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SECTION 1 INTRODUCTION

Acid mine drainage (AMD) mitigation strategies in cold
regions should be able to take advantage of cold temperatures
and permafrost conditions. The chemical reactions that cause

AMD are slowed down at lower temperatures and frozen
material has very low hydraulic conductivity. A review of
the important physical and chemical processes that could
affect AMD potential in permafrost environments is reviewed
in MEND 1.61.2 (1996). This MEND report recognized that
there is a lack of information available on the thermal
properties of mine waste materials (waste rock and tailings).
In order to provide some information that examines this
issue, a laboratory research program was initiated at the
University of Alberta and Norwest Mine Services Ltd. was
contracted to manage the laboratory work, evaluate the data,
and report on the results.

The main objective of this report is to present the results of
laboratory research on the thermal properties of saturated
mine tailings. The focus of the testing was for determining
the thermal conductivity and unfrozen water content of
saturated mine tailings samples. Additionally, the unfrozen
hydraulic conductivity and the amount of unfrozen water
provides an indication of the order of magnitude decrease in
hydraulic conductivity that is realized after freezing.
Estimates of frozen hydraulic conductivity are reviewed in
this report.

The work presented here was caried out under the auspices
of Environment Canada and the Department of Indian Affairs
and Northem Development through a contract (# K4601-6-
5l82l00IlXSB) with Public Works and Govemment Services
Canada. Mr. Benoit Godin with Environment Canada in
V/hitehorse, Yukon was the Science Contracting Officer and
the contract adminishator was Mr. Tom Morrissey with
Public 'Works and Govemment Services Canada in
Vancouver, British Columbia.



SECTION 1 INTRODUCTION

Les stratégies visant à réduire le drainage minier acide (DMA)
devraient être conçues en fonction des basses températures et la
formation de pergélisol. À des températures plus basses, les

réactions chimiques qui causent le DMA ralentissent et la
conductivité du matériel congelé est peu élevée. Les processus
physiques et chimiques qui pourraient influer sur le DMA dans un
environnement pergélisolé ont été examinés dans le rapport
NEDEM 1.61.2 (1990. Ce rapport a reconnu le manque
d' information disponible relativement aux propriétés thermiques
des déchets miniers (stériles et résidus). Dans le but de fournir de
I'information détaillée sur la question, l'Université de I'Alberta a

mis sur pied un programme de recherche en laboratoire et

Northwest Mine Services a été retenu en vertu d'un contrat pour
gérer les travaux effectués en laboratoire, évaluer les données et
préparer un rapport des résultats.

Le principal objectif de ce rapport est de présenter les résultats des
recherches effectuées en laboratoire sur les propriétés thermiques
des résidus miniers saturés. La véification était axée sur la
détermination de la conductivité thermique et du contenu d'eau
non congelée dans les échantillons de résidus miniers saturés. De
plus, la conductivité hydraulique du matériel non congelé et la
quantité d'eau non congelée indiquent une baisse de l'ordre de
grandeur de la conductivité hydraulique du matériel suite à la
congélation. Dans ce rapport, les estimations de la conductivité
hydraulique du matériel congelé sont passées en revue.

Les travaux dont fait étatle présent rapport ont été effectués sous
les auspices d'Environnement Canada et le ministère des Affaires
Indiennes et du Nord Canadien dans le cadre du contrat ( # K4601-
6-51821001/XSB) passé avec Travaux publics et Services
gouvernementaux Canada. M. Benoit Godin qui fait partie
d'Environnement Canada à Whitehorse, au Yukon, aagit à titre
d'agent de contrats scientifiques et M. Tom Morrissey, de Travaux
publics et services gouvernementaux Canada à Vancouver, en

Colombie-Britanniq ue, à titre d' admini strateur de contrat.



2.1

SECTON2 SAMPLEM

Tailings samples werc obtained from tlre Wellgreen and Lupin mine siæs. The

'Wellgrcen mine site is locaæd in tlre Yukon within the discontiru¡ou pernafost
zone and the Lupin mine is locâted in the Northwest Tenitories within ttre
continuots pemrafrost zone. Tailings water samples \¡/ere obtained fiom the

Lryin site and ttre Anvil Range mine inthe Yukon Figue I shows the location

of tlre three sites and the distibr¡ion ofpennaû,ost regions in nofhem Canada

The Lupin mine exfacts gold and silver from greywacke and mudstone host
rocls. The tailings contains approximately 3 to 4o/o sulphrn which is contained

within pynhotiæ, pyrite and arsenopyriæ sulphide minerals (NMEND #2,

1994). The Wellgreen mine, which is curently inactive, exbacted nickel,
platinunl pa[adi*n and copper from layered ultämafic intusive rocks. The
ailings arc high in srlphtn mntent (approximately lV/o) r¡drich occus in
pynhotite minerals that constinrtes a vety large proportion of the ore

mineralogy OII\,ß\ID #3, 1994). The Anvil Range Mine, wtrich is also

curently inactivg produced lea{ zinc and silver from synsedimentary sulphide

lenses located within phyllite host rocks. The tailings water shows elevaed
levels of zinc wtrich originates from qphalerite in the ore body (lttMEND #3,

1994).

TAILINGS SOLIDS PROPERTIES
The progmm involvedtesting fow different øilings solids materials. Grain size

curves foreach maedal ae slnwn in Figrne 2 and Table I shows asr:rnmary of
grain si?€s.

The two samples fiom the 'Wellgeen siæ (designated slab and cnnnbs) were

obtained ûlom the tailings beach and represent a weatlrered siþ sand material.

Ttre slab sample consiss of large chmks of cnsted tailings and the cnrnbs are

gravel siæd pieces tlø troke offfi¡rm tlre slabs furing sarnpling. Tlrese sanples

werereftievedby using acement sawto cut ablock out ofthe dried outtailings
trardpan Testing \ryas cffiied oú withreconstituted material an{ as aresulq the

original shrctue ofttre matedal was lost dwing sample preparation The terms
"crurnbs" and 

o'slab" 
were retained for sample identific¿tion puposes.

Thelrpintailings sample is asandy siltobtained directly fromtlretailings line
(ûEshtailingsmaterial). Thehighqpecificgravitiesobtainedfombothtlrelryin
and Wellgrem samples indicaes that metallic minemls are presenl The mnftol
sample consists ofa silty sand comprisedentirely ofquarø

Nsr\ss\
Mine Services Ltd.
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TABLE 1 TAILINGSSOLIDSPHYSICALPROPERTIES

TAILINGSSAMPLE
DESCRIPTION

GRAINSUE SPECIFIC
GRAVTIY

o//o

clay

o,//o
silt

o/,/o

sand

Welþreen
TaiUnSBeach

Samples

Crumbs 2 20 78 3.13

Slab 2 2T 77 3.16

LupinTailings 5 65 30 3.t7

ControlSample
(siltysand)

0 t7 83 2.12

Table 2 shows a summary of the X-ray diffiactions analysis canied out to
determine minealory. The main differcrr€s between the Wellgreen and h.pirt
tailings are that the Wellgreen samples have significant quantities of oxide

products '¡frile the Lt¡pin sample is much more quartz rich. The

ditrercnces in ttre Wellgreen crrrnb and slab samples appears to be dæ to
ditrercnt of oxide and nrlphide minerals. This indicates that the

weathering products atthe Wellgreen site are higtrly variable along the beach.

The ironoxideminemls inthe slab sample wereprob,ablyacting as acementin
the r¡ndish¡ùed material. This muld heþ to explain the tendency for this

materialto breakorf as slalæ duringthe mmplingpocess. AppendixA contains

a more complete description of the x-ray diffiaction test rcsuls.
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TABI,E 2 TAILINGS SOLIDS MINERALOGY ST]MMARY

Table 3 shows resulß of acid bese accourting tess on the tailings samples. The
test results show that the Wellgreen tailings are acidic and have a very high
atrnity for continued acid generation based on a negative net neubalization
potential Q{f{P). The test rcsults for the Ltrpin tailings shows a neu¡al material
with a modemte affinity for gerrcrating acid Apperdix B contains the laboraory
testresults foracid based accountingr¡¡hichwere canied otú following the Sobek

metlrod

TABLE 3 ACID BASE ACCOTINTING TEST RESULT SI]MMARY

Nsr\ss\
Mine Services Ltd.

t-
Environment &nadaAcid Mine Drainage 9G1456

MINERAL TYPE

Mineralog,r (Y{tt/ù

Wellgreen Lupin

Cn¡mb Slâb

Quarø l9/o ù.-àceo/o 36%

Calcite/Aragonite 1l.sYa 9/o 2%

Iron OxideMinerab 5t%

ImnSulphide
Minerals

48% 4A/o 45%

IrunChlorife 17%

Cuprite l9/o tace

Suþhur 11 .5%

PASTE
pH

o/o

SULPHUR
ACID

BASEACcOUNNNG
(modified method)

SULPFIATE SULPHIDE TOTAL MPA NP NNP

Crumbs 2.9 132 1253 1435 49 -11 -459 -.u2

Slab 32 t2s t2:70 t4s 452 -8 - 450 -.u2

LupinTqilingÞ Sand 7.4 0.M 276 282 &t I 79 .10

2-3



22 PORE FLTIID PROPERTIF"S
Fow different pore fluids were used for testing. Two different samples

(designâted A and B) wae obtained fi,om the Anvil Range øilings pond. The

LWin pore fluid was obtained directly from the tailings discharge. Dstitled
waterwas usedas aporc fluid withthe contol sample sand.

Table 4 shows the results of pH and conductivity testing for the 3 different

tailingswatersamples (nvo samples finmAnvil Range andone fromLtpin) and

the distilled water used for the test program. None of the porewater samples

indic¿te acid conditions. The electical conductivity @C) for each sample has

been used to estimate the total dissolved solids (lDS) using the relationship:

TDS (in mg/l) : 640 x EC (in ds/m)

TABT,E 4 PORE FLT]ID PROPERTIES

The asreceived chemical analysis for 30 ditrerent metal ions was carried out for
each pore fluid sample as shown in Table 5. The analysis shows that calciunU

magnesiun¡ sodiun, iro4 and potassiwn ate the dominant metals present in the
tailings. Copper, arsenig and zinc are the m{or heavy metals. The certificates

ofanalysis are contained inAppendix B.

Nsr\ss\
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SAMPLE pH
FJ,ECTRICAL

CONDUCTNTry
(dvm)

CALCULA-IED TOTIAL
DISSOL\iED SOIJDS

(me/L)

AI{VIL A 7.9 2.6 tffi
ANVILB 7.7 0.62 397

LT]PIN 9.8 2.8 nq2

DISTILLEI) 7.0 t.4 896
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SAMPI,Æ

CONCENTRATTON OF MA,IOR METAIS
(Nr')

As Ca Cu Fe K Mg Mn Na Ni Pb Sr Zn

A¡IVIL
A

<l >50000 4.1 1250 12750 >50000 9850 50000 2N <2 3r50 4?30

AI\ML
B

t4 >50000 <û.1 1000 19250 2U2m 977 26800 6l 330 129 4770

LT.JPIN 10100 >50000 5t80 23100 35000 ó55 303 >50000 6s2 <2 656 21300

DISTILI.,ED
werrn

<0 2vl <10 <0 8.5 0.70 100 2.8 t4 0.45 56.0

TABL,E 5 PORE FLI.IID CHEMICAL ANALY$S SI.]MMARY
(AS RECETVED)

Nsr\sd
Mine Services Ltd.
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23 SATtfi{A*f EDTAILINGSSAMPLES
Six different sanrrated tailingVpore water samples were p,repared for thermal

poperties æsting (unf:ozen water content and thermal conductiviry) as follows:

. Wellgreen Crurnbs A (Wellgreen Cnrnbs withAnvil Aporer,rrater)

. Wellg¡een SlabA (Wellgeen Slab withAnvilAporewaær)

. Wellgreen CnnnbsB (lMellgreen Crumbs withAnvil B porewaær)

. V/ellgreen Slab B (Wellgreen Slab with Anvil B porewater)

. Lrpin(Lupintailingswithhpinporcwaier)

. Contuol (quartsandwithdistilledporewaær)

The V/ellgreen tailings material is a weathercd tailings tnrdergoing active

oxidation. The four ditre¡ent samples prçared from these tailings provide an

indication oftlre range inthemral properties that might b" expected for differ,ent

kinds ofweathercdtaiLrigsmaterials. The siæ corsistofthe Wellgreenmaterial

is similarto the cont'ol sample.

TheLtpinsamplepnovidesthennalpnrperties infonnationforafieshwroxidiz¡d
materialtlr,athaspotentialtogenemteacid. TheLrpinbilingsalsorepresenta
finer grained material (sandy srlÐ.

In addition to the asreceived water chemisby surrnaized in Table 5, additional

chemical analysis was caried oú ontailings samples immedialely afurmixing
with process waler, at I hour, and at2 hous after mixing (Appendix C). The

analysis shows tlø significant ditrercnces inpore water chemisbry were rcalized

Environment Canada Acid Mine Drainage 9f-1456
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in sfnfiperiods oftime, eqpecialy forttre Wellgrcen samples. Using t]re elecEical

conductivity as a meäsure of the increase in total dissolved solids, ingreases

rarìging bet\e€en 500 arrd 2,000 mgll werc realiæd over a2hotn period for tlre

Wellgreen samples. The Wellgreen samples contained secondary minerals

formed due to evaporation on the tailings beach The large increases in total

dissolved solids for ùese samples reflects the soh¡tion of tlrese minerals. An
evaluation of the change in water chemisby after mixing has not been

r¡ndeÍakenhere.

Nsr\ss\
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SECTION3 T]MROæT..{WATERCONTENT

Satuated fi'ozen soils ae mmposed of soil solids, ice, and unfrozen water. The

amourt ofr¡rfrozen wa¡er tlìat is present at temperatues below OoC in a ûozen

soil is dependent on several facton including temperaflne, applied pressure,

qpecific surface are4 and pore fluid chemisty. In fine grained soils, rmfirozen

water is closely associated with the soil particles themselves due to adsorption

forces. Pore fluid solutes can cause a depressed fieezing poing which results in
rmfinzen water occuring in coarse garned soils. In wrdy soils at temperatues

below the depressed feezing point rmûozen water is present until the er¡tectic

temperatue of the soluæ is attained. The eutectic point is the temperatue at

r¡¡hich simultaneow crystallization of solvent (fieezing) and soh¡te (prccipitation)

takes place. Fu:ther informaion relaed to the manner in'¡¿hich unfrozen water
is associated with soil particles is conained in MEND L6I2 (IW and Faouki
(1e80.

Meastnementofunfiozen water mntent in soils canbe canid or¡t withnuclear
magnetic resonance OIIVR) or time domain reflectometry GDR) techniqæs.

Time domain reflectomefy measures the tavel time of a megaherø pulse

thruughtlrc soil, fiom which an apparurt dielectic mnstant is obtained. Topp et

al (1980) determined an empirical relaionship be¡veen apparent dielecftic
constant and volumetic wafer content that is nearly independent of soil type,

density, æmperatue, and salinity. The dielechic constant of ice and soil solids is

similar and thercfore there is a rnrique empirical relationship be¡veen the

apparent dielectic constant mea$rcd by TDR methods and t¡nfioæn waær
contenl By comparing the relationship be¡¡¡een wrfrozen water cont€nt

measured directly by NMR techniques and apparent dielectic mnstant ftom
TDR, Smith and Tice (1988) have c¿librated a relationship be¡veen apparent

dielectic constant (Ka) and volumetic untozen wafer content (0J as follows:

0" : (-1.458 x 1û' þ (3.868 x 1û2) Ka {8.502 x 10a) Ka2 +

Q.nO x 10ó) Ka3

Nsr\ss\
Mine Services Ltd.
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Volwnetic unfi¡rzen water content is the ratio oftlre volume ofr¡nfrozen \¡/ater

to the total volwne, normally ocprresæd as aperrentage. Smith and Tice (1988)

used 17 different soil types rangng from clay to gravel for their calibration and

deærmined a standand sror of estimate of 1.55% in volurnetic r¡rfroan water

contenl Their measuements indicate that the polynomial ctwe fit presented

above can be used to predict unfrozen waler content over a wide range of soil

types. This relationship has been used in tiris study to reduce the data obtained

ûom TDR testing. Appendix C contairs a description ofthe test methods and

a sketch ofthe test appaxatus

Figrx€ 3 showsttre dataobhin€d ñomtheæsingplotted as volurneric mfiozen

water contsü versr.rs temperatue. Table 6 shows a tabulation oftmfroæn water

contents at r¿arious temperatues intøpolaed ûom the data in Figue 4. Tlre table

indicates the following points:

a

a

a

The Conbol sample does not have any urfrozen water at temperatues

below 0oC. This is to be e4pected for a sand (negligible absorption

propertia) with distilled pore water (no fieezing point depression) and

heþ to confirm the validity ofthe æsing procedtnes and the empirical

relationship between rmfioæn water and apparent dielecüic constant

discussed above.

At tunperatures in the range of -loC, urfilozen water mntents in the

range of 7 to 7U/o arc measrrcd The highest vahæ of ltrlo fortlre

Wellgreen A samples to the highest conductivity pore

fluid

At temperatues be¡veen about -5'C and -15oC the r¡nfrozen water

contents for all the tailings maferials is about 5%.

Nsr\ss\
Mine Services Ltd.

t_
Environment Canada Acid Mine Drainage 961456

3-2



TABI.,E 6 SI.IMMARY OF LINFROZßN WATER CONTE¡{T-

TEST RESULTS

% VOLI.IMETRIC I]NIROæN WÄTER CONTM{T

(4,>0"c @-1.c @-5"C @-ttrc @-15"C

WELLGREET{

SI.AB A
48% lE/o 6.2% 5.5% 5.U/o

WELT,GRMN

SLAB B

48% 7.tr/o 5.2% 4.8% 4.2%

\ilELI]GREEI..{

CRT]"MBS A
48% Wo 5.U/o 4.ff/o 4.U/o

WELTÆREEI.{

CRI]MBS B

48% 9.U/o 6.3% 4.8% 4.2%

LUPIN 5r% 7.U/o s.2% 4.8% 4.2%

CONTROL 5r% U/o U/o U/o U/o

A comparison of the r¡rfrozen wafer content values with similar gnin size

naturally occuring non-plastic soils at differcnt sodiurn ctrloride mlinities (Flivon

and Sego, 1995) is shown in Figwe 4. Hivon and Sego measued r¡rfrozen

wafer contents for sard and silty sands with pore fluids at 0, l0 and 30 parts per

thousand þpt) salinity. Seawater has a salinity ofabout 30 ppt

Figue 4a compares the results of Soil C, (fines content of 50Plo) with the Lupin

tailings (fines content of 7U/o). The r¡rfrozen waier contents for Soil C atzerc

ppt salinity compae very favouably wittr the Lupin values. This indicaf€s tbat

tlre fines (-200 Mesh) withinthe Lrpin sample contrbrles to the r¡rfrozenwater

cont€nt, as oppoædto theporewaterwhichhad an as received satinity atimated

at less than 2 ppt

Figue 4b compares the results of Soil B (fines content of 2U/o) with the

Wellgreør mmples (fines content of 22þ. The rmfiozen water content for the

Wellgreen tailings is higher than Soil B at 0 ppt indicating that the porewater

chemisty may be contibuting to the rnrûoæn water contert The change in
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rnûroænuatercontent at subæro temperatues is much less forthe Wellgrcen

sample than for Soil B @ l0 ppt It is conceivable that tlre Wellgreen samples

may reach salinity values qppnoaching 15 ppt after several hous and this would

be consistent with the comparison ofthe test results shown in Figue 4b.

Figue 5 strows tlre resdts oftesting for mfrozen water mntent at - 80" C. The

dala indic¿tes t¡nfi,ozen water contents 2% aI this very low

tempemtwe.
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Unfrozen Volumetric Water Content versus Temperature for
Wellgreen and Lupin Tailings
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Unfrozen Vol¡.¡metric Water Gontent versus
Temperature for Wellgreen B and Lupin Tailings
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SECilON 4 THERMAL CONDUCTNTIY TEST RFSUL-TS

Heatûansfer though soils occrxs mostly by conduction Drect measuement of
thermal conductivity in soils can be measued with steady state or tansient

methods. A ûansient metlrod was used for the tests in this report as described in

Appendix D. Farouki (1980 provides a mmprehensive review on the

measurement of tlrermal conductivity in soils, including a comparison of
different measuring and estimation methods.

Typical theÍnal conductivity values for ditrerent soil constituents are shown in

Table 7. Ice has a therrnal conductivity abotrt fou times that of water and

therefore fi'ozen soils diqplay higher conductivity. Seawater has a thennal

conductivity only a few perrcent less tlran ptne water farouki, 1980. Quaû has

an appneciable highet thermal condwtivity ttwr most other commonly occuring

soil minerals. The thermal conductivity of mineral solids decreases with

increasing temperature, however the change in the theÍnal conductivity of
mineral solids is less than ltrl" for æmperatues ranging betrrueen - lO"C and

+ 20'C. It is common practice to mnsider thermal conductivity as a single

parameter for either firozen or unfroæn conditions.

TABI.,E7 TYPICAL THERMAL CONDUCTTVTTY VALI]ES FOR

SOIL CONSTITT]EI.ÌTS (AT 20 "q

SOIL CONSTITT]EI.{T THERMAL CONDUCTWTTY

(w/m$

WATER. 0.57

ICE 2.2

QUARTZ 7.7

OTHERCOMMON

ROC'I(FORMING

MINERAI.S

Feldspar 1.6-2.9

þroxene 4.4

Amphibolite 3.5
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Figwe 6 shows the results ofthe thermal conductivity tesing. An interpretation

ofthe data is shown on these figures as a "best fit''û',ozen and r¡nûozen thermal

conductivity. All ofthe tailings exhibit apeak benveen the frozen and rmfi¡oæn

vah¡es. This peak is not apparent for the contol sample. The peak could be due

to the onset of soluæ crystallization at tlre ficezing temperatue of the solution

Table 8 shows a summary of the estimated frozen and urfi,oæn thermal

conductivity values derived fi,om Figue 6. The Wellgreen samples all exhibit

similar values with a froæn thermal conductivity that appean anomalotsly low

Qower than ice). The other values are within the range ocpected for natual soil

nraærials.

TABI.,E8 THERMAL
STJMMARY

CONDUCTTVTTY MEASI.IREMENT

SA]VIPI-,E

o-f/o

POROSITY

THERMAL

CONDUCTWTIY

(vv'/m$

FROZET..{ til[I¡ROæ|l[

WHJ./GREANI 48% 1.5 1.0

LT]PIN 5r% 2.7 t.7.

CONTROL sl% 4.5 3.0

The thennal conductivity of satr¡rated natually occuring soil can be estimated

firom empirical methods that relate ttre thermal conductivity of soil constituents to

the porosity and degree of ice/water saflration Farouki (1980 reports that

estimates within allntr.2s% of measued values can be obtained for satr.lrated

soils. Geometic mean equ,ations by Johansen (1975) for rmfroæn thermal

mnductivity (K) and ûozenthermal conductivity (K) of sahmted soils are as

follows:

K:K(r-n)0.57

Iç:K(r-n)2 .20.269ù

Where: .IÇ:thermal conductivity of soil solids

n :porosity
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0u = volurnetic mfrozen waær content

To deærminethe valw of IÇfor atimating tlre soil solids thermal mnductivity,

Johansen suggestedthe following geometic mean equation:

K:qqK('Ð

Where: Ç= tlrermal conductivity of quarE

=7.7 wlmC"

K: thermal conductivity of other minerals

q : quarE content as a ûaction oftotal solids content

For the thermal conductivity ofother mineralg Johansen recommended 2.0 V/im

c wtrere the quar2 content was gfeater than 20 %o and3.0 V//m Co for WarV,

contents less than2O %.

Table 9 shows a comparison of measrrcd thermal conductivity values ver$ls

those predicted wing Johansen's method. The largest departue ûom the

predicted values occr¡s for the Wellgreen samples v¡hich have notably lower

measued values. This could be due to the weathering that could have affected the

surfaires ofthe minerals, thus inhibiting themal conductivity.

Nsr\sd
Mine Services Ltd.

f-

Environment CanadaAcid Mine Drainage 9f-145É

4-3



TABI-,8 9 COMPARISON OF MEASURED \IERSUS PREDICTED

THERMAL CONDUCTTITTY

SAMPI.,E

THERMAL COI\DUCTNTTT

(Wîn'q

MEASTJREI)

VALT]ES

PREDICTED

VALTIES

(Johansen's

method)

oÁ

DMruREI.{CE

.

WELLGREEI''{

TAIIJNGS

FROZE¡.{

0 u=57o

1.5 2.5 6

'UI\IROÆ.I 1.0 1.4 40

LIIPIN
r¡u¡vcs

FROZE¡'I

0 u=57o

2.7 2.5 7

TNFROZEN 1.7 1.3 24

CONTROL 4.2 4.1 )

IINFROZE¡.{ 3.0 2.0 JJ
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Thermal Conductivity versus Ternperature
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SECTIONS I{YDRAI]LICCONDUCTNTTY

Intuitively, the hydraulic conductivity of a frozen material should be much less

than the same mAerial in an unûozen state. Advective water tansport at

tempemtwres below 0'C is related to tlre amotnt and the distribution ofwf:ozen

water. Horiguchi and Miller (1983), æsted six materials including natr¡ral silts,

clayg and zeolite. They fourd that hydraulic conductivity decreased sharply by

three to fotn orders ofma$itude @low 10Écn/s) as unftozen water content fell

to 50 - 7ff/o of totalwater content vihen temperaflne reached -0.2 to 4.4'C.

Dircct measrement of hydraulic conductivity is diffcult owing to problems

associated withpercolating watuthrough a filozen qpecimenwithout alæring the

rmûrozen water content ofthe mmple. In addition the very low permeabilities for

f¡ran material require large gndients for measr¡able flow volurnes. Horiguchi

and Miller (1983) disct¡ss the two most commonly used methods for dir€ct

meastrement and review test results obøined using a constant volume

permeameter/dilatometer with'þhase barrietrs" that exclude ice but tansmit

liquidwater.

Drect measrrcrnent of frozen hydraulic conductivity was not carid oú for this

report Instead" estimates of hydraglic conductivity are made using measued

unûozen hydraulic conductivity values and a semiæmpirical approach for

estimating frozen hydraulic mnductivity.

5.1 T]NtrROZET..{ HYDRATIilC CONDUCTNTTY TEST REST]LTS

Figue 7 shows tlre results of consolidation testing canied out to provide

information onunfrozen satr:rated hydraulic conductivity at different void ratios.

This is a standad test method used to measue the comprressibility ofsoils (ASTM

M345). Hydrarlic condrrtivity is calculated f:rrm the rate ofvolume change of
tlre soil during one dimensional Using this method it ispossible to

otnenrethemannerinwhichpermeabilitydecreasesæconsolidationocctns. The

figt.nes show that the V/ellgreen tailings (cnnnbs and slab) exhibit hydraulic

conductivity values in the range of I t3 to I 0a cr¡/sec. The Ltrpin tailings show

hydrautic conductivity values in tlre range of 10a to lûscm/sec. The measued

values for both sets of tailings are within the range e4pected for these materials
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based on their grain sizfs. tnwer hydraulic conductivif for tle Ltpin tailings are

due to highersilt contenl
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52 ESTIMATES OF FRO2EN HYDRATruC CONDUCTNTIY

Estimates of ûoæn hydraulic conductivity can be made fiom eithø ptnely

empirical cu:ve fitting methods or ûom semi-ernpirical approaches that are

based on the physical similarity of r¡rfrozen water and capillary water treld in an

unsaturated soil by surface tension Both methods relate the rapid decline in

hydraulic conductivity due to freezing to the fi.rlly satr¡rated unftozen value. kr

other words, there is acontinuow functional relationship between the wû'ozen

hydraulic conductivity at 0" C and a much srnaller value at very mld

temperatues.

Black (1990) has reviewed the physical basis for the similarity be¡¡veen

feezdth,awand dr/in$^/eüing in soils. Black shows that daøftom ice fee soil

water retention experiments and anal¡ical methods for evaluarting unsatuated

hydraulic conductivity can be used to describe hydraulic conductivity in û,oæn

soil. Black's rcport has been included in Appendix E for refercnce.

Figne 8 shows soil retention datapresented as matic suction ve$us volurnetic

water content for the Lt¡pin Tailings sample. This is known as tlre soil water

characterisic curve. The air enûy value is the manic suction r¡¡herc air starts to

enær the lagest pores ofthe soil. The residual water content is the wafer content

where a large suction charge is requiredto remove additional water.

An equation develo@ by Brooks and Corey (1960 can be used to estimate

unsatr:ratedhydraficconductiviry (Ç fromthe saturafedhydraulic conductivity

(Ç as follows:

h:kAo
A:(0 - QJ/(n- 0J
b=3+2/)'
Where: 0 : volumeticwatermntent

0n : residual volurnetic water content

n : porosity

)" : pore sizedistibutionindex
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The Brooks and Corey equationrcquir€s tlrc Satuãted hydmulic conductivity, the

total residual volurnetic water content and the pore size disnibrfion index as

inprf material parameters. Figure 9 shows predict€d values of rmsatr:rated

hydraulic conductivity versus volt¡rnetic water content for the Lrpin and

Wellgreen tailings using the parameters for the Brooks and Corey equation

shown in Table 10. The figune indicales the very rapid drop in hydraulic

conductivity that is realiz¡d as the soil desatuates.

TABTE l0 SOIL PARAMETERS FOR F"STIvIA*IING IIYDRAIILIC CONDUCTNTIY

A similardrop inhydraulic conductivity couldbe e4pected as a soil fireezes and

advective ftanspoÍ is limited to the water that is in an rn:rfiozen state. Assurning

that the relaionship shown in Figure 9 provides a rough estimate for tmfrozen

hydraulic conductivity, the mine tailings usd for testing in this study could be

corsidercd virtu,ally impermeable at an r¡rfiozen uder content below aborf 1ül0.

This is the maximwn t¡nfioan water content thiat was mea$xed in this shrdy and

to a temperatne of abor¡t'1 "C.
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\4EIJ,GREEI'{ 103 50 4 0.4

LUPIN lû4 50 6 0.4
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Lupin Tailings
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1

SECTION6 CONCLUSIONS

This reportpresents tlreresuls of thermal testing for t¡nfir¡zen waterand tlrerrnal

conductivity for two ditrer€nt mine tailings maferial mixed with different mine
process water pore fluids. In addition, some estimates of frozen hydraulic

conductivity have been made based on the unftozen hydraulic conductivity and

semiempirical analytic techniques. The main findings ofthis research work are

summarized as follows:

The mfoanwater contentmeasuernents were all in the range of 7 to
10 % at -l 'C and about 5% below -5 'C. A comparison of the measued

values with those ûom published information for røually occuring soil

indicates that the total dissolved solids and fines contert can be usedto
estimate unfrozen water contents. In sandy soils, large increases in
unûnzenwatercontentbelow 1" C only occus asthe salinity apprroaches

that of seawater (30 ppÐ.

The thermal conductivity meastnements werr all inthe range of 1 to 3

Wm"C. Similar values were obtained using empiric¿l methods

dweloped for natually occuring soils. Large dçartnes (>4trlo) fiom
the predicted values werc obser¡ed for the Wellgreen tailings indicating

that the thermal conductivity of oxidized materials differs fi'om
tnweathered soils.

Soils show a dramatic decrease in hydraulic conductivity with a de-

satuation Similaril¡ frozen soils also show a large decrease in
hydraulic conductivity as the temperatue is lowered and the rmfrozen

water content drops to residual values. E$imaes of frozen hydraulic

conductivity made wing this analogy show that the permeability is

reduced to negligible values at temperatues below about 1'C.

A general finding fiomthe workthatispresentedhere is that fceze-backofmost

types of mine tailings in a continuous peffnafrost environment is a viable long

termmntainmentsbatery. Freeze-backshouldocctratsimilarrafes,orsligþtly

lower for weathe,red materials, than could be expected for naturally occuring

materials. Thermal protection of tlre active zone is necessary to ensue that

seasonal thawing does not cause acidic dminage.

2.

a
J
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Appendix A

X.RAY DIFFRACTION ANALYSIS
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X-RAY DTFFR.A.CTION A¡TALYSIS

Th¡ee solid m¿terial samples, Wellgreen Tailings - sl"b, Wellgræn Taüings - crumb, and Lupin

Tailings Êom base ñeÉal nine waste were submined to Agat l-sboratories for compoeitional

alalysis.

The sample Y/as anal]rzed using X-ray diftaction Q(RD) techniques for minerat identification.

The XRD results (Figr¡re l) indicate that the Wellgreen Tailings - slab sample mainly contains

goethite (FeO(OH)), and greigite (FaSr), with minor amor¡rrs of calcite (CaCOr), arid trace

amounts of quartz (SiO2), and cuprite (CuzO). For the \#ellgreen Tailüngs - crumb sanple it
consists mainly of mackinawite CFegSs), with lesser amounrs of cuprite (Cu2O), geigte (FerS.),

sulphr:r (S), aragonite (CaCQ), and quartz (SiO:). The Lupin taitings sample consists mainly of a

unidentified iron mineral, and quartz (SiO2), with lesser amounts of a iron-chlo¡ite (Cronstedire -
(Fe[SfuFe)oro(oÐs), greigite (Fe¡S¿), arrd calcite (CaCor), For the Lupin Tailings sanples there

was & series of X-ray diÉactogram peaks which v/ere not identíñable with or¡¡ in house literatwe.

Eleñental analysis was completed on this sample and indicated that it consists mainly of i¡on.

Thereforg it was concluded th¿t the series of unidentifiable X-ray diËactogram peakr may

represeot I possible iron mineral.

The analysis for the three samples suggest that the Wellgreen Taitings - sleb sample consists

predominantly of iron oxide (goethite - corrosion product?), iron sulphide Greigite - corrosion

product?), with and lesser amounts of calcium ca¡bonate (calciæ - precipìtated from f,uids?), and

trace amounts of sa¡d (quartz), and copper oxide (arprite - corrosion product?). The lffellgreen

Tailings - crumb sample consists predominantly of iron sulphide (mackinawite & grcigite -

çorrçrio¡t product?), with lesser amounts of copper oxide (orprite - corosion product?), calcium
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carbonate þrecipitated Êom fluids?), sulpbur (corrosion product?), and serid (quanz). For the

Lupin fnili¡gs sample it nralnly consists of e Fe-mineral (conosion Produst?), 8nd rand (quertz),

with lesser arnounts of Fe-ctrlorite (cronstedite - alteration productÐ, iron sulphide (geigte -

corrosion product?), and calcium c¡rbons,te (catcite - precipitated ftom f,uidsÐ.



IL/2ø/L997 LØ:28 4ø32992ø22

100

80

20

AGAT(ADl"tIN) PAGE ø5

llnlv¡ltúv d^rú
nO (*¡iVOlttnctlon)

Wqtffirrao.Nt
Dú* llcYttnDr¡r 7fi

FÍgure I
X-ra y Diffra ctlon AnalYsÍs

Somptc td.: Velþncn Talllngs'eleþ

QUART]Z GREIGITE GOFTHIrE CALGITE CUPRITE

MINERAL

SOL¡D MATERIAL

t-
fr60
C)
ú,u
o-

40

0

51

N

9

TRTR

Note: XRD identlf¡es crygtalline material only



LLI ¿AI LìJA ( Lø' ¿ö q0J¿aa¿0¿¿ ArrA I tfìUwlJ.N.) I-AUL ø6

Untnn ¡y elrlffi
frD(/v¡lyÐlftrcAon)

Flgure 2
X-ra y Diffra ctìon Ana lYsis

Semple ld.: tletlgreen Telllngc' crumþ

OUARTZ GOETH|TE MACKINAWITE

SULPHUR ARAGONITE CUPRITE

MINERAL

t soLlD MATERIAL

Note: xBD ident¡fies crystalllne matedal only

tfo¡*QtdlrllolØ7
Ddtr,:llorr nbot'78/Ú

l-
fr60
c)
É,
Lu
fL

40

100

80

20

0

f919

29

tr11f 1.510



LL|2ø/L937 Løi28 4ø32992Ø22 AGAT(ADMIN) PAGE ø7

llnlvttlcl øl llþe¡o
Æ9 (*nYDlllnctlon)

Semplc ld.: UPln Talllnge

100

80

60

20

Fígure 3
X- ra y Dilfra ctlon Ana lYsis

tlygrkordrrHoAØ86f
Þí.: flotrrntrrr Tgæ

Fe-MINERAL

l--z
IIJ
O
É
lIJ
fL

40

0

QUARTZ GREIGITE

Fe.CHLORITE CALCITE

I
MINERAL

SOLID MATERIAL

5
2

Note: XRD ldEntlfies crystall¡ne material only



Appendix B

CHEMICAL ANALYSIS



University of Alberta
Edmonton

Department of Civil Engineering

Canada T6G2G7 220 Civil/Electrical Engineering Building
Telephone (403) 492-4235

FAX COVER SHEET

Date: May 30,1997

TO: Fax No.: 1,-604-984-0218

Name: Carolyn Low

Address: Chemex Lab

FROM: Name: D.C. Sego
Fax (403) 492-8198 (Canada) Phone: (403)492-2059

Number of Pages Including Coaer Sheet: Orieinal send bv : Mail
Courier-

Nof send x
Re: Acid Base Accounting and Chemical Testing

Carolin:

After reviewing the test description and the price list you telefaxed and further to our discussion of
this morning about testing of the mine tailings and water from the 'Wellgreen and Lupin sites, the

following tests are required:

Acid Base Accounting (Sobek Method) (Chemex Code G368) of as received tailings
o Wellgreen Tailings - slab
o 'Wellgreen Tailings - crumb
o Lupin Tailings

Chemical Analysiq (Chemgx Code G392-30 element) of as received waters
o A¡wil A
o Anvil B
. Lupin water
o Distilled water

Chemical Analysis of water release after it is mixed with tailings at ratio of 70Vo solids content ie

solids content = mineral mass / (mineral mass + water mass)

The mineral and water should be throughly mixed and allowed to stand for a minimum of two hours

then filter water for chemical analysis. Please perform pH and EC immediately after mixing, at I hr
and at 2hr.



The following chemical analysis (Chemex Code G392-30 element) are required on water prepared

using the above procedure:
V/ellgrèen - slab mixed with Anr¡ \ ßo-1. A
Wellgreen -slab mixed with (\¡vl\ ß"^q" S
Wellgreen -slab mixed with Distilled water'
Lupin tailing mixed with Lupin water
v/ellgreen-crumb#;;il- Ñì\ ßc^1c A
Wellgreen - crumb mixed with È.,,.r.\ --Re.\1c ß
Wellgreen - crumb mixed with Distilled water

(t

The samples will be forwarded to your laboratory today via a courier

Regards,

Dave Sego



Chemex Labs Ltd.
Analyl¡cal Chemisls' Geochemists' Regislered Assayers

212 Brooksbank Ave., North Vancouver
British Columbia, Canada V7J 2C1
PHONE: 604-984-0221 FAX: 604-994-021 I

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Comments: ATTN: DAVID SEGO

49728024

CERTIF¡CATE A.9728024

(NLF ) - UNTVERSTTY OF ALBERTA

Project TAILINGS
P.O. #:

SÊñ¡r16a auhit,t€d, to our 1al¡ in va¡couv€r, Bc.
This r€potÈ was printedl on 26-itUN-92.

ANALYTICAL PROCEDURES

DESCRIPTION METHOD
DETECTIOI.I

LIMIT
UPPER

LIMTT

Paate p¡I
Sulfate S 9": Àcid or H2O leacl¡
S e": HtilO3-brøid.e ôigeetion
S 9": Leco furnace
CO2 9"¿ Inorganic
l{aximr¡n potential acidity
li¡€utsralLzÀtf.oa poÈent,ial
NeÈ leutrall.zaÈion pot€¡rlia1
¡ùeutraIiz. poË. acid.l.ty ratio
?lzz t.sst

POTE¡ÙTIOMEITR
CRÀVIIIEIT,IC
CRÀ\rI!{ETRIC
IJBCO-IR DSTECTOR
TJECO-GÀSOÌfgfRIC
CÀIJCT'I,AIION
TITRå,TIOÈì¡
CÀIJCT'LATIO¡f
CåI¡CIII¡ÀTIO![

0.0
0.01
0.01
0.01
o.2

1
-1000
-2000
-10.0

1

14 .0
100 .00
100.00
100.0
100.0
4000
1000
2000

1000 .0
10000

NUMBER
SAMPI.ES

CHEMEX
CODE

1119
L379
1066
1380

368
1117
1118
1970
7.97L
3737.SAMPLE PREPARATION

DESCRIPTION

Run as received
0-7 Kg split,ting charge

NUMBER
SAMPTES

3
3

CHEMEX
CODE

225
234



Chemex Labs Ltd.
Analyt¡cal Chem¡sts * Geochemists * Registered Assayers

212 Brooksbank Ave., Nodh Vancouver
British Columbia, Canada VtJ 2C1
PHONE: 604-984-0221 FAX: 604-984-0218

To: UNIVERSITY OF ALBERTA **
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Project: TAILINGS
Comments: ATTN: DAVID SEGO

Page Number :1
Total Pages :1
Certificate Date: 26-JUN-97
lnvoice No. '.19728024
P.O. Number :

Account :NLF

Eizz
Test

7,t

1
1
1

Ratio
NP/UPÀ

-o. 01
-o.01
o. o9

Neü Neu
Poten**

-453
-444
-ao

Neutral
Poten**

-4
-6

I

Max Pot
Acíd **

459
434

aa

coz '.inorg
< o-2
< o-2
< o.2

CERTIFICATE OF ANALYSIS A9728024

S ozo

Total
L4.70
14. OO

2 -flz

S 2o ***
Sulfide

L2-6t
L2-62

2 -75

Sozo *
sulfate

L-24
L.25
o. o3

PASTE
pH

2.9
2.6
7-O

234
234
234

PREP
CODE

225
225
225

SÀMPLE

üTEIJIJGRTTN- SI¡A'B
fiTEI,IJGRTEN-CR('MB
I,I'PIN

NOTE: - HYDROCHLORIC ACID SOLUBLE SULFATE
NOTE:'* UNITS = KILOGRAMS CaCO3 EOUTVALENT PER METRTC TONNE (Kg/MT)
NOTE:'-- NITRIC ACID SOLUBLE SULFIDE

CERTIFICATION



Chemex Labs Ltd.
Analyt¡cal Chemists " Geochem¡sts t Registered Assayers

212 Brooksbank Ave., North Vancouver
British Columbia,.Canada V7J ZC1
PHONE: 604-984-0221 FAX: 604-984-021 I

To: UNIVERSITY OF ALBERTA
DEPARTMENÏ OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Comments: ATTN: DAVID SEGO

49728025

CERTIF¡CATE 49728025

(NLF ) - UNTVERSTTY OF ALBËRTA

Project TAILINGS
P.O. #:

Saq)les auhitt€d to our lal¡ in Va¡couv€r, BC.
This report was prinÈed on 26-inN-9?.

ANALYTICAL PROCEDURES

DESCR¡PTION METHOD
DEÏECTION

LMTT
UPPER
LMT

PaEt€ pE
Sulfate S 9"! Acid or H2O leaëh
S %s HNO3-broníde digestion
S %: Leco furnace
coz 9". Inorganic
Maximr¡m potential acidlíty
Neutralizauion potential
N€È nêutralization poÈontial
!ùeuÈraliz. pot. acidity ratio
Fizz têst

POTEÀ¡TIOUETER
GRÀVII4E1IRIC
CRtrl¡I!{ETRIC
IJECO-IR DETECTOR
IrBCO-Cå,SOUSIRIC
CåIJCT'I¡ÀTIOlI
lTITRÀTION
CÀIJCI'I'ÀTION
cÀLcttLÀîto¡r

0.0
0.01
0.01
0.01
0.2

1
-1000
-2000
-10.0

1

14.0
100 .00
100.00
100.0
100.0

4000
1000
2000

1000.0
10000

NUMBER
SAMPLES

3
3
3
3
3
3
3
3
3
3

CHEMEX
CODE

1119
L379
10 66
1380

368
1117
1118
L970
1.971
3731SAMPLE PREPARATION

DESCRIPTION

Àssay ring ent,ire saqrle

NUMBER
SAMPLES

3

CHEMEX
CODE

26A



Chemex Labs Ltd.
Analylical Chem¡sls " Geochemists - Regislered Assayers

212 Brooksbank Ave., North Vancouver
British Columbia, Canada V7J ZC1
PHONE: 604-984-0221 FAX: 604-984-021 8

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
ï6G 2G7

Page Number :1
Total Pages :1
Certif icate Date: 26-J U N-97
lnvoice No. i19728O25
P.O, Number :

Account : NLFProject: TAILINGS
Comments: AïTN: DAVID SEGO

1
1
1

I

Fizz
Test

,/_ 
tl

I .nt --^ -

Ratio
NP/MPÀ

-o. 02
-o. 03
o-11

| ----o

Net Neu
Poten**

-455,
-474
-74

-11
-t_5

10

Neutral
Poten**

Max Pot
Àsid **

444
459

aa

< o.2
< o.2
< o-2

ca2 2.

inorg

CERTIFICATE OF ANALYSIS A9728A25

59"
Total

L4.20
7-4 -7 0

2 -82

S ?o ***
Sulf l-de

t2-74
t2.44

2 -77

t.2t
1- 3a
o-o4

59" *
Sulfate

PÀSTE
pH

3-5
3-2
7-7

PREP
CODE

268,
268,
268,

SÀMPIJE

!{EIJIJGREEN-SI¡ÀB
!{TI]IJGRETN-CRUIVTB
Lt'PIN

NOTE:. HYDROCHLORIC ACID SOLUBLE SULFATE
NOTE: -- UNITS = KILOGRAMS CACO3 EQUIVALENT PER METRIC TONNE (Kg/MT)
NOTE:--- NITRIC ACID SOLUBLE SULFIDE

CERTIFI



Chemex Labs Ltd.
Analytical Chemists' Geochem¡sts' Registered Assayers

212 Brooksbank Ave., North Vancot¡ver
British Columbia, Canada V7J 2C1
PHONE: 604-984-0221 FAX: 604-984-021 I

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Comments: ATTN: D. C. SEGO

49727307

CERTIFICATE 49727307

(NLF ) - UNTVERSTTY OF ALBERTA

Project:
P.O. #:

sÊilrlea aut@iÈt€d to out lal¡ in vaJ¡couv€r, Bc.
This reporÈ lraa printêd on 18-iIUN-97.

SAMPLE PREPARATION

DESCRIPTION

WaÈ€r sampl€

NUMBER
SAMPTTS

4

CHEMEX
CODE

22L

ANALYTICAL PROCEDURES

DESCRIPTION METHOD
DETECTION

LIMIT
UPPER

LIMIT

Àg ug/L: ÍJater 6añÞ1€s ICP-MS
ICP-US
rcp-us
rcP-t4s
ICP-t'ts
ICP-MS
rcP-¡ts
ICP-ùfS
ICP-MS
rcP-!'ts
ICP-l,ls
ICP-MS
rcP-t4s
ICP-MS
ïcP-l,fs
rcP-tds
ICP-ì'lS
ICP-t{S
rcP-lts
rcP-t'ts
ICP-MS
ICP-t{S
ICP-l.ts
ICP-MS
ICP-uS
rcP-us
ICP-t4S
ICP-MS
lcP-us
rcP-¡.ts

0.05
1
1

0.05
0.5

0 .05
50

1000
100 0
10 00
1000
10 00
100 0

50000
1000
10 00
10 00
100 0

50000
1000

50000
s0000

1000
100 0

50000
1000

50000
1000
10 00
100 0
100 0
1000
100 0
1000
100 0
100 0
1000

À1 ug
ÀÉ ugr
Ba ug
86 ugr
Bi ug
Ca ugt
cd ug

/L¿
ll"z
lI¿
lLz
lL¿
IL:
/L¿

WaÈer
WaÈer
Water
WaÈor
Water
V¡atêr
V¡a.têr

samples
sam¡rles
sam¡rles
sarq>1es
sa-uqrles
sam¡rJ,es
e a-qrlea 0.1

0 .02
0.5
0.1

co ug/L: Wator aa-q)Lèa
cr ug/L¡ llat€r aa.q)lea
Cu mglL: Wat€r aaq)loa
Fe ugf/Lt W6.È€r aåq)I€a
Hg ug/Lr Watsor sa.q)1aa
K r¡g/L: Wat,€r aaq)loa
¡Íg r¡g/f,: Watsr Áa.q)leB
Mn ug/L: Wat€r saDpl€s
Mo uglL: WaÈor ss.r¡pl€s
Na ug/L: wat€r aan¡ples
Ni ug/L: Water sarnpl€s
P ug/L: Wat,er sa¡rploa
Pb ug/L: Wat,6r sa.q)les
sb ug/L: waÈêr safipl€s
56 ug/IJ: Water aarples
Sn ug/L: V¡at,êr sa-lrplêa
sr ug/L! Wat€r aa¡q)Iea
Ti uglls Wat6r aa.q)los
Tl ug/L: Wat€r aamplsa
U ug/1r Wat€r aa¡q)l€s
V ug/L: WaÈer aanltr)lea
2n vgll" lr¡aÈor aåJÎrpl€s

10
1

50
0.5

0 .05
0.1

50
o.2
100

2
0.05

1
0.5

0.05
1

0.05
0.05

1
0.5

NUMBER
SAMPLES

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

CHEMEX
CODE

5501
5502
5503
55 04
55 05
5505
55 07
5508
5509
55 10
5511
5512
55 13
55 14
5s 15
5 515
5517
5 518
55 19
5s20
5527.
5522
5523
5s24
5525
5526
5527
5 s28
5529
5530



Chemex Labs Ltd.
Analylical Chemists' Geochernists ' Regislered Assayers

212 Brooksbank Ave., North Vancouver
British Columbia, Canada V7J 2C1
PHONE: 604-984-0221 FAX: 604-984-021 I

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Project :

Comments: ATTN: D. C. SEGO

Page Number : 1-A
Total Pages :1
Certif icate Date: 1 8-JUN-97
lnvoice No. :19727307
P.O. Number :

Account : NLF

An ;l
h¡¡¡t

e
B

WÀTER
}fÀTER

CERTIFICATE OF ANALYSIS A9727307

À1

ug/L
Àg

uS/L
Ba

ug/L
Be

ug/L
Bi

ug/L
Ca Cd eo

ug/L ug/L ug/L
K

ug/t
¡{n Mo

ug/L ug/L
Na

us/L
Ni

ug/L
Mq

ug/L
Cr cu Fe Eg

ug/L ug/L ug/L ug/L
Àg

ug/L

<0
<0

4
<0

.05

.05

.75

.05

<1
<1
199
<1

<1
!4

10 100
1

20
59

7
5
I
05

< 0.5 < 0.05 > 50000
> 50000
> 50 000

<50

< 0.1
17 .5
0,9

< 0.1

91.9
2L.5
81.7

< 0,02

7.5 < 0.1
< 0.5 < 0.1
12.3 5180

< 0.5 254

12so
1000

2 3100
<10

<1
<1
<1
<1

12750>50000 9950
19250 20200 977
35000 655 30.3
< 50 8.5 0.70

1.2 50000
1.5 26900

80,4 >50000
0.2 100

240
60.9

652
2.8

< 0. 5 0.25
24

0
< 0.5 < 0.05
< 0.5 < 0.05

PREP

CODE

22L
22L
22t
22L

Sil.IPLE

CERTIFICA



Ghemex Labs Ltd.
Analyllcal Chem¡sls' Geochemists' Registered Assayers

212 Brooksbank Ave., Norlh Vancouver
Brilish Columbia, Canada V7J zc'l
PHONE: 604-984-0221 FAX: 604-984-0218

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
22O CIVIUELECTRICAL ENGINEERING BUILDING
EDMONTON, AB
T6G 2G7

Pro.ject :

Comments: ATTN: D. C. SEGO

Page Number :1-B
Total Pages :1
Certificate Date: 1 8-JUN-97
lnvoice No. 119727307
P.O. Number :

Account :NLF

CERTIFICATE OF ANALYSIS A9727307

P

us/Ir
Pb

us/L
sb

ug/L
Se Sn Sr Ti

uS/L ug/L ug/L ug/L
T1

ug/L
u

uS/L
VZn

ug/L ug/IJ

<1
<1
<1
<1

00
00
00
00

3
2

30
2

t4

1 .00
21.5

4 .00
< 0,05

1
1

15
1

<0
<0
<0
<0

.5 3150

.5 128.5

.5 656

.5 0.45

<1
<1

0.25
4 -25

LT.25
0.25
0.05
0 .05

<1
<1

4
<1

4230
477 0
21300

55.0
<1<0.05<
<1<0.05<

PREP

CODE

22L
22L
22r
22r

SA¡ilPLE

CERTIFICATION



Chemex Labs Ltd.
Analyt¡cal Chemists * ceochem¡sls * Registered Assayers

212 Brooksbank Ave., North Vancorlver
Bntish Columbia, Canada V7J ZC1
PHONE: 604-984-0221 FAX: 604-984-021 B

To: UNIVERSITY OF ALBERTA
DEPARTMENT OF CIVIL ENGINEERING
220 CIVIUELECTRICAL ENGINEERING BUILDI NG
EDMONÏON, AB
T6G 2G7

Comments: ATTN: DAVE SEGO

49727747

CERTIFICATE A.9727747

(NLF )- UNTVERSTTY OF ALBERTA

Project:
P.O. #:

så¡E)lês su-hitt,ed to or¡t lab in vå¡rcor¡ver, Bc.This raport was printed. on 18-iIIrN-97.

SAMPLE PREPARATION

DESCRIPTION

ErviroDDêntal solids
Deionized water leacl¡

NUMBER
SAMPLES

21_
2L

CHEMEX
CODE

1337
246

ANALYTICAL PROCEDURES

DESCRIPTION METHOD
DETECTION

LIMIT
UPPER

LlMt¡-

pH
Conduct,ivily uDhos/ø
Àg ug/L: watsr saqrles
À1 ug/L: Water sary)l€s
ÀE ugl/L: Watêr sa.q)I€s
Ba ug/l: !ìlat€r aa.qr16s
Bo ug/l: WaÈar a€q)lea
Bi ug/l¡: Wauer aâq)l€E
Ca r¡g/f,: W6.È€r såqrlos
cA ug/I¡! WaÈ€r aaq)lea
Co ugr/L¡ üIater saq)lea
cr ug/L¡ wat6r aaqrl€E
Cu Dgi/Ls Watêr aaqrleg
tr€ r¡g/L: Wat€r aaqrleE
Hg ug/L: watêr aa.qrl€a
K ugt/L: Wa.tsr saq)1es
Mg ugr/L: Water Bå.q)l€s
I'flr ug/L: Watêr Båq)l€s
Mo ugf/IJ: ¡{ater så-q)l€s
Na ug/I¡: Wâ.t,el Éa-q'l€s
Ni ugr/L: ÍIaÈer sa.q)lês
P ug/L: Wa'têr Êaq)1ês
Pb ug/I¡: Wator så¡p1€s
Sb ug/L: WaÈer B€q)16s
S€ ugt/f,: Watsr såq)lea
sn ug/L: waÈ€r aa4)1es
sr ug'/L: water aa.qrl€a
Ti ug/L: Watêr Baqrlês
T1 ug/L: watêr aaqrl€a
u ug/l: water saq)1€a
V ug/L: Wat€r aaq)IêE
Zrr ugll'. WaÈet saqrl€s

POÎEMrIOMETER
CO¡ÍDUCTI\rITY ¡4I'R
ICP-¡ÍS
rcP-¡4s
ICP-lfs
ICP-¡tS
rcP-t{s
rcP-t¡s
rcP-us
ICP-US
ICP-!dS
ICP-US
rcP-¡Ís
rcP-!Ís
ICP-¡!S
ICP-US
ICP-¡fS
ICP-¡fS
rcP-us
ICP-lfs
ICP-MS
ICP-US
rcP-lfs
ICP-!tS
ICP-!fS
rcP-lts
ICP-US
rcP-tds
rcP-tds
lcP-us
ICP-TdS
rcP-us

0.1
1

14.0
100000

1000
1000
1000
1000
1000
1000

s0000
1000
1000
1000
1000

50000
1000

50000
50000

1000
1000

500 00
10 00

50000
10 00
1000
1000
1000
1000
1000
1000
1000
10 00
10 00

0.05
1
1

0.05
0.5

0.05
50

' 0.1
0.02
0.5
0.1

10
1

50
0.5

0 .05
0.1

50
o.2
100

2
0.05

1
0.5

0.05
1

0.05
0 .05

1
0.5

NUMBER
SAMPLES

27
2L

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

CHEMEX
CODE

559
655

5501
55 02
55 03
5504
5505
5506
s507
5508
5s09
5510
s511
5512
5513
5514
5515
5516
5517
5518
5519
5520
552L
5522
5523
5524
5525
s526
s527
5528
5529
5530
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1337
246

7-A
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I

SÀI'PIJE
lc/sLAB+!{c ¡Í10-:

ì'- ì.s\(
1337

246

2-9
4520< o.o5

>50 000
25

L3 -25
7-2 -5< o.o5

>50000
41- O

7-7340
380

>50000
>50000

<1
1250

>50000
7930

27 -3
2000

>50000
< 100

79
< o.o5

76

< o.5
511

7-7_
< o.o5
23-5

3330
l_

¡\"ò-Hiõ
S.AMPIJE

tG/sLÀB+n€ H¡o-l

l¿r\r
1337

246

3.O
4370

1 c.¡ ûs!
SÀ,!ÍPIJE
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1:O
1337
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3-1
3470
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1337
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2-9
4630

< o.05
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29

L7.75
L2 -5< o.o5

>50000
54.1

17060
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>50000

<1
7000

>50000
8640

26.2
20300
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46
< o-05

a7

< o.5
s33
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23 -3

5410
1

r¡¿c^ ->rqE

SAIÍPIJE
ve/SB+WqI20+6EDl

I:l\r
1337

246

3-O
4490

47ATE OF ANCERTI
ìlc,rw

SAMPIJE
le/SB+WGg?0+SED(

t"o
1337

246

3-2
33 50

l9Þ I r

SÀMPLE
IG/SIrÀt+Wc H20-2

l1-Lf\(
1337

246

2-A
5400

< o-05
>5 0000

38

2s -o
10. o< o-o5

>50000
43.1
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>50000
>5000 0
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10750
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17130

31- 1
38800

>50000
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L67
< o-o5

tL2
< o.5

2430
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< o.o5
34. A

<1
67 60

t\\\ceQ^ ì

SAMPIJE.
IG/ELI8+WC H20-1

1z tk
1337
246

3-1
5340

\f{,
SÀìIPIJE

IG/SIJÀ8+WC H20-0

T-- O
1337

246

3.1
4940

PÀRÀMETER
DESCRIPTIONS

Sample preparation code
Sample preparation code

pII
conducuivity (urn?¡os/cm)
Àgi rrg/L
À1 wglL
ÀÉ uglL
Ba.
Bs
Bí
Ca.
ca

r¡g/\-
!¿çtf L
r¡g/L
uçf /r-
!çrf f'

Co
Cr
Cr¡
Fe
figr

'.tg 
/f'

wçt/Í'
!¡gr/Í.
ug/L
t¡ç, /T.

K
Mgr
Mrr
Mo
Na.

I¡çt/r'
!¡g/L
!çt / f'
\tçt /r.
wçt /r'

Ni
P
P¡)
sb
Se

wç, /T'
uglL
lg/I'
rtg /f'
t¿g/L

Sn
Sr
Ti
T1
ft

lg/L
ug/L
l¿çÍ /f'
vgt/f'
ugf L

Zn
v lJçt/L

rtç, /f'
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SAMPEE
rc cnüBrDr E¡0-1

t' \l-/
1337
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2-6
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Cr.r^bt ri

SA}ÍPIJE
IG CB¡IB+DI H:IO-(

1" \¡
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5330

SÀMPIJE
fG cR+¡vqH2o+EEDi
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13. OO
20. o
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>50000

96.1
31600
L790

>50000
>50000

<1
6000

>5 0000
9720

44 -A
L9250

>5 00 00
< 100

39
< o.o5

L77

7-5
562

92< o.o5
39-8

10410
<1

,as^ \r g.vìl

SAMPLE
IC CR+¡{GE?OTSEDI

\. ll.r
1337

246

2-6
4250

lr\rì

SÀ¡dPIJE
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l:O
1337

246

2-A
5380

SÀ¡IPIJE
E CR!'B+WG H20-i
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246

2-6
9420

< o.o5
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103 80
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SAIÍPITE
rC CR¡¡lB+llG H20-l

t¿ lLw
1337

246

2-6
9230

SÀMPIJE
IC CR¡IB+WG H2O-(
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'f -- -¿t\(
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1580
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<2
1. OO

1a
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1500

<1
< o-05

1. OO
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47 60

SA¡ûPIJE
;I'P !IJ+T'UP H2O'1
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1337

246

7-7
35AO

PÀRÀMETER
DESCRIPTIONS

Sample preparation code
Sample preparation code

pH
Cored.ucUiviÈfz (umhos,/cm)
À'gl
À1
Às

!çt /Î'
l¡çt/L
\rg/L

LLçt / f.
lqgf L
\g/Í-
ug/L
wç, /T'

Ba.
Bê
Bi
Ca.
cd
Co
Cr
Cu
E'e
Hgi

\tç, fr'
rtç, f Í.
r¡çt /r,
¡¡çt f r'
.Lç, /L

K
Mgf
Mlr
Mo
Na

r¡ç, /f'
u.gt/L
ì¿çt /T'
u.glL
rtg /Í'

Ni
P
Pb
slt
Sê

wç, /r'uslL
ttglL
\tçt f T'
t¡ç, f r.

S¡1'
Sr
Ti
T1
TJ

wçt/L
!çt /r-
ug/1'
uglL
r¿çt /l'

Zn
v ug/L

!çr/Í'
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750

>50000
7090

36.1
1500

>50000
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Sample preparation code
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Àg !g/L
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As l¡g/T.
Ba.
Be
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Cå.
cd

!¡g/L
wg/L
wgfr-
ttÍ'/L
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Co
Cr
Cu
Fê
IIgr

!Àçt/f'
l4g/\
wçt/L
\tç, fT-
!¡çt /T.

K
Mg
M¡r'
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Na.

uçr/L
!.Lç' /L
uglL
r;.g /T,
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Ní
P
Pb
sb
Sê

\g/T'
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Appendix C

TIME DOMAIN REFLECTOMETRY TEST RESULTS



Time Domain Reflectometry
(Unfrozen Water Content Determination)

as Performed at The University of Alberta
Department of Civil and Environmental Engineering

0) The sample dimensions are recorded.
l) The sample is mounted into the aluminum cell from the top. The bottom cap

is then pushed into the cell so as to not allow an air gap between the sample
and the bottom cap.

2) The top cap, TDR probe and RTD's are then installed by pushing them into
the cell. In the case of an undisturbed sample, the sample is drilled to
accommodate the probe and RTD's.

3) The sample is then consolidated to the desired stress. The expelled water
volume is noted.

4) V/hen consolidation is complete the new height of sample is recorded. The
coolant is then allowed to flow through the cooling plate. RTD readings and
expelled water volume are monitored during freezing.

5) A set of TDR readings is taken after freezing. The sample temperature is
approximately -80o C. 

:

6) After freezing, the sample is removed to a controlled temperature
(-1O'C)room overnight. This allows the sample to warm up before putting it
the constant temperature bath.

7) After approximately 12 hours the sample is in a test condition, that is, it has

reached thermal equilibrium.
8) The probe and RTD's are then connected to the Tektronix 1503 C TDR unit

and DVM's respectively.
9) A set of 5 readings are used to get an average of the dielectric constant (Ka).

Using the Smith and Tice (1988) correlation, Ka is converted to volumetric
unfrozen water content.

10) The bath and sample are warmed to the next test temperature level. It is
important to allow sufficient time between tests so that the sample has come to
thermal equilibrium.

I l) Upon completion of the final "frozen" test the sample can be warmed to room
temperature and a test in the thawed state maybe performed. This thawed state
test can be performed immediately after the consolidation phase if it is
convenient at that time.



nt Temp
I Bath

drainage

To DVM's To Tekronix 1503 C

RTD

TDR Probe

Aluminum Cell

Liquid N, in

TDR Gell
X-section

Co ¡d Load

Freezing System
X-section

Liquid N, out



Unfrozen Volumetric Water Content versus Temperature
Data for Figure 4 Unfrozen Water Content versus Temperature for Tailings Samples
for Wellgreen A and Control Data

Temperature
(oG)

Wellgreen Crumbs A
(m3/m3)

Wellgreen Slab A
(m3/m3)

ControlSample
(m3/m3)

23.0
-15.1

-9.2

-3.2

-1.3
-0.8

-0.8
-0.7

-0.4
-0.4

-0.1

0.0
0.5

0.621
0.042
0.041
0.053
0.086
0.1 34
0.1 39
0.253
0.264
0.263
0.371
0.410
0.389

0.661

0.052
0.055
0.065
0.082
0.1 05
0.1 08

0.166
0.162
0.163
0.268
0.390
0.444

0.428
-0.001
-0.002
-0.003

0.000
0.000
0.001
-0.002
-0.002
-0.002
0.015
0.015
0.329

Unfrozen Volumetric Water Content versus Temperature
J

Data for Figure 4 Unfrozen Water Content versus Temperature for Tailings Samples
for Wellgreen B and Lupin Data

Temp
(m'/m3)

-14.6
-10.0
-3.0

-0.2
-0.3
-0.2

Wellgreen Grumbs B
(m3/m3)

0.0437
0.0495
0.0713
0.1571
0.1 829
0.3213

Wellgreen Slab B
(m3/m3)

0.0443
0.0461
0.0553
0.0787
0.1203
0.2228

Lupin
(m3/m3)

0.0470
0.0545
0.0744
0.1152
0.2325

Data for Figure 5 Unfrozen Water Contents at a Very Low Temperature
for Wellgreen B and Lupin Data

Temp
(m"/m")

Wellgreen Crumbs B
. (m"/m")

Wellgreen Slab B
(m3/m3)

Lupin
(m3/m3)

-81.8
-14.6
-10.0
-3.0

-0.2

-0.3
-0.2

0.0215
0.0437
0.0495
0.0713
0.1571
0.1 829
0.3213

0.0261

0.0443
0.0461

0.0553
0.0787
0.1203
0.2228

0.0284

0.0470
0.0545
0.0744
0.1152
0.2325



Appendix D

THERMAL COI{DUCTIVITY TEST RESULTS



Thermal Conductivity Test Procedure
as Performed at The University of Alberta

Department of Civil and Environmental Engineering

0) The sample dimensions are recorded.
1) The sample is mounted into the aluminum cell from the top. The bottom cap

is then pushed into the cell so as to not allow an air gap between the sample
and the bottom cap.

2) The top cap, heater and RTD's are then installed by pushing them into the cell.
In the case of an undisturbed sample, the sanple is drilled to accommodate the
heater and RTD's.

3) The sample is then consolidated to the desired stress. The expelled water
volume is noted.

4) 'When consolidation is complete the new height of sample is recorded. The
coolant is then allowed to flow through the cooling plate. RTD readings and
expelled water volume are monitored during freezing

5) After freezing, the sample is removed to a controlled temperature (-10o C )
room overnight. This allows the sample to warm up before putting it the
constant temperature bath. Put the sample into the bath.

6) After approximately l2 hours the sample is in a test condition.
7) The heater and RTD's are then connected to the constant current source and

DVM's respectively.
8) At time=O the current is directed to the heater. The cunent and RTD readings

are recorded at 5-15 second intervals to a maximum of 8 to 20 minutes.
9) A typical data and plot sheet is attached.
10) Warm the bath and sample to next test temperature. Allow sufficient time

between tests so that the sample has come to equilibrium.
I l) Upon completion of the final "frozen" test the sample can be warmed to room

temperature and a test in the thawed state maybe performed. This thawed state

test can be performed immediately after the consolidation phase if it is
convenient at that time.

ASTM have a test procedure similar to the procedure outlined above. The specification
for the ASTM test is D-5334 .

RTD: resistance temperature device - measures temperature to an accuracy of +/- 0.1oC

DVM:' digital volt meter



Pet!---
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To DVM's
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SUMMARY OF THERMAL CONDUCTIVITIES

Weltgreen Ciumbs A
Test # Temperature Therrial conductivity

("C) (WmoC)
1 22.41 0.90
2 -15.08 1.49

3 -9.18 1.47
4 -3.13 1.59

5 -1.33 2.71

6 -0.82 5.03
7 -0.49 8.40

Wellgreen Slabs A
Test # Temperature Thermal conductivity

("C) (WmoC)
1 23.62 1.04
2 -15.00 1.54
3 -9.13 1.54
4 -3.13 1.61

5 -1.31 2.42
6 -0.82 2.93
7 -0.62 6.34

ControlSample
Test # Temperature Thermal conductivity

fC) (WmoC)
1 22.85 3.38
2 -15.13 4.46
3 -9.23 4.42
4 -3.28 3.91

5 -1.44 4.23
6 -0.92 4.52
7 -0.38 2.91

1.34
1.22

22.96
-15.07

-9.18
-3.18
-1.36
-0.85
-0.50



Wellgreen Crumbs ß
Test # Temperature Thermal conductivity

("C) (Wm"C)
1

2 -8.87 1.51

3 -3.26 1.78
4 -0.33 2.72
5 -0.79 2.66
6 -0.38 2.15
7 0-28 0.76
8 0.67 0.74
I -83.56 1.68
10 14.64 0.88

SUMMARY OF THERMAL CONDUCTIVITIES

Wellgreen Slabs 3
Test # Temperature Thermal conductivity

fC) (Wm"C)
1

2 -9.03 1.34
3 -2.92 1.44
4 -0.13 2.39
5 -0.28 2.95
6 -0.31 3.38
7 -0.23 2.14
8 0.33 0.79
9 -83.46 1.72
10 14.51 0.89

Lupin
Test # Temperature Thermal conductivity

fC) (WmoC)
1

2 -8.64 2.69
3 -2.74 2.89
4 0.21 4.00
5 0.08 4.71

6 0.10 1.08

7 0.18 0.24
8 0.95 1.57
I -81.72 3.15
10 15.38 1.76
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Three Functions That Model Empirically Measured
Unfrozen lVaterContent Data and

Predict Relative Hydraulic Conductivity

PATRICK B. BLACK

INTRODUCTION

The nrost basic ofall soil functions used to churacterize the physical behavior offrozen soil is the

soil freezin-q curve. It is a -eraphical representation of enrpirically ttreasured clrltttges in utrft'ozetr rvater

contenroccurringwithchangesofstateoficeandw¿tterilìsoil(Fig. l).Thetltemral(Farouki l98l)'
¡ydraulic (Black and Miller 1985, 1990) and stress (Black lnd Miller 1985) properries of frozen soil

are alldependenr upon the amount of unfrozen water. It is impofiant, therefore, that tlte soil freezing

curve be represented by a function that both contains few parlmeters lnd allows its use to detemrine

the other physical propenies of frozen soil. The thennal cortductivity atrd stress purrition factol are

simple functions of unfrozen water content, whereas hydraulic conductivity is not.

While there are rìlany possible classes of functions to nloclel utrfrozeu water contetìt. sonle

funct ions clearly offer significant advantages over otlìers. Currerttly, Inost soil freezing datl lre fi¡ted

to :t power curve that appears to be statistically sufficient lrut h¡cks physicul ¡rleatritr-s or does not offer

t¡e clpabiliry to predict hydri¡ulic conductivity. There rre, tltouglt. three relttiotlsltips contnionly usecl

for describin-s tlre soil-water retelìtiotr and relative

hydraulic conductivity beltavior of ice-free soil
(Gardner 1958. Brooks und Corey 1964, van

Genuchten 1980) thut do offer sonte physical inter-
pretation and the capability to predict one type of
clata fronl the other.

The purpose of this paper is to present a franre-

work whereby the three comnronly used detemlirl-
istic relations for ice-free soil-w¿¡ter retentiotl data

can be usecl to desclibe unfrozen water changes itt

frozen soil.This u'illthen allorv the inrplementltion
of Mualern's (1976) model for u¡rfrozetr soil to
predict the relative hydraulic conductivity fol fro-
zen soil.

Qo

F i i4ura I . Rc¡tt'csartrctlit'c ttrtfro:ctt tt'ulct' cott-

lcnl bcltur'¡(,t'.

ô

AIR-WATER ICE-IVATER SIM ILARITY

When discussing the slate of water in soil-wtter systenls. it is co¡lvetrieltt to itltroduce the varii¡ble

0|'

0b. = "b - ". 
(l)

which is simply the pressure difference betrveen watet' itr the two pltases å and ¿' (Black and N{iller

I 985, 1990; Black and Tice I 989: Black I 989). Thus. the nratric pressure for ice-free soil is expressed

AS



Q,u"=rt,u-l/"

where ¡/

air-free

HYDRAULIC NIODELS

Moisture characteristics

(2)

)-il9"r referto'respectivel;"soil-rvatera¡rdairpressures.Likervise.rhesrareofwarerinan
trozen soil is expressed as

0i*=rri-rr*
(3)

where ¡t' is the ice pressure' Most often thou-ch, the state of water in air-free frozen soil is expressedrn rerms of temperature,0. If rhe soil is devoìJ 
"rr"l"*lir.r;äapeiro" equarion

uru- 3= h e
r i 273 (4)

can be used to relate ice and waterpressures to tenlperâture, the specific gravity y. of ice and volumetriclatent hear of fusion /r. Sorving .q : onJ +lo, ì.'giu.. rhe connecrio" o":ij:it;""i:tt 
*:.:,::r'"

temperature 0 and Q.ru 
- l 5r vsr tr¡c çurlnecllon between watel pressure rt*, ice

Oiru = (yi -l) u,,, - Yilt o.273 (s)

The concepts ofadsorption space and capillary space are other useful classificarions to enrploy indiscussing the physical bËrrav¡oiors"ir. nJiå,p,i"rlspace i, rtror ron. i, which soir rvrrer is strongryaffected by surface forces (real ot uinurii.ranatin-{ from rhe soir. ðapiilary space is rhe remainingregion in which warer.is not affecred Uy.oillor.. fields but ir -couemed by the laws of surface tension.Granularsoil willtend rocon,rin,orify.ojiñury *r,.r, while hi-rhlycolloidalsoils willbe domjnaredby adsorbed water' The nature ond fo;r-;il]o,', orrn. adsorprio, sþace will ,or be addressed in thispaper but wit only be employed in o g.n.rui-.rassificario' scheme for soils.Miller (1965¡ hypotheiizã¿ mot, ,in¿.r."rrrin consrrainrs, rrr" uetauior exhibired by soil uponfreezing and rhawing shourd u. ,¡*¡trr'ro irii..t.,ru¡or.up"";;;;; ina ,u.,ting. He propo.sed that ifthe same stare of soii-warer rerenrio¡r and distriburion i, ,.üi.u'.a'ti" rr..ri,r_{ and rhawirl_s processas by a dryin-c and wetrin-e process, ,l*1,.',*o stares should be sinlilar and irìrerchÍì¡rgeable if and

ï,Ï.::::rïil';i:ï*iloidal 
(adsorpiioì' 

'p".''capillarv space) or corroid-rr.ee lad.,orption
The Iaboratory experimeltts of Koopntans and Miller( 1966) prove this hypothesis forcolloidalandgranular soils' They found that rhe i..ln.. ìoJi-urarer rererìrion dara and air-free unfrozen warer datafor the sanre soilmainraine¿ to tt. ranre ¿.niiy ono rru;ecrecr to sinlirorr,,irtor¡., rvere direcrly related.They found a simpre equivarence ro," rr,.-.urJof coiloí¿irr ,;;i, ï;.;-;_" = 0,*.). whire 

-sranurar soirsrequired an addirionar correction fo.to,. to ¿.count for differences in suroi*]0,-,1. 
qllvu¡¡r ru¡ u¡rrerences ln surlace tensions (i.e., Q*o= [oo../

. Recenr work b1, Black and Tice ( l9g9) showed rhat rhe srricr simila .

the experimenrs of Koopmans and Miuercan be rer¡rxed and s¡iu ,.rr,;ili'*|T;ï,;r.iiJü:::i::soil-water re(enlion and unfrozen *",.r ¿r". ä"y ,u"."r*fuily transposed rheir unfrozen warer dara

;ffiif:åXîli*"'t'retention 
dara collected by other r.rår.ri.r! o decade earrier for rhe same

with the theoretical and empirical basis for the sinlilarity between ice-free soir-water retention andunfrozen warer confirmed, relarions ,nri'ã.t.r¡u. ¡ce-rree r"ii-;;; rerenrion dara shourd arsodescribe unfrozen waterdata' This will ;il;il; r"rryricar merho¿s roieuaruoring ice-free soir-wa¡er
;::'#i:,i:'rå::i:ïi:o 

nro'o"ri..;;;;.ììììi,y.í,",u.,.,i,,i;;;; 
used ro describe rhe san,e

For ease of use' mathematical models purporting to describe the behavior of soil-water retentiondata should contain few free paramete$ onä ,,ilt accurately predict data. A polynomial of large de_ereecould be made to fit the da¡a exactly, but *orl¿ on , no .åuonrog"iu., u.rng spline fits to the data

)



because of tlte large nunlber of pararneters requirecl. There ¿rr.e two otller functions rvith ferverparanleters tha¡ have beetr obsen'ed to closelv desclibe ice-fì'ee soir-rv¿rrer retent¡or.r dara (cl.r.irru urrdwettirtg curves bein-c treatecl as separate relltiån.s) as rvell as ot'teri¡rg closecl-fonu anal¡,ric e.r¡l¡.essio'sfor predicti'g the unsaturated h¡'cl*ulic conductiuity. dì. r.,;;;;';ì:ììr", pr.oposed by, Brooks a'dcorey (1964)' They found that. based upon a lar-ee number of observations for. ice-fr.ee soils. r'erelative de-gree of saturation or dinlensionless warer. cotìtent

s w-wd
vvs - wd

could be reasonably described by rhe relationship

lool- o

iô, j

(6)

(7)

(8)

s

I +(l.0o,u ),,

0"r < Qu

0".2 0u

0*"<0

0"")0

s

::": ]1: 
unq."nd 

fl'r.ott' respectively. the w'ater.contents ar a -eiven Q,*,u,ur rhe tower li'rit oldryi'-uâncl at saturation' ô is the air entry value and c rs a f ree para'reter detérmined fronr a ..curve 
fir,. tothe data. Equation'Ï 

'' :111.1 l:r^,nl 
ra,ï. ô:;,. 0n.n:^?,Ë"_yir.. s = ¡ 1¡... ,tv =1y.¡for Q,, . I 00.To avoid rhe disconrinuity at Qo, u"n c.nuii\r.n ( r980, r 978) propos.j;;u;; .ilr. 

"l¡ìjîi,,"",
t,t

in rvhich l', ¡¡ and nl are free paranìeters also detemrined from a curve fit to the data.The tiee parameter q in eq 7 rvas fou¡ld to be rel¡.¡ted to the pore-size distribution olthe soil. S¡llallvalues of c are found to correspond ¡o soils with a wide span of pore sizes; large a values areappropriate when grain sizes are nearly unifonn. The fì'ee poron.r.,.r, in eq g on the other ¡lncl huveno physicalsignificance excepr for rarye negarive 0,." uotr.r. i;;i;;;"r.. eq 8 approuches

,rr-l I l,tt
tf 

- |

L (Ào,"" ),, I (9 )

fronl u,hich we find tlìar c( =r¡¡r¡ and l/). = çn.

Hydraulic conductivitv
siveral models exii¡ rhar puryon to predicr rhe relative hyclraulic conductivity, K,.. fronr rlrebehavior of soil-water retenrion dara (chiris a'd coilis-Geor-se'rgsO, Burdine r9-53. Miili'gron iìrìdQuirk l96l'Jacksonetal. l965.lr{ualem 1976).Then',oo.tpiopor.á'uytøurt.,r,i.snrosrconrnrorrry

employed today in obtaining closed-foml anal.vrical .^p,=*rìon¡; an¿ ¡s íse¿ here. In addition ro soil-water retention data, this model.requires tlte hydraulic conductivity 
"t 

*turution K . fronr which rherela¡ive hydraulic conductivity is piedicred ro be

L

a

cl.r/h(.u)

J

r..(s) = 5a

0

d.u/h(u)

( I0)



Table l' Brooks and corey, r,an Genuchten and Gardner equations for unfrozen ryatercon ten t an d relative hyd ra ulic .on¿ u"ti rtiì.'

BROOKS AND COREY
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where B is a ucw soil parameter that accoun ts for the effects of tonuosity and nru Iriple inrercon.ecriolrsat the pore rever on water conrenr. 

' 
can be eirher positive or negative.

,"r%:ilî;o"i::ffit and 7 to ó;;;iln.¿ rr,. ,.roriu.'ffiuii..on¿u.rivity 
ror rhe Brooks

" [-]Q+a)c'+2

In order to apply eq 9 toeq I0, certain res¡rictions on r¡ and n¡ must be imposed. van Genuchten(1978) found that for tie case of 
'r = l-i¿,,.ä'ro outaine¿ìire;.,oil hydrauric conductivity

r,(0*J =

K'(0,"J =

,(,

K. Àlo*" ,,,r-r f r+

0*u < 0¡

0*o à 0¡.

Qru"
-(t-t/ n

Ir+ (r. I
t-t/ n) 

.Q*"1)'l r( 0*o< 0

0'"r I 0

Totat water Ccnlent
o
a
o
I

lg water, g sorl)8.49
'I L26
16.2i
20.98

I Eo ¡

r0 15

( l4)

(l l)

(t2)
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The third, and lasr, funcion ofren
used to describe relative hyArautic con_ductivity as a function of q*," i, it.
exponenrial model proposed by'öardner
(1958). He suggesied'tirat reíatìue rry_
draulic 

^conduoivity be expressed in
terms of a single soil paramerer

r'(O*J = K. e+lo*,I. (13)

&

( .+so lo*'1 [t+o.sp lQ,"ol ])a(B*2)

l.iSt,re .2-. Chaugcs in urtft.o:c, traÍcr cont(rt¡ itt Fo.r

T::::l Sitt fy four diffiret,, ,o,ot .s:ro-,1i,,),ì,,1,, u,o,r,conlenß attributable to changes itt ç.n,.
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In rhis case, rhe single paramerer B as_
sume.s the inrportance that ¡ortr c an¿ J
have in eq 7 and the thre. ,oil p;;;;;;l
have in eq g. Unfortunat.ty, CorAn., JiJ
no.t develop an equivalent e*pr.rrion ior.
soil-water re(ention data.

. Russo (l9gg) found a class offunc_
. ll:l'.,¡u, y!.1 appried ,o.q iô. i*_

sutred tn eq I3. The expression for soil_
water'retention data that he suggests,
which can be thought of as rhe ¿ï;;;;
equation for water retention, is

o¡
I
ot

ì
I

0

.ç

5

0*o< 0

Q*o à 0.

ô,* loars¡

AII three type of functions are presented in Table I in terms of 0,.,,. since unfrozen water con¡enrdara are coltecred in rerms orr.,np.rriur., , "llr. "iO; i,äil;:äty apprying eq 5. Most often rhesoit specimens are exoosedl:.ryil"ret;;; r_ can be assumed ro tbar./oc (Brack and rice rsss). rhe inníi".ã ärriî.i" r.;;;;ñ;;îiÍïï...0r,ääi'fr:r ï;idefinitelv be an effect ¡n ice ré¿ist¡b;,;;;;;. soir undergoes i**, (Mirer r973). Horvever, itappears that, in rhe case of unfrozen ;;;; ;;;", *.orur.i.,"ntr, trre f resence of air merery offsets

5



the onset of freezing' That is, nonsaturated soils stan freezi'-c at a rower tenrperlturc. than saturutedsoils' but then follow the unfrozen *.t", 
"*"nr curve of the saturated soil (Fi-e. 2). This process isbeing studied in more derail in ou, f rUoìoãry. 

'

Russo (1988) presented astatistical study of the relarive predioive propenies of these equationsfor ice-free soil' His results, olong *irh rhoJof others luon denu.t ten lgsO, Milly lgg7, Lenhard eral' 1989)' suggest that the van Geãucrtt.n .fu"ti*s offersuperiorperfomrance. In rhe case of ice-freesoil' especially field soils' the lack orai affint pronounced Q. value reduces the predictive abirityof the Brooks and corev eq'arion r.q zl-""aJ";ã;;il'"* äl"Jäì." equation (eq 8). since rheappropriate form of the.Gaønerequatioí ro, *o,.r r.tention data is relarively new, litrle can be saidfor eq l4 except that it has lt: f..1";t i;;"-iorrnr","o and wourd rherefore be rhe simpres.o use.- In order to apply eq 6, which ¡s use¿ ¡n'.0't, t and 14, o ualue io, tlre lowerlimit of dryíng, !I/0,ts required' unfortunately' data at very l;; ., are seldonr coilecteJbecause of experimertar conr-plications. As a resulr, iri value urrriry'rn"ri,F 
:n*,r.! uy.*tropoìotin-s ourside rhe ran-ee of darathrough numericat or graphical pt*.ir;;;. ;ìacr ana r¡.á trôbóïlve found rhar unfrozen watercontent data' transformed by eq 5,offera sourceorlow q*o data. using this approach, they found conr-pelling experimentalevidenceìo surp".ir-flo'r-Wo 
^],0,fuiQr"u_ 

__. This observarion has the poren_tial for minimizing the number of paror.-r-.r, in eq ó by one.Finally' and most important.for ttt" pr.ai.tiuepropeny of these equarions, is the uncenainty in theBparameter' while theothtttoitporuniei.rtli. 
"u"i"ed 

from the easiryacquiredsoir-warerrererrioncurve' B must initially 
ij::^*t examining-relative hydrauti. conãu.r¡uity data. This presarrs aproblem owing to the ex.perimental complexiiies of obtaí,ring suctr áata. Mualem determined rhat avalue forB of l/2 minimized the error u"ä"iip*¿icted and ir.rrrr.J ào,a for his dara ser. Fronr theworkofBresleretal'(1978),onto,.r..,Ç.ãirigtt"dataofReichardietar. 

(rg72),anoptimurvaruefor B of -2l15 is obtained' R"to rornJitt*r;i of rhe soirs rr. i,r".rìi.*',.d nri-shr di.spray a u'ique
,"."[i:T#':,iÍ.,iî.i:oo:"n'.,.' *¡irì,Àïu;i;;; ;,*.;;;ä':il rhe orhers; orrìerwise, ¡here

DISCUSSION

CONCLUSIONS
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