 5
<i5m i -1 -1 i 3 S 4 5 i i 13
~ 15 m 2 z 2 2 2 4 i} [ ¥ 2 2

Clhimatic conditions were applied at the surfaces exposed to air. The snow cover on the dam was

assumed to be affected by wind, The assumed snow cover on the dam crese was 50% of the mean
monthly snow cover and on the slopes increased inearly o four dmes the mean monthiv snow

depth at the downstream roe. [t was assumed that there would be no ponding water on the original

ground surface downstream of the dams. Climasic conditions with mean monthly snow depths were

applied ro the original ground surface 15 m from the downstream o,

ary 3, 2006 were assumed o be

The iniual remperatures of the dam construction materi Is an iz

a
N for the other marenals, Prior o impoundment, the upsrream il

L
rozen; however, warer will infiltrate the upstrearn dam shell as water rises against the dam. [t swas




I
i
i
i

assumed that impounded warer will scep through the coarse wilings and into the originally

sooand il L The

fe]

unsasurated il Al therehy rais sing the temperature of the coarse oailis

remperatures of the upsrream il il and coarse wilings upon inital submergence were assumed to
be 0.5 'C on June 1. The inirial temperature of the submerged fine milings on June | was assumed

t he 3°C,

8.3 RESULTS AND DISCUSSION
The thermal analvses indieare thar che ground temperatures adjacent 1o the kev trench were the

warmest in early December. Fligures 1 o 4 present pree jf“fcﬁ temperature disrributions under mean

climatie conditions in arly. December 2006, 200 B, 2014, and 2014, respecovely. The analyses
mdicare thar the ground henearh the dam gcﬂcr;zih' warms with time; nevertheless, the ground
Hidy,

H

temperatures within the kev trench remain colder than -2°C at the end of the ¢ Thne life

The predicred remperature distribution in early Pecember of 2004 under the “high sensitivity”

global warming conditions is shown in Figure 5. The ground temperarures in global warming case

fdgure 4). The ground remperatures wirkin

\'(

are slightly warmer ar depth for the mean chimare case |
the R‘w: H‘L‘ﬁ{‘.h arca remain colder than -2°C for the global w ArmIng case.

The water and fine tailings elevarion asswmptions in Table 6 are generally conservative, The acrual

upstream water elevation is expected o be lower than the assumed valucs: s and the actual fine railings
clevation may be higher than the assumed values in Table 6 if ice is Lmrmmd in the fine railings. As
a vesult, the acrual ground emperatures for the upstream portion of the dam would be colder than
predicred, since the warer hody {as a hear source) in front of the dams would be pushed further away

trom the dams and | kev trenches.

The ground E;:mpcrzmzrc% tor the downstream pordon of the dam could be warmer if warer s

ponded agamst the downsoream slope of the dams. Should this happen, engineeting measures, such

fil om the roe of the downseream slope or div erting the warer away from the downstream
1

as {"14&31‘1"
idb ¢ im }f‘lhiih(,( T alies ,-(HL fé? negative therms i imps acts of the ‘!()l"lif Ny water,
; o E E E“

toe, shoule

Thermal analvsis results indicare thar the thaw depth below the dam crest will be deepest in carly

Getober. Table 8 summatizes the maximum chaw depths below the dam surface under the aér

temperatures of mean, “high sensitiviey” elobal warn ning, and 10O warm vear umdif ns. The

PE'C(%HT?C(? ’-f’f’f}iEI’(_‘: ['(,‘E'"IWE')(_‘.I"EHL res in Lxl!’?\ i}(_“"\:s‘) i oof 201t bafc Cr IwWo consecunve 10 FWATT Years are
i

shown in Fieure 6. The dam design inchuded a minimum cover 6f 5 m of fill ov ery hc e 1O ensure

1.5 m of frozen Al above the ner,
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Alr Temperature Year Thaw Depth below Dam | Thaw Bepth below Crest
Centariine of Downstream Slope

Mean 2614 28 37

FHirh Sensduvie” Global .

& RIGE 3 1.0

Woarming

’{'a,\'g‘:‘f_:(ﬂ‘;}%i_’i‘ L) Woarm 3511 14 43

Yoenrs -1, 2014

EBA Englneering Consultants Ted,, _.ifh Two Rock Sedimenration Pond Final Design Report,
Ekat Diamond Mine.  EBA File No. 0101-94-11380.067.  Submitted o BHP Billiton
Diamonds Ine., Julvy 2003,

EBA Engineering Consultants Led., 2005, Tericho Project East and SouthFast Dyam Design Reporr,
EBA File No. 0101-1100060.004. Submitted o Tahera Diamond Corporation, Augusr
2005,

Environment Canada, 19822, Canadian Climare Normals, Volume 5, Wind, 1951 - 1980, 243 pp.

Environment Canada, 19820, Canadian Climare Normals, Volurne 1, Solar Radiation, 1951 -~ 1980,

D PP

Fvironment Canada, 1993, Canadian Climare Normals, 1961-1990, Yukon and Northwese
Terrirories, 58 pp.

Farouki, OUT., 1986, Thermal Properties of Soils. TransTech Publicarons, Germany, 136 n.
3 3 % 2

Johnston, GUH. (Ediror), 1981, Permafrost, Engincering Desion and Construction. Wilev & Sons

Toronta, 5440 T,

PERIDD, 1998, Climare € ha: Impacts on Permafrose Engineering Design, funded by Panef on
Fnergy Research md Deve clopment, Environment Canada, 42 p P

SRK Consulting, 2004, Technical Mc-n‘zzsz";mrgiun'z P Design of Processed Kimberlite Conninment
Aren, Jericho Project, Nunavur,
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