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\ Rnlatio*:hip: between qroﬁhd temperature and

/5; ironmental factors &re examined at a site which is partially

arlain by~porma*ront. A major Jdbtion of the pfﬁdy cohcerns.
the collection of d@bund/tqmpqrcturc and anvironmonta{ factor

\ ¢+ i 1

data in a form which is suitable for use in producjion of '

\ .
large-scale predictions. Linear correlation analysis shows that

rn;io!. snow depth, yuéitation:’qround thermal p;;;on.icn and
groundwater are all significantly correlated with groun ‘
temperature, the highest coefficients being tﬁone obtained with
snow depth. The importance of snow depth is confirmed by step-
wise multiple regresaion. This ;ariablo. together Jith oith&r
thermal conductivity (ibove 5 m) or ’lavation (below 5 m){
explains approximately 90 percent of the variance 1n‘grouqe

temperature, at depths down to 30m. A l; of equations is de-

‘rived f?r predicting ground temperature and incorzqratad into a
) .

simple heat flow model, which allows the distribu on Af perma-
frost and unfroszen ground to be projected in three dimaensions.

This model indicates that approximately 60 percent of the

‘iimminn 4 Permafrost Experimental Site is underlain by permafrost,

with a maximum thickness of about 150 m. The mo#eliis also
tested at two Fthor,litos }n/tn§ Schefferville area. It is

~

concluded that, a;ﬁhough the procedure is site-specific t& some

degree, dqg to the inclusion of the elevation Jhriable, it pro-

vidas a reasonable approximation forrpermafroat distribution at

Ly

sites lying within the same elevation range as Timmins 4.
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Les Eolationy'-ntfi a templrature du sol at les

—

“facteurs in situ aont &tudidés X |un site partiellement affactt

\par'lc pergdlisol. Une section majeure de l'Jtude traite de

.« la végétation, les p

lg\egit:ction des donndes mur la tomp‘raturn du 301 et les
facteurs in situ séus une forms qui puisse 8ti0 utilisable °*

»

pour des prédictions 3 grande &chelle.: L'analyse de la core-

lation lindaire montre que le relief, l'dpaisseur de la ﬁeigc.

rigtGs thermiquas du sol et las eaux
aouterrlinal sont toulg:ﬁ\xgppért de fagon significative avac

1a tempidrature du sol; las. \\}ficitnta les plus &levis 3tant

ceux ochtenus avee”’l'@paiasaur de 1a*ngigo. L'importance de

1'upaig|eur go la neiga est cdonfirmée par~1a muthode statistique

\\\ 4 la

"Step-wilo TltIRla regrassion®. Cetto variabln;\ajoutua

\gua (au-daésua de 5 m) ou & l'altitude (au-
daagoul da 5 m) explique environ 90 pourcent de la viriation de
1a %o\\u:ature du sol, jusqu'a 30 m de profondeur._-Un ensemble’
d‘&quations{gst darivé pour prédire les tomp&rayprea du sol Qt
incorpord & un simple modd@le de flux thermig?n, laguel permat
d‘obtonir une projection tri-dimentionnelle sur la distribution
au parg«linol et du s0l non geld. Ce modéle ﬁhdiquﬂ qu'anviron

60 pourcent du site exp&rimontal de Timmins 4 est affacta,par

‘18 pergalisol, avac/une §paisseur maximum de 150 m. ‘Io‘modééu\
a aussi at@ axplrimentd & deux autraes endroits dé la région de
JSthtfcrville. 'Nous en concluons que, méme si catte fagon d'agir

‘ast cpécitiqua au site par sa variable &lévation, alle fournit

p \ /
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Frontispiece: view across the lower part of the Timmins 4 Permafrost Experimental Site.
Irony Mountain is seen in the background. In general, permafrost underlies
the sparsely-vegetated ridge areas, while the areas between ridges are

esséntially unfrozen. The small red shacks mark the locations of thermo-
cables at this site, and the white stakes are snow stakes.
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S rem m m e e g

- l.1 GENERAL

) CHAPTER 1

INTRODUCTION/

K ,
‘ /

|
1.11 Statement of the problem

Permafrost, oraéarannially frozen ground,_ia‘de;i;éé as the - 5
thermal condition which exists in earth material when its temp-
erature re@ggns bol?w 0° for a period of grea?er than one year.
Near Scheffarville, Quebec (54° 48'N, 66° 49'W), ‘in the northern-
part of the discontinuous bermafrost zone, sufficient data are
now ava;{able to justify attempts to st&tistically relate
permafrost t? the factors cpntroling its occurrence. A major)
objective of the present study is therefore to define the‘factors
which influence ground temperature distribution in the area, and’
to arrive at some estimate of their quantitative/importanca.
These results form the basis for attampts to médel the ground

thermal regime, and hence the diétribution of permafrost iﬁd

unfrozen ground.

, Permafrost is extensivgly developed, yet qiscontinubu;;
beneath’ upland rid;% and valley terrain to the west ;nd northwest
of Scheffervilie.‘ Its presence po#es serious problems for open
pit iron ore mining in the .area. Thus, the development of
techniques whereby the three-dimensional distribution of éégmar

frost and unfrozen ground may be delineated, prior to mining,

1
Y

also has considerable practical application.

;.‘ | : /




" 1.12 Objectives of the study

/
s

Ve

. N
ke N

. ' N \ »
Fhe objectives of\tbe present study may be stated, formally, as

i An asQéQBmeﬁt of the influence of environmental
factors on the ground t\brmal regime in the discontinuous perma-

frost zone, with aespecial kgfarence to conditions in the

Schefferville area, N

\
\\

ii Derivation of iﬁbi:j.d equations relating shallow

ground temperatures to such variables.
‘ \

iii Development of a simple physically-based model

for predicting the distribution of permafrost in three dimensions.

- \

\

1,13 Outline of the thesis
\

N
\\

A detailed outline of this thesis is conta}nes in the Table of
Contents (pvii)- Broadly, the ‘three problems are considered in
turn. A”description of the séuqy'sité and reviqy of previSus
permafrost studies in the Schefferville araa,arexb{v; in Chapter
"1, while Chapter 2 considgrs the thermal regime in Qérm-ffast.
Chapter 3 is cgncerned‘with data collection,[ind Chapﬁé%" with

! /
asseﬁhing the influence of the various environmental parametars

on temperature distribution. A semi-empirical model for permafrost }
distribution at Timmins 4 is developad and tested in Chapter 5. ]
and applied to ‘a new'site, Timmins 2, in Chapter 6. Chapter 7

provides a summary and conclusions. .
AN |
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[ D
“ . 1.2 TIMMINS 4 PEWROS'I‘ EXPERIMENTAL SITE K

\ \ \\ ) . -

\\\\\\ The study was caofied out at Timmins 4, a future mino’site,

%qituatod 18 km northwést of Schefferville (Figure l).  This
\f site 1ies at an elevation of between 750 m and 800 m (IOCC

Its physical environment isddescribed in
[

- pormafrosé.stu es.

Thom (1973).

The approxima;gly lloolm by 350 m site is aligned wit# its long

axis parallel tb&ohe trend of the regional topography. i.e.

southeast~northwest (Figure 2). The highest ground, in the

southern part of the‘site, comb{ises a valley flanked by broad

\i flat ridges. 1In the ce tral po:; on, the ground falls away

steeply, with a predominantly no;éh\ sterly aSpect and is

N\ dissected by a number of chaunels a;B\ all valleys. This

A ‘
\ Qi? small ephemeral ponds, in the ar 18, undulating relief

N\at the northwest end of the site.

related to underlying geology and structure. Ridg tend to be

H \\
AN ) ' \

Iopc1 um is 72.5 m above North American datum, see aptiogi\\
‘Fig ‘ ! .
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1.22 Geology '

The Schefferville area is underlain by low-grade metasediments

\' '
of the Knob Lake Group, which comprise a miogeosynclinal sequence
; y
within the late Proterozoic Labrador Trough (Gross, 1968; ’

Harrison, Howells and Fahrig, 1972; zéjac, 1974). The strati-

graphy of the Group is summarized in Table I.

Structurally, the area is dominated by northwest-

southeast trénding folds and faults, the result of orogenic

g

forces from the northeast (Stubbins, Blais and 2ajac, 1960).

Three periods of deformation are recognized;/ During the last

H

of these, in/the late Cretaceous, leaching and enrichment of the
econonically important Sﬁkdman Iron Formation are beli?ved to

have occurred (Stubbins et al., op cit.; Gross, op cit.),

L

. Due to’ facies changes, not all members of the Knob

Lake Group are present in the Timmins area (2ajac, op cit.).
The Timmins 4 site is underlain by a Sokoman Iron Formation
syncline, bourfed to southwest and northeast by Attikamagen

Slate and unaltered iron formation respectively, in, faulted

s

“reonkact. Leaching and enrichment of the iron formation in part

ey N
. (eI

of 'the syncline have produced the Timmins 4 orebody (Iron Ore

i

\ °

Cbmpajy, internal report).
v

There is a thin, discontinuous till cover, up to 1 m

thick, over most of the site (Nicholson and Thom, 1973).
\

hY




PRECAMBRIAN

(after Gross, 1968. Table lA)

FORMATION®

MARYJO DIABASE
Uncon f
MENIHEK

30KOMAN

RUTH
AISHART
FLEMING

DENAULT

ATTIKAMAGEN
Uncon f
ASHUANIPI

‘'Black to green ferruginous slate

TABLE I

GEOLOGY OF THE SCHEFFERVILLE AREA

LITHOLOGY

Intrusive green-grey diabase

ormity : . A
Grey to black carbonaceous shale

Banded silicate, jasper and cherty iron - 4

formation with lean cherty and slate
members.

Massive, often arkozic orthoquartzite
Massive chert'brec#ia

I3 [} M
Dolomite with minor che

Schists &
complex.
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T The vegetation at Timmins 4 has been mapped in the
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|
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1.23 Climate

]

The subarctic climate experienced at the Schefferville townsite
has been summarized by Tout (1964), and more recently ﬁiison

D
(1971) . Conditiohs on nearby ridges are more severe, notably

with respect to wind speed and direction (Davies, 1962). Data

from Timmins 4 indicate a mean annual air temperature of approx-

imately -6°C, and mean wind speed throughout tﬁe year of 7 to 8 m-l

é‘i (Nicholson & Granberg, 1973). Precipitation totals are-+
3

probably very similar to those at tﬂe townsite (an average of

it ol i i ot o i . o 2R

745 mm, of which 312 mm water equivalent occurs as snow). The
proportion of solid precipitation should be somewhat greater at

the higher elevation of the Timmins 4 site.

1.24 Vegetation

Schefferville is situated within the forest-tundra sub-zone of
the boreal forest (Hare, 1959). The distribution of cover types
is diverse, and is closely related to drainage and microclimatic
factors, most importfntly snow depth and exposure (Nicholson,

1973). Th; ve;;tafiye cover ranges from open lichen woodland in

sheltered lowland and valley locations to tundra and rock desert

on the ridge tops. h

field by Thom (1970), and from colour infra-red aerial photographs

/
by Granberg (1972). Five cover types were distinguished by
i
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Granberg (op cit. Figure 3):
1. Bare ground \ -
2. Discontinuous cover (lichen, Vaccinium spp.,
Betula spp.)

3. Continuous lichen mat with scattered woody plants

(Mainly Betula spp. and Ledum groenlandicum).

4. Continuous scrub (Betula spp.)

5. Sphagnum, mosses and sedge.

< J .
When the Granberg vegetation map is compared with a

topographic map of Timmins 4 (Figure 2), a close relationship

is apparent between topography and vegetation. Bare ground is
restricted to ridge crests, while sphagnum and moss are iargely
confined to the valley bottoms and lower, northern part of the
site. Occqsional, isolated black and white spruce (Picea spp.)

occur/in the latter area.

Nicholson (op cit.) has demonstrated that soil forma-

tion at Timmins 4 is similarly related to drainage and micro-

\

J

cl ;mf te g

/ .
1.3 PREVIOUS PERMAFROST STUDIES IN THE SCHEFFERVILLE AREA

The literature concerning permafrost, its distribution and the
\ . - \

factors affecting its occurrence is so large that a detailed

survey is beyond the scope of the present :study. For such a

review, reference should be made to the CRREL Permafrost Biblio-

e e e ——

BT R i o el it
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graphy (L L, 1951 - ): or to one of the existing bibliogra-

phic or summary papers (e.g. Williams, 1965; Brown and Péweé,

1973; Gold and Lachenbruch, 1973). The emphasis here will be

on developments in the Schefferville area.

1.31 Ferriman Ridge

The first thermocables for direct measurement of ground temper-
atures in the Schefferville area were installed on the Ferriman
No. 1 orebody in 1957, following the discovery of extensive
permafrost at this site (Bonnlander, 1958). Subsequently, this
initial investigation prompted the first regional appraisal of
permafrost conditions, when vegetation and elevation were
identified as factors of potential predictivg value (Bonnlandéf
and Major-Marothy, 1964). Furthermore, it sJégested that
permafrost in the area is in equilibn um with the present day

imatic conditions; rather than a relict condition as had

eviously been supposed (Henderson, 1959).

-

. In 1959, the number of thermocables was increased with
the initiation of a joint project (On Ferriman Ridge, involving
‘the Iron Ore Company of Canada (IOCC), the McGill Sub-Arctic

Research Laboratory (MSARL) and the National Research Cguncii"of’ /?

- Canada (NRCC) (Ives, 196l). A program of meteorological and snow

depth observations was set up at the same time. These studies
¥

confirmed Bonnlander's conclusions, and inqicated that the winter
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. Denault No. 2 orebody, 5 km north of the Schefferville townsite.

- 11 -
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F :
snow cover was a major factor explaining the distribution of

permafrost in the area (Ives, op cit). Meteorological data for

the period (1959-~61) have been analyzed and compared with condi-
i )

tions at the townsite by Davies (1962). ¢

In 1961, Annersten began an evaluation of the

- 3

influence of different cover types on the ground thermal regaime
(Annersten, 1962). He confirmed the over-riding importance of

snow cover, and indicated that vegetation and elevation were of

\

secondary importance (Annersten, 1964).. \ )

Routine ground temperature observations have been
continued at Ferriman since 1962 by the staff of the McGill
Laboratory. Some of the data collected have been analyzed by
Gray (1966), while Barnett (1963) Qas compared snow depth-

/‘ o
ground temperature relationships at the site with those on the

i

1.32 Timmins mining area

)
7

The “decision to begin mining the Timmins group of deposits

prompted relocation to this new area which was believed to be
[4 .
underlain by extensive permafrost. This siﬁuation was confirmed
. % -
by a preliminary appraisal carried out at the site of the Timmins

No. 1 mine (fhom. 1969; 1970). Using snow cover, vegetation and T

drainage relation%hips to extrapolate limited temperature data,

RS Ny N N A



,with a maximum denth of appioxiﬁately 90m (Thom, 1969 Table).

‘Ground temperature studies, in relation to permafrost distribution,

-12 - °

/ o

frozen ground was estimated to be extensjfve vet discontinuous -

[} r l

Studies at Timmins 1 were curtailed by the onset of

stripping operations in 1968. Permafrost investigations have

since continugd at the Timmins 4 Permafrost Expé!imental Site, |
which was specially established, 2 km to the northwest (Nicholson

and Thom, 1973): Research here has been directed primarily to-

ey

Lab. Internal Reports): C- "//
{

ward solution of two related prablems (F.H. kicholson, McGill ///g
i

i Development of techniques for permafrog% prediction

as an aid/in sub-arctic mining operations

(Nicholson and Granberg, 1973; Nicholson, 1974).

ii Investigation of thermal amelioration of permafrost,

2 it A v

i

-

using spow fences and other semi-natural means. !

1.33 Other studies

Ty

z

have been concentrated to d#te on Ferriman Ridge and in the Timmins i
area. This is not to say that other areas or types of investiga-
tion have been neglected. ,For example, pre-production pétmafrost

appraisa;s have been compiled for a number of sites, in connection

with mining 6berations, by both McGill Laboratory (Internal Files)

and the Geotechnical Section, Iron Ore Coﬁbany of Canada (Garg

L e e
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and Stacey, 1973). The latter group makes extensive use of
geophysical techniques, such as seismic refraction and resist-
ivity sounding, for perm&frost delineat104 on a routine basis
in operatinq‘mines (Garg, 1973; Seguin, 1974a, 1974b; Sgguin

and Garg, 1974). VYap (1972) has studied the engineering pro-

perties of frozen ores at different témperatures.
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The thermal regime is brimarily a function of surface boundary

. not a simple one. The discrepancy, generally in the order of

- 14 -

#
CHAPTER 2

§
H

\ -l
GROUND THERMAL REGIME IN A PERMAFROST AREA

Studies of the ground thermal regime must take account of the j'
changing distribption of ground temperatures in both space and
time. On an anngal basis, the thermal regime may be illustrated
graphically by plotting depth-temperature profiles at monthly
intervdls throughout the year. Data from a thermocable at

Timmins 4 have been treated in this way, as an example (Figure

4) . Thermocable No. 1 (for locatjon, see Figure"B) is unusual,

in the Schefferville area, in that it penetrates the base of
permafrost. It is ideal for illustrating the boundary conditions,
terminology and sup—divisions of the regime, which are employed

in the ensuing discussion. Plotted prbfiles for other thermo-

cables at Timmins 4 are shown in Figures l}a and 1l1b.

2.1 UiPER BOUNDARY CONDITION -- THE GROUND SURFACE

temperature conditions, suggestiﬁg a possible close relationsghip

between air and ground temperatures. Such a relationship does

)

exist (Brown, 1966a), but the position of the permaggost

\
boundaries and air temperature isotherms on published permafrost

maps (Brown, 1967; éaraﬁov, 1959; Ferrians, 1965), showl it“is
|

'3 to 4% (Brown, 1969. Table 3), is explained by the influence of

® \
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Figure 4: Componerits of the ground thermal regime in permafrost
{(Thermocable No. 1, Timmins 4).
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6 what will be termed "environmental® factors./ In the present
study, these are considered to corréspond to the "terrain
factors", as defined by Brown (1969). The environmental factors
include relief sz?w cover and vegetation, whiéh modify surface
temperatures by influencing the microclimate.

The range of teméeraturés produced by the in§1uence of
environmental variables may be seen in Table 1I. Although the
mean annual air te;perature at Timmins 4 ig approxiﬁhtely -60C
{Nicholson & Granberg, 1973), mean shallow temperatures, at a
depth of 1.5m for example, range from -5°C to +1.3°C. This
suggests an insulatihg effect, due to the environmental factors,

»

. of 1° to 7oC.

.

2.11 Components of the surface energy balance

The most important elements of the diurnal and annual exchanges
‘'of energy at the earth's surface are summarized in the follow-

ing equation (after Budyko, 1958):

/ A=Rn-H - LE (1)
ﬁhere A = Ground heat flux: the flow of heat into or out
) of the ground .
Rn = Net radiation flux: the difference between in-

coming -and outgoing fluxes of shortwave ahd long-

wave .radiation. o




H = Sensible heat flux: the loss or ga

‘via sensible heat transfer.

LE. = Latent heat flux: the energy loss or gain due

to evaporation and condensation.

N
LY

varies on a daily basis, as the relative importance of the tur-

The magnitude and direction of the grouné heat flux

bulent flvxes changes to ensure a balance with net radiation.
Thus, A is positive by day, but negative at night. On an
annual basis, QOwEVF}, it is usual to assume that storage is

!
constant, and therefore that A is equal to zero. ‘

]

Few evaluations of the energy balance are available
from the permafrost region. Daily measurements have beeL made
ovef natural and burned lichen woodiand (Rouse and Kershaw, 1971),
and tundra/(Ahrnsbrak, 1968) surfaces in the Hudson Bay iowland,
' and on Devon Island, N.%W.T. by’Addi;on (1972) and Courtin (1972).
)’ Other studies have Been carried out over different surfaces by
Brown (1965), Williams (}971) and Kel}ey and We;ver (1969) .
F.H. Nicholson (personal communication) is conducting studies of

the surface energy balance at Tilmins 4, in connection with perma-

frost amelioration studies at this site. '/

\ |
2,12 Environmental modrficatioL of the energy balance components

The existence;bf a discrevancy between average air and ground

temperatures, due to the ngt‘insulating effect of environmental

'
/ “ ——
2
.
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factors,. is well known. 1In the continuous permafrost zone,

such effects are notf. gedérq}ly large enough to _counteraci: the

&

low ambient air temperatures, although changes in existing

-~ 2

permafrost thicknesses.may result (Brown, 1966a). Further.

south7—where mean annual air temperatures are closer to OQC,
their influence may be great enough to modify the distribution
. . ’

of permafrost, so that it becomes discontinuous, or may even

prevent its formation entirely (Brown, op cit).

\
4

{ ' 2y

vl

The 4nfluence of different environmental factors -on
the energy balance components 'qan be considered under three “
sub-headings. All three sets of factors are complexly inter-
related, both amongst themselves and wi(ﬁ'*‘the permafrcl)st‘ (Brown,

4

1970. Table 1I).
2.121 Relief

An important micro-climatic attribute of relief is the influ%nce
of slope and aspect on incoming shqrtwave radiation (Garnier“ and
ohmura, 1970), which -strongly effects soil heating. Perma-
frost conditions are most sl,evere (liro\u:x‘, 1969) and active lgyers
generally least well éevelo‘ped (Annersteén, 1964) on north-facing
slopes." Studies th Thompso"ﬁ,‘ Mani{:oba,/ indicate the importance

of even micro-relief, in determining the occurrence of frozen

ground, at the southern edge of the q"}iscovntinuous zone (Johnston,

Brown and Pickersgill, 19631\). The present writer found
differences of up to 2.95°C at 50 cm depth between northeast

and southwe\st facing slopes at Timmins 4.

S
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Relief'"shape','i.e. convexity or concavity, is

important for its influence on the magnitu&e.of the turbulent

/
eznergy exchanges (Shul‘gin, 1957).
over convex terrain segments, such as ridées and hilrg. The- -~

develbpment of snow and vegetafion coyérsxtéfiﬁhibited, in such

"

//

rain (Shul'gin, op cit).

o

y -

.Both fluxes are'ihcreased.

To some extent the

areas, by the scouring 4ti6ﬁ'df the wind.
reverfg/;s/trﬁé/gggg/;;?:eys_gnd othér depressions in the ter-

On a much large scale, when height differences of

hundreds of meters are considered, ground temperatures decrease

with increasing elevation (Kudryavtsev, 1965). °

°

The occurrence of permafrost near Schefferville appears,

at first sight, to be closely related to. relief.

.,
s

is extensively developed under exposed ridge tops, yet absenpt

or sporadic ih lowland areas.

However, the relationship is

Frozen grounnd

-

mre likely essentlally an indirect one, with relief controlllng

the dxstrlbutlon of other factors, "such as snow and vegetatlon,

which, in turn, control ground temperature (Annersten, 1966).

f

2.122 Vegetation

/

Vegetation forms an insulating l'yer, between atmoéphere

and ground surface. the effectiveness of whxch is a function

P

of cover thickness andyaen51ty (Tyrtxkov, 1964;" Brown, 1966b,

s -
o

e

’

»
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‘: Balobaev, 1974). Since the accumulation of a snow cover
progressively decreases the influence of vegetation in winter,

this factor is most significant during the summer. At this {

season, the incidence of_ shortwave radiation, is reduced by

t
v

} the presence of vegetation, as é function partly of direct
interception by the vegetation, and partly of reflection, due
to, the albedo characteristics of its surface (Brown, op cit).
At night, longwave emission is similarly reduced. Ground heat
loss i8 also increased due to evapotranspiration and sensible
heat transfer. The magnitude of this effect again varies with

cover density and roughness.

€

oy In winter, the vegetation cover may retard ground heat
loss, but as has been suggested, the importance of this is min-

& .
imized as accumulation of the snow cover proceeds.

o

The distribution of vegetation in the Schefferville
area i; related to exposure and snow _accumulation (Nicholson,
1973). Annersten (1964, Figure 9) has provided data on shallow
ground temperatures’ under different cover types. Coldeét tem-
peratures occur under tundra vegetation and bare éround and the
warmest beneath lichen woodland. Ann?rsten 11966) suggg§y$d

that this distribution was related to vegetatidﬁ only insofar as

!
f the cover reflects exposure and snow conditions at the site.

r&? " ' OO
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2.123 Snow

~ The winter snow cover acts as an insulator, interposing a layer
of low conductivity between the atmosphénaané ground"surface
.{Gold, 1963; Krinsley, 1%63).W Its overall efficiency, in pre-
venting ground heat losses, is related to snowfall pattern and

i

effective cover period (Brown, 1969). The ‘insulating qualities

«

Bttt v AR RN it gt bt AT S

of the cover vary with depth, density and temperature (Shvetsov,

1964) .

A number of equations'have been proposed for quantify-

ing fhe insulating influence of a snow cover (Lachenbruch, 1959;

Kudryevtsev, 1965; Gold, op cit). Unfortunately, all three are
o {.,‘ ‘ \

difgicult to apply, and it has been found profitable; in the
¥ .

R . .
Schefferyille area, to adopt a more empirical approach.
o B ’ )
- £

Uéiaq“g;type of degree-oover day approach, Annersten
(1964) suggested that a snow depth of 40 cm, during the coldest
part of the winter, was critical for ﬁaintqpance“of a pgrennially

|
frozen condition. From.a consideration pf extrapolated thermo-

cable surface temperature intercepts, he also proposed an_altér-
native value of 75 cm, placing less confid;nce iQ this figure
(Annersten, op ¢it). More recently, Nicholson and Granberg
(1973) have derived aﬂénitical value of 68[to 78 cm, usiﬂ& a
simple linear regression model, thch r%lates mean annual grounﬁ

temperature to variations' in snow depth. ‘2his latter critical

! @
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‘ , value applies, in fact, to peak snow depths but, nonetheless,
&

EIIRN 9

agrées closgly with the second value, proposed by Annersten

(op citf. Both Krinsley (op cit) and Mackay and Mackay (1974)

i
“ Y

o o
record an exponential relationship between minimum winter

ground temperatufe and snow depth.

.

2.2 ACTIVE LAYER

[
. . /
The active layer is a seagpnally freezing and thawing zone
]
which lies between the gréund surface and the upper surface of

the permafrost table.

©
[

2.21 Heat transfer

. The thermal regime of the active layer is complex, since this

zone is a porous medium, and incluydes both frozen and unfrozen

4

material, according to season. When the active layer is frozen,

heat transfer occurs almost entirely by conductionh, as in pérma—

d
frost (Section 2.3). However, when/unfrozen material is present,

either as unfrozen active layer or .within a talik zone, mass
I

transfer may also be important. Changes in latent heat which -

A\

] \
accompany freezing and thawing are a further complicating factor.

1wy

The general theory of simultaneous heat and mass trans-

{§g\ fer in p&rors media which experience a phase change has been

- J
€§9 considered by Hlarlan (1971). However, to date, a lack of under-

, — :
standing of the exact-processes involved, has made it necessary - .
\ > ved, | .

. f

“~
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‘ to avoid the cou\plexities of the theory in practical \consider—
ations-of the permafrost thendhl regime. Thus, it is either
assumed that conductive transfer is dominant (e.g. Lachenbruch,

pad 1959), or an approximation for the mass transfer component is
included, for example, by the use of Neumann's solution

(e.g. W:C. Brown, 1964).

N

; The present séudy is not concerned with the active

layer per se, nor in more than a general sense, with processes |
occurring within it. Hence the adoptioh of a "Qimple conduc-

tion" approach (Heginbottom, 1973) is perhaps appropriate. The
mechanisms of conductive and Tﬁﬁs heat transfer within the

active layer will be discussed separately.

i s e e

«

2.211 Conduction
/

It is usual to consider that solar insolation reaches the ground
surface in a symmetrically periodic fashion, generating temper- E
ature waves which are transmitted downward with an approximately

sinusoida; form (Sellers, 1968). Assuming a surface temperature §
amplitude, %o, and an angular frequency of oscillation, w (equal
» té\Z!; /P, where P is period), én upper urface) boundary condi-
\ tios\yay be defined as follows:

\

]

\\

\\ T(0,t) Ta + Ag . 8in @t (2)
- \\ .

where T(O,t)

\
Ta , Average/aﬁnual ground temperature

\ / ) ' ‘)
\ < | | o

Surface temperature at time, t

T——
L
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If the active layer is considered as a semi-infinite homo-
geneous ' medium, with the above boundary condition, ground
L]

temperature at any depth and time, T(z,t), is (after Carslaw .

& Jaeger, 1947):

- e
T(z,t) = Ta + Age 20 @72@ )7,

E]

sin [mt - (m/2a)~!5 . z] (3)

where a is thermal diffusivity, a measure of the temperature
change resulting from input of a given dmount of heat. Diff-
usivity is a function of the specific heat (C), density ( p )
and thermal conductivity (K) of the material: a = K/Cp .
Equation 3 indicates that temperature'waves,Hconducted
into the active’layer and pégmafrost, attenuate exponentially
with depth, and experience a linear lag in phase. The rate at
'which”thése processes occur is a function of thermal diffusiv-
ity.

2.212 / Mass transfer ' /

“

—

In addition to conductive transfer;heat is transported, in

~ porous media sﬁéh As the active layer, via thregmdiséinct mass
transfer mechanisms (Harlan, 1971). These are: vapour transfer
via unfilled pore ép;§és, liquid transfer through pore spaces

under positive hydraulic gradients (e.g. supra permafrost ground

« /;
water), and liquid transfer, under free en?rgy gradients, via

[ 4 ,i“\

oy gk
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’

water films adsorbed on particle surfaces, for example, move-

ment towards freezing fronts (Harlan, op cit.).
/

3
/ In theory, freezing point depression allows mass trans-
fer at temperatures below 0°C (Williams, 1964). ‘Zero curtain

(Muller, 1947) evidence, however, suggests that, at Timmins 4,
tﬁe major part &if not all? of the soil moisture does indfed
freeze at 0°C (Nicholson & Thom, 1973). Thus, heat transfer in
ground below this temperature, in the Schefferville area, may be

consilered to occur almost entirely bylconductiqn.

On thé other hand, in unfrozen g;ound, heat transfer
by suprapermafrost groundwater, appears to be very .important
at Timmins 4 (Nicholson & Thom, op cit). Mass transfer is also
1hought tﬁ,be responsible for the developme?t of especially deep
active layers, and to explain; in large parL, the presé;ce of

taliks, bodies of perennially unfrozen material, beneath major

valleys.

2.22 Thickness of the active layer / .

-

1,
w2

|

Variations in Pctive layer development are mainly a function of

the surface boundary condition, and the thermal properties of

\
the ground beneath. The lower b&hndary of the active layer,

corregsponding in most instances\to the upper surface of the-
perﬁafrost, occurs where the maximum annual ground temperature

/
is equal to 0°C. 1In general, active layer thicknesses decrease
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| _—
with latitude, in response to 5 reduction in available degree-
days of thawing (Brown,/l§72b). Spatial variétions, howeve{,
are also related to anomalies in the surface boundary condi-
tion, which result from the influence of environmental factors,

in modifying thg components of theé surface energy balance (sub-

section 2.12).

The development of the active layer'under different

conditions is well documented (see, for example: Cook, 1956;

Beckel, 1957; Brown, 1965; 1972a; 1972b; Bliss and Wein, 1971;

2

Frepch, 1970; Price, 1971).

2.23 Active layer in the Schefferville area

3+

(r
The spacing of sensors in most’ exlstlng thermocables is inade-

quate for detailed studies of the active 1ayer. However, active
layer thicknesses of ;2 ég 4 m were inferred at Ferriman by

Annersten (1964, Figure-4). He noted that active layer develop-
ment was only two-thirds as great on a north—facing slope as on

one with a westerly aspect. Thicknesses at Tlmmlns 4 appear to

be very variable, averaging about 3 m (Nlcholson and Thom, 1973.

Table IJ. Val;ey sites, affected by groundwater movement, how-
ever, have active layers up to 12 m Fhick. élsewhere, the great-
st development occurs on sparsely-vegetated ridge—tops, which
have shallow.snow covers and, parqdoxlcally, the greatest frost
penetration (Nlcholson and Thom, op cit.).

\
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2.3 PERENNIALLY FROZEN GROUND

\
\ < [

2.31 Heat transfer' :

Under most conditions, particularly in the continuous
permafrost region the base of the active.layer corresponds

to the upper boundary of the underlying perenn%ﬁlly frozen

3
-
PURRPE PR NN = WA TR

g ! ground, and is termed the permafrost table (Muller, 1947). 'y
The occurrence of talik zanes, which constitute an exception

in the Scheffervillé area, is discussed in section 2.5.

e w5 —

. Heat transfer in peFmafrosﬁ occurs almost exclusively

]
by conduction. The thermal fegime in the upper part, like that

:
l'?;
:
;
‘

of the active layer overlying it, includes a downward trans-
mitted cyclical component, which attenuates rapidly with depth.
At the level of zero annual amplitude (Muller, op cit.), z_
such fluctuations are considered to be negligiblé. The thermal
. regime within perennially frozen ground may be described by the
/ Fourier heat conduction law (e.g. Gold and Lachenbruch, 1973).
In its one-dimensional form, this important relationship is
expressed: v » /
C g* =7 -K.G ' }4af

or G , -q*.K (4b)

TeLrestrial heat f;cw or
2y

wqere q*

/ ’ geothermal flux (Wm
\

° .
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\
of distance below the level of zero annual amptitude, z

I ]

/. ‘28"

: K = Thermal conductivity: a measure
of energy transfer under a given

thermal gradient o

G = Thermal gradient (= dT/dz)
. \
Thus, gradient varies directly with heat flow, and indirectly

with conductivity. By convention, upward heat flow is consid-

ered negative, and vice versa.

/

Without invalidating the steady-state assumption, a
more realistic appﬁpximation for naturally-occurring geological
conditions may be obtained by replacing the single homogeneous
layer by a series of such layers. If the magnitude of the
terrestrial he;t flux is regarded as constant, the gfadient then
changes inversely with conductivity, such that:

q* = K;.6, = K,.G, = .... =K .G (5)

. / o

where Kn is the conductivity of ‘the n th iayer, and Gn the

i
gradient passing through it. ‘

~

/ Under steady-state conditions, plovidiﬁg the geother-

mal flux and variations in conductivity are known and heat flow

is essentially vertical, ground temperature is a function onl

.

a’ <

v * -
T(z2) = 3. Az-r(z) [ 6
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where T(z) Tqmperature at depth, z
{ N

T(z,) = Temperature at level of zero annual ampli-
tude, z,
Az = z -z,

This relationship is incorporated into a mogel, for modelling

N,

the ground thermal reqgime, which is developed in Chaptef q.

2.32 Thickness of permafrost /
t

~Under steady-state conditions, and assuming vertical heat flow,

éhe increase in temperature 7ith depth is easily quantified, so

that the thickness of the perennially frozen layer can be readily
deterﬁined.,- Graphically, the base occurs where a plotted depth-
temperature\pzofile intersects the Q°C line (see Figure 4). The

depth to the base of permafrost, z may also be calculated dir-

pl
ectly. Thus, rearranging equation 6, and placing T(z) equal to

LS

2ero: \

\

. T(zy) + z, (7)

K_

F4 = s

P

o T :

Q

The‘baselof permafrost and %ts probable configuration are dis-

/

cussed more fully below.

2.4 BASE OF PERMAFROST

i

2.41 Depth to the lower boundary -

\

The base of pefmafﬁost corresponds €o the 0°C isofhgrm'at depth.
- .
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>

In theory, its position is determined qy the réiative influence

of the geothermal flux, g*%*, the temperature at the levél of. zero
annual amplitude and ground thermal properties. For practical

purposes, the geothermal flux may be assumed constapt and, in

\

this case, according to egquation 7, éhe depth to the lower boun-

dary is effecqively a function only of the thermal conductiyvity,

and of variations in T(z,).

The: position of the boundary varies spatially in

re
response to these variations, and to some degree also it

responds slowly to temporal changes in the surface boundary

{
condition (sub-section 2.61). In both cases, these effects are
accompanied by a sizeabAe phaée lag with depth, and are reduced

exponential%y‘by attenuation (Kudryavtsev, 1965).
I ’

2.42 'Configpraéion of the base of permafrost -

|

——

The form of the permafrost base ih the continuous zéne has beeﬁ
modelled by Lachenbruch (1968a, Figure 5), but in the dis-
continuous zone, its configuration is largely conj?cturﬁ}.\ Only
at - the southern edge (Jqpnston et al., 1963; Brown, 1973), near
to the docean (Misener, 1§55; Lachenbruch, 1957a; Lachenbruch,
Greene and Marshall, 1966) , and in parts of the Mackenzie River
Valley (Johnston and Brown, 1964; Smith, 1972), has it been
possible to apéroximat -the lower boundary in more than one \

dimension, from meéasured ground temperatures. On the other

] 8 .

‘e
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hand, the number of isolated measurements of permafrost

- e -

thickness is now fairly large (Judge} 1973a, Figure 3).
kY

—

b
Only a few thermocables penetrégp the permafrost base

in the Séhefferville area, so that its overall configuration

i

here is also essentially unknown. Extrapolated permafrost
depths of approximately 75 m and greater than 100 m have been
suggested for tﬁe Ferriman Ridge and Timmins 4 sites, respect-

ively, by Annersten (1964) and Nicholson and Thom (1973).

3

There is also evidence to suggest that the lateral margins of
permafrost bodies at Timmins 4 are fteeply inclined (Nicholson

and Thom, op cit.).

In the present study, it is assym%d, as a basis for
discussion, that the configuration of'the,basehof permafrost
in the Schefferville area, is similar to that proposed for the
continuous zone by Lachenbrgch (1968a, Figure 5). It is seen

as' a low-amplitude mirror image of the surface relief,\modified

fl \

by the influence of the surface drainégg patterm.
) o
2 .
2.5 TALIK ZONES

f -
: : / S

The development of eépecially’deep active layers in valley sites

at Timmins 4 has been 96ted in sub-section 2.23. These are gen-
erally associated with areas of deep snow-accumulation. Howeyer,\

when ground water mowv t is also signifiéant, a suffidiently

o

oy o e
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large temperature anomaly may be created as to result in the

formation and' preservation of a zone of perennially unfrozen
, !

{

ma%erial. Such zones'are termed taliks, and usually located

between the active layer and permafrost table. Nicholson and
. ' - . X
.Thom (1973, Figure €) have given a section across the main talik

zone at Timmins 4. N

“ f“ /

2.6 DISTURBANCES TO THE THERMAL REGIME
I v

'

In the preceding sections, and, for the most part, in the pages
which follow, it is convenient to assume a steady—siate, one-
dimensional conduction model as an approximation for the ground
thermal regime. With the liMited data available, this approach
is’ generally adequate. At the same time it is constructive to
conéider two forms of disturbance to the ground thermaiiregime,
with which §uch a model is una?le to deal satisfactorily:
temporal ichanges in the su;face‘boundary conéitionr and, lateral
heat flow. Both.topics have‘;irégdy been treated more comprehen-
. o .

- |
sively than is possible here, (e.g. by Gold & Lachenbruch, 1973),

and need be discussed only brie(_fly. , -

'

2.61 Temporal changes in"the ‘surface boundary condition .

W

Changes in mean surface témperature,,dﬁe to climatic fluctua-
> - - ‘ - |
tions (Birch, 1948; Jessop, 1971), or surface disturbance

-

Ae.g Llnell, 1973) , cause varlatlons in the thermal reglme 37

the steady-state equlllbrlum is restored The effects of - ' \

- —
I 3

. \
e
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AR
positive and negative temperature changes on the unde*YyiHa

1

profile, termed degpadation and ag;;radatiqx‘x, aFe shown in

Figure 5. In terms of simplll.ep coxlﬁduction theory, the restored
1
profile, fol.;Lowing a change in surface texﬁperature$ from =T, to

(-To +, AT), has the form: e )
N > ° \ 1
x &F
T(z) = 2= .z - T, + 7 (8)
where z > 2,, Temperature variations such as these lead o

A / - '
eventually to aggfadation or degradation at the base of perma-

frost by an amount equal to A T/G.

Annexjst?rlx (1964) contended that “there was evidence for

active degradation of the permafrost at Ferriman. , More recent
. \\ b:.f:"‘
: .

data from this site, and information from the Timmins area, do

not support this view (Nicholson & Tho}n,!_‘_l9734). W o® .-

4 - -
l

2.62 Lateral heat flow ‘ 'o \ . J

ot ‘
< : _I" )

?

.~ Non-vertical heat flow due to lateral variations in the surface

w

boundary condition is # more fundaxhent/:al problem. According to

the ti:leory of potential flow, t:het éffgct of a posit;,ive.'genpera-

. ture anomaly, in this instance a generally warmer zone within an

area which is generallv colder, is to cause a conductﬁ.ve, often

-

| .
non-vertical, flow of heat between the two, from warmer to colder.

[y

At Timmins 4, positive \surface temperature anomalies~” , '

/ b |

l

, I

are generally related to the insulat.'iﬁg effects of deep snow
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- A Porn?ofrosl ag gradat ion B. Permhfrost degradat ion

Figure 5: Aggradation and degradation of permafrost| (after Lachenbruch, 1968a.

S L ] L3 « © (3
Figures 2 and 3). Following an increase or decreas , in surface tamperature from,

T, to T ¢ AT, the ground temperature GQUilibfim i‘s regained via a ssriss of ?
intermediate curves, e.qg. “1‘31' Tz, T, resulting in corresponding changss in : -
permafrost thickness (D, to Dy ). "
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@

(Grapberg, 1973). Such accumulations of snow are confined to
M’

L%

valley sites, where the size of the anomaly may also be influ-

enced by the effects of mass transfer, via suprapermafrost

*
groundwater. This situation has been illustrated in a section

across the site, Timmins 4 by Nicholson and Thom (1973,'F£gure

v T el
6). The approximately vertical isotherms anél associated hor-

izontal heat ﬁ%ow lines should be nodted.

L

; Negative surface temperatug%JanoﬁETies may be caused
by relief, but are generally of neg}igiﬁle magnitude unless the
scale of the relief is extremely large (Lachenbruch, 1968b).

In the Scheffervi%le area, negative ;nomalies do a%pear, suver-

ficially“ to be related to relief, but, in fact, are generally a

function of variations in snow distribution {sub-section 2.121).

4 —

©
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CHAPTER 3
COLLECTION OF GROUND TEMPERATURE AND ENVIRONMENTAL FACTOR DATA

3.1 SAMPLING DESIGN . \ &

< )
K

Sampling’ design is normally the firBt stage in data collection

for any project. However, in this case, the major financial
investment involved in drilling (thousands of dollars per hole) -

meant that existing installations (thermocables) had to be /

—
v

utilized in collection of ground temperature data. Ideally, 3
some form of random sampling design shoufd be employed. Unfor-
tunagely, the thermocable/sites at Timmins 4 are randomly located %
only insofar as an attempt was made, during their installation,

to sample as many apparently contrasting ground temperature
conditiéns as possible. This was logical at the time but forms
a complication as far as data collection for the present study is
con7erned. Thqlqnvironmental factors were sampled around sites
where teméerature data were available. The factors were evaluated

at more than one scale where feasible. R

T

3.2 GROUND TEMPERATURE

Twenty-six thermoéables were installed, to depths of 10m to 110m,

at the Timmins 4 site, between 1968 and 1972 (Nicholson and Thom,

\ )
1973) . ‘Temperature data from twenty~-one of these are included in’

the pteseﬁt analyeis. The remaining five cables, installed for a
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permafrost amelioration project, are not strictly comparable

and have been omitted. The locations of cables H/to 20 and 3

II L,
25 are/shown in Figure 3. \\\ . .
\

R S i

3.21 Collection of data

ta miew it X B s

) \ *
Temperature sensors of two types have en employed in thermo-

cable construction at Ti

ins 4. Cables to 17, installed in ;

1968 and 1970, contain copper-constantan thermocouples, which
1970) . Published

(1938) éalibration tables are 'available for conversion to degrees

CRESSETIRETE - S C Y

Fahrenheit, but to avoid introduc;hg\unnecessary imaccuracy dur-

wdy X -

1ng fufther convex51on to degrees Ceik\?s for use in this study,

a computer ?rogram was writteii which pefm%ts direct conversion 3

from the raw EMF data. This makes use. of~\\fourth-order minhimax
al

polynomial function, after Shirtliffe (1971). \An accuracy o

* 0.19C is claimed for means of series of thermocouples reading

from the Timmins 4 site (Nicholson and Thom, 1973)." f

—

Thermistors have been used in thermocables installed
since 1970 (Nicholson and Thom, op cit.). Resistance mea;ﬁ{\—

ments are made using a modified Whgatstone bridge, devgloped\h{

t

the Earth Physics Branch, Ottawa, and converted to degree Celsi&hi\

by means of tables generated using a curve fitting program, writ-

*
o
s

ten by Dr. A. Jessop, of the same Branch. Nicholson and Thom

(op cit.) ciaiq an accuracy of up to : 0.01°C for the:mistjms
: ‘ [
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TABLE II

MEASURED AVERAGE- ANNUAL GROUND TEMPERATURES, TIMMINS 4

Ty . 5m

-0.841
-1.377
-2.255
-0.002
+0.798
-2.839
-1.637
+0.640
+1.251
+0.708
+1.026
-1.568
+0.930
-2.280
+0.229
-5.000
+0.363
+0.240
-0.890
+0.030
-4.000

T

~0.757
-1.144
~1.800
-0.063
+0.749
-2.483
~1.494
+0.531
+0.851

+0.669

+1.034
-1.576
+0.908
-2.236
+0.172
-4.428
+0.294
-0.860
-1.500
-0.970
-3.740

2.5m_

TSm

-0.496
-0.850
~1.299
-0.242
+0.659
-2.122
-1.329
+0.225

'+0.442

+0.766
+1.140
-1.284
+0.844
-2.159
+0.105
-3.778
+0.111
-2.190
-2.095
-2.008
-2.830

T‘f.Sm
-0.238
-0.612
-1.217
-0.378
+0.578
-1.978
-1.299
-0.052
+0.158
+0.862
+1.169
-0.998
+0.784
-2.051
+0.059
-3.247
+0.024
-1.395
-1.918
-2.316
-2.560

T)om

-0.192
-0.526
-1.208
-0.478
+0.428
-1.836
-1.228
-0.178
-0.051
+0.928
+1.140
~0.766
+0.708
-1.950
-0.030
-2.798
-0.066
-0.710
-1.899
-2.116
-2.380

T

Tia.sm  Tism

-0.139 -0.108
-0.461 -0.402
-1.152 -1.021
-0.538 -0.571
+0.329 +0.176
-1.766 -1.578
=1.147 -I1.116
-0.262 -0.298
-0.129 -0.199
+0.982 +0.912
+1.082 +1.030
-0.615——0.510

+0.628  +0.546

-1.836 -=1.720
-0.127 -0.160

-2.469 -2.169

-0.143 -0.218
-0.555 =-0.343
-1.782 -1.658
-1.982 =-1.690
-2.228 -2.071

L L e YR

T om

-0.077
-0.349
~0.940
-0.593
-0.039
-1.431
~1.042
-0.318
-0, 280
+0.818
+0.910
~-0.428
+0.419
-1.525

-0.490.

-1.855
-0.288
-0.288

-l . 359~

-1.495
-1.805

T25m

+0.058
-0.318
-0.814
-0.597
-0.194
-1.254
-0.905

~-0.321

-0.323
+0.744
+0.808
-0.372
+0.308
-1.340
-0.642
-1.635
-0.339
-0.162
~1.229
-1.290
-1.565

Tiom

+0.144
-0.288
-0.739
-0.583
~-0.284
-1.145
~-0.824
—0:323
-0,347
+0.711
+0.739
-0.270
+0.242
-1.175

=0.728

-1.496
-0.309
-0.095
-1.242

-1.090
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installed i1n thermocables at the Timmins 4 site.

3.22 Compilation of temperature variables

All thermog¢ables at Timmins 4 Have been read on at least a
monthly basis since installation (Nicholson andﬁThom, 1973).
Mean(fhnual temperatures were compiled from the;e data using

the means df monthly means for individual sensors in eachfpable.
The original measurement depths vary but data for tep standard
depths, from 1.5m to 30m, were obtained by interpolation (see
Table II). In the case of\ﬁﬁnumber of very shallow thermocables,
it was necessary to extrapolate with respect to neighbouring

deeper cableg, [so as to ensure that a full 30m profile was

available for mse in the analysis.

\3.3 SNOW

4
1]

Attempts to e use of the well-documented relationship between

ground témperatufﬁ and snow as a basis for permafrost prediction
* ' — !

in the Schefferville area have been hampered, until recently, by

the difficulties associated with accurate mapping of the cover,

—

/
ove7 sufficiently large areas. Granberg (1972, 1973) has pione-

. ered two methods by which this may be accomplished. One,:a

4

model relating snow dccumulation to' terrain. roughness, provided

snow data for t%e prediction model developed by Nicholson and -

Granberg (1973); the.other apporoach, production of large~scale

N 4 \
snow maps from sequentia; aerial photography, taken at' intervals .

\ I I

[N \
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through the melt period, is employed here.

r
3.31 Preparation of a snow map from sequence mélt photography

Figure 6 shows the 3aximum or "peéi" snow accumulation pattern
for the Timmins 4 s%te, during winter 1971-72. This map was
.compiled by superimposing snow boundaries from aerial photo-
graphs taken on a series of flights during the 1972 and 1973 |
melt season. The first map of épis type was produced, from
oblique photoaraphs, by Granberg (1972, Figure 24). The
present map (Figure 6) differs in that it is the first to be
compiled using vertical photography. lIm$licit in production
of both maps is the assumption that, due to the generaliy
cloudy climatic conditions during the snoﬁmelt (i.e. minimum

‘of direct solar radiation), snowmelt is relatively uniform

(Granberg, 1973). Co .
A

3.311 Aerial Photography.
.Information concerning the five aerial photogggphy flights over
the Timmins area is summarized i; Table III.J On each occasion,

a de Havilland Beaver aircraft was used, flying at an altitude

;f approgimateiy 3050m (10,06; ft)‘above the terraiqj i.e., about
3660m (12,000 ft) above sea level. Photographs were taken through
a hole in the floor of the aircraft, using a hand-held Bronica

S2, 6cm x 6cm format, camera loaded with Kodak Tri~X Professional

film. With this arr&ngement, an area of approgimabely 13.4 square
. )

—
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1971-72

/ E: <2cm m 48 -100cm
’\’l _
) 2-16cm - 100 ~ 123 cm r-
4 .
1 s '
<L, ' e, -
I . \ 77] 1e-48cm - >n: n

! ettt mmeeincy
i ;

| . ] - 100m




- 42 - Y

kilometers, 'i.e. 3660m by 3660m, is included in each frame.

The time interval between exposures was chosen so as to provide

an overlap of approxiqﬁtely 60 percent between frames, to allow

stereoscopic v{éwing. Photomosaics of the frames used in com-

pilation of/Figure 6 are reproduced here as Plates 1 to 5. @g
Aircraft availaﬁil%ty and access problems, during the

latter part of the 1972 melt season curtailed the photography

program. This necessitated a further flight in 1973, which

allowed the later portion of the melt sequence to be monitofed.
3.312 Production of snow cover map.

A Ryker, model L-1, vertical sketchmaster was used to transfer

snow boundaries from individual photographs to a copy of the

-

1:1200 scale topographic plan (Figure 2), which wag used as a

base map. Some enlargement of the imagery was necessary due to,

.o
A

scale differences between photographs from different flights,

and between the photographs and base map. Thermocable shacks,

TTTTTe—
T

| . — / :
roads and surface drainage features were employed as ground.
/ .
control Qﬁridg rectification. Nonetheless difficulty was exper-

ienced close to the edge of the individual photdgraphs due to

e

SR —
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——
f

distortion in these areas. The whole pr¢éédufé took approximately

one week.
/‘ 4
3.313 Quantifying the mapping classes. -

»h -

Values were assigned to snow depth categories‘on the ﬁaé, usitj/i//

/ * ~




’ Plate 1: / Snow distribution at Timmins 4, 27 April 1972
f/f .
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Plate 2: Snow distribution at Timmins 4, 16 May 1972

\
- -
L
!
! \
, v
Ress
\0
/ ¢
— ‘C‘
L
N £ . s
v
° —




0]

e

~- 45

—

e s e ey T

:
3
]
:



A

~

ES

{
A
o
-
o lom }
e +
'

| A Ay

ag,f&%’m-’

Kot A oot SR oS AR R A

)

FPR R 1V P N

B 27 L e i+

‘
T b




3 v
. ’ ¢ . \
- e o . X .-

TSR TR Y Lt 4 r Aaisand \ Ay Ky l
v

R L

e

n




T T e we—

@

-

&

L

confirm the general validity of the present approach.
AE

variant on the procedﬁre adopééa by Graﬁberg (1972) . PFor
flights 1 to 4, in 197%, each isoline on the completed map was
assumed to have a value equivalent to the mean of "peak” spow
readings (faken as April 15tﬁ, 1972), on the Timmins 4 B
‘course ' (Figure 3), for the stakes melted out prior to hat
particular flight A somewhat different ;ppréach was required
for the additional flight in 1973. 1In this instance, the value
assumed is the mean of 1972 pea% values. for all stakes in the
area melted bare prior to the flight in 1973. Values obtained
in this way,- together with intermediate values assigned to the
areas between isolines, are listed in Table III. The procedure‘
is illustrated graphically in Figure 7, while peak and melt

period readings of the Timmins 4 snowcourse are given in Appen- /1

dix I.

3.32 Accuracy of the Timmins 4_snow map

* o
.

4

A subjective comparison between Figure 6 and snow maps compiled

previously for this site from sequence melt photographs (e.g.
Granberg, 1972, Pigure 24), suggest that the(pvaraltfinow
distribution pattern usually varies little from year to year,

dﬁspite wide variations in total snow fall. This would seem tch

y /
y
It is more difficult to arrivq at an éltimate of the

abnoluta accuracy of values Aqnigned to individual dapth —
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TABLE III

TIMMINS 4 SNOW DEPTH CATEGORIES

/ %

s

. Category . value assigned
Flight No. Date Number (cm)
1 0
1 27 April 1972 2 g
3
2 16 May 1972 4 16
5 32
3 30 May 1972 6 48
7 74
4 6 June 1972 8 100
. ’ 9 112
5 18 May 1973 10 123
11 ' 135
’ TABLE IV

COMPARISON OF ASSIGNED AND OBSERVED SNOW DEPTHS

‘(;\

. Assigned mean ' Obser'ved mean

Snow map depth for.map category depth from ltake-/

category o (cm) within category (cm)
1l ' 0. 17
3 9 . ) 38
’ 5/, 32 , v 45
A 74 74
'9 . o . 112 . 106

11 , 135 " 1132 \
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‘[} categories on the snow map (Table III). One approach is to
compare the values obtained 7rom the map with mean peak snow

depths for actual sites. Such a comparison is presented in,

Table 1IV.

Table IV shows that computed and observed peak snow
depths correspond most‘closelv in the deeper depth categories.
This is encouraging sinde the w/a values, i.e. the snow depths
which correspond to a mean annual ground temperature of 0°C .

(sub~section 2.231), fall within this depth range.

For categories 1 and 3, and to some extent category
5, the correspondence is not as good (Table IV).//Thls is
believed to be due to the fact that these categories include
only a small number of snow stakes, so that the influence of
‘ ) isolated deep snow sites, as well as plotting errors during
construction of the map and real errors inherent in the method,

&

is proportionally much greater.

. 3,33 Compilation of the snow depth variables ,

Variable7 representative of average peak snow depth were compiled

for each thermocable site, and for circles of/increasing radius
arouﬁﬁ the cable-~head. The procedure adopted is similar, in a
number of respects, to that emploéed by Nicholson\and Granberg-

" (1973).




s

——

3.331 Collection of data.

The snow depth map produced for Timmins 4 (Figure 6) was sampled
at forty-one points around each thermocable site. Sampling
points were arranged, six metres apart, in an orthogonal cross
centered on the thermocable and aligned parallel to the map grid,
whichais also parallel to the terrain (FPigure 3). This sampling
design, which is illustrated in Figure 8, is intended to ensure
that variations is snow depth, both parallé€l and perpendicular

to the topography, are monitored. An integer valu; was recorded
at each sampling point. This corresponds to the depth category
within which the point falls on the snow map.

3.332 Compilation of variables.

Average peak snow variables were compiled for ‘circles of differ-
ing radii ?bout each thermocable site using cross data collected
as described above. First, the cable-head integer value was
converted directly -to an equivalent snow depth in centimetres.
Mean values were then computed for each 6 m interval, in sequence
outwards from the cable head to 60 m, using the four values
'*teqor&ed for the interval together with all those closer to the
cable. Taking thﬁ 18 m mean/7now depth variable as an exampie,

the sum of all vaiﬁes recorded for the 18 m, 12 m and 6 m inter-

vals as well as the cable-head, was divided by thirteens: the number

of sampling poiits (see FPigure 8). Eleven snow &epth variables,
75"’5\? . - . .

represonting average snow conditions over circles of radii 5 m,

9

/
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Grain cf the regional °
7opoqrophy X ® L Prediction poini
' sW

® .- Sampling point

Figure 8: sampling grid adopted for collection of
snow and other environmental factor
data. Mean snow depth over any circle
-around the prediction point is computed -
as the mean of all values falling
within this circle. Thus, for circle 2
the mean depth is:

4
8§ = SCH + Z( NE;+ 8E;+ SW+ NW; ) / ,
jo1 .

n

where n is the number of sampling points
included (=17). /

/ / (™ |
. ”
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7.5m, 10m, 12.5m, 15m, 20m, 25m, 30m, 40m, 50m, and'60m, were
then obtained by interpolating linearly between values computed
for the different intervals. Figure 9 shows the plots of mean

snow depth versus circle radius for each cable location, from

(> which the interpolated values were obtained.
- ; - (
\\\\\Q\3.34 Discussion
\\\

T It will Be apparent that the computational procedure, described
above, weights sampled snow depth va}ues equally regardless of
their distance from the cable-head. However, eacﬁ set of four
points at varying distances from the cable may be considered to
represenf the area of a ring around the cable. The area of each
ring increases in proportion to the square of its distance from

i

the cable. Thus, the snow variables compiled here, in effect,
| bias thé mean towards th;se values nearﬁst the cable. ?B t- l
/ ically, this is not undesirable since it produces a weigh::::\ij
whichﬁapproaches a solid anqular weighting. Lachenbruch (1957b)
in?icatés that this should be the true situation for the influence
| oé a surg;ce thermal disturbance on a point at depth. To further
evaluate this problem,; variablas~ware algo compiled which weighted
' the snow depths according to rﬁng area, Théurolulting correla-

o

tiofs with ground temperature, though slightl ower 4in all cases,
I

) were significant at the same high level. The original vafiabies

were, therefore, retained. .  :

/ ) /

‘\*ng
=
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Figure 9: Average snow depth versus circle radius for
thormocablu at Timmins 4 , y
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0 3.4 RELIEF VARIABLES

frost appear, superficially at least, to/be closely related. To ]
test this hypothegis, seven different indices of relief were 1
.evaluated using data collected from the 1:1200 topographic plan /

! ~
of Timminsg 4 (Figure 2). For each thermocable, the site eleva- /

%
[
4

N/

tion was obtained by interpolating between contours on Figure 2,

a procedurg which provides an accuracy of at least * 2.5m (the
contour interval). However, it is likely that an accuracy of

% 0.3m or better, is obtained in most instances. An index of
qspographic shapé was compuﬂéd as the difference between site
elevation, and the mean elevation of the surrounding terrain.

The latter was computed, by analogy with compilation of snow var-
iables (see Figure 8), over circles of radii 20m and 30my centeréd
~on the cable~-head. Thus, a hill or ridge site has a gigh positive
/Sgnvexity index, while tﬁe reverse is true of valley sites. Slope
/and aspect variables were compiled with reference to an asqumed
plane passing through the cable-head, and intersecting the terrain

at some distance up and down slope. This varirble was also com-

piled at two scales, with respect to planes of lengths 20m and 30m.

by
J 3.5 VEGETATION VARIABLES
QE’ — In collection of vegetation data, an attempt was made to derive

) . [ /
a series of variables representative of the parcéntaqucoverage A

"
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of differen€¢vegetation types around each thermocable. Pive

classes oflvegetation were considered:

i gfre'ground
ii Moss
iii Lichen
iv Vascular plants
v Brgsh, i.e. Betula spp. -
/ R

o
~

The percentage coverage of each class within a series of one metre
guadrats, located at 3 m intervals outwards from thg/éable~head
(in four directions, along thelﬁrms of a‘cross, located
orthogonally to the terrain), wap recorded for each thermocable
site. This sampling design is very similar to that adopted in
collection of snow data and is shown in Pigure 8. Mean values

for circles of radii 6 m and 12 m were then compilfd using a
procedure analogous to that employed in deriving the snow depth
variables (sub-section 3.23). Lastly, a further vegetation
variable was synthesized by the addition of the percentages of

bare ground and lichen for the 12 m circle. .

3.6 GROUND /THERMAL PROPERTIES \.\
I -

The thermal characteristics of the lithological units w
comprise the Knob Lake Group are not well documented. Diffu
ivity valuas have been quoted by both Anner-teq (1964) and h
uichollon and Thom (1973), while Yap (1972) has considered
conductivity changcn_with tcmporatutc. However, all these

‘ N " ‘
u ’“ N\




- i
‘3‘ studies were concerned with the properties‘of iron-rich, gen- 1
erally éée-grade, material. Thermal conductivity -data. are
* required for all major units within the Knob Lake Group, both
i;on-rich and iron-poor, if even simple steady-state conduction

i - -

models are to be developed. . . \ N

It is fértunate, therefore, that it was_recently
possible to have thermal conductivity determinations maif on
samples of the main rock types present in the SChefférville area, -
by Dr. A. Judge of the Earth Physics Branch, Ottawa (personal’
communication). Dr. Judge kindly consented to carry out this
work on a series of samples submitted by the author. It should

’ be noted that in this region leaching of silica and iron enrich-
ment have been very important in formation of soft iro# ores.
Slight variations in the amount of leaching and enrichment result
in a wide variety of rock types, each having slightly different
thermal properties, depending on its relative iron and silica {
content. It is believed thaf the samples, which were collec@ed ~.
with the assistance of Jim Orth, a geologist with IOCC, are.

representative, insofar as this was practical.

3.61 Conductivity data

The thermal conductivitf, K, -determinations, made by Dr. Judge,
are presented in Table V. Por each rock type, an nntrozoh K
_ value was obtained using a modified *divided-bar" apparatus of
1" the typﬁ illustrated by Judge, {q7zb (Pigure 14). The corresp-

-

"
! /
- %
¥
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— j
. v TABLE V
. ) - e l
) THERMAL CONDUCTIVITY DETERMINATIONS, KNOB LAKE GROUP :
! . (Dr. A._Judge, personal communication)
,———//‘ ) -
. Rock conductivity Rock conductivity . Mean
' . Rock type Sample Location -unfrozen o 2x7Y) -frozen (Wm ix71) > ikt
. Lower Lean Chert -  Barney 6.36 ) 6.36 : 6.36
Upper Red Charty :
' lron Formation Barney 7.16 7.53 e 7.35
Pink Grey Cherty , ‘
) - Iron Formation A Goodream 5.97 6.10 6.04
. Lowex Red Cherty ' )
- & Iron Formation* 6.56 - 6.81 : 6.67
Lower Iron Formation Timmins 4 4.03 5.18 - 4.61
. Silicate-Carbonate , — S
o Iron Formation Burnt Creek Mine 1.89 2.29 ; 2.09
Ruth Slate o Timmins 4 3.18 4.08 3.63
’ wWishart Quarzite Barney 5.8¢ 5.90 5.87
. Fleming Chert Breccia Knob Lake Ridge 6.05 6.08 «  6.07
) Denault Dolomite - Knob Lake Ridge 4.98 - 4.98 4.98
Attikamagen Slate Schefferville o7 o
Co- , - (townsite) 2.22 \ 2.22 2.22
Blue Ore . Tipmins 1 Mine 6.92 ’ 7.86 : 7.39
Red Ore ~ Redmond 1 Mine 4.73' 5.73 °, - 5.23
Yellow Ore Burnt Creek Mine 6.89 8.34 7.62

—

9 —_
\\

~ * Determination not made, K value estimated as mean of URC and PGC values.

— N o
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!

onding frozen K values were computed indirectly, by.assuming
a "geometri;“ model for the conductivity of a pprous medium
(WOod;ide and Messmer, 1961). : /
~ ’ - )
. 3.62 Compilation of conductivity variables
\ e

R

Harmonic mean conductivities were computed for the geongical
units present within ten depth\interéals peneath each {ite,
i.e. between the sufféée and each of the ééandard depths,
listed iﬁ Table II. The harmonic mea# weights eachllitholozf
ical unit according to its intersected thickness within the

interval of interest, thus:

n | ' ' K
v .
—_— /K » Az
Kz = E i i (9)
. i z / [
i=]

-

where, Kz is the mean conductiviéy for the depth. interval between

/

- the surfacé and depth z, and Ky and Azi are the thermal conduct-

|
ivity and thickness, respectively, of the i th 1lithological
\l
~ unit.

—emeee
—=eee

In compiling conductivity variables for the present

- 5

analysis, use wqh made of the average of. the frozen and unfrozen

‘%\\mx‘ﬁ
!

li

K values fbi each rock type (Table V). It was then unqggassg;yq
to consider temporal 9ariqtions in the ptoportiong of frozen and
unkrozcn gxoun&, which resﬁét from changes in acéivu layer thick-
ness. Additionally, if a definite frozen or unfrozen value

/ y o - d
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‘E waf ulqd to 99veloo relationships, it would not be possible to
use thoso later for prediction without prejudging the predic-
tion. THha thickness of each rock type intersected beneath
different thermocable sites was astimated from a geological
interpretation, compiled for the Timmiﬂl 4 -;te, by the author.
b This interpretation is based on thi most recent Iron Ore CQgpany
1:1200 uéalg lurtaca'gaoloqy plan, and informntion on the prob-
ablq geometry of the TimTinl‘4 (Elross l{ ore-body, derived from
3 ' Btubbins ot al, (1960, Table 3). No allowance was made for the,
o ptesance of overburdeén, due to a lack of definite information

\ .
and the indication that it is thin over much of the site.

3.63 nl;ditx of the conductivitx variablo

In absolute torml, the thermal conductivity dctormina.

prasented in Table V aro[balioquﬁggﬁhtﬂréyﬁtato to within %5

percent (A, Judge, personal communications). However, 'the

acouracy of the aonduatiﬁity vgriablcl 9ompilod'tharntrom may

—

o

| be questioned on three counts: e
1, With only one A:tormination per rock unit, in most . "
instances, it is likely that ghi; value m;y’not bo—tuily ropfcl-
entative oé tho diftor‘nt rock types as a whole.
/ 11,/ In the absence ot accuraty plans and sections, it

is difficult tofjudqo tho anLqity of. tho geological interpreta~
tion used l! a b;linwlor compilation oz thn conduotivity.vnriablou.

L
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i1i. For practical reasons, a single harmonic mean -

value was useg, when in reality there is considerable geplogical

variation, even within a single lithological unit.

It is difficult to gauge either the relative import-

ance of these factors, or the extent of their influence., H

ever, it is probable that the first and third are less importa

tﬁfﬂ/;ha second, - « | y

3.7 GROUNDWATER VARIABLES ' , -

- / il
e is evidence for supra-permafrost groundwater movement at
\

Timminn 4, both in the morphology of tho:mgglblc profiles, and
in tho presence of talik zonal bznoath the maja: valleys.

{Nicholson and Granberg, 1973 Figuro 6). However, work has only/
recently begun to provids information on the magnitude and con~-.
‘ /
figuration of such flows (J. Lewis, personal communication).
u — o ' i

<8 Ob;arwntionn by the qythor,‘of conditions whbraatuiik zones are

‘intersected durihg opodeit-miniﬁé operations, i

//
groundwatcértlowl ocour most importantly in steep-sided talik

zonoﬂ of limited lateral, thoug. n considerable vertical,

/

P

tho light of these oblorvntionl, A series of 19

extent.,

/

variables was compiled to rapraoant the 1n£;uonca of qroundwatcr\
/,lt tho/gittorcnt thermocable sites. As a llmplifia‘thgp, it was

assumed that .this effect might be represented by some function

s €

7
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i

of discharge within or,benoagp the nearest drainage lchannel

(talik), 9, and of diuiaﬁbe from this channel, 4. Discharge,

in turn, was considered to be related to the area of the drain-
age bani; located "upstream® from the cable. /zach of the var-
iables was an arithmetic combination of the two factors, £or'
examples 0.4, 0/d, n.42, 9/a2, 0.4", q/a% etc. 1t will be
apparent that each variable, computed in this fashion, is a
linear combination of Qho»othorl. The yariable qivipg the hi;h-
est correlation with ggound tohporgturb io{diiculaod in;tho next

chapthr. _ . _ —/

-~ - // *
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CHAPTER 4 /

/

QUANTIFYING THE RELATIONSHIP BETWEEN GROUND EMPERATURE

AND THE ENVIRONMENTAL PACTORS

4.1 INTRODUCIION ~-

The‘?nvironmenﬁal parameters may be grouped according to the
manner in which they affect ground temperatures. One set, most
importantly relief ;—snow—co and vegatatio moaitiel‘ the ther-
mal regime via the micro-climatic fluxes which control surface .
tompe‘“ggturc. The otllur'ut determines the 'unpex/'aturo distribu-
tion with a given surface boundary 7dndition (%;:gupd thermal
: ’

properties, which attgct conduction, and groundwater movement

. influencing mass transfer effects). This chapter is concernea

PR

ith a quanti{tntzvn aucumzlat of the rolationsnfﬁ between tha_.j_\;\
environmental paramsters and average annuai.ground temperature ;t
different deptns., This will be accomplished by means ot an &xam-
ination of the linear correlation coofncipt;t—:l which aescribe the

- “different relationships. \] . g -

~
1t 1s impossible to make -tui’auy-vaud inferences

based on thess results, for reasons both of small sample size and

of non~normality of the different variable distributions. However,

the general conclusions which caﬁJ TQ’. /drm do facilitate comparison

_ wath previous rasults, and p;oéida the basis for a later evalua~-

tion of multiple regrassiop squations. ) J

L & L

-
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4.2 EXPECTED AND OBSEHVED CORRELATIONS WITH GHOUND TEMPERAIURE }

i

Linear correlaﬁion coefficients were computed to describe the
relationships between ground temperature at all levels and the
various environmental factors. These results are given in Table

VI, and a discussion of the data is presented in the following

|
/ sections. i

“4,24 COréeLation- with relief /
) 2

" j
Ground temperature conditions often seem to be closely reiated ¢
ef (sub~-section 1.21), ana the reiiet variables considered

exhibit negative correlations with ground

heres, as expected

temperature (Table VI). yxample, the coetficients with

/ . ~
elevation increase with depth, whereas those with site convexity

’ )

show the opposite trend. The indication ais, therefore, that ele~
vation is a ‘large-scale surface infiuence variable, atﬁacting

/
doop‘r temperatures, whiie the convexity variable chosen is more

N N - :
1

important on a small 'calo,/;iﬁcadxt is most alosa[y correlated

Y-

with shallow temperatures. Below 7.5m depth, the correlations |

with elevation src‘aIL significant at the 99 percent level or

£
B '

better.

‘the values of the coefficients with slope and aspsct

are ail low or very low. “his is contrary to what might be S

-
N

s expected from the Literaturs (e.g. Brown, 1969), but is prébably due

to tﬁ;_fiafﬁfhlt“thOdﬂiﬂumn!ﬁﬁ,lit‘ doss not exhibit great var-

) | , - . /
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N , . TABLE VI .
4 ’ LIRBAR.coans;axlou,conr;iblxurs BETWEEN GROUND TEMPERATURE AND ‘
— THE ROR!ENTAL PARAMETERS ’
’ ~ ) ) R - _:
e ] Tysm Tosm Tsm | Trsm Tiom Tizsm Tism  Toom Tz\ m  T3om \
Relief variables ; . . s
RLERV -0.235 -0.306 -0.411 -0.523 -0.611 -0.640 -0.670 -0.711 -o.%sz -0.782. e
SLOPE4D -0.191 -0.126 -0.059 -0.034 -0.011 -0.039 -0.057 -0.073 -0.097 -0.120
. SLOPRCO -0.166 -0.130 -0.110 -0.079 -0.037 -0.060 ‘°F°75 -0.086 -0.107 -0.123
ASPECT -0.120 -0.139 -0.144 -0.098 -0.049 -0.060 -0.077 -0.079 -0.081 -0.098 -
- CONVEX20 -0.641 -0.657 =-0.657 -0.63¢ -0.59&\~-0.599 -0.587 -0.541 -0.484 -0.444
- CONVERX30 > _ =0.725 -0.741 -0.723 -0.690 -0.633 -0.637 -0.621 -0.568 -0.53@ -0.454
. '
Snow variables , o
SRONCH ' +0.799  +0.859 +0.869 +0.848 +0.817 +0.799 +0.786 +0.741 +0.682 +0.625 ©
SNOWS +0.831 +0.887 +0.885 +0.865 +0.836 +0.818 +0.803 +0.763 +0.709' +0.656
SNON?7.5 - +0.836 +0.891 +0.885 +0.865 +0.836 +0.817 +0.803 +0.763 +0.710 \+0.658
sRoWlo +0.838 +0.892 +0.883 +0.861 +0.832 +0.812 +0.797 +0.756 +0.703 +0.651
SNORL2 .S } +0.839 +0.892 4+0.880 +0.85%6 +0.827 +0.807 +0.792 +0.750 +0.696 0.644
SNOWMLS +0.846 +0.900 <+0.889 +0.863 +0.832 +0.814 +0.799 +0.759 +0.707 0.657
SNROW20 +0.851 +0.905 +0.895 +0.869 +0.838 +0.820 +0.807 +0.771 +Q.724 +0.678
- SNOW2S +0.842 +0.896 +0.887 +0.863 +0.837 +0.819 +0.807 - +0.775 +0.733 +0.692 S
SNOW30 +0.823 +0.877 +0.871 +0.851 4+0.832 +0.814 +0.802 +0.773 +0.737
SNOW4AO +0.796 +0.848 +0.842° +0.834 +0.828 +0.81) +0.800 +0.778 +0.753
SNOWS50 +0.773 40.819 +0.811 +0.8l12 +0.819 +0.804 +0.794 +0.779 +0.761
SNOWE0 +0.758 +0.803 +0.796 +0.800 +0.811 +0.799 +0.791 +0.782 +0.770
Vegetation variables .
BARES -0.550 -0.441 -0.278 -0.309 -0.371 -0.389 -0.407 -0.427 -0.423
MDSS6 +0.602 +0.661 -+0.695 +0.700 +0.699 +0.68B6 +0.690 +0.656 +0.509
" LICHENG . +0.102_\-0.076 -9.295 -0.252 -0.161 +-0.133 -0:113 -0.068 -0.036
VASCVEGS +0.643 +0.674 +0,674 +0.651 +0.610 +0.612 +0.616 +0.604 +0.575 .
BRUSHS +0.592 +0.630 +0.652 +85.635 +0.604 +0.605 +0.607 +0.600 +0.580 +0.568 =
) continued/....’
AN
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N Ty .5m
Vegetation variables -
BARE12 -0.536
MNss12 ) +0.649
LICHEN12 +0.070
VASCVEGl12 . +0.646
BRUSH12 +0.556
70T BLl2 -0.687
Geological variables
GEOL2.5 +0.63%
GROLS - +0.639
GROL?7.5 +0.639
GEROL10 +0.639
GBOL12.5 +0.639
GROL1S +0.644
GEOL20 +0.645
_ GBOL25 +0.638
GEOL30 +0.631
Groundwater variables
GNATERL ~0.400
GRATER2 +0.152
m +0.349
" +0.334
GNATERS +0.362
) GHATERG +0.359

\

T sm

+0.6%0
-0.108
+0.675
+0.603
-0-‘7‘5

+0.672
+0.672
+0.672
+0.672
+0.672
+0.676
+0.675
+0.674
+0.671

+0.236
+0.408
+0.390
+0.404
+0.412

TABLE VI (Continued)

-

Tom

+0.700
-0.333

+0.660

+0.628

+0.683
+0.683
+0.683
+0.683

. +0.683
' +0.687

+0.685
+0.693
+0.696

+0.340
+0.473
+0.458
+0.434

+0.470

T?.Sa

+0.698"

-0.290
+0.614
+0.587
-0.721

+0.655
+0.655
+0.655
+0.655
+0.655
+0.659
+0.659
+0.673
+0.680

—

-0.278
+0.376
+0.504
+0.483
+0.471
+0.500

Tiom Ti2.5m

-0.309 -0.327
+0.693 +0.684
-0.200 -0.171
+0.554 -0.549
+0.522 +0.520
-0.683".-0.675

+0.577 +0.612
+0.577 +0.612
+0.577 +0.612
+0.577 +0.612
+0.577 +0.612
+0.581 +0.616
+0.584 +0.617
+0.600 +0.635
+0.610 +0.644

-0.410 ' -0.386
+0.388 +0.396
+0.535 +0.533
+0.504 +0.506
+0.508 +0.506

+0.525 +0.523

E

Tism

-0.344

+0.690
-0.151
-0.548
+0.512

+0.611
+0.611
+0.611
+0.611
+0.611
+0.616
+0.620
+0.636
+0.645

-0.381
+0.416
+0.548
+0.524
+0.510
+0.538

Toom

-0.361
+0.657
-0.102
+0.521
+0.492
~-0.643

+0.634
+0.634
+0.634
+0.634
+0.634
+0.640
+0.645
+0.662
+0.671

-0, 384
+0.429
+0.555
+0.541
+0.517

+0.543

—_

T25m

-0.361
~3}0.609
-0.063
+0.482
+0.466
-0.596

+0.638
+0.638
+0.6138
+0.638
+0.638
+0.643
+0.649
+0.666
"$0.675

-0.383
+0.443
+0.552
+0.541
+0.510
+0.535

T30m

-0.364
+0.564
-0.020
+0.436
+0.448
-0.550

+0.637
+0.637
+0.637
+0.637

+0.637 3

+0.642
+0.648
+0.663
+0.671

-=0.375

+0.442
+0.542

+0.533
+0.500

+0.520

w




general, the correlations given in ‘l'able VI are in good agreement

‘all cases), while the coefficients, without exception, are signif-

R
//

however, ot a specific ratio petwesn the depth of tne temperature

- 68 -
L

v /

iation in either slopve angle oOr aspect, and is therefore not

o R e W Y et S

iaeal for retlecting the influence of these factors., Analysis
presented iater, as well as personal observation, indicates that
relief 18’ strongly correliated with snow distribution, which
suggests that the relationship between relief and ground temper- ,:

ature may be an essentialliy indirect one.

/ s

4,22 Correlations with snow depth

!
''he relationship bot’#eon ‘ground temperature and peak snow depth

at sites in the Scheffervilie area is well documented. In

/o
with the relt’lltl ot earlier studies. Ground temnerature, at all

depths, is highly correlated with snow depth (r > 0.7, in almost

!

icant at the 99.9 percent ievel (Table VI).

—

: =

It was also expected that shailow temperatures Qould
/o/rfolato‘l;;t\mhw\dcpm\owr circles of relatively small
/ _ \
radius and temperatures at greater doptm &tb over

larger areas, as described by Nichollop Jnd Cranbsrg (19\73).\+
Table VI shows that between the surface u?d 15m depth the highest

correlations are witn\ average snow depth over a ‘20m radius circlse.

Below 15m, tcmparatur’gllao;'rpuul best with the snow cover over & _
60m circle. Thus, the rclati,onlhip anplies in a general way, as

would be expected from first princinles. Thers 1s no suqqqition p
' /’

4

// / .
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4.23 Correlations with vegetation
vy 7
\ &

subjective observations in the Schefferville area suggest that

4

there 18 a strong correnpondenca\?etween different vegetative

cover types a?d ground temperaturg\gondittonl. ‘The coetficients
AN N
listed an Ta7le VI confirm this qiew,\quggelting that the influence

of vegetation is felt on two leve.l.a. On\\a\ small scale, the daffer-
ent cover types form 1nnulat1ng layers at é\& surface, thé‘offec-
tivenau of which 18 a function ot their thicka\'zk\ and density.
On a large scale, vegetation is a reflection of t :unpact of

i / other environmental factors, notably relief and snow depth. 1In

-/ ’ considering the muitiple regression results iater, an attemnt 1is

/ /
/ - made to determine the relative importance ot\' these two £acot.‘i.\

With the exception ot the bare ground and lichen \‘\

variables, correlations with vegetation are positive (i.e. greater

vegetation uvolopunt correlates with higher temperatures),

!

/ fairly hiqh (r > 0,5, in most cases) and. :iqndicmt at the
98. 5 pu/cont level or *tur (Table VI). Although the coofﬂc-

1ents are tairLy uniform, there 1s a c/:cnd for a decrease with

\\ ground tonpont/ﬁro at greater depths. In general, for any given

\
aofﬂhwiqhut positive correlations are with the variable

‘ ) which repressnts_percentage moss cover.

T

morgg;chon and bare ground variables have lower but

. ~~ -
/ N S
i *\\ -
- ]
,
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0 negative correlations with ground temperature as would be
( expected. A synthetic variabie, representing percentage bare

ground and lichen combined, gives the highest correlation with

ground temperature of any of the variables considered.

4,24 Correlations with thermal conductivity and other

|

geological variables

A

Geology and rock type, per se, are only indiractl/,v related to /
ground temperature disﬁribution, via their influsnce on topo-
; | graphy and relief (sub~section 1.21). However, when a similar
surface temperature and terrestrial heat flux prevail, the
occurrence of low ground temporathni could be sxpected to co-
incide with high thcmlf conductivity zones, and vice versa.

| y R

E .
f / ' . This lugguta a negative correlation between tho two variables.

e .

whilo this nutimhip holds foV individual thermocable sites,
the values »stonntod in Table vgz indicate that for Timmins 4 as
. a whole, these two variables ar? positivelv corrahta’ . Uniformly
¥ high coefficients (r > 0.6) dﬁpribc the relationships between

, . f "
temperature at different depths, and conductivity for each of the

M

.depth increments considered. Moreover, there is a trend for the

highest coz"7out1.on¢. with temperature at'a given depth to be

th mean conductivity.over the Larger increments considered

(TabisVI). All correlations are significant at better than the

L4 99,0 percent.ievel.
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It will be shown la%ar that the apparent discrepancy
between expected and’observgd correlations with therh;l conduct-~
ivity can be explained in ?erml of the overwhelming importance
of snow depth, which exerfs a much stronger }nfluenée than con~-
ductivity on the distribution of ground tenpdrhturg:. Thus, the
Timming 4 ore-body, which is composed of high condhctivity

, material, is also situated beneath a valley which has a deep
snow cover. Conversely, the ridges at this site are composed of
relatively unleached material, ‘of lower‘conductivity, yet have-a
shaliow snow cover. th observed positive correlations may, for

this reason, be viewed essentially as false correlations.

i
! ]

\ -
4,25 Correlations with groundwater

£l

In goncrai, supra-permafrost éroundwatoi has a warminq/ihtlu.nc.
on ground temperatures in porn;trout. In unfrozen valley sites

| at Timnins 4, however, it may -have the opposite effect, maintain-
ing taﬁporatut;- at 0 to 0.5°C, when the existence o; deep winter.
snow suggests they should be eonnidn:‘ab;y warmer (Nicholson and
Granberyg, :_l9,73) . nfu qualification noéwithltmding,‘ a positive

correlation was expected between the two variables. |

In fact, with ons exception, the groundwater variables

] [ ;
considered are positively correlated with ground temperature

(Tab Le Vi), 7The values of the cosfficients decrease consistently /

E with depth, and about half the correlations are significant at the

99.0 percent level or better. Unfortunately, collection of data

>



- 72 - )

for use in compilation of the groundwater variables is both ted--
ious and time-consuming. In addition, in some types of terrain
it is ?lmost impossible to delineate either the drainage basins

or channels involved. This is especially true within the undu-

lating, poorly-drained lower part of the Timmins 4 site.

For these reasons, it was docided to omit the ground<

% -
¥

water variables from further analysis. This is quite logical
if an attompt is later to be made to dcvolop a prodictive pro-

cedure which hq/appu.cationfon a/ rouonably large scale, and

would, thus, involyc“/ compilation at a large number of prediction

points. /

4.3 MODELLING THE SHALLOW GROUMD THERMAL REGIME

4,31 Proviod; studies

with the exception Pt a number of iomwhat rigidly thco;;i:i.cﬁ'
approuchbl; having engineering application (e.g. Lachehbruch,
1957a, 1959, Brown, W.G., 1963; Hwang, Murray and Brooker, 1972),
fevw studies have been concerned specifically with modelling the
ground thcgmai regime within }:l;o pomfroit region., A review of
‘ the literature indicates that li:udioi ‘are limiud, by the nvﬁln—
ability of measured ground /unponturo information, to only two
small areas within the -ﬂoq/f.h American pomntroo/t

zZone, whoto it has bun\ f.ouibh to collect such data,

-
O o




i ) g
Positive temperature a.nogulies , related to the presence
of surface water bodies, cbmplicatc the regime in one 9f these
araas, the Mackenzie Delta, b;.w.'r., and predictive models must
include a correction for such effects (Brown, W.G. at al, 1264 s
hbmith, 1972). Thus, for example, the steady state temperature
at time, t, for any point (x,y,z), beneath a river channel, may

" bs computed (after Smith, op cit.~ Bq%ation 2) as:

Tyz ) = 0y 4 [Tuyot 4 oz] (10
. | y

where @ is a disturbance factor, described by Lachenbruch (1957a
Bquation 28), and the second term is the undiltutbcg profile for
the area (sees section 2.3), Gg being the gaothoi:ﬁal gradient., A
related study employs a finite difference approach to modcll tem~
poral changes in ground temperature, and thus pnprmafro)t distribu-~
tion, which occur as a result of channel migration (Smith and

" Hw‘ng[ 1973)0 ‘ h ‘, .

-

~ | Until recently, app/ucation of sinpti conduction models

was not practical in the Scheffervills uu, due to a lack ot
available intomtion on -ubsurtm thermal p:opottiu. _Imund,
it was found more profitable to make use of the u.ll-docmntpd/
relationship between ground temperature and winter snov dyth

a basis for dovoromnt of wixicn pndtatin procodunl.
mst racantly, Nicholson And Gunborq {1973) havs ;ahm mm _
annual ground tempsraturs, T, at depth, D (in metres), to sysrags
snow dspth over a circle of m;u’;} twice p, about the cable-hesd,




9 ‘as follows: / - N
T = a8 - w4+ 0,01D T

g4

T - ) RN Y
vhere a and v are constants, such that 0,028 < a < 0.1)3‘5, -

N

2.2 <w <27, and 68 < w/a < 78, The tcrm v/a is the snow < .

depth, ip centimetres, which co:rupondl to a temperature ot 0°c,

and 0. 01D is & coxrcction ‘for the qoot:haml. qudiont (Nichollon

and Granborg, op cit.). Similar oquations have been t7ud by

/ Nicholson (1974) , to pudtct the diu:ibution of qround temwer~
y - { qg?‘ffh

aturn alonq cron-uctionl thtouqh 'rimim 4, md by. Grmbu'g
(1973) s 4n conjunction with a eompuur mpping ptogxm, €0 praduco
- 8 nur--urtm (1,5m) umutum nap tor ‘the site,

[ , ,l\‘ ? " - -" '/' ’ 1‘ . ‘;h Lt 4 .
. 4.32 " Pressnt spproach. L | .

4

The anilysh nnd dumﬂ.an in uct.wn 5.2 s;ww t!m: qmnd wnp*

uu.un, u a.ust ;t ahn}aw dtpthn; is u.gnuimt;y muum
' w;th a nmr at anvirmmul pummn. *!hh mum tm
= umly qmuuﬂ‘n mam.&m pnv:tmly auczﬁ»&in t!m

1£m¢m uvm Mx cmpnx 2, m&l #mmn . mu !oz mnv-- »
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parameters, pthir than snow depth, was also™to be included, e

To this end, a,rcvilcd model is formuiatod, such that:
T - !(x1' Xz, X3 e xn) (12)

Qhoro. T is mean ground temperature at any shallow depth of
interest, Xy is a variable for snow depth, and Xp» Xy s+ X are
variables, ropro.onta;;;o of environmental factors such as,

relief, vegetation, geology and ground wnt‘r. Singly, or in
combination, thcs‘ lattexr are considexed pétcntially of value in
providing increased explanation of variations in the ground

thermal regime. The observed interactions amongst these variables,
which have heen aummtrisad by Brown”(l970, Table I), strongly

suggeats that aamultiﬂvnrlate approach is required.

4,83 .Stcg-w1gu multiple regression

This type of analysis provid‘: a statistical tgéhniquo whereby

the extent to which the variance in a dependent variable (in this

cani. ground temperature) is explained by a set of independent
variables (the environmantal éaramnécrl), may be asaessed. Stap—

‘ wise hultipla regression pr&vidnl A least squares asolution and is
a variant on ‘linear multiple regression. ‘It di!fora‘from the |
latter in its ability to indicate the particular qémbinatio; ot
independent variables which gives the highest explinahion'ot the -~
variance in a dnpondcntlvar{fbln. It 18 intended that the Enlulta

of the analysis should later form the hasis for derivation of
\




improved senmi-empirical equations tor modelling th?‘ground

thermal regime.

N ! \ - *
.

" 4,331 Procedure’

/

In step-wise multiple regression, the equation ;hich provides
greatest explanation of the variange in a dependent variablo;
1n°built up recursively, That 1n'to\lny'1ndnpondont variables
are introduced, in turg. and in such a wif that, at .@ch‘”ntnp".
the variable included f"thn one which gives the greatest
increase in explanation (i.e. reduction in residual lupn of

squares),, when combin;d with -those already entered.

§

In all, ten separate analyses were performad. For
./_» < )
each analysis, ground temperature at ons of the ntpndard depths,

given in Table II, was used as the depandent variable.

%

4.332 Choice of input variables {

Enviroqmdntal variables uvgluatoé as po;libln predictors of
round temperature distribution are doncribgd in Chapter 3.

. Most of thelo were coppil.d at more than -one scale. However,

the matrix o! corrclation coefficients, presented 1n Table VI,
1nd1catta a connintoncy,in most cases, "in the scale at which the
greatest correlation is obtained with each ot tho.t.ﬁ temperature
variables. It was desirable to reduce the number of variables

introduced into the analysis tor two reasons. Firstly, thas

-~

reduces computational time and avoids storaqe problems with the
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. ' A
. original large number of varinhln. Secondly, unnacessary
duplication is avoiacd (e.g. where 1nalﬁ;1on of two almost
identical variables would result in the 1mhodinto oliminaé;gﬁ -
of one, as a linear combination of the o;pcr)J Thus, when a .
Qariabln had heen avaluated at more than one acals, oﬁly the
<one giving the highest correlation with ground temperature was
| inocluded in the multiple regression. , -
pnly in the case of the snow variables was this pro-
cedure not strictly adhered to. It was conlid‘rtd justified in
this inatance, for the following reasona, to assume operation of
the "2R" rol,tionnhip between snow depth'and ground temperature,
described by Nicholson and Granberg (see Lub-:octxon 4.,31)., Most
importantly, there 1; a conaiatgnt trend in the data given in
» Table VI, alb‘it“nét a. pracise one, for snow depth over areas of
increasing size to correlate b.ap with ground temperature at
increasing depths. In_iddltiJn, all the lnow;tcmp-raturo relat-
'1onlhipl,connidorod show an cqua11§ high level of correlation,
and are ;1qnificant at the 99.9 percent level. The rnnqi in
temperature-snow coefficients at any given dcpih is very small >

(< 0.03). | s

o

— 4

A listing of variables considered for inclusion in /

" the step-wiae multiple regression analyses ig:p:tn.ntch\in Table

® viI. ) . .

RN EL S0 RN L A il AYNL P AgE f i
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Variable name

Tomparature variables

v T1.m :
T2 8m \ 2 Sm
mSm ot " m
Tysm o LI L R
/ © L »
";rlom * " " h‘. L . " 1:°m - R v‘
'1‘12‘5‘“ — . ) . 1205“‘ N ) }
Tysm , ) . " o N W 13m >
Tzom N . . - S 20m e
Tzsm N ) 6‘ L] ' ] " zsm ]
TSOn} 4y 30’& o ]
Relisf variables ‘ ‘ I
BLEV . _ -Site elevation o
SLOPE4 0O . Slope of 40m llopo nqmm: through site °
SLOPE60 | " ' 60m N o]
ASPECT ., Site aspect: . \ :
, CONVEX20 - COnv-xity 1nd-x for circlo of radius 20m X
.  CONVEX30 : " "M 30m P
Snow variables "
SNOWCH Mean cnblo head snow depth _
oo OWS i Nean snow dopth for 5m radius circla o
. ON7.5 ‘ " 7.5m " .
SNOW1 0 ) " " Z: " l0m " ne ‘
/SNOW12.5 " .. " 1l2,5m " " .
| SNOWL S "\ " 18p "
SNOwW20 " " " 20m » »
SNOW25 " " ] " 25m " "
SNOW30 " " L 1 " "
SNOW4 0 " " " " 40m " "
SNOW5 0 " " M " 50m - " "
SN o " ] n n som N n "
| Vdgetation variables , -
. i DARE6 Parcentage covar of bire qroundx Gm oirclla
‘ MOSS6 PN " " noss ¢ 1
LICKENE " m % 1jchen 1
VASCVEG6 ~ " " "vascular plants: » ~
BRUSH6 ' o " " brush : " "
| i c \ ‘
Y. “" Continued/....
| . . s




v-:ﬂblo Nama \
.. Vagatation variables

TABLE VII (Continued) “1

Reprasentative of \

BARE12 & .«sPgrcantage cover of bare ground: l2m circla
MOSS1 2 Porcnntago covar of mosa: lam oirclc .
LICHEN]2 " "lichen: " ’

" VASCVEG12 " " vascular " —
o o plants: =
BRUSH12 - » bru , " N

\ TOTBL12 - " " ¥ rgun " "

, _, _—  an chent ‘
© ///,//://‘ ’ L
Gaological variables ’
GEOLS ] Nean conductivity: surface to 0 5m
GBOL7.5 | " //,\,”/"‘( H " . " 7.5m
GEOL1O . "o R " . " 10m o
GEoLl2.5 . " - " t " " 12.5m
GBOL1S " " t " " 13m .
GBOL20.- " ’ " t " " 20m
GBOL25 , } " " : » " asm
GOLSO » »  } " " 30“\ \
Groundwatur variables 0 ‘
GWATERL Irfluence of groundwater t A. {.'.oq‘ d
GWATER2 " " " A/d
GWATER3 L " " Log A.4
ATER " v » 24 -
" " n A%/d
GWATER® ‘ " " " ’ A/Q
/ ' - |
C
\ N
? . N '
\ P a | -

~ \ .

- e )
\‘\“M , | 1
- Y
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4,333 Computational details = . ‘

— -

:
\

i o
The multiple regression-analyses were carried: cut bn‘thn IBM

360/7% computer at MeGill Un1V|rlity. using an SPSS (Btltintical

\

Paokaqc for the sooxal»SQioncoa) package proqram. A ngogrnm of
this type was chosen, in preference to one written specifically
for the study, both for its economy in aompntxng timo. and !or

the peripheral informatior, such as ngrmnlilod and partinl

correlation co-éfioiontl. which it is possible to output at the

Full details of the program and oomputationaliproond-
— ' ! S
ire are, included in/the SPSS handbook (Nie, Bent and Hull, 1370.
J . :
Chapter 1%)., Special noto should be taken of the nmthod%by which

the variables to be entered into the rogrnalion cquatiqn wtxc

chosen. 'Two factors are tlkcn into oonlidcration. Tnc vrriabl,

introduced, at each "step", is the one whioch, !ir:tly. haa “the
hiqhout L statistic (a measure of the liqnificanc' of 1t|!norma1-

ized regression coefficient, were it to be included), and;
!

a‘copdly. whose tolerance (a measure of the extent to which it is.

a linear combinatién ot variables already sntered) is greateat.

—

I

4. 34 Dincuunibk of the regression resuits -

\ ‘ . ‘\
The results of the ten/step-wise multiple:regression analyses are

|
summarized in Table/VIII. 1In each instance, the dependent (ground
Fi

o '
temperature) variable is listed, the order of introduction of

/ o i ]




Al

Dependent
Variable

Ty, 5m

T2.8m

-TABLB VII

/

A"

MULTIPLB RIGRESS;ON RESULTS

:nd:p-ndont
variable

SNOWCH
GEOL20
BARES
BRUSH6
CONJ3O
ELEV

" VASCVEGS

NOSS12

SNOWS
GEOL30
VASCVEGS
BRUSHS
BARE6
CON30
ELEV

SNOWL0

VASCVEG6 -

BAREG

.CON30 -

NOSS812

~ BRUSH6

SNOW20
BLEV -
BRUSH6
VASCVEGS
GEOL30
CON30
NOSS12
»

0.7988
0.8733
0.9032
0.9151

0.9177
0.920%
0.9209
0.9219

Multiple R

0.8872

0 9735
0.9743
0.9743

0.8376

0.9661

0.9685
0.9713
~ 0.9722
.0.9724

0.9724

R? x 100

63.81
76.30
81.58
83.74
84.22
84.7)
84.81
84.98

78.72
87.06
88.55
89.14

s 90.09

90.58
90.73

77.92
. 86.57
90.19
91.71
- 94.00
94.68
94,77
94.78

74.83
90.87
92.13
93.04
94.43
94.77
94.92
94.93

70.18
93,33
93,81
94.35
94,52

94.55

94.56

Continued/....

Chango En
RZ2 x 100

63.81
12.49
5.28
~ 218
0.48
0.5
-0.08
0.17

78.72
. 8.34
1.49
0.59
0.95
0.49
0.15

77.92
8.65
3.62
1.52
2.29
0.68
0.09
0.0l

74.53
16.34
1.26
0,91
1.39
0.34
0.15
10,01

70.15
23.18
0.48
0.54
0.17
0.03
0.0l
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Daprndant
Variabla

T 2.5m

Tasm .
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TABLE VIII (Continued)
} —

i
Independent
. variable

!
SNON2S
ELEV
CON30€
VABCS |
BRUSHE
NOSS12
GEOL30.

SNON30
BLRV
CON30
VASCVEGS
BRUSHE -
NOSS12
GEOL30

SNOWAO
ELEV -
VASCVEGS
CON30Q
BRUSH6
GEOL30
NOSS12
BARESG

SNOWSO
BLEV
VASCVEGSE
GEOL30
NOSS12
BRUSH6
BARES
CON30.

SNOWGO
ELRV
VASCVEGS -
GEOL3O

_ BASE6

BRUSH6
NOSS12
. CON30

—

0.8191"
0.9598
. 0.9688
0.9670
0.9691
0.9692
10,9692

0.8018
0.9571

0.9733
0.9740

0.7792
0.948%7
0.9618
0.9639
0.9678
0.9684
0.9%720
0.9726

0.7610
0.9431
0.9601
0.9646 -
0.9675
0.9704
0.9718
0.9718
0.7%89
0.9504
0.9615
0.9665
0,9686
0.9713
0.9726
0.9729

Multiple R |

Change in

R? x 100  R? x 100
64.10 67.10
92.13 25.03.
93,22 1.09
93.50 0.28
93\91 /f O\‘l
93.94 - 0403,
93.9%4 0.00
64.29 64.29
91,61 27
93.33 .92
94.12 0.59
94.83 Q.41
4.7 0.20
94.86 4 01;3

\
60.72 60.72
89.43 28,71
92.5) 3.08
93.30 0.79
93.61 0.3
93.78 0.17
94.48 0.70
94.60 0.12
57.91 57.91
88.94 - 31.03
92.18 ~ 3.24
93.04 0.86
93.61 .87
94.17 0.56
94.38 0.21
94.43 0.05
57,89  *_ 57.59
90.33° 2. ¢
92.44 2.11
93.41 0.97
93,81 0.40
94.33 0.52
94.59 ‘0. 26
94.65 " . 0.06

S,

custa
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~ independent variables ia indicated and a liat of the ;nultir‘q,

. "\ \ 4
multiple correlation coefficients given. The pcrccntaqn\ explan-

ation of the variance in ground temperature at gach/dipéh. and
changes therein, !ollwinglntroductiﬂén 9! new 1nd-pcndor§t
var;gblci. are alao shown. - The results appear to confirm, in
part, th; conclusions rﬁchod from a o;nniduration of the linnar

cclrro htiox;n.

Two trends are immediately apparsnt: .snow dopth
provid;;‘by far the greatest ciphnat!.on of the variance in ground
terperxature at all depths considered (R > 0.6), whxic the next
most important yarilblt is either thermal conductivity or ele= . E
v‘ation. (Table VIII), 'th 1mportgnoo of ground thermal properties
was to be exnected, but itT-{ surprising that this variable )

provides the greatest explanation at nhal]_.ow depth. This may be

., . 4ue to the fact that at desper depths other factors mu'[k 11:4 _

{mportance. Linear correlations hetween elevation and ground
'::onpcntun below l10m are high (r > 0.6), but there is no obvious .
physical nq:fl.ar\a!:i.ory1 for a relationship as strong as that 1m\plhd

in the multiple f‘“q"“iiu\ion resulits, Over the range in elevation

at Tig?amiria -4, the normal dccrn;n in tenmperature with altitude is

far too amall ‘ti:o l,nvn‘ the reguired influence. Mo\roovcrﬁlcvnion

I .
does n?t appear to correlate highly with any of the other variables

,evaluated, a fact which is confirmed by consideration of the

. : o : :
partial correlation cogtficg.gnt-. It is tentatively suggested,

L%
—— s,
.

N |

L7
N «
» N )\
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thersfore, that elevation retflects the influence of one or rore
variables which were not eviluated here. Some type of ground=-
3o

water variable, or oné representing average snow depth over

vuryilargi areas of influence seems moat likely (Nicholson, 1974).

\ J 1
| The influence of different vegetatign variahles also

varies, though only the variable ropr,a.ntativ‘ 6! vascular {
plant coverage conai‘tcntly providoo\qr.ator than a one p.rcony
increase in explanation. - The 1mportaﬁ;t of tha othcri varies®
ﬁlth depth. The low explanation due to the moss variable should
,'be noted, since linear correlations with tnin variable w.r"hiqh
(Table VI). R.!.:i;co to ;hc pextinent pd;tial correlation
cocf!ici,nta suggetts that this pitﬁ;tién 1&\; function of more

significant correlation between percentage *oso cover and b;ak

anow depth, ) \,
’ \

No other major trdndn are appar‘n¢ in the regression

o

-rtlultl (wablo V;I) and the addition of othor variabl.l rarvely

produces any roal 1ncr‘ﬁ|0 in explanation. ror .;amplo, of the
relisf variables, only relief shape enters inEé tﬁo regressions
and tnii”vur;ablc qgnorally contributes less than one porcgnﬁ in

explanation,

In summary, peak snow depth, followed by either thgrmal
condhotivity (An the active layer) or oltyation (beheath the "

actxv.«#ayqr), is most important in explaining variations in
the distribution of ground temperatures, down to a depth of “30Om, '

-

4




Snor alone .xplainn 60 to 63 pnrcnnt ot thn variance in qround

“~

. temperature, and the inclulion of thn;sccond variable raiacn

this figure to between 85 and Y0 parcent.

- Y\ ~ —

. 4.4 DERIVATION OF PREDICTIVE EQUATIONS o ,

oL 1 #
This section is concerned with compilation of éptfhum egquations

" for modelling the distribution of shallow ground temoceratures,
as a function ot the: cnvironm.ntal phrlﬂftill earlier d.icribﬂd.

\
gression analyses. ‘

" Use il made o! thn relationships dilclolod by the mu1t1917

4.41 Bguations for shallow ground temperature prediction |

\ i \
The multiple roqr.cnion results given in Tnblq VIII 1ndieato
that equations which include all ponnile 1ndipondont variables
pruvrdo a very high explanation of the variance in ground temper-
ature, at a given shallow depth. Thi; is to be expected ;inco.
in such cases, a large number of environmental é‘éﬁﬁ?l‘gtl’
erployed to exvlain variations in ground tempcraturo'thhin a
sample of only twenty-one sites. The results shov, in addition,
Uthat by far the greatest pioportion of the prlanation'ODtain;d‘
is due only éo the two most 1mpo£tln€"variablus in each 1natané;x
snow, and aither eonddéiivityior eleVation, accordinqlto d.ptp
(Table V:&I). The incluaion of additional variables provides |
little or no increase in binlanation.. Th@a, it was d;cidod to

include onily the first two variablcakwﬁin compiling the improved
[}

\ @




|

~ - Granberg model (:ub-ucuon 4.31), and also provide an indication’

A ,/ o

equations,

In the cvont, two npu:nh nta of eguations won -

dc/nriLnd from t\ho mul!:ip.la regression naulu. nquauom for (
conpuung qround temperature uung only snow vere tirst eompihd

('rablo IX). _These allow an :l.nisul comparison wi h tho Nichqhon-

A

of the incrnu in n&:iamnon. which is itgribm:'abu to the

inclusion of the second variable.

The improved, or Optimum Predictive miu;tiom are

9

presented in Table X. Since only two independent variables are

included in ,nLch 1mu?c¢, \:huihgquations ar believed to be

\
consistent, insofar as this is puaiblc. with the quid‘-nnn. \
\

pr&pon@ by nnkicl md Fox (1959) ngardinq the validity of
mq tipie correlation coo!ncr.onto, in texms of sample size and

nﬁxmbcr of variables. .

To facinutc‘couparuon’bot\nn.n sets of oqua\:im[m.
scatter diagrams have bheen plotnd ahowinq measured and prodictor{{
temperatures, as comput-d for ohch depth using the two sets of

.quationl. - 'm\\nn plots are included here as figures J.Oa and 1l0b.

{
'm computed temperaturs values are presanted in' 'l;abfn XI and

L

xn ' nspcctivoly .
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T e L g “FABLE IX ‘ o
, . EQUATIONS COMPILED USING THE SNOW VARIABLE ALOWE .
Regression Equation w/a nultiﬁle R Bz x 100 S.E. (OC)
- ©
T, o4 =  0.02832 ..SNOWCH = 2.40811 85 0.7988 63.81 1.071
s - a . B ~ . —
T, ., =  0.02935 . SWOWS ~ 2.58561 88 0.8872 78.72 0.729 -
- - j _ ' - \[ K . -
Ton = 0.02764 . SWOW10 ~ 2.50399 90 0.8827 _ 77.92. -  _0.665
) - ) ' . . S - 3
T, cu = . 0.02596 . SWOWLS - 2.31621 89 _ . 0.8633 74.53 0.647 w
~F o » - . 3 - N
T,,. = 0.02298 . SWOW20 - 2:03021 . 88" 0.8376 . 70.15 7 0.608
1om_ ! - P - -
: Tiasm < 0-02243 . smOWZ3 — 1.99598 __89 0.8191 67.10 d.610
3 W SNOW30 - 1.85142 2 89 - 0.8018 64.29 0.572
- | ‘ . . ) . - o
i ’ T 0m =  0.01875 . SHOWA0 ~ 1.70764 91 . . 0.7792 - 60,72 0.511
B Tyey =  0.01721 . SHOWSO - 1.59432 92 ~ 0.7610 . 57.91 0.464
g N R . ~ AN
Ty0m & . 0.01622 - SHOWGO - 1.49966  _ 93 0.7589 57.59 0.423
. . . * S U f e
R - S ) - IR §
- ~ - 8
% ) ~ -
A
e———




TABLE X

- 3 [

OPTIMUM PREDICTIVE EQUATIONS -

Multiple Reqres’si?'n Equation ¢ ) Multig;le R \Rz x 100 s.E. (°0)

T1.5m = 0.02283 . SNOWCB-+{O.4086€ . GEOL20 -~ 4.56637 ;6.23 0.891

A T, g, = 0.02421 . SNOWS + 0.30816 . GEOL30 - 4.14649 0.9331 7.06 0.584

Ten = ’6‘.702233 . SNOW10 ¥+ 0.28586 . GEOL30 - 3.89833 0.9304 0.532
T7_5m = 0.02418 . SNg;ls - 0.0%388 . PBLEV + 24.02806 9.9535 9&.87 @ d.398 é
1:10m = 0.02078 . SNOW20 - 0.03519 . ELEV + 25.35165 0.9661 93.33 0.295

Ty, g = 0-01989 . SNOW2S - 0.03500 . ELEV + 25.26180 0.9598 92.13 0.306

o TlSm = 0.01800 . SNOW30 - 0.03302 . ELEV. + 23.88169 0.9571 91.&1 0.285

T20m °= 0.01545 . SNOW40 - 0.02918 . ELEV + 21.09076 0.9457 89.44 0.272

T,y = 0.01338 . SNOWS0 - 0.02692 . ELEV + 19.48747 ) 0.9431 ¢-88.94 0.244

' T30m = 0.01210 . SNOW60 i 0.02538 . ELEV + 18.41532 0.9504 ) 90.33 0.207

el

N
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4.411 Equations compiled from snov alone-

v

These equations, presented in Table IX, may be summarized in

L

a simple linear regression of the folldwing form (after

K}

Nicholson and Granberg, 1973): ~
T = aS - w o113y

!
where T is ground temperature at depth z (z < 30m), and S is '

mean snow depth for a \rcle, of radius twice g, ayout the

-

cable-head, The reaul‘ “of the present analysis, ahggest ﬁhnt
the values of the constants. a and w, fall within the followimg

limits: 0,016 < a < 0,029, 1,50 < w < 2.59, and 85 < w/a < 93.

® -

Table VIII shows that both explanation ot the variance

. -

in ground temperature, Rz, and standard error of estimate decrease

fairly coﬁhistentiy with depth. The snow depth, corresponding

to a- ground temperature of 0°c, w/a, averages aﬁﬁroximately 89cm.

M . 5]

Comparison with previous equations

-4

Two types of equation describing the felationshipnbetween snow

depth and ground temperature are described in the literature. .
Krinsley (1963) and Mackay and Mackay (1;74) report a logarithmic
relationship betweén snow and minimum temperatures at’ v‘ery shallow
depths. These authors atfemoted no correlations with mean temp-

erature. The equations derived here, for prediction of mean

annual temperatures at -greater depths, closely resemble those

%y

)

WO ol 200 il ol
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Measured ground témparatures versus temperatures

predicted using eguations containing only the snow
dopth variable.
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TABLE. XI

TEMPERATURES PREDICTED USING THE SNOW VARIABLE ALONE

Tl.Sm

-1.502
-lo 502
~-1.502

- ~1.502

+0.764
-2.408

_+0.764

+0.764
+1.075
+0.764
-2.153
+0.764
-2.40
+0.76§‘
~-2.408

. +0.764

-1.502
-1.502
-1.502
-2,153

T, 5m

-1.394
-1.814
-1.142
-0.889
+0.473
-2.586
-1.814
+0.769
+0.907
+1.036
+0.473
-2.046
+0.473
-2.586
+0.872
-2,586
+0.977
-1.297
-1.646
-1.646
-2.234

TSm

-1.329
-1.631

+0.238
-1.686

. +0.583

+0.854
+0.799
+0.017
-1.888
+0.246
-2.476
+0.564
-2.432
+0.774
-1.213
-1.722
-1.526
-2.357

T7.5m

-1.083
-1.270
-0.982
-0.483

+0.189°

-2.303
-1.436
+0.532
+0.835
+0.638
-0.084
-1.675
+0.124
-2.275
+0.355
-2.186
+0.643
-1.132
-1.688
-1.244
~2.184

PR S

T om

-0.769
-0.927
-0.897
-0.330
+0.146
-2.003
-1.185
+0.491

+0.737.

+0,511
~0.045
-1.410
+0.022
-1.966
+0.102
-1.853
+0.498
-0.996
-1.545
-0.962
-1.876

.t

h ]

Ti2.5m

-0.619

-0.883
-0.897
-0.296
+0.063
-1.949
-1.171
+0.487
+0.689
4+0.469
-0.134
-1.341
-0.029
-1.884
-0.092
-1.716
+0.355
-0.933
~1.563
-0.931
-1.772

T15m

-0.401
~0.866
~0.866
~0.289
~-0.040
-1.758
~1.088
+0.458
+0.589
+0.3é8
~0.231
~1.200
~-0.050
~1.702
~0.225
~1.488
+0.288
~0.789
~1.476
~0.918
-1.553

T om

T25m

-0.181 —-0.080

-0.796

_—0.281

-0.174
-1.515
-1.038
+0.332
+0.392
+0.308
-0.343
-1.010
-0.187
-1.471
~-0.412
~1.284
+0.177
-0.596
-1.333
-0.928
-1.318

. LT PRI 1

-0.730
-0.777
-0.267
-0.230
-1.259
-0.999
+0.280
+0.283
+0.268
-0.345
-0.837
-0.276
-1.267
~0.484
~-1.143
+0.103
-0.434
-1.231
-0.875
-1.097

T30m

-0.040
-0.668
-0.723
-0.285
-0.286
-1.089
-0.932
+0.268
+0.276
+0.260
-0.280
-0.687
-0.270
-1.089
-0.530
-1.044
+0.100
-0.371
-1.159
-0.796
-1.000

-Ts-

T
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proposed by Nicholson and Granberg (1973). Most ;mport;ntlv.
a simple linear regression appears adeguately to daapribe the
relationship in both instances. The two sets of Schefferville
sguations are also morphologlcally similar; the major discrepancy
being in the values derived for the expression w/a: the snow
depth corresponding to a temperature of 0°C. Values are
considerably hiqhek"in the present study (Y0cm compared to 75cm),
due, it is balievea, to differences in both the snow da;a period,

and the method of compilation, used by Nicholson and Granberg.

N .

4.412 Optimum predictive gquations ~—
—

The equations compiled for predicting shallow ground temperatures
in terms of snow depth, and either thermal conductivity or

elevation, are pregsented in Table X. These fall into two groups,

according to the identity of the second variable. Th three

shallowest equations include the thermal conductivity vari p
and exhibit relatively high standard errors of estimate (> 0.5°C).
This is partly related to the 1a§ge range in temperatures at

shallow depths, and partly to the oﬁserved lower correlation

coefficients., The remaining equations may be summarized, as

followa: . /

. T = a8 = bE + ¢ / (14)

1

e [

where T = average annual temperatur/e (°c), at depth, x, S =
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TEMPERATURES PREDICT%D USING THE OPTIMUM PREDICTIVE EQUATIONS

T1.5m
-0.689
-0.816
-1.110
-0.816
+1.011
-3.083
~1.396
+1.011
+1.011
+1.262

/ +1.011

~1.341
+0.716
-3.083
-0.001
~3.659
+0.541
-1.952

. "10368

~1.110

T2.5m

-0.790
-1.232
-0.900
~0.470
+0.653
-3.028
-1.670
+0.898
+1.012
+1.118
+0.653
-1.424
+0.432
-3.028
-0.176
-3.462
+0.716
-1.663
-1.510
~-1.316

-2.477%-2,552

TSm

-0.838
-1.084
-0.809
~0.302
+0.425

-2¢857 '

-1.670
+0.706
+0.923
+0.595
+0.425
-1.287
+0.227
-2.844
~0.386
~3.206
+0.374
-1.538
-1.540
-1.401
-2.462

ORI |

e
TABLE XII

Ty.5m

-0.207
-0.828
-1.180
-0.675
+0.044
-2.431

* "1 . 820
+0.015

+0.286
+1.274
+0.968
~0.968 -
+0.501

-2.272
+0.181

-2.459
+0.087
-0.884
-2.201
-1.859
-2.476

Tiom

+0.142
-0.466
-1.082
~0.527

0.000
-2.103
-1.567
-0.063
+0.074
+1.393
+0.783
-0.655
+0.425
-1.931
-0.060
-2.108
-0.078
-0.721
-2.044
-1.591

T12.5m"

40.283
~0.422
~1.074
-0.499

‘-=0.084

-2.028
-1.540
~-0.081
+0.013
+1.332
40,691
-0.582
+0.368
-1.832
-0.242
-1.960
-0.220
~0.658
-2.038
~-1.552

-z:isqv -2.031

ot A

T

. *15m

+0.416
-00425 .

-0.976
-0.488
~-0.181
-1.823
-1.432
-0.101
-0.068
+1.186
+0.549
-=0.483
+0.313
~1.643
~0.362
-1.719
-0.269
-0.539

-1 . 910./

To0m

+0.494
~0.394
~0.904
~0.467
20.299
~1.537
~1.313
-0.193-
~0.214
+0.979
+0.354
-0.365
+0.135
-1.386
-0.513
-1.462
-0.389
-0.388
-1.680
-1.409
-1.508

P S

Tosm

+0.530
-0.353
-0.882
-0.453
=0.350
-1.273
-1.227
-0.240
-0.303
4+0.850
+0.291
~-0.248
+0.025
-1.173

570.564

~1.290
~0.394
~-0.271
~1.523
~1.303
~1.270

T30m

40.490

-0.303

-0.809
-0.450
-0.383
-1.098
-1.127
-0.240
-0.295
4+0.791
+0.311
-0.140
+0.016
-0.997
-0.580
-1.164

-0.381

-0.221
~1.405
-1.188
-1.147

e
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‘ in ground temperatures, Ra, averages about 90 percent for all

- 985

average peak snow depth (cm) over a circle rﬁdius twice =,

.where 7.5 é g S 30, BE = site elevation (m), and a, b and ¢

0.012 < a -< 0.024, 0,025 < b

are constants such that:

< 0.035, and 18,42 < ¢ < 25,35. The standard error qﬁ

estimate for these eations decreases with depth, from 0.4% ;E

7.5m to 0.2°C at 30m. Percentage explanation of the variance

depths (Table X). I d

4. 42

Comparison between the two sets of eguations 3 k

It is clear, from ; comparison of the respective computed
temperature values (Tables XI and XII), scatter diagrams (Figures
10a, b), multiple correlation coefficients and standard errors,

' ) 9,
that the optimum equations (Table\X) are superior to those

compiled using only show (Table IX), for reconstructing measured

I —a e

—

shallow temperature conditions. Since these equations form

A

part of the prediction model presented in a later section, it is
valhabla ha£c~to consider the predictive ability of the egquations
for different types of thermal regime; especially for frogen as
opposed to unfrozen ground. - To thie end, 'the thoymociﬁle sites .

have been grouped according to thermal regime (as impliedakn the ‘
form of their shallow temperature nrofiles), Ncgbuted and pre-
’ A

dicted 30m profiles are [plotted for compafison/in igure lla and b.
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TABLE XIIX
B \ \ 1
 CLASSIFICATION OF THERNOCABLE SITES ACCORDING TO ]
TENPERATURE PROFILE NORPHOLOGY ) :
v | ///
Class Thermal condition = . Sites included P
1 ’ ' Frozen’ 1, 2,3,6,7,
13' 1‘. 16. 18. /
19, 20, 25 /
II Unfrozen 10, 11, 13/ | 3
. IIIA , 8, 9,17 | ]
} Intermediate
IIIB - . 4, 5, 15 '
{ C . i
/’/ﬂ*_\\\.\ L
4 \\;\\\\ h
e TABLE XIV
S ‘\ E . B |
\ CONPARISON OF OBSERVED AND PREDICTED
| ; PERNAFROST THICKNESSES
\ (¢4
\‘\ Observed Predicted Observed Predicted
Cable No. depth {m) depth (m) ' Cable No. depth (m) depth (m)
boe . |
22 30 12 85 50 -
2 88 . 80 14 . 120 100
3. 122 us 15 12 80
‘ ; t m ' 95 ‘16 n,, 1w ao _
5 | 106 110 17 10 120 e
R 10 120 L S
. . X
8 no /120 20 i 120
8 om0 | 25 110 s
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‘classification is based on that suggested by Annersten (1962),

" two sub—§@aq§ns are believed to represent deep active layer

'nggz Reconstrhction of measured profiles o

_\ 97 - kY

4,421 Classification of sites

N

N

A qiéihion of the thermocable sites into three cliasses - frozen,

unfrozen and intermadiate - is presented in Table XIII, This
.‘ .

for sites in the Ferriman Ridge area.

-

Profiles in classes # (£rozen) and II (unfrozen) show
steady teﬁpsrature increasss and decreasaes, rucpaétivtly, with
d;pth in the :onc subject to seasonal teﬁporature fluctuation
(Figure 11&, 11b). " A wider range of:thermal gonditions is -
incluped within the intermediate class. Profiles belonging to-
é&ass IIIA are cha;acteri:ed by an initial- temperature deérease,

thaa\\fhibrt very little change with increasing depth
(Figure 1lB). 'Class IIIB profilés are similar, in form, to
tngpe\includod_in Cclass I, except that they cross the 0°C 11ne

\ . _
from positive to negative, at depth (Figure llb). These latter

or lateral heat flow and talik conditions.ruspectivalﬁ.(Niqholson

and Thom, 1973), ' - B »
Y y ) :

SRR ) : A}

Frozen sites ; i
~ " , i \

Although the shipa of Class I profilgd ié generally well repro-

duced, most are predicted up to 0.5°C too cold, when only snow

is used (Figure lla). The size of the average residual is
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reduced, to better than 0.3°C, when the optimum equations

.A emloyerl.

Unfrozen sites
& \

Neither set of equations really adequately reproducées the profilea

included in Class II (Figure 10b). Using only snow, reconstruc-

/;ion of proﬁle shape is not good and temperatures are predictea

0.560 to“1.0°C too cold. The pﬁeaoneo of a deep active layer

or talik (see Class IIIA) is projected at sifn 11 and 13, '
Although the size of the residuals is reduced when the optimum
equation, are employed, the profiles for themcablas 1l and 13 Vs
are sven then not well produced. ‘I‘hgﬁimpro‘vad profile for 317/

10 maf:onds well at depth.(below 20m) . /
. , /

Intermediate sites o o

N h . )

Profilas at the deep active layer sites (8, 9, 17) are plrediched
aprproxim'ately 0.5° ‘too warm, and their ahap;i corresponds oniy
ta‘itly wel\lﬁwith oba;rved conditions, when snow alone is used
(Figure 11b). Prediction is better in both respects when the
optfmum Qquntﬁ_ons, including thermal conductivity and elevation,

are usad, ' The thermal regime at site 4, subject to lateral heat

. flow effects, is well predicted, by both sets of equations as

are'thie Class IIIB profiles, although the predicted thickness of

the talik zone at site 5 is underestimated.
Ed

-+
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4,423 Summarxy o ' . ;
{

The preceding discussion indicates that the shallow ground

thermal regime may be m&.‘il&d, with considerable accuracy,
-’ /' .
as a functior of\snow, and thermal _c,ogauctivity or elevation, ;

explanation 87.6 percent, the ¥ i{ty of the model doss appear
to vary spatially. The ground thermal regime is most poorly
!
. reproduced in unfrozen areas. Fortunately, these areas are

not of paramount importance in projecting the distribution of

pul'nafrost. K - . . 1
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/ CHAPTER 5

"N

MODELLING THE DISTRIBUTION OF GROUND TEMPERATURES §

This chapter describes the development of a model for predicting
éround temperatures. The model was developed and tested at the

Timmins 4 site, and most of the chapter is concerned with details

-

of its derivation and application at this site. Brief considera-

tion is also given to the extent to which the model is applicable

'

at the Ferriman Ridge permafrost site.

‘j
¥
g

«\ } *
Sfl PREVIOUS APPROACHES TO PREDICTION

An important second objective of the study is to make use of the
relationship between environmental factors and ground temperatﬁre
in the development of a technique for modelling the a;stribution
of .ground temperatures in three dimensions, on a reasonably large
gscale (i1.e. for areas ot a few square kilometres). Prediction is
‘not a simple task, sincg_the Schefferville area lies in the dis-

continuous zone where permafrost distribution is very variable over

short distances. Direct observation of the presen‘of frozen

ground is especially difficult because of the deep active layers

in this zone. However, a review of the literature suggests that

both directland indirect methods may be usetul near Schefferville
and in other areas. Ground tempé;ature data usually Eonstitute

(;) the only really reliable indication of the presence or absence of

frozen ground, and their availability determines the extent to
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to which direct and inairect approaches can be employed in p

prediction. - i

5.11 1Indirect methods .

If temperature data are limited, or unavailable, an indirect
approach has to be adopted. This involves relating the spatiai
distribution of frozen, and/or unfrozen, ground to the occurrence
of more readily surveyed environmental parameters. Factors
previously employed in this fashion include: air temperature
(Brown, 1966a), relief (Bonnlander and Major-Marothy, 1964; Ives,
1961; Johnston, Brown and Pickersgill, 1963; Dingman anda Koutz,
1974) , vegetation (Bonnlander and Major-Marot WV, op cit.; Ives,

op cit.; Gill, 1973) and snow (Annersten, 1964).

Permafrost thicknesses may be projected similar.l.y;, 1f
temperature data are available as control (Bonnlander and Major-
Marothy op cit.; Annersten, oo cit.). If this approach is not
feasible, the position of the base of permafrost may be approx-
imated, usang simple conduétion models of the tvpe described by

Judger (1973¢).

5.12 Direct methods

Thermocabie measurements allow the vertical distribution of frozen
and unfrozen ground to be monitored directly at discrete points.

In areas with good geological control, geophysical techniques,

particularly bore-hole logging, may give almost as reliable a
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result {Seqguin ana Garg, 1974). 1In either event, with a-

‘reasonable density of points, an approximation for the three-

¢

dimensional geometry of permafrost may then be obtained by_/,
interpolation. 'L'Dhis procedure can be considered analogous to
delineation of an ore body from bore-hole information. - Vertical
cross-sections showin'q the two-dimensional dastribution of ground
temperatures have been producéd in both the Mackenzie Delta area
(Brown et al., 1963; Mackay, 1967; Smith, 1972), and the
Schefferville area (Annersten, 1964; Thom, 1969; 1970; Nicholson
and Thom, 1973; Nicholson, 1974). Thom (1970) and Séguin (1974a,
Figure 6) have attempted to provide three-dimensional predictions

by the addition of basal plans.

5.2 DEVELOPMENT OF THE PREDICTIVE MODEL

5.21 Theoretical Basis ©of the Model

This model ::Imsiders the ground divisible into two layers for’
prediction purposes., Neai surface temperatures can be predq.cted
by quantification of the relationship between ground temperat:ure
and the environn\gntal parameters, as described in Section 4. 4.
Below a certain ievel, however, small scale variations in the
éurfacq environmental parameters become less important, the
theoretical surface area significantly affecting temperature
variations becomes larger and, for practical reasons, the volume

of measured temperature data for deriving the relationship
4

becomes smaller. The exponenti‘jl increase in coverage required

\ —
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I
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for quantifying environmental parameters which occurs with iqr

creasing depth, and simultaneous decrease in the volume of avail-
|

able temperature data, mean that there 1s a cut-off poant beyond

ot e 145 i 5

which the first method of‘modelling 18 no #Qnger practical, It :

is this cut-off level which forms the boundary between the two

layers. Within the lower layer, it is assumed that heat transfé}‘

ki,

occurs entirely by conduction. Prediction in this zone is by
means of a simple heat flow model for downward extrapolation of
the temperatures predicted at the base of the upper layer. In

the first instance, it is assumed that one dimensional vertical ?

heat transfer prevails in this lLower zone. At a later stage,

empirical allowance 1s made for lateral heat flow effects.

N

The level of zero annual amplitude, z,, occurs at a
depth of approxamately 25 to 3Um in the Schefferville area
(Annersten, 1964; Nicholson & Thom, 1973). By coincidence 30m
is also the greatest depth for which it was '‘possible to derive
an optimum équation for empirical prediction of ground temperatufes
sing environmental parameters (see Section 4.Ji). Thus, 30m was
I natural choice for the boundary!hetween tﬁe two lavers in the
model. *hxs level, z,, is the shallowestylevel at which it can be

A

cohfidently expected that significant annual temperature variations

are absent. 1

For the fairst stage of modelling, siimple one-dimensional

, . /
vertical heat flow was assumed below the 30m %evel. Restating
|

[

t
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ﬁ Equation 6 (sub-section 2.31), tne temperature of the ground at

any deptn_z, such that z 2 z,, 1s computed as fc\allows:
= *
T(2z) % - Az + T(z,) (15)

' 1Y .
where g* is terrestrial heat flow, A z 1is the depth increment

o

considered (i.e. between 3 and z), and K is the ermal conduc-

tivity for this interval. .

In practice, the thermal regime in the Timmins area

18 complicateda by the presence ot non-vertical heat flows. Problems

LY

which arise as a result are considered in sub-section 5.23,

together with a proposed simple empirical correction. For the
' N\

moment, it is convenient to retain the simpler picture, of

% uniform vertical heat transfer. ‘Jf‘

In the compilation of a large scale prediction, temp-
erature profiies were computed .at points'GOm apart on the square

grid shown in Figure 3, Temperature profiles were produced using

4

the computed relationship between ground temperature and environ-

mental'parameters to predict temperatures in the upper|layer, and

then extrapolating these values downwards into the lower zone
using a simple conductive heat fiow model. The thfee-dimensztonal

distribution of ground temperatures and permafrost was then

obtained by interpolating between the temperature profilles.

I
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¥
5.22 Input Data

5.221 Terrestrial Heat Flux

A value of -50.2 mWm < (1.25 cal cm~?s~1l) was assumea for q*,

the terrestrial heat flux. No determinations fer g* are prese:;tly
available from interior New Quebec-Labrador (Juciqe, 1973c, Figqure
2), so that it was necessary to make an estimate as to the prdbable
magnitude of this fl?x. The above value was chosen for two reasons
Firstly, it 1s consistent with observed temperature conditions in

two thermocabiles, within frozen grouna at Timmins 4, for which

‘ 'y
good geological control is available (numbers 19 and 20). It also

falls waithin the range of previous determinations from the
Churchill structural province, of which the Labrador Trough forms

a part (Judge, op cit.). At an early stage in the analysis, values

-2 2

of 33.5 miNm ana 41.9 mWm “ for gq* were also copsidered and tested

but ground temperatures projected using these values were not

found to be as consistent with obhserved conditions.

5.222 Environmental parameters

. .
- S ;

Snow depth, thermal conductivity and elevation variable4 were next
4

Eoupi.l'ed for use with the optimum predictive equatic;ns JTable X).
¥ J ‘
These variables were évaluated at each of the 133 points on the

Timmins 4 prediction grid (Figure 3).

3

Data from Figure 6, the Timmins 4 snow map, were used

' -
in compilation ot snow depth variables, as described in| sub-

]




/
. Firstly, mean annual temperatures were computed for ten standard
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>

section 3.332, \'mile elkvations were obtainz by interpolating
between contours on a topographic map of the site (Fi‘gure 2).

Finally, mean thermal condut;tivities were computed for depth , %
increments of interest bgp%ath each site. 7Use was made of # ;

Equation 9, the conductivity deteminations for individual ’ k' ]

lithological units given in Table V, and unit thicknesses from
the Timmins 4 geological interpretation prevared by tnq author

L]

{see sub-section 3.62). %

5.23 Compilation procedure

5.231 Construction of ground temperature profiles
! .
) ‘ .
Depth-temperature profiles were constructed in two stages.

depths, down to 30m, using the optimum predictaive egquations,
listed in Table X, and the input /data described above. The temp-
erature profiles were then extended dt‘ﬁwnwards, at lOm intervals,
from 30m to 150m, using Equation 15. In each instance the pre-
dictea 30m temperature was substitutejd for T(z,), and new A z and
k values were computed. "Frozen" thermal conductivity values
(Table}/ V) were employed in all cases, except where the presence
of'uhfro:en ’g,tound was definitely indicated (by the occurrence of

afpredlcted positive 30m temperature), when the corresponding o

"unfrozen"™ values were used.

i
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5.232 Interpolation ) . , . %

e s
/s

Vertical sections, showing the distribution ot ground tempera/vﬁi:es

were produced by manual linear interpolation between pred 'tgd ‘

profiles. Unfortunately, with an interval ot 60m betwéen pro-
3 \

files, 1t is not always possible to provide y‘biguous solu- -.
tion, by /.'m.t\erpolation alone. 7This problem was especially acute

. /// ’
in compilation of sections across the sité¢, where considerable

variation in both relief and snow cover t_hickness occurs within

very short distances, causing anomalies in the distribution of
ground temperatures. - Ditficugties of this type were minimized by

taking observed relief and snow variations into account and also

——

by interpolating with reference to temperatures in nearby measured

~

thermocable protiles.
\

5.24 Comparison between measured and predicted ground temperature

*\_.) sections «

u;:hougn, the main features of permafrost occurrence at Timmins 4
are now reasonably well known (Nicholson and Thom, 1973), direct
comparison between measured and predicted three-dimensionai dis- ,
tributions would require complicated pro{:edures.' Inz;tead of ﬁr}{
attempting such a comparison directly, it is pro§osed to draw |
AN
conclusions, regar&ing»the validity o€ the\model, based on a
consideration of ground temperature sectilons, @ilgd using tghe

different procedures. Longitudinal profiles and cross-sectmrjs;

constructed for this purpose, are shown in Figures 12 and 13.

-

- - -
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5.241 Measured sections

Sections A-A' and B-B' (Figures 12a, l3a) were redrawn, based on

N
those compiled by Nicholson and Thom (1973, Figures 5 and 6), but
using the mean temperature values listed in Tabie II. In addition '
profile A-A' was extended southwards to incorporatet data from two
new thermocables, numbers 19 ana 20. The isotherm pattern and
inferred distribution of permafrost are essentia]rly the san;e as

those given by Nichoison and Thom. The locations of the two

sections are indicated in Figure 3.
5.242 Predicted sections

The corresponding predicted sections, C-C' and D-D' (Figures 12b

J
and 13b, respectively), were cognstructed from temmerature pro-

Y

files compiled for the line of prediction points, situated
cllasest to the measured sections. The /:Loi:’a‘ﬁ”bn\of these sections
is also shown in Figure 3 (tﬁey corresiSpnd to préfile
2+00NE and section 12¢ on the 10CC survey grid). ‘Although the
positions, of sections A-A' and C-C' correspond close.ly, there is
a slight discrepancy in the relative positions ot the cross-

P
sections (B:—B' and D-D'), due to the configuration ot the pre-
diction gria. Examination of the predicted temperature distribu-
~tion on either side of -the measured section, however, suggests

that no sagnificant changes in thermal regime are involved.

7
°
- . /
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5.243 Comparison ) S ) ¢
| ( K

Jl‘heze is good agreement betwaené\ the longitudinal profiles, A-A'
and C-C' (Figures l2a and 12b), as re&ard# both the isotherm <
pattern and the proposed distribution of permafrost. Frozen

ground appears to extend, in both cases, to a depth og aoprox-

imately 140m to 150m, It is unfortunate that there / is no deep

temperature control in the areas of deepest permafrost to confirm

this prediction. k.

The corxrelation between' the cross-sections, B-B' and
D-D', is not as good. Although the general pattern of isotnerms is

similar, individual isotherms and the base of permafrost in the

p?dicted section, D-D', show considerably greater relief than
the measured section B-B' would suggest is actually present “
(Figure 13). This discrepancy is most apparent beneath the major
valley, there being reascnable agreement under the ridges. An \

explanation and suggested correction are given below.

-

5.25 < Improvements in the basic model

H

5.251 Problems with the one-dimensional model

/ 'l‘he\relatiyelyvlow accuracy with which the nodel is able to re-
construct the ground thermal mgil?é, b.en/eath valley sites, is
@ ~  noticeable ,(e.g. Pigur[e 13b). To a great extent, tl:ia d;;ficiency .
appears to reflect the presence Qf non:-vertica?.’heat‘ transfers,
set Up between the generally warmer valle;s and somewhat cooler .

® - - ¢
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/
ridge areas, in response to lateral variations an near-surface

ground tenpératum (see sub-section 2.62).

Use of the one-dimensional conduction model implies,
firstly, thgt temperatures increase steadiiy with depth, m'mderf
the influence of the err;estrial heat flux q*; ;nd secondly, it .
assumes, tacitly, that there 1s, in effect, a semi-fnfinite
uniform upper boundary at‘ a depth of 30m (z,). Unfortunately,
observed temperature data, and sections constructed therefrom

o

(e:g. Figure 13a), indicate that neither condiéicn is strictly
fulfilled at the Timmins 4 site. Gr[ound temperatures at the 30m
-level show considerable lateral variation (Table II), and,
egpecially in the wvaicinity of valley and deep snow areas, the
thermal regime iso rarely consistent with a one-dimensional model.
In practi‘ce, near the 30m level, there is often either no vertical

femperathre gradient, or temperatures decrease with increasing
depth, due to lateral heat flow effects. When employed as| a
basis for construction of deep ground temmerature profiles, the

reéulting predicted values give rise to the anomalous predicted

isotherm —distfibution (Figure 13b).
5.252 Proposed modification to allow for lateral heat flow effects

The 1nf1uex70e‘ of lateral heat flow may be ‘approximated by taking

into account predicted temératures at laterally-adjacent predic-

>

tion points. By analogy with the snow cover-temperature relation-

'ship (section 3.3), it is.proposed, as a first approximation, that

3
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each ot the predictead 30m vaiues bhe replaced bv an avérage 30m
temperature compiled over a circle of radius twice the depth of
interest. These new values will be enter;d, as before, in
Equation 15, to predict a new temperature for each depth. As
an illustrat;on, in computing thé temperature at 70m (i.e; 40m
below za), the average temperature for a circle of radius 80m

{(i.e. twice 40m) would be substituted‘for'T(za) in Equation 15.

5.253 ‘Improved Timmins 4 temperature sections

. 0

The longitudinal profile and cross-sections shown in Figures

N i
12b and 13b have been redrawn using temperature profiles construc-
ted as described above. For convenience in comparison with

observed and previously predicted conditions, these new sections

are reproducednés Figures 12c and 1l3c¢ respectively. S

In general, the pattern of isotherms, and implied heat
floq\distrlbution, remains similar in all three sets of sections.
Moreover, Qhe spatial distributions of frozen and unfrozen ground
in each case appear to be in good agreement. However, the threél
dimensional geometry and basal configuration of permafrost,
inferred from measured temperatures (FPigures léa, 13a), albeit
fai;1§ approximate, do.seem ggjbégmore accupately reproduced in

*the revised sections (Figures 1l2c,.13c), than in those compiled

using the original modeL\ingures 12b, 13p).-
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I4
& Overall, the proposed correction leads to a reduction §
in piedicted permafrost thicknesses beneath the ridges, and an

increase under the valleys. Thus, there is a net-reduction in the
amplitude of relief on the base - of permafrost and a g;neral smooth-
ing of the isotherms} Assuming that the observed sections (Figures
12a, 13a) constitute the most reasonable presently-available
approximation for actual ground temperature conditions at Timmins
4, then it is tentatively concluded that the proposed correction
makes possible the desired improvemeﬁt in the accuracy of the
original model. This being the case, a full-scale prediction was
compiled, using the improved profiles, for the d{EFF}bution of
ground temﬁeratures and permafrost at Timmins 4. N

.

!

5.26 Problems resulting from the inclusion of elevation

A typical optimum predictive equation, that included the elevation

variable, is: !

Tom = 0.018 . SNOW30 - 0.033 . ELEV + 23.88 (16)

/ .,

° [
By varying elevation, while holding snow depth constant, at can
be shown that this equation indicates a change in ground tempera-
ture of appfoximately 3% per 100m (compared with the dry
adiabatic lapse rate of 1% per 100m). Such a gradient is
“considerably greater than that occurring naturally at Timmins 4.

[

© :52iJAssuming vertical heat flow_.and a terrestrial heat\ﬁlux, g*, Pf
EE < X - 7_ \ \ \., o
ega?’ " =-50.2 mWm 2, it appears to indicate the presence of Yock material
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5.31 Present knowledge of ground temperature conditions
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with a thermal conductivity of about 1GWm‘lK'l. In fact, the

range of conductivities observed at Timmins 4 1s between 2.2

wm~1k"! and 7.4 wm™1k~! (Table V). This discrepancy, it is con-
R}

cluded, indicates that the inclusion of elevation has made the

t
equations site specific.

An attempt was made to test this hypothesis, by

appf§1ng the model at thermocable sites on Ferriman Ridge which

'1s more than 60m higher than Timmins 4. Predicted temperatures

were up to 2°C colder than measured. Saince the Nicholson-
Granberg model was found to anply at Ferraiman (Nicholson and
Granberg, 1973), it appears almost certain that the optimum pre-

dictive equations are indeed site-specific.

[

While it is Rgssible that®this situation limits

application of the predictive equations to the Timmins 4 site,

3

this 1s not necessarily the case. In tneﬁnext chapter, the
model will be tested - at a néw site in The Timmins mining area.
H
Timmins 2 lies within the same elevation Tédnge as Timmins 4, but
- i . ° ~

is otherwise quite dissimilar.

5.3 OCCURRENCE OF PERMAFROST AT PIMMINS 4

I ' ] . X ’

]
The tollowing brief synthesis of the results of studies at the

|

Timmins 4 site since 1968 is intended as a framework with}n

which the distribution, nrojected by the model, may be discussed.
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The spatial daistribution of frqgen ground has been
{
approxingfed at different depths by Thom (19709, Granberg (1973,

Figure 8) and Nicholson (1974, Figure 16). 1n aadition, approx-

imate indications as to its possible vertical development have
been provided in measured sections (Thom, 1969; 1970; Nicholson

and Thom, 1973), and in predicted sections by Nicholson {op cit.).

Unfortunately, neither the exact position of the permafrost bése,
v s

nor its configuration is known with certainty. Maximum thicknesses

of 100m to greatér than 130m have been inferred by diffe;gnE
authors, from extrapolation of measured thermocable-prqfiles
(Thom, 1970; Nicholébn and Thom, op cit.). Seguin (1974a) states
that deep resistivity profiling suggests the lower permafrost
boundary, in one p;rt of the s}te, occufs at a depth of aoproxim-

ately 150m. Seguin and Garg (1974) report an approximate depth
|

of 53m (175 £t) at thermocable No. 3 (see Figure 3 for location).

LY

From these s*udies, it is concluded that vermafrost is

. 3 |
essentially continuous beneath the site, except for its north-

eastern sector. Vertical developﬁent is éreatest benegth the
ridges, and the frozen layer is thinner, sometimes with the °
presence of'talik zones, under the‘maln valleys‘t Frozen g?gund
becomes . increasingly discontinuous, both horizontally ana vefL

tically, towards the 1ower,.nortnern‘part of the site, where it

is restricted to smalil isolated areas with low winter snow
f )

—

fccumulation.
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5.32 Predicted distribttion of permafrost and unfrozen grodund

~— —

: oA
The occu;;;;;;\gz\frfmgn and unfrozen ground, as predicted by the
f

improved model,is 1llustrated in Figures 14 to 17. Permafrost

underlies approximately sixty percent of the Timmins 4 site. It

1s continuous/, with a maximum thickness 9f approximately 156&,'
beneath ridge and valley terrain in the upver, southeasterﬁ half
of the site, and occurs also as a smalleru?éfozen body, to a
maximum depth of about 50m, near 1ts western cofner. The northern
part of ;he site, with the exception of a few scattered, shallow
perméfrost occurrences, is unfrozen, as are the 1ower.port;ons of
the major valleys. Talik zones underlie the upper parts of these
valleys.

y &
5.321 Vertical sections

Y

Together the 1on§itudinal profiles (Figure 1l2c, 14) and cross-
. \ .

seétions (Figure 13c, 15a-d) allow an imoression to be gained of

the three-dimensional distribution of ground temperatures, and

3

heat flow pattern, at Timmins 4. Heat transfer at depth, appears
to ;e essentially vertical over most of the site.‘ Temperatures
increase steadily with depth beneath the ridgeg, under the
influence of the terrestriaﬁ heat flux but, beneath the valleys,
’ temperatures often decrease, initially, before t;king on the more
.pormal pattern Wwith depth. 1In the‘intermediate areas, between

ridge ana valley,"tne presence of/ near-vertical isotherms suggests

I
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.pattern 1s, thus, one of net heat gain beneath the vafleys, and

N
_the ridge at the southern end of the site. Elsewhere the perma-

~somewhat reduced in valley locations due té the presence of talik

the surface relief. In general, 1t occurs at the greatest depths

~ax18 of tne 51te, from a minimum of" about 630m (1I0CC datum) in

" its soutpeast corner. The margins ot individual permafrost bodies

that horizontal heat flow is dominant. The overall heat flow

net loss from the ridge ai‘eas.
5.322 Permafrost thicknesses

Figure 16 was compiled by ctntpuring predicted permafrost thick-
& .
nesses, as indicated bv the position of the 0°C isotherm in each

profile. Frozen ground occurs to a depth of about 150m beneath

o
,

frost becomes thinner. 1In the north of the site, thicknesses
range from 40 to 50m in the permafrost body near the western
corner, to approximately 20m or less in small, isolated, masses

within the otherwise unfrozen area. Absolute thicknesses are

zones, which are up to 20m ihick (see, for exampfe, Fiqgure 15b).

5.323 Base of Permafrost ‘ _

\
The configuration of the permafrost base was defined by contouring

\
basal elevations in each predlctﬁd orofile. Figure 17 shows that
the base of permafrost 1% a somewhat exaggerated mirror image of
v' . . \/‘
beneath the ridges, ana is rather shallower under the valleys.

The base of permafrost rises gradually northwestwards, along the

/|
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are apparently steeply inclined, rather than gradually wedging

out, in agreement with Nfcholson and Thom (1973).
5.324 Untrozen areas

According to Ehe prediction, about forty percent ot the Timmins
4 site is unfrozen. These areas are delineated in Figure 16.

Unfrozen ground also occurs as talik zones within the major
valleys. The extent of such zones may be estimated from the

vertical temperature sections (e.g. Figure 15).

%
5.33 Accuracy of the permafrost prediction

Comparison between measured and predicted grou)hd temperature

sections and profiles, suggests a close correspondence between
the actual distribution of shallow §round temperature, am? that
projected here (sub-section 4.32). At the same time, the valid-

ity of the prediction varies spatially‘, such that the best fit is

obtained in the frozen areas. It is least good where the ground
is jupfrozen. There is no apparent reason why these relationships

-3
H

should not be apglied over the Timmins 4 site as a whole.

LY
-

It is coqside_rably *mon\e dirfficult to assess the accur-
acy with which permafrost tnicknessés are predictea. A major
probliem is the absence of tnerm%cab}.es, venetrating the base of
rermafrost in the main permafrost area of Timmins 4, which would
thereby indicate its position. Existing ‘best estimates of the

-
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thickness of frozén material ;t each thermocable sii:e, obtained
by extrapolation of measured profiles, are com;aafed with predicted
thicknesses i1n Table XIV. 'Tnese data suggest —th'at the ‘model .pro-
vides a reasonable estimate of permafrost thicknesses in the vic-
inity of tixe thermocabies. If it is assumed that the accuracy af
the input data used in compilation of the prediction is uniform
across the site, then perma'f?:ost thicknesses can ;z:oba.bly be
considered to vary spatially with variations in oredicted /§0m
ground temperature. This means t#hat'tne nredjjctlon is subject to
the same deficiencies as the predicted temperatures. Thus, oro-
jected permafrost conditions are nrobably closest to the actual
situation beneath the ridges. 1In the valleys, where talik zones

AN

are present, the accuracy of prediction is lower due to the effects

} /

- ot circu17t:1ng ground water and deep snow conditions.

“ ¢

In the final analysis, the validity of this assessment

.can onlf/ be tested /{y:bed: comparison, when the geometry of

pérmafrost is defined in greater detail: either through additional

- f
temperature measurements or, as appears 'more likely, via direct

]

observation when the Timmins 4 ore body is mined.

© -
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CHAPTER 6 )

OCCURRENCE OF PERMAFROST AT TIMMINS 2 - A TEST OF THE MODEL

LY

It is virtuailv certain that many future mine sites in the \

Scneffervglle area will be .underlain, at least in part, by peren-
nially frozen ground. Potential mine sites are widely distributed
and occur under a variety of natural conditions (Stubbins et al.,
1960. Table 3.) Hence, it follows that predictive teThniques,

if they are to be of value in delineating permafrost zones, as

an aid in mining, should have as wide an aoolication as possible.

|

The model, presented in Chapter 5, seems to provide a
reasofiable estimate of permafrost development at the Timmins 4
Experimen al Rite (subfsectit\)n 5.33). Unfortunate],g', inclusion
of the eleyation variable has made the procedure site-specific to
some degree. .Until the full significance of elevation is estab-
lished, allowing the specific relief ch/aracteristics of other

sites to be introduced int&‘: the model, it is not feasible to employ
_ \ ’ o
the technique, without qualiification, for permafrost prediction in

| .
the Schefferville region as fb whole. It is mot unreasonable, how-

ever, to suppose that the ot/'océdure might have application at, sites

in other parts‘ of the Timmins mxuna area, wnum lie within e
" L * i

same elevat:.on range ‘as t}i’ah found at the Timmins 4 site.

\

As a test of this hypothesis, an adaitional prgdictlon

was compiled for the site of the Timmins No. 2 mine. Thas is -

1[ <+

1
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described below.

6.1 THE TIMMINS 2 SITE

°
IS

The location of Timmins No. 2 Mine is shown in Figqure 1. It 1is

situated approximatelv 1 km southeast of the Timmins 4 Experimental

e

Site, and agjacent to the existing Timmins No. 1 Mine. The area
chosen for detailed study corresponds apnroximately— to the proposed

ultimate open pit limits of the mine. | Timmins 2 1s situated at an

i

felevation of between 750m and 775m (IOCC datum).

A b
-~

6.11 Physical :Ché}ractens tics

o

.

The relief and surface drainage of the Timmins 2 site are shown

inr Figure 18. The northern part consists of a broad, upland ridge

varea, flanked by two narrow, southwara-sioping channels. “This area,

‘'which is bisected by a shallow valley, is generally well-drained.

H

The son!xtn‘ern portion of the ,sit:jl:\uas more subdued, undulating relief

and 1s relatively poorlv-drained. The channelis drain southwaras ‘

- {
across this area, via a series of ponds (mostly ept{e:éeral) and

a*

!1:1:weams,~ into Elross Creek (Figure 1l). The Timmins 2 site has a

generij.ly southerly aspect. \ i

Due to the close proximity ot the Timmins 2 and Timmins

@

4 s1tes, it ;s reasonable to assume uniform climatic conditions,

1

iqcluding snow melt. Similarly, the vegetatién tyves, and their

relation to relief areyfbaslca.ll'y“’ the same: the ridge areas have

a lichen-bare grouna aséemblfle while more sheltered, less well-

\\
t
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drained lower parts of the site have a cover of mosses and
' \
vascular plants. Lichen woodland per se 1s not present at

Timmins 2. .
]

Geologically, the site is similar to Timmijxs 4 in
that 1t is underlain by units of the Knob Lake Group (for
stratigraphy see Table 1I). The Timmins 2 deqosi‘t itself occurs
within the faulted limb of a Sokoman Iron Formation syncline
(I0CC, internal report). Its structure is similar to that
illustrated for Timmins No. 1 Mine, by Sequin (1974b, Figure 4).
In compiling the present prediction, it; has been assumed that the
physical and thermal proper‘i:ies ot the rock types at Timmins 2

are identical wath those recorded for Timming 4 (Table V).

6.12 Permafrost distraibution

{ 1

The occurrence of frozen ground within the Timmins 2 site is
poorly documented, due to a lack of grquhd temperature infor-

mation. A subjective evaluation of the distribution of environ-

mental parameters such as “relief, vegetation and snow depth, how-

ever, allows tentative conclusions to be drawn, which can serve

as a basis tor further discussion.

, ¢

raisal, it is concluded that,

B l}aséd on such an
ovérall, permafrost is disé tinuous.at Timmins 2. It 1s &ssen-
tially continubus beneath the upland ridge areas, but discontin-

‘ : |
' uyous or absex,n: elsewhere. Talik zones are probab'.tyi de\ureiooed

4 ‘ 7
/ Voo ) ‘ /




- shown 1in Figure 18. A 30m grid was chosen in an attempt to _aveid
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beneath the upper portions of the two major channels. Compa{ison
ot relative snow cover thicknesses at the Timmins 2 and 4 sites
would suggest that frozen ground thicknesses are not so gfeat
at Timmins 2.

@ -

6.2 GROUND TEMPERATURE CONDITIONS AT TIMMINS 2

The distribution of ground temperatures was modelfed, in three
dimensions, using the impnroved procedure described in sub-

sections 5.21 and 5.23. Plans and sections, illustrating the
pr9ﬁected geometry of pvermafrost and occurrence ot froz?n and

v
unfrozen ground, are shown in Figures 20 through 22, and aiscussed

4

in detail in sub-section 6.22.

6.21 Compilation of the prediction

The same procedure was used for the Timmins 2 prediction as was

 employed at Timmins 4 (sub-section 5.21 and 5.23). In this

instance, however, a larger number of ground temperature p;oflles
was eﬁployéd @99 coﬁpared to 133). These are 1o?ated at the
intersections, 30m apart, of the approximately 700m by 450m grid,
A\
the’éroblems encountered in interpolating between profiles on
the 69m grid used 4t Timmins- 4.
o b ’ {

6.%11 Data collection.

Snow depth, elevation ana thermal conductivity variables were

/
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’

evaluated for each grid point as described in the relevant

|
sections of Chapter 3.

l

}

Elevations were obtained by interpolating between
map contours. The. \resulting values all lie within the range of
those employed in deriving the optimum predicti;re eguations at

Timmins 4, but with a somewhat smaller range.

Figure 19 is a map of peak snow accumulation for
winter 1971-7:2 at Timmins 2. "rhe map was produced from sequence
melt air photography taken on the five fiights documented in
Table I1I (Plates 6 to 10). Details of the method employed,
whaich 18 identical £o thét used at Timmins 4, are given in
section 3. 3. }I‘he same values (Table III) were adopted for the
depth categories on both snow map;, snow melt rates being
assumed uniform at pboth sites. Data were removed from the map
by ‘means of the procedure described in section 3.33, and ilius-
trated in Figure 8. 1 . . /

» / -

Mining operations have now commenced at Timmins 2,
so that detailed geollogical infomati\.on is ava:l..la.bj.e. 'rh;armall
c,onductivi‘ty v&ri;bles were cgnpiled, for each prediction point

uging data on rock types and unit thicknesses ohtaineda from I{OCC\

sections and plans, and the conductivity data given in Table V.
|

|

[ , o .
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Plate 6: Snow distribution at Timmins 2,

I
27 April 1972
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Plate 7: Snow dist¥ibution at Timmins 2.; 16 May 1972
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6.212 Construction of profiles, sections and plans

/

The three-dimensional prediction of ground temmerature conditions
o\ .
was compiled bv means of the procedure outline# in Chapter 5.

vertical sec{ti@ns were produced illustrating the ground thermal
regime at 30m intervals across and along the site (Figure 20),
* .

as well as plans showing permafrost thicknesses (Figure 21) and

the elevation of the base of nermafrost (Figure 22).

a

6.22 Permafrost and unfrozen gﬁ'ound at Timmins 2
!
[

According to the n.uodel, approximately seventy percent of the site
is underlain by perennially frozen ground. It occurs as steep-
siaded, frozen bodies surrounding a roughly horseshoe-shaved zone‘

., of unfrozen ;i:ound. Permafrost thicknesses are not as grea?: as
those proposea for Timmins 4, with a maximum predicted thickness
of 106m. .

6.221 Vertical sections
|

The distribution of ground teﬁperaffures glong a longitudinal
sectiop and a series of c?:oss—sectlons is shown in Figure 20.

The i;catzon of/each section is‘indicated on Pigure 18. Together
with Piqures 21 and 22, the sections provide a three«-aimensional‘
impression of the occurrence of permafrost and unfrozen ground

at this site. ' /
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The pattern of isotherms indicates that, over most of

A
tne site, heat flow 1s essentially vertical at depths-of greater

than 30m. However, as at Timmins 4, non-vertical heat transfers
are important near the surface and 1n the vicinity of channeis,
valleys ana associated areas with gfound water movement and deep

/
snow accumulation. Thé existence of nea/rly vertical isotherms

<

in such locations is reflected, on the sections, in the steep

N
1

boundaries ot the permafrost masses.
6.222 Pemmafrost thicknesses

Projected depths to the base of permafrost are shown in Figure

21. A maximum thickness of 106m is predicted beneath the ridge

!

area in the north of the sn:e.'l Elsewhere frozen ground is less
extensively developed, rarely exceeding 40-50m in thicknesses.
Small, shallow permafrost masses also occur within the unfrézen
parts of the site. In general, th;cknesses appear, to increase
from south to north along the axis of the site, a trend which is

also visible in the sectfons (Figqure 20). —

«
«

6.22/3 Base of permafrost C /
i ) '

‘the projected position and configuration of the lower boundary
{ N B

of frozen ground at Timmins 2 are shown in Pigure 22. As at

[}

Ti/llnins 4, the lower boundary appears to apfroximtely mirror the
/ .

! - - r
surface relief, 1n that 1t occurs at the greatest depth beneath

ridge areas. Permafrost is thin or absent beneath valley and

i

- i
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Channel Locations. In the northern part of the site, the base

-

ot permafrost is situated at an elevation of 630-650m (IOCC datum).

/ |
Elsewhere, it rarelv oocurs lower than 700m (IOCC datum).

6.224 Ud¥rozen areas fp#fg
¥ )

¢

Approximafely thirty percent of the site is predicted as unfrozen.

Tpese areas are indicated in Piguré 20. Permafrost is not present °

beneath the channels, nor beneath deep snovw areas in the central

and southern parts ot the site. There is little or no evidence,

inn the present prediction, of extensive talik develooment at
{

L

*

6.23 Accuracy of the Timmins 2 prediction

p
As has elready been suggested in aub-aectiorl 6.12, there are,
unfortuna\hely, neither thermocable data, nor measurements of.
permafrost thickness, to assist in an assessment Q} the validity
of the present prediction. Olservations by the author ?uring )

the early stage;; in excavation of Timmins NQ. 2 Mine do, how-

ever, suggest a close spatial correlation between the actual dis~

>

\ LY
tribution of permafrost and that projocufl here, It 1s Aifficult

to draw firm conclusions regarding permafrost thicknesses, but

/

the presence ot an unfrozen, nort.n-loutn zone, running through
R £

the centro of the nine (where a doop mivc layer Or shailow

T

ta@i’k zone amidst reiativeliy uninterrupted permafrost is predicted)

! v o ¢ / r
suggests that the 7rojoct¢d distribution of frozen ground and

' D)

f

oty



permafrost.

.originally indicated 90 cm, and that 75m is a more realistic
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thicknesses, may be pessimistic. It is suggested that this
situation may be attributable to an apparent underestimate in
snow depths, as indicated on the rimmins 2 snow map (Figure 19).

The 1nfluence of dirt and dAust in reducing the .albedo
!

- of the snow-cover, and hence increasing melt rates, has been

demonstrated at the nearby Fleming 7 site (for location, see
Figure 1) by Nicholson: (1974, Table 3). A similar situation can
be postulated for Timmins 2, since this site lies adjacent to,
and downwind trom, Timmins No. 1 Mine, which was overating
during the period preceding the 1972 aerial photography fiights.
When used in the model, the ggparently shallowéq snow depths,

/

produce a colder predicted ground temperature, and more extensive

}
i

Iz

The magnitude of this effect is not readily estimated.

At Fleming 7, snovw depths were reduced by an average of 30 percent,
’, oL

as compared with Timmins 4 (Nicholson, op cit. Table 3). Using

' this figure as a gross approximation, LT may be suggestea that

areas with an average snow depth on the Timmins 2 snow map of

less than .about 60cm are likely to be frozen, rather than the

maximum permafrost thickness at this s‘u:e. / )

o

In fact, 75m is closer to the“pcrmaffost thicknesses

that. are projected based on ohserved conditions. How7vcr, the
/ v N ! €
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basis ot such a Jcér:rect::i.on is very tenuous and tne main m{:_'pos%\
ot the example is to indicate that thé discrepancy between /
actual and oredicted conditions ma)v ‘\6'{11te reasonably be exviained
as a function ot an underestimate in snow depths, rather than of
the inadequacies of the predictive médeuggr se. bnce the three-
dimensional distribution c‘)f,pemafrost at Timmins 2 is known with
certainty, it wiill be possible to make a much more quantitative
assegsment of the accuracy o’t the provosed model.

)

—

¥
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CHAPTER 7
o

i

SUMMARY AND CONCLUSIONS ‘

This study was concerned with assessing the influence of environ-
mental parameters on ground temperature distribution, with deriv-
ing improved equations for shallow ground temperature prediction,

and with development of a simple procedure for modellipg the

»eccuggénce of permafrost and unfrozen ground. These ijecﬁivgs

were pursued, with varying degrees of success, at the Timmins 4

Permafrost Experimental Site.

A review of the literature on the ground thermal regime

in permafrost regions suggested that ground temperature at any

shallow depth is a function of the influence of two sets of
factors. Environmental parameters, such as snow depth, relief
and vegetation, determine the upper (surface) boundary condition,
while sub-surface factors modify heat flows in response to the
boundary condition. Thus, variations in both surface and sub-
surface factors control temperature distribution. Ground thermal
properties and mass transfer effects associated witg supra-perma-
frost groundwater movement are the main sub-surface factors.
vaxiqblet representative of all those/tactots vere compiled/for
twenty-one thermocable sites at Timmins 4, and related to ground
temperatire conditions in the ensuing analysis. '

P

- The relationship between ground temperature and the

1
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environmental factors was examined by means of simple linear
correlation analysis and step~wise multffle regression. The
correlation coefficients indicated that, while snow depth is

the single most important'variable, almost all the other factors
also appear to be siénifiCantly correlated with ground tempera-
ture. The regression results, however, suggested that few of
the variables were truly 1ndependent, one from another. The
fact that the snow depth variable, together with either thermal
conductivity or elevation, was able to explain over 90 percent
of the variance in ground temperature lent support to this
contention. Thus,.it was concluded that most of the correlations

with the environmental parameters were, in fact, reflections of -

the relationship between ground temperature and snow depth, and

were essentially false correlations.

}, Shallow temperatﬁie profiles were constructed for each /
Timmins 4 thermocable location, using equations derived from the
regression results. Comparison with measured‘ground temperatures

! confirmed that the optimum eqnaticns,ffor predicting temperature

- as a function of snow depth and either %herma; conductivity or ¥ .
elcvkéion},were supéiibt\to equatigh: which contain only the snow
dcpth variable.  The optimum equations vure incotpozated into a
smele empirical model for groqu temperature‘ptodiction. In
developing this model, the ground was divided into two layers.

" Between the surface and 30 m depth, mean annual temperatures wvere

. )
] r 4
s »
- B
. x ‘
/
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predicted using the optimum equations. Below titis depth, the
resulting profiles had to be extrapolated downwards assuming a
simple heat flow model. The accuracy of this model varied
spatially, so that while corresﬁondgnce between predicted and
obsegyed conditions was good beneath ridge%sites, it vas not so
good';nder the valleys. This situation was attributed to mass
tranéfer effects due to groundwater movement, and to greater

than average -lateral heat flows.

When the model was then employed to construct a perma-
frost prediction for the entire Timmins 4 site, approximately
60 percent of the site was predicteq frozen. A maximum perma-
frost thickness of about 150 m was projected. Although this
figure could not be firmed by direct temperature measurement,
the predicted distri ion of petmaf;ost and unfrozen ground

_appeared to agree rell th the results of previous studies.

An attempt to test the applicability of the model
at Ferriman Ridge was less successful. Predicted temperatures

were several degrees cocler than measured. ié was hypothesised //-

that this situation might be related to the elevation difference
isting between the two siéeé, and that the procedure had become
site-specific with inclusﬁsn of the elevation variable. As a
further test, the model was then applied at the site of Timmins
No. 2 Mine. Although topographically different from Timmins 4,
this site lies within the ‘same, elevation dange. Spatially, the

predicted distxibutton of pc:natxoat at Timmins 2 was in good -
/
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agreement with that observed during the early stages in excava-/

tion of the Mine. Projected permafrost thicknesses, however,

appeared to be somewhat pessimistic. It was argued that this

situation was related to an apparent increase in snov melt rates,
due to wind-blown iron ore dust, rather than to any inadequacies

in the model per se. I
® ) = i

It is clear that there are a number of areas in which
improvements to the model could be made. Indee?, as presently
conceived the model has limited practical application, since
the inclusion of elevation ias made it site-specific. An
obvious improvement would be to replace the elevation variable
b§ one representative of, for example, the influence of ground-
vater, providing this variable could be simply and conveniently
quantified on a large scale. The difficulties associated with
assessing the ;ccuracy of thisfaﬁa” milar predictive proce&ures
have been demonstrated. Any improv t which facilitates<such
assessments will be very useful. The importance of monitoring -
perﬁafrost conditions during mining at the various sites consid-
ered here cannot be ovgremphasized. '

~

In summary, the study confirmad that the winter snow

" cover is the most important singlo £actor affecting the distgibu-

tion of ground temperatures 1n the Bchatfervillc area, Improv;\EF
equations were der}vod for predicting shallow temperaturas, and
1nadiporatod into a simple empirical model for prediction at

greater depths., This madel was tested pt three sites in the area,
“ d { /

3
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G ) and found to be'site-‘-specific'.' At present, this limits applic-
ation of the model to upland sites lying within the same ‘
‘elevation range as Timmins 4. However, the methods and procedures
" adopted in development of the model will probably be of lasting
theoretical and practical value. S -
I
| ,
|
\ /-
7
¥ / )
1w
' !
E -
£l l’ \ ¢ &
¢ ¢ - ! \
/ ) -
_ i N \
! ' RN ' ,
8/ 1 ’ f K ~
:’ ‘- » j;i ‘ ! ‘ )X(\p,"; ~7 o .y
, . SN y 2 P ! /
e



e \\ ~ 150 -

e
~ e
v"' ,/
v / .
/ BIBLIOGRAPHY
”;5 // -
! \ .
g MSARP = McGill Sub-<Arctic Research Papers
= National Research Counciljof Canada

; { NRCC
/ { )
ADDISON, A.P., 1972, \Studies of evapotranspiration and energy
b budgets on the Truelove Lowland, Devon Island, N.W.T.
p. 73-88, in L.C. Bliss (ed.), Devon Island I.B.P. Project
-High Arctic Ecosy@?em, Project Repor2/1970 and 1971

AHRNSBRACK, V.F., 1968. Summertime radiation balance and energy
budget of the Canadian tundra. Univ. Wisconsin, Dept.
Meteorology, Tech. Rep. 37. :

ANNERSTEN, L.J., 1962. Permafrost investigations. MSARP
12:102~111.

3

ANNERSTEN, L.J., 1964. Investigations of permafrost in the
" vicinity of Knob| Lake, 1961-62. MSARP 16:51~-143.

ANNERSTEN, L.J., 1966. Interaction between surface cover and
permafrost. Biul. Peryglacj. 15:27-33. -

BALOBAEV, V.T., 1973. Heat exchange betwéen permafrost and the
atmosphere in the presence of a vegetation cover. in Heat
processes taking place in frozenm soil. (NRCC Tech. -

!
3 Translation 1670).

BARANOV, I.Y., 1959. Geographical distribution of seasonally
frozen ground and permafrost. ig}Principles of Geocryology,
Pt. 1: General Geocryology. (NRCC Tech. Translation 1121).

v 3

BARNETT, D.M., 1963. Snow depth and distribution in relation to
frozen ground in the PFPerriman Mine and Denault Lake areas.
MSARP 15:72-85.

BECKEL, D.K.#., 1957. Studies on seasonal changes in temperature
/ : gradient of the active layer of soil at Fort Churchill,
Manitoba. Arctic 10:151~-183.
» b ”»
BIRCH, P, 1948., The effects jof Pleistocene climatic variations
upon geothermal gradients. Am. J. Sci. 238:529-558.
|
, BLISS, L.C. and R.W. WEIN, 1971. Changes in the active layer
-y ' caused by surface disturbance. Proc. Conference on the
‘ permafrost’active layer. NRCC Assoc. Comm. Geotech. Res.,

Tech. Memo. 103 Ottawa., p.37-46 4




“m LI . .
; .,’,l{“,:- _-',‘, P . . B |
et g e e e g
B RS ] !_:{ge.,,if...d,a
i R

g ‘ .
i W n‘z
ke o b

-—15/-

BONNLANDER, B., 1958. Permafrost resgarch. MSARP 4:56-58.

BONNLANDER, B. and G.M. MAJOR-MAROTHY, 1964. Permafrost and
ground temperature observations, 1957. MSARP 16:33-50.

BROWN, R.J.E., 1965. Some observations on the influence of
climatic and terrain features on permafrost at Norman
Wells, N.W.T., Canada. Can. J. Earth Sci. 2:15-31.

O N S

BROWN, R.J.E., 1966a. Relation between mean annual air and
‘ground temperatures in the permafrost region of Canada.
pP. 241-47, in Permafrost: Proceedings of an International
COnference. " National Academy of Sciences, Washington, D.C.

BROWN, R.J.E., 1966b. Influence of vegetation on permafrost.
p.20-25, in Permafrost: Proceedings of an International
Conference, National _Academy of Sciences, Washington, D.C. !

BROWN, R.J.E., 1967. Permafrost in Canada. Map NRC 9769. NRCC. ,
Division of Building Research, and Geological Survey of
Canada Map 1246A."

¥

BROWN, R.J.E., 1969. PFactors influencing discontinuous perma-
frost in Canada. p. 11-53, in T.L. Pewe (ed.) The Periglacial
Environment, past and present. INQUA, 7th Congr., Alaska,
1965. McGill-Queens University Press, Montreal.

BROWN, R.J.E., 1970. Permafrost as an ecological factor in the
Subarctic. p.129-140, in Ecology of Subarctic Regions.
UNESCO. Paris. 7

BROWN, R.J.E., 1972a. Permafrost investigations on Devon Island,
N.W.T. Canadian Tundra Biome Study Site. p. 30-45, in L.C.
Bliss (ed.) Devon Island I.B.P. Project - High Arctic
Ecosystem, Project Report 1970 and 1971.

BROWN, R.J.E., 1972b. Permafrost in the Canadian Arctic
Archipelago. 2. Geomorphol. Suppl., 13:102-130.

BROWN, R.J.E., 1973, 1Influence of climatic and terrain factors
on ground temperatures at three locations in the permafrost
region of Canada. p. 27-35, in Permafrost: North American
contributions to the Second International Conference' on

- Permafrost. Yakutsk. )

BROWN,: R.J.E., and T.L. PEWE, 1973. Distribution of Permafrost
in North America and its relationship to the environment:
A review 1963-1973., p. 71~100, in Permafrost; North American
fcontributionsqto the Second Intermational Conference on
Permafrost. Yakutsk.

~ BROWN, W.G., 1963. Graphical daéetnination of tenpetatuie under

heated or cooled araas on tho ground surface. Trans. Eng.
Inst.: Can. 6 (B“'l‘)n ¢ -

”,




v

ey

- 152 - >

Ao
BROWN, W.G. 1964. Difficulties associated with predicting depth
.0f freeze or thaw. Can. Geotech. J. 7:365-371.

BROWN, W.G., G.H. JOHNSTON, and R.J.E. BROWN, 1964. Comparison
of observed and calculated ground temperatures with perma-
frost distribution under a northern lake. Can. Geotadh.
J. 1:147-154.

BUDYKO, M.I., 1958. . Heat balance of the earth's surface.
‘Translation by Officd of Climatology, U.S. Dept. of
- . Commerce.

CARSLAW, M.S. and J.C. JAEGER, 1947. cConduction of heat in
solids. Clarendon Press, Oxford. 386 p.

]
i -

COOK, F.A., 1956. Near surface temperature measurements at
Resolute Bay, N.W.T., Canada. Arctic 18:237-49.

COURTIN, G.M., 1972. Meteorological studies 4in the Truelove
Lowlands. p. 46-72, in L.C. Bliss (ed.), Devon Island
I.B.P. Project-High Arctic Ecosystem Project Report 1970
and 1971. J

CRREL. Bibliography on cold regions science and technology.
CRREL Rept. 12. 1951 to date. /

DAVIES, J.A., 1962. A survey of two years’ weather records in
the Ferriman Mine area. MSARP 12:79-96.

I ‘
DINGMAN, §.L. and F.R. KOUTZ, 1974. Relatigns among vegetation,
permafrost and potential insolation im Central Alaska.

J. Arctic Alp. Res. 6(1):37-47.

EZEKIEL, M., and K.A, POX, 1959. Methods of Correlation and
Regtession Analysis. Wiley, New York. 548 p.

mmﬂ!‘is, 0.J. Jr., 1965. Permafrost map of Alaska. U.S. Geol,
Surv., Misc. Geol. Investigations, ﬁap 1-445.,

FRENCH, H.M., 1970.- Soil tenperituru in the active layer, "
Beaufort Plain. Arctic 23:229-239.

GARG, 0.P., 1973. 1In situ physionechanical proporti“ of perma-
frost using geophysical techniques. p. 508-517, in Perma-
frost: North American Contributions to the Second Inter-
natignal Conference on Permafrost. Yakutsk.

GARG, O.P. and P.P. STACEY, 1973. Techniques used in the . Ja
delineation of permafrost in the Schefferville, P.Q. ar
Proc. Seminar on the therma refine and moamuont in

J




- 153 -

Permafrost. NRCC Assoc. Comm. Geotech. Res. Tech. Memo.
108 Ottawa. p.76-83.

GARNIER, B.J. and A. OHMURA, 1970. The evaluation of surface
variations in solar radiatiof income. Solar Energy
13:21-34.

GILL, D., 1973, Permafrost table microtopography in the
Mackenzie River Delta, N.W.T., Canada. p. 105-113, in

Permafrost: North American contributions to the Se d
International Conference on Permafrost. Yakutsk.

GOLD, L.W., 1963. 1Influence of snowtcover on average annual
ground temperature at Ottawa, Canada. Proc. Int. Conf.
Assoc. d'Hydrol. Sci. Berkeley. p.82-91,

GOLD, L.W. and A.H. LACHENBRUCH, 1973. Thermal conditions in
Permafrost. p. 3-25, in Permafrost: North American
contribputions to the Second International nference on
Permafrost. Yakutsk.

GRANBERG, H.B., 1972, Snow depth variations in a forest-tundra
environment, Schefferville, P.Q. Winter, 1968~69.
Unpublished M. Sc¢. thesis McGill University, Montreal.
134 p.

GRANBERG, H.B., 1973. 1Indirect mapping of the snow cover for
permafrost prediction at Schefferville, Quebec, Canada.
p. 113-121, in Permafrost: North American contributions
to the Second International Conference on Permafrost.
Yakutsk. '

GRAY, J.T., 1966. Permafrost s%udies at Knob Lake, Central
Labrador~Ungava (1964~65) . MSARP 21:129-35.

GROSS, G.A., 1968. Geology of Iron Deposits in Canada, Vol.
II1: Iron Ranges of the Labrador Geosyncline. Geol. -
Surv., Canada Econ. Geol, Rept. 22. 179 p.

HARE, r.x.,¥959. ’fhoto reconnaisance 7ugvay of Labrador-Ungava. ,
Dept. $f Mines and Tech. Surveys, Geogr. Branchf Memo. 6,
Ottawa. 83 p. .

HARIAN, R.A., 1971. Water transﬁort in frozen and partially-~-

frozen porous media. Proceedings of Hydrology Symposium
\:OO 81 ’m, Ottm. pc 109"130.

; i \ | p ’:




Y

- 154 -

HARRISON, J.M. J.E. HOMELLS, and W.F. FAHRIG, 1972. A
geclogical cross-section of the Labrador Miogeosyncline
near Schefferville, Quebec. Geol. Surv. Can. Paper +70-37.

34 p.

HEGINBOTTOM, J.A., 1973. The thermal regime of the permafrost
active layer at Inuvik, N.W.T. Proc. Seminar on the thermal
regime and measurement in permafrost. NRCC. Assoc. Comm.
Giéo"tech. Reg. Tech, Memo. 108 Ottawa p.68-75.

HENDERSON, E.P., 1959. Glacial study of central Labrador-Ungava.
Geol. Surv. Can. Bull. 50. 94 p.

HWANG, C.T., D.W. MURRAY, and E.W. BROOKER, 1972. A thermal
analysis for structures on permafrost. Can. Geotech. /
J. 9:33-46.

IVES, J.D., 1961. A pilot project ‘ffr permafrost investigation
in central Labrador-Ungava. pt. Mines and Tech. Surv.
Geogr./ Paper 28. 26 p. . :

!JﬁSSOP, A.M., 1971. The distribution of glacial perturbation of

heat flow in Canada. Can. J. Barth Sci. 8:162-166.

JOHNSTON, G.H. and R.J.E. BROWN, 1964. Some observations on
permafrost distribution at a lake in the Mackenzie Delta,

N.W.T., Canada. Arctic 17:162-175.

JOHNSTON, G.H., R.J.E. BROWN, and D.N. PICKERSGILL, 1963. Perma-

frost investigations at Thompson, Manitoba: Terrain studies.

NRCC, piv. Build. Res., Tech. Paper 158. 55 p.

:
JUDGE, A.8., 1973a. Deep permafrost observations in the Canadian
North. p. 35-41, in Permafrost: North American contripbu-.
tions to the Second International Conference on Permafrost.

Yakutsk.

JUDGE, A.S8., 1973b. The thermal regime of the Mackenzie Valley.
Observations of the natural state. Environmental-Social |
Committee, Northern Pipelinés. Report 73-38. Information
Canada, Ottawa. 177p. :

JUDGE, A.8.,1973¢c. The prediction of pemaf:{ost t.hickan;. Can.

“O“Cho J. 0 1"110

: xzmz, J.J. and D.P. WEAVER, 1969. Pnysicai processes at the

" surface of the Arctic tundra. Arctic 22:425-437,

)
B VYA SRRy

.t w

Coan el kb S

frfaids e o e

JEVEY

ﬁ

K
Cod
i




.

C} KRINSLEY, D.B., 1963, 1Influence of snow cover on frost penetra-
: tion. U.8. Geol. surv. Prof. Paper 475-B, Bl44-Bl47,.

KUDRYAVTSEV, V.A., 1965. Temperature, thickness and discontin-
uity of permafrost. in Principles of Geocryology, pt. 1l:
General Geocryology (NRCC Tech. Translation 1187).

LACHENBRUCH, A.H., 1957a. Thermal effects of the ocean on perma~
frost. Geol. SBoc. Am. Bull, 68:1515~1530.

LACHENBRUCH, A.H., 1957b. Three-dimensional heat conduction in
. ¢ permafrost beneath heated buildings. U.8. Gool. Burv.
* Bull. 1052-8, p. 51-69, '

LACHENBRUCH, A.H., 1959. Poriodic heat fiow in a ltratiuod
A medium with application to permafrost problems. U.S. Geol.
/ SBurv, Bull. 1083-A., 36 p. .
LACHENBRUCH, A.H., L968a. Pcrmatro-t. p.834=-839, in R. W.
Pairbridge 4). The zncya}opcdia of Goomorpholoqy. (
Reinhold, New York.

LACHENBRUCH, A.H., 1968b.. upid estimation of the. topographic
disturbance to lug:rﬂcul ‘thermal gradients. Rev, Geophys.
6:365-400, N ol ’

/LACHBNBRUCH, A.H.,G.W, GREENE and B.V., MARSHALL, 1966. Permafrost
and the geothermal regimes. p. 149~163, in Environment of
the Cape Thompson "uqzon, Alaska. UBAEC Div. Tech. Infor-
mation. :

{
LINBLL, K.A., 1973, Long-term effects of vegetative cover on
o permafrost stability in an area of discontinuous permafrost.
’ p., 688-693, in Permafrost: MNorth American contributions to
the Second International Conference on nm.‘.ro-t. Yakutsk.

’ / °  "MACKAY, J.R., 1967. Pomtront depths, m,gr ﬂackonzio Valley,
' Northwest Torritori’bl. Arctic 20321-26.

>MACKA¥, J.R. and D.K. mxm, 1974, 7 Snow cover and ground temp~
0 eratures, Garry Island, N.W.T. Arctic 273287-296. ;
N . i i ‘ -
, °  MIBENER, A.D., 1955, Heat fiow and depth of permafrost at
Resolute Bay, Cornwallis Island, N.W.T. c-nm Trans.
Am, Geophys. Union 3611055T60. ,

. ' , n‘)widapu, 8.M,, 1947, Permafrost or, permansntly frozen qronnd and
: related enginsering. probhu J.M. Rdwards Inc., Ann Arbor,
Miohigan, 231 p, : - :

[ - - N /

Ry L4




- 156 -~

NICHOLSON, F.H., 1974, Prediction of permafrost distribution for -
sub~arctic mining operations - Report on the first 10 months
of work. Unpublished Report, NRCC Special Project. 63 p.

NICHOLSON, P.H. apd H.B. GRANBERG, 1973. Permafrost and snow cover
relationships near Schefferville, Quebec. p. 151~158, in
Permafrost: North American contributions to the Second
Internationali Conference on Permafrost. Yakutsk.

NICHOLSON, P.H. and B.G. THOM, 1973. Studies at the Timmins 4
Permafrost Experimental gSite, Schefferville, Quebec. /
p» 159-166, in Permafrost:s North American contributions
to the S8econd International Conference on Pomtrost. Yakutsk.

NICHOLSON, H.M., 1973. Pedological studies in a sub-arctic
environment, Schefferville, Quebec, Unpublished M. Sc.
thesis, Mf:Gill University, Montreal. 248 p. "

NIE, N., D.H. BENT and C.H. HULL, 1970. BStatistical Package for
the Social Sciences. McGraw-Hill, New York.

PRICE, L.W., 1971, Vegetation, °microwpw:‘”by and dspth of
active layer on different exposures in subarctic alpine
tundra. Ecology 52(4): 638~647. :

ROUBE, W.R. and K.A. XKERSHAW, 1971. ,A':ho effects of burning on
‘the heat and water regimes of lichen-dominated subarctic
surfaces. "}J. Arctic Alp. Res. 3(4)3291-304.

S

SBEGUIN, M.K., 1974a. The use ot Geophysical Methods in Perma-
frost Investigations Iron Ore Deposits of the Central
Part of the Labrador 'B:ough Northeastern Canada. Geoforum
13:55-67L ‘ '

SBGUIN,’ n.x., 197db. Etat des recherches sur le porqclilol dans
la partie centrals de 1a fosse du Labrador, Qubec

» mbcrctiqua. Rev, Geogr. nontr. 283343~356,

szouﬂ Mn.X, nnd 0. P..GAM,/ 1974, Delineation of frozen rocks: .
fron the Labrador-Ungava Peninsula using bore-hols geo~
physical logging. Proc. 9th Canadian Symposium on Rock
Hlﬂhlniql ‘1,72)0 P, 53"75: ,/

szmu[ w.D,, 1970, rhyucnl clmeoloqy. Univ, cmc'aqo Press,
Chicago, 272 p. ,

i ,

SHVETSOV, P.7., 1964, General uahanun'ot the formation and
development of permafrost#in Prinociples of Geooryology
& lsaomul Geooryology (ncc Tech. Transiation 1117).

i , / et | 5?

e Bk M

ESS= -




~ 157 =~

SHIRTLIFFE, C.J., 1971. Optimum polynomials for representing
temperature~-EMF data for thaf:mocouples o‘/:r limited ranges.
NRCC, Div. Build. Res., Tech. Paper 355 (NRCC 12231).

SHUL’GIN, A.M., 1957. Temperature réqlme of soils. (Trans) U.S.

Dept.jlof Agriculture, and Israel Program for Scientific
Trans lation.

SMITH, M.¥W., 1972, Observed and predicted ground temperatures, /
Mackenzie Delta, N.W.T. p. 95~106, in D.E. Kerfoot (ed)
Mackenzil,e Delta area Monograph. 22nd Int. Georg.-Congress

SMITH, M.W. and C.T. HWANG, 1973. Thermal disturbance due to
channel shifting, Mackenzie Delta, N.W.v. /9.51-60, in
Permafrost: North American contributions "to the Second
International Conterence on Permafros Yakutsk.

STUBBINS, J.B., R.A. BLAIS, and I.P. ZAJAC, 196Q. Origin of

‘the soft iron ores of the Knob Lake Range.\ 7Trans. Can. \
Inst. Mining Met. 64:37~52.

THOM, B.G., 1969. DNew pcm&ttosf invc{tiqationl \ncu; Schefferville
P.Q., Rev. Géogr. Montxr. 23(3)1317-327, ,

THOM, B.G., 1970. COmp/vohanlivo report on the Timmins 4 Perma~-
/ frost Experimental Site. T.8. Report 6907-4, IOCC., 40 p.

S/
TOUT, D.G.,, 1964. The climate of Knob Lake. /HBARP 17336 p. )

TYRTIKOV, A.P., 1959.  Perennially frozen ground and vegetation.

in Principles of Geocryology, Pt, 1l: General Geocryology
! (NRCC Tech. Translation 1163). /

WILLIAMS, J.R., 1965, Groundwatsr in Pormlfrosﬁ’ roq:l.onii- An

annotated bibliography. U.S. Geol. Surv. Water Supply
Paper 1792, 294 p.

WILLIAMS, P.J.,, 1964% Unfrozen water content of frozen soils
"~ and soil moisture suction. Geotechnique 141(3)s 213-246.

un.ﬁum, G.P., 1971, BSurface heat exchange and permafrost.
Proc. Conference on the permafrost active layer., MNRCC
Assoc., Comm, Geotech., Res., Tech. Memo 103 Ottawa. p.8~1l;

S
WILSON, C.V.,. 1971, The climate of Qusbec. Part I Climatic
1! Atlas. Can, Met. Serv. “
, P /




L A A M T + 7 P “ —
oty AR ey A s «)i,:"_t ° g . f’j'g;“'“\"«/ . .
W&pﬁ‘d —

o

- 158 -
//
0 WOODSIDE, W. and J.H., MESSMER, 1961. Thermal conductivity of
porous media. II. Consolidated rocks. J. Appl. Phys.
32:11699-1706. ,

’ J

‘ -
YAP, S8.-M., 1972. Engineering properties of frozen ores from
Labrador. Unpublished M. Eng. thesis, McGill University,

Montreal. /

ZAJAC, 1.F., 1974. The Petratigraphy and mineralogy of the
_Bokoman Pormation in the Knob Lake area, Quesbec and.
\Newfo_undland. Geocl. Surv. Can. Bull. 220_. 159 P

!

_ 7
/
/
/
. -
L ‘ |
|
’
, +
//
i
~—_
~—
/ - / ~.
. | / T
. , / >
, /
/ [y
T / |
) S
-/
— : £ o=/
e _ /
11 \\» :
— 3
/ , “»‘\_ // - w O
LS oo T
.~ ’ *,’/,' 1 — / b "
- o - \\‘\ )
o 7 E T ’ ) -
. ~
, — 13
. T
' T .
/ SRR « ¥ SNy
I3 7 T -
\ . é;'l N - ,_': / .,".:/k,/", " N
] b ., *' Co R o e
//f\ gl e - N R I A e -
e - i '/
3 i ?;%‘ ;L‘] - 1 /) ' - l? ’ }‘(,!t' I \
L ey aE ~




S d L "ﬁt';; % :
¢ wmf} L T ff,‘,h b EF el o, ) T~ et g
B AR et 53t e — i s
J
/
) - 159 -
~ e /
BN
- | .
@/ . APPENDIX I

by

PEAK AND MELT PERIOD SNOW SURVEYS AT TIMMINS 4

The Timi}u 4 snow course was read at the time of
peak snow in 1972 (15 April) and 1973 (30 March), as well as
|
after each of the gerial /photoquphy flights made in connec-

'

‘tion with this study. Data from these surveys are pressnted
- hers. '
. % ¢
’ The snow course cénpr}sn 147 measurement st\aiu;
arranged on a rocffngulu' grid with 21 rows and 7 columns.
The survey rcadinqs given in this Avpcndix are arranged on
such & grid, assuming that the northwest end of the snow course
u.o; towards the top of the page. All readings are given in

centimetres, water equivalent.
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qDatcz 15 April, 1972 (Peak snow survey, 1972)

[

A
21 95
20 103
19 194
18 1
17 N0
16 123
15 7%
14 7
13 179
12 174
11 - .
10 1
s 7
8 0
7 21
6 15
5 58
4 [
57/ N
R
1 a2

t 4

47

48
1
1

27

76

122

50

119 -

3

115

1}6

C
96
100
61
95
111
154
135
82
47
14

144

D
82
101
63
66
106
132
59
61
55
121
167
131
22
24
160
142
150
54
3
‘36

133
/1.17

102

98
79
5%

13
30
37
18
10

89

F

108

127
75
93

123
68
113
58
65
17
17
36
44
/62
37
10

22
66

lQl
50
94
99
161
75
18
50
68

95
62
60

67

92

28
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O Date: 2 May, 1972 (survo-y following Plight No. 1)
A B ¢/ o E r G
21 90 45 100 80 113 103 107
20 100 50 95 92 90 123 46
19 85 0 55 57 109 67 97 /
18 5 0 90 61 132 96 94
17 0 25 110 112 ° 32 143 116
16 65 72 50 . 126 89 116 54
15 &1 120 ‘0  ss 4 66 10
14 10 45 85 57 146 106 62 ;7
13 165 / 115 35 39 26 55 58
12 160 0 10 114 114 61 .
11 150 15 140 - 146 94 14 5
10 0 0 . 140 135 89 12 g5
2 140 76 20 72 50 56
s 0 110 85 30 60 43 59
7’ 18 % . 0 159 o' s *
‘6, 15 45 65 145 11 20 "
| 5 ,55/ 0 75 140 . 16 . *
4 0 60 45 38 7 14 |
3/ 30 90 ”9“1’5 30 16 61
2. $1 100 4, 35 19 | 62 89
1 487 o 90 146 . %0 28 -
A | S : ‘
. y v - ﬂulgg data
’ ’ 3 | ; ) ‘,Z/ s . \
G o/ A ! o,
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Date: 17 May, 1972 (Survey following FPlight No, 2) -

A B - C D E r 6

2 77 15 70 50 82 8 70
20 70 12 76 66 73 106 22
19 30 0 31 34 §9 44 72
18 o 67 33 135 64 124
17 0 5 83 76 2 130 s
l§ 72 34 24 105 60 91 3?
15 33 96 113 22 o 4. o
14 0 21 s9 28 124 . 85 30
13 133 84 s+ 1 34 3
12 1 2 % %0 38 0
1 2 108 125 67 0 0
10 o' 0 7 95 8, 0 '+
) o & 55 2 #1782
8 o 57 9 28 10 33
7 4« 62 . 0. s o 24 1
6 o 18 32 11 o 8 #
5 28 2 47 14 4+ 0 #
4 o a1 » 3 5 0o #
-y 15 64 76 11 .+ 5. 43
PR} 2 e . 0 a2 e
1 1y 0 - ss 112 25« 0

* » missing dats .- . | .
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Date: 31 May, 1972 (Survey following Flight No. 3)

A | B C D E F G \

21 19 o 44 31 62 52 47

20 26 o s2 48 3 0

19 16 0 LA 1 ‘
18 . 0 o 3 0. 95. 39 44 | |

" 17 0 0 ST 48 0 106 .71

16 0 o v, 0 72 36 56 o .-

15 0o 72 67 0 o 1 0
14 0 o . 24 0 86 52 0
13 109 62 . o0 0 0 0 5
12 116 . 0 0o 53 64 0 0
1 8. 81 89 1,0 — 0
10 0 o 6l 0 o 10 -

9. o/ ' 34 0 0 0 26

8 0 46 33 0 9 0,

7 7 o .28 e ‘100 0 0 o

6 o 0 73 0 0 0

s 0 o 30 83 0 0o+

4 0 o 87 0 0 o0 12

3 0 44 39 0 0 0 s )
2 o "6 ¥ 0 0 o 3
1 0,,9 3 8 o of o

74 = missiog dsea )
) - 4 |
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6 June, 1972 (Survey following Flight No. 4)

Daia H

21
20
19
18

31

17

16

14

26

15

12

41

14
13

74

91
109

48

34

™~ B N &

200533000“
~ <

OOOOO““H.’M

10
9

y



Date:
A B
21 82 28
20 93 12
19 172 0.5
18- /3 1
7 1 2
16 155 s2
T | 8 97
o ., 10 43
13 160 83
12 150 /1
1 152 3
10 3 0.5
9 1 83
'8 1 46
7 3 1
6 - 26 63
5 65 14
s . 1 68
3 36 110
2 « 137
1 U, 1s
¢ 4 atsptng date
IR

c
.l62
105

61

93

92

81

151

42
27
32

107

27
94
29

80
88
137

- 165 -

D
53
74
38
55

104

102
45

29
73

| 104

97

78

/14

3
11

79

E
88
82
115
144
44
94

132
32
122
43
28
23
31

14

3

3if/

30 March, 1973 (1973 Peak Snow Survey)

?
104
126
56
70
96
101
14
61
74
76
25

32
28
54

13
32

. #l

51

74

4

78
44
98
10

43
28

19
20

51
30
86
s1
s

26

17




