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ABSTbcT 

r \ 1 . ' 

, 
Relatio~ahipa betwe.n qroun4 temperature and 

!~ ironmental fact~ra are examined at a aite which ia pa~tially 
\n arlain by" perma~roat. A major 'J.'otion of the atudy concern., 

1 \ . 

the collection~f 9found! te,mp~atur. and .nvironm.nta~ factor 
\' , 

data in a form whic~ ia auitable for u •• in Produc~ion of , 

larg.-acale predicti~nà. Lin.ar corr.l~tion analY~i7 ahowa that . \ 

re~i.f, ano!, depth, .vegetation,· qround thermal Ptop.~~a and 

;toun4watar ara all aignificantly corralata4 with 9roQn~' 
temperature, the higheat coefficienta bein9 tho •• obtained with 

anow depth. The importance of anow depth ia, oonfirmed by atep-
0\; G;' 

wia. multiple regrea'ion. Thia ~.ri.bl., together with either 

thermal conductivity (above 5 m) or elevation (below 5 m) , 
! -

explaina approximately 90 pereent of the variance inlground 
\ \ . 

tamperature, at deptha down to lOm. ~ aer of equationa ia de-

rived flr predi~tin9 ground temperature and incor~ra:ed into a 

simple heat flow model, which allow. the diatribu~ion ~f perma­

froat and unfro.en ground to be projeated in three dimensiona. 

Thi. model indicate. that approximately 60 percent of the 

, Timmina 4 Permafro.t Experimental site 1a underla1n ,by permafro.t, 

with a max~mum thickn.as of about 150 m. The mo~el .1. alao 

te~ted at two rther,a1tea in/t~. scheffervill~ area. It i. 

conoluded that, a,lthough the procedure i •• ite-apecific to aome 

\ 

1 \ 

degree, due to the inclusion of the elevation v~riable, it pro-

vida. a reaaonable approximation for,permafroat di.tributio~ at 
, 

ait •• lying within the same elevation range a. T!mmina 4. 
\ 
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1 
_L. __ 

\ 



.., 

, 

. , 

! 

• 

_________ F ____ h._. __ w.h __ 'lt~:_a __ ~k·_~ 

/ 

1 

/ \ 
\ 

l ,_ _ 
__ , _, ( ______ ' _-= ___ :.. r.l.tion~ 'en tro a temp6rat\lr. d\l .01 .t le, 

\ facteur. in iitu-.o'nt. ;tudi'a II un .~t. 'P~rti.ll~.n; affect! 

'~r' II plrq3lilolo_ Unl.eotion' d. 'l'Itudl traite d. 
~ , 

la ~l,ction, d'I donn'" aur la, ture du 101 et le • 

faot.~ in ,itu 16uI una forme qui pu~ •• , atre utililable 1 

~pour d.1 PI'- ictions • ;rand. 'chelle.,} L' analy •• de 11 core-

lation lineaire ntre que II relief, l'~pai~.,ur de la rieiqm, 

, 1a vi98tatit»n,· l,. p ~i't'I thermiqu.. du 101 et i~a eaux 

lOut.rr~ine. .ont t~~ •• ~p~rt de ia'yon .iqni ficati V~ .Vile 

la,tompirature du '01, l,a, ~fici.nt8 i •• plui 'lev'l ;tant 

'epai.a.ur de ~~iV~. L • import~nco de 
~ - , 

oonfirma. pà~ la ~'thode .tatiatique 

c.tto varia~~', ajout:' .. à la 

ue (au-d,s.u8 d. 5 m) ou ~ l'altitu4e (au­

de •• ou. d. m) expl que environ 90 pourc~nt de la vâriation de 
~, Il 

la Iterftp;r~tur._ du 101, juaqu'à 30 m d. profondeuro-",~ en •• mble' 
, ~ 

d·,qu.tion8[~.t derivé po~r pr~dire lèa t.mp5rat?re. du 801 et 

inoorpor' il un .implca modlle de flux th.rmi~u'l, l_quel perm~~t '. 
, ' \ \ 

_ d'obt~nir une projection tri-dimentionnelle lur la di.t~ibut!on 
o ., 

du porq:liaol et du 801 non ge15. Ce mod'le fhdi.qu~ qu' env~ron 
60 pourcent du aite exp'rimental de Timmin.-4 eat affecté .par' 

'le perq~li.ol. avecl une '~i.8eur maximum de 150 m. I~. 'modè~ • 
• ' au.ai .tl explrimènt( ~d.ux autre. endroit. de la région de 

'S~h;fl.rvill~. '~ou. en concluona qua, mime ".i 'cet~e f~ron d'agir 

oat .pfcifiqU~ au 8it~ par 8a variable élévation, ell0 fournit , 

f' ' . ' 
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- 1. l GENERAL 
.1 
1 

; - l 

CHAP'l'ER l 

IN'l'RODUCTION; 

1.11 Statarnent ,of the prob1em 

r 1 1ft. I! l ' 

\ 

1 

permafrost, or· perennia11y frozen ground" ia 'def1.néd aa the - " 

thermal cond1.t1.on wh1.ch exiata in earth ma~er1.a1 when 1.ts temp-. 
erature remains below OOC -for a period of greater than one year. 

- - - - 1 

Near Schefferville, Quebec (540 48'N, 660 49'W) , <in the northern· , , 
.' 

part of the d1.scontinuous permafrost zone, sufficient data are 

now available to justify attempts ta statist1.ca1ly relate 

permafrost t1 the factors controling ita occurrence. A major 

objective of the present study is 'therefore ta define the factors 

whioh influence grouqd temperature distribution 1.n the area, and' 
1 

te arrive at some estimate pf their quantitative importance. 

Thes~ resuits form the basis for attempts ta model the ground 
\ ~-

thermal reg1.m~, and hence the distr1.but1.on of permafrost and 

unfrozen ground. 

, .... 
Permafrost is extensively deve1oped, l'et ~1.scontinuous, 

. , \ ' 

beneath'upland rid~ and valley terrain to the west and northwest 

1 of Schefferville. Its presence po,es ~erious problems tor open 

pit iron ore mining in the,area. Thus, t~e development of 

techniques'whereby the three-dimensional distribution of p~~~­

frost and unfrozen ground mal' be delineated, -pri'or to mining ~ ,. 

&180 has considerable practical application. 

; 

Î 
\ 

J 
1 

1 
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1.12 Objective. of the .tudy 
. 
_, .. lJo..,.! 

\ 

.. 

\ 
\ 

, 111)~ objectives O\he pre.ent .tudy rnay ba etateil,. formally. as 

of (follo"a: \ 

v ~~1 .' i An aa~~sme~t of the influence of ~nvli.ronmental 
factors on the ground t~~al regime in the disc9ntinuous perma-

- \, 

frost zona, with especial ~ference to conditions in the 
! \ 

{ \ 
Schefferville area. ' \ 

\ 
\ 

\ 
~ ii Derivation of i~V.d equations relating ahallow 

ground ~emperaturea to such varia~es. 

iii Development of a ca .... 'll ...... e physically-based model 

na'Mllaf,:ost in three dimensions. p for predicting the distribu~ion of 

, 

1.13 Outline of the theaia 

\ 

A Q~tail.~_ outline o,f this theais ia contQ.&.~,lGU. in the Table of 

Contenta (p.,ii). Broadly, the 'three problems conaidered in 
. "~, 

turne A- descriPtion/Of the stu~y-site and rev 

permafrost studies in the Schefferville area are in Chapter 
~ 

- l, while.Chapter 2 considers the thermal regime i~ frost. 

Chapt~r 3 ia concern~ 'with data collection, (Ând Chaptèr' 
1 1 \ 

asse.~in9 the influence of the various environmental 

- ~ , , 

1 
1 
1 on tempe rature dl~~fibution. A s~~~empirical model for perma 

distribution at Timmina 4 ia deyeloped and teatad in'Chapter S, 

st 

, 

and applied to 'a nev aite, Timmins 2, in Chapter 6. C~apter\7 

pr~vides a s~lry ~d concluaio~s. , 
~ 
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1.2 ~IMMINS 4 PERMAFROST EXPERIMENTAL SITE 
\( 

/ 

~ . . ... 

a 
"~ 
~ The atudy wes carri~~out at Timmina .. a future mina aite, 

, "';,' "tf@.tuat.--ed 18 km nort.hwast. of Schefferville (Pigure 1).. This 

\ -

\ 

,\ 
\ 

\ 
t \ 

-'~ 1 (If, 

-\ 1- ~~'te lias ..... At an elevation of batween 750 m and 800 m {IOCe 

" '" , " \, 

datum)*. sibca 1968, it has been an experimentOtl site for' 

1 . . pG~afrosè ,stu es. 

'\, _~~t. il by Ni~holson • ,'r 
", .. '" 

\r,-,,\~ 

\ " \ 

1.21 Ph io 

, 
~ , 

Its physical environment. is~described in 
1 

Thom (l973). 1 

The approximately 1100 m by 350 m site ia alignad vitH its long 
\ 1 

axis parallel to\the trend of the ragional tOP09raphy~ i.e. 

southeastl-northweS\ (FigUTe.,,~), • The high~st ground, in the 

southern part of the\site, cqm~ises a va~ley flanked by broad 

flat ridges. In the , the ground falls away 
... 

steeply, with a 

dissect~d by A number of 

drainage pattern becornes dis 

aspèct and is 

vall'eys. This 

includes a seri~s of 

\ small ephemeral ponds, in the relief 

~~ nor:::e:: :::f::e:::.:i:::8iOD. 
'~, ' 

related to underlying geoloqy 

ia cl~sely 

oompoaed of oomp~tent mat.erial, while val 

(often altered) material 

is 72.5 m above North American datum, 

, / 
\ 
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L 22 GeOl0cnl 

The Scheff~rville are a is underlain by low-grade metasediments 
\. 1 

of the Knob Lake Group} which comprise a mio'geosynclinal sequence 
j 

within the la te Proterozoic ~abrador Trough (Gross, 1968; , 
1 

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

graphy of the Group is summarized in Table 1. 

S~ructurally, the area is dominated by northwest-. 
southeast t~~>nding folds and faul ts, the resul t of orogenie 

~ 

fOrces from the northeaSt (Stubbins, Blais and Zajac, 1960). 

Three periods of deforrnation are recognized. During the last 
/' 

l ' 

of these, in/the late Cretaceous, leaching and enrichrnent of the 

economically important srkdman Iron Formation are beli7ved to 

have occurred (Stubbins et al., op cit.; Gross, op cit.), . , 
Due to: facies changes, not aIl members of the Knob 

Lake Group are present in the Timmins area (Zajac, op cit.). 

The Tirnrnins 4 'site is underlain by a Sokoman Iron Formation 

syncline, boudâed to southwest and northeast by Attikarnagen 

$late and unàl tered iron' formation respecti vely, Ülfi faul ted 
• L-/ 

"'1 è»n~jict. 
1. .. ~ rl Léaching and enrichment of the iron formation in part 

1 

f:'-~F\''-''~'-

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

~mpanr' internaI report). 

1 1 \ 

Ther~ is a thin, discontinuous till cover, up to 1 m 

thick, over'rnost of the site (Nicholson and Thorn, 1973). 
\ , 

• 1 

il ~ 

f 
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TABLE l 

PRECAMBRIAN GEOLOGY OF THE SCHEFFERVILLE AREA 

(after Gross} 1968. Table ~A) 

FORMATION' LITHOLOGY 

MARYJO DIABASE Intrusive green-grey diabase 

Une 0 n for mit Y 
MENIHEK 

,OKOMAN 

RUTH 

'ilISHART 

FLEMING 

1)ENAULT 

ATTIKAMAGEN 

Grey to black carbonaceous shale 

Banded silicate, jasper and cherty iron 
formation with ~ean cherty and slat~ 
members. 

, Black to green ferruqinous s1ate 

Massive, often arkozic orthoquartzitp 

Massive chert 'brecfia 
~ 

Dolomite with minor che , slate and 
quartzite interbeds 

U n con for mit / 
of the basement ASHUANIPI Schists 

comp1ex. 

-. , 

-, 

1 

•• , 

\ . 
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1.23 Climate 

The subarctic climate experienced at 'the Schefferville townsite 

has been summarized by 
o 

(1971). Conditiops on 

Tout (1964), and more recehtly Wilson 

nearby,ridgeJ are more severe r notably 

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

from Timmins 4 indicate a mean annual air tempe rature of approx­

im~:ely -6oC, and mean wind speed throughout the year of 7 to 8 m- l 

..... 1 s (Nicholson & Granberg, 1973). precipitation totalS"'.a~~ 
\ 

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

r 
1 , 
1 

t~, 745 mm, of which 312 mm water equivalent occ~rs as snow). The ~ 

" proportion of solid pre,cipitation 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 _q,lQsely re1ated to drainage and microclimatic 

factors, IIDs't impor1:"antly snow depth and exposure (Nicholson, 
\ .. . 

1973). The vegetat~ve cover ranges from open lichen woodland in\ 

sheltered lowland and yalley locations to tundra and rock desert ' 

on the ridge tops. 

! 
.The vegetation at Til1Dllins 4 has been mapped in the 

field by Thom (1970), and from colour infra-red aerial photographs 
1 

by Grailberg (1912).. Five cover types were distinguished by 
\ 
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Granberg (op cit. Figure 3): 

1. Bare ground 

2. Discontinuous cover (lichen, Vaccinium spp., 

Betu1a spp.) 

3. Continuous lichen mat with scattered woody plants 

(Mainly Betula spp. and Ledum groenlandicum). 

4. Continuo~s scrub (Betula spp.) 

5. Sphagnum, mosses and sedge. 

J 

When the Granberg vegetation map i5 compared with a 

topographie 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 mess are largely 

confined to the valley bottoms and lower, northern part of the 

site. Occ~sional, isolated black and white spruce (Picea spp.) 

occurjin the latter area. 

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

tion at Timmins 4 is similarly related to drainag~ and micro-

1 
1. 3 PREVIOUS PERMAF~ST STUDIES IN THE SCHEFFERVILLE AREA 

The literature concerninq permafrost, its distribution and the 

factors àffecting its occurrence is so large that a detailed 
-

survey ia beyond the scope of the present'study. For such a 

review, reference should he made to the CRREL Permafrost Bib1io-

\ \ 

\ 

----,' r 
1 
1 
1 

1 

1 

\ 

" 

" 
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graphy (~rL. 
phic or summary 

1951 - ); or to one of the existing bibliogra-

papers (e.g. Williams, 1965; Brown and péwé, 

1973; Gold and Lachenbrur.h. 1973). The emphasis here will be 

on developments in the SGhefferville area. 

1.31 Ferriman Ridge 

The first thermocab1es for direct measurement of ground temper­

atures in the Schefferville are a were installed on the Ferriman 

NO. 1 orebody in 1957, following the discovery of extensive 

permafrost at this site (Bonnlander, 1958). Subs~uent1y, this 

initial investigation prompted the first regional appraisal of 

permafrost conditions, when vegetation and elevation were 
"-

identified as factors of potential predictive value (Bonnlander 

and Major-Marothy, 1964). Furthermore, it sU9gested that 

permafrost in the area is in eqUilr with the present day 

~imatic conditions; rather than a relict condition as had 

Previously been supposed (Henderson, 1959). 

In 1959, the number of thermoeables was increased with 

the initiation of a joint project ~~Ferriman Ridge, involving 

'the Iron Ore Company of Canada (IOCC) ~ the McGi1l Sub-Arctic 

Researeh Laboratory (MSARL) and the National Research Couneilof' 

Canada (NRCC) (Ives, 1961). A program of meteorological and snow 

depth observations was set up at the same time. These studies 
f,,", 

, , 

confirmed BonnLander's conclusions, and in~icated thtt the winter 

\ 

, ~ ., 



~ , 

" , 

:; 
-_ ......... - .............. ,--_.i..c;"'l'"""...:.'_\:::...," -' 

- 11 -

, 
snow~cover was a major factor explaining the distribution of 

permafrost in the area (Ives, op cit). Meteoro1ogical data for 

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

tions at the townsite by Davies (1962). • 
, 

In 1961, Annersten began an evaluation of the 

influence of different caver types on the ground thermal reg~me 

(Annersten, 1962). He confirmed the over-riding importance of 

snow cover, and indieated that vegetation and e1evation were of 

secondary importance (Annersten, 1~64)., 

Routine ground temperature observations have been 

continued at Ferriman sinee 1962 by the staff of the McGill 

Laboratory. Some of the data eollected have been ana1yzed by 

Gray (1966), while Barnett (1963) has campared snow depth­
L 

grQund temperature relationships at the site with'those on the 

Denault No. 2 orebody, 5 km north of the Schefferville townsite. 

1.32 T~ins mining area 

The'decision to begin mining the Timmins group of \ 
epos~ts 

prompted relocation to this new area which was believed to be 

underlain by extensive permafrost. This sikuation was confirmed 
o ~ 

by a prelimdnary appraisal carried out at the site of the Timmins 

. ., 
No. 1 m~ne (Thom, 1969; 1910). Using snow cover, vegetation anq 

dra~n~ge relation~hips to extrapolate limited tempe rature data, 
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frozen ground was estimlted tb be extens~ yet discontinuous . 
- , 

,with a maximum deoth of approximately 90m (Thom, 1969 Table). 

Studies .t Timmins 1 were curtailed by the onset of 

stripp~ng operations in 1968. Permafrost investigations have 

since continued at the Timmins 4 ~ermafrost ExpJ~imental Site, \ 
B' 

which was specially established, 2 km to the northwest (Nicholson 

and Thom, 1973). Research here has been di~ected primarily to-
" , 

ward solution of two related problems (F.R. Nicliolson. McGill ~ 

Lab. In ternal Reports) : .-- --- l 
i Development of techniques' for permafro~t prediction 

as an ai~ in sub-arctic mining operations 

(Nic~on a~~ Granberg. 1973; Nicholson, 1'974) • 

ii Inves igation of thermal amelioration of permafros t, 

." 
using SI)OW fences and other semi-natural means. 

1.33 Other studies 

! Ground temperature studies, in relation to permafrost dis~ribution, 

have been ooncentrated to d,te on Ferriman Ridge and in ~e Timmins 

area. This is not to say that other areas or types of investiga­

tion havebeen neglected. ,For example, pre-production pe~afrost .. 
appralsals have beeh compilêd for a number of sit~s, in connection 

" . 

with mining ope~ati~ns, by both MC~ill Labor~tory (Internal Files) 

and the Geotechni'cal Se-ptiot:!, . Iron Ore Company of Canada (Garg 

,·1 

..; 
• 

J , 
~ 
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and Stacey, 1973). The latter group makes extensive use of 

geophysica1 techniques, such as seismic refraction and resist­

ivity sounding, for permafrost de1ineatio~ on a routine basis 

in operatingmines (Garg, 1973: Séguin, 1974a, 1974b: Seguin 

and Garg, 1974). Yap (197~) has studied the engi~eering pro-

perties of frozen ores at different temperatures. 

1 1 / 

1 .. 

1 " , . 

~.' . 
,- , 

. " 

1 
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CHAPTER 2 

\ 
\ -1 

bU li J4 

GROUND THERMAL REGIME IN A PERMAFROST AREA 

studies of the qround thermal regime must take account of the .• 

changing distribution of ground temperatures in both space and 
\ 
\ 

time. On an annual basis, the thermal reg~me may be illustrated 

qraphically by plotting depth-te~erature profiles at monthly 

intervals throuqhout the year. Data from a thermocable at 

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

·4). Thermocable No. l (for loc~on, see Figure 3) is unusual; 

in the Schefferville area, in that it penetrates the base of 
;----

permafrost. It is ideal for illustrating the boundary conditions, 

terminoloqy and sub-divisions of the reqime, which are employed 
.. 

in the ensuing discussion. Plotted profiles for other thermo-

cables at Tinunins ~ are shawn in Figures Ira and llb. 

2.1 utPER BOUN~ CONDITION -- THE GROUND SURFACE 

, 
~he thermal reqime is primarily a function of surface boundary 

~erature co~ditions, suggestinq a possible close relationship 

between air and ground temperatures. Such a relationship does 
,o' 

exist (Brown, 1966a), but the position of the perma~ost 
\ ' . -f 

boundaries and air temperature isotherms on published permafrost 

maps (Brown, 1967; Bar~ov, 1959; Ferrj.ans, -1965), ShowJ it"is 
1 , 

" oot a simple onE!. The discrepancy, generally in the order of 

\ 3 to ,foC (Brown, 1969. Table-- 3), ia e~lained by the influence of 

\ 
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Figure 4: Components of the ground thermal regime in permafrost 
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what will be tenned "environmental" ,factors 1 In the pre,sent 

study, these are considered to correspond to the "terrain 

----, 

factors", as defined by Brown (1969). The environmen~al factor$ 

include re1ief~ snow cover and vegetation, which mod~fy surface 

• tempe ratures by inf1uencing the microclimate. 

The range of temperatures produced by the influence of 

environmental variables may be seen in Table tI. Although the 
... 

mean annual ~ir tem-perature at Timmins 4 i~ approximately ~60C 

(Nicholson & Granberg, 1973), mean shallow temperatures, at a 

depth of ~ .-Sm for example, range fram -SoC to +1. 30 C. This 

suggests an insu1atih9 effect, due to the environmental factors, 

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 =1 Rn - ft - LE (1) 
1 

where A = Ground heat flux: the flow of heat into or out 

of the ground 

Rn = Net radiation flux: the diff.erence between in-

"-

&hd comi~g~d outgoi~g fluxes 'of shortwave long-

wave ,..radiation. 

--------~----------------------------------------------......... ~ 
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Sensib1~ heat flux: the loss or ga' ~f'~gy, 

'via sensible heat transfer. 

LE. = Latent heat flux: the energy 10ss or gain due 

to evaporation and condensation. 

The magnitude and direction of the ground heat flux 
'" ,,~. 

"*' varies on a dai1y basis, as the r~1ative importance of the tur-

! ~ 
bulent flfxes changes ta ensure a balance with net radiation. 

Thus, A is positive by day, but neqative at night. On an 
. 

annua1 basis, ~owevrr, it is usual to assume 'that starage is 
1 

constant, and therefore that A ls equal to zero. 

Few eva1uations of the energy balance are availab1e 
1 

from the permafrost regian. Dai1y measurements have been made 

aver natura1 and burn~d lichen wood1and (Rouse and Kershaw, 1971), 

and tundra (Ahrnsbrak, 1968) surfaces in the Hudson Bay low1and, 

and bn Devon Island, N.N.T. by Addison (1972) 'and Courtin .(1972). 

Other studies have Deen carried out over different surfaces by 

Brown (1965), Williams -(1971) and Kel1ey and Weaver (1969). 

,F.H. Nicholson (personal communication) is canducting studies of 

the surface enerqy balance at T~ins 4, in connection with perma-

frost amelioration studi~s at this sH:.é'. 

2.12 Environmenta1 mod±ficati~L 'bf the energy balance components 

The existence/of a èiscrepancy between average air anQ ground 
'. 

l " 

temperatures, due to the net insulating erfect of environmental 

1 " 

7 
'" . 
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: 
" ,', 

. 
factors, is well known. In the continuous permafrost zone, 

such effects ~re no, gen~ra}ly large enough tO,counteract the 
:' (,.\ 

10w ambient air temperatures, al though changes in existing 
, ,.. 
.'. 

~~ .- permafrost thicknesses ,may resu1t (Brown, 1966a). Further· ----

.. 

-:---- --south-,-where mean annua1 aiT temperatures are closer to oOe, 

1 

• ~eir influence may be great enough to modify the distribution 
; ~ 1 

of per.mafrost, 50 that it becomes diseontinuous, or may even 

prevent ~ts formation entirely (Brown~ op cit). 

) , 

The ~nfluence of different environmental factors-on 
! ,1 

the energy balance components 'can be considered under three 

sub-headings. AIl three sets of 

re_lated, both amongst thetnselves 

1970. Table 1). 

factors are complex1y inter­

an~. wiFthe permaf.~st (Brown, 

2.121 Relief 

An important micro-climatic attribute of relief is the influence 
"-
" 

of slope and aspect on incoming sh~rtwave radiation (Garnier and 

Ohmura, 1970), which 'strongly effects soil heating. Perma-
, . 4t 

frost conditions are most s~vere Uirown\, 1969) and active layers 
, 1 

generally least weIl developed (Annerstfn. 1964) on north-faciDg 

slopes.' Studies ~t Thomps~,' Manitoba/ indicate ,1;he iTrtance 
1 '0 

of even micro-relief J,in dete~~ing the occurrence ,of frozen 
, , , ) 

ground, at the southern edge of the d1scontinuous zone (Johnston, \ 

Brown _and Picker's~ill, 196j). Thè' pt:esent writer tound 

differel!ces of up to 2.9SoC at '50 cm depth between northe,ast 

and south"1st facing s10pes at Ti.anins 4. 

~~ jl 

, ! 

, 

1 
, , 
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Relief' "shape",-i.e. convexity or concavity, is 

imeortant for its influence on the magnitude ~f the turbulent 
( 

Imer9)' exchanges (Shul 'gin, 1957). : Bath flulees are fncreased , 

ove;r convex terrain segments, such as ridges and hills. The.· .. ,-
1 --

development of snow and vegetat"ion co.vérs--·-ts·-~nhibited, in such 
-",,-- . 

areas, by the t-ioî\' of the vind. To some extent the 
oj 

ove~ valleys_and othèr pepressions in the ter-
o 

----_---------râin (Shul' gin, op ci t) • 
/ 

On a much large scale, -when height differences of 

hundreds of meters are considered, groun~ temperatures decrease .~ 

with increasing elevation (Kudryavtsev, ·1965) .. 

'. 

The occurrence of permafrOst near Schefferville appears, 

at first sight, to be closely related to. relief. Frozen gro».nd . " 

is extensi vely developed under exposed ridge tops, yet abseq!;, 

or sporadic in lowland areas. However, the relationshil2 is 

DOre likely essentially an indirect .one, with relief contro11i~g 

the distribution of other factors,'such as snow and vegetation, 

'which, in tyrn, cont/o~ ground ~emperature (Annersten, 1966). 

2.122 Vegetation 

J\ 
vegetation forms an insulating ltyer, be~ween .atmosphere 

and ground surface; the e~fectiveness of which is a function 
~~'J.. •. ,5 _ 

of cover thickness and\ -aensi~y , ('l'yrl~lkov, 1964\;' Bfown, .1966b; 

',." 
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Ba1obaev, 1974). Since the accumulation of a snow oover 

progressively decreases the influence of vegetation in winter, 

this factor is most significant during the summer. At th1s 

season, the incidence of,. shortwave radiation, is reduced by 
., 

the presence of veqetat10n, as à ~unction partly of direct 

intercept~on by the vegetation, and partlv of reflection, due 

to, the albedo characteristics of its surface (Brown, op cit) • 

At' night, longwave emission is similarly reduced. Ground heat 

loss i~ also increased due to evapotranspiration and sensible 

heat transfer. The magnitude of this effect again varies with 

covér densi'ty and roughness. 

.. .. 
" po , In winter, the vegetation cover may retard ground heat 

loss, but as has been suggested, the importance of th1S is min- 1) 1 

• imized as accumulation of the snow caver prqceeds. 

Il, 

The distribution of vegetation in the Schefferville 

1 
area i~ related to exposure and snow~accurnulat10n (Nicholson, 

\ 

1973). Annersten (1964, Figure 9) has provided data on sha110w 

ground temperatures under different cover types. COlde~t tem-

peratures occur under t~ndra vegetation and bare ground and the 

warmest beneath lichen wood1and. 

that this distribution 

Annersten {lg66) sugges~d . ,4- )i 

was related té vegetation only insofar as 

the cover reflects exposure and snow conditions at the site. 

""" 

-, 

," 

} 
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2.123 Snow " 

The winter snow cover acts as an insulator, interposing a layer 

of low conductivity between the atmospheœ .nd ground surface 

,(Gold, 1963; Krinsley, 1~63). Its overal1 efficiency, in pre-

venting ground heat losses, is related to snowfall pattern and 

effect1ve cover period (Brown, 1969). The 'insulating qualities 

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

1964) . 

A number of equations .... have been prop,?se? for quantify-

ing ~he insu1ating influence of a snow cover (Lachenbruch, 1959; 

Kudryevtsev, 1965; Gold, op cit). Unfortunate1y, ",11 three 'are 
..;:. l .. , \ 

d~f~ieùlt to app1y, and it has been found profitable, in the 
'i \ .. 4 

,- wt"~ 

Sche~fe~yi11e area, to adopt aomore 'emp.irical approach. , ~ 

;- 1 
E; 

, ~ , ... ~- .. ~ 
u's 1~~' ,i: type of degree-oover day apPJ:-oach', Annersten 

(1964) -5uggested that a snow depth of 40 ~, puring thé coldest 

part of the winter, was critical tor maintenance"of a perennial1y 
.. 1 

1 
frozen condition. From.a consideration pf extrapolated thermo-

-----­. -- ----
---~-- . 

cable surface témperature intercepta, he also proposed an alter-

native value of 75 cm, placing less confidence in this figure 

(Annersten, op bit). More recently, Nicholson and Granberg 
l ,~ 

(l97~) have derived a cr,itical value of 68 to 78 cm, using a 

simple linear reqression modei, ~hich relates mean annual groun~ 

tempe~ature ta variations' in snow depth. latter critical 

1 .. 
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value applies, in fact, to peak snow depths but, nonetheless, 

agrees clos~ly w~th the second value, proposed by Annersten 

(op cit). Both Krinsley (op cit) and Mackay and Mackay (1974) 
1 

- '.1' 

" record an exponential relatronship between minimum winter 

ground temperature and snow depth. 

2 . 2 ACTIVE LAYER 

• 
The active layer is a seasonally freezing and thawing zone 

/ 
j ft 

wh~ch lies betweèn the ground surface and the upper surface of 

the permafrost table. 

2.21 Heat transfer 

The the~al regime of the active layer is camplex, since this 

zone is a parous medium, and inclydes bath frozen and unfrozen 

mate~ial, according to season. When the active layer is frozen, 

heat transfer occurs almost entirely by conductioh, as in p~rma-
ll' 

frost (Section 2. 3,). However, when junfrozen material is present, 

either as unfrozen active layer or.within a talik ,zone, mass 
1 
1 

'transfer May also be important. Changes in latent heat which 
~l 

\ 
, \ 

accompany freezing and thawinq are a further complicating factor. 
, , , 

The. general theory of stmultaneous heat and mass trans-

fer in pdrors media whic~ experience a phase change has been 
) 

eonsldcred hy lIarlan (971). lIowev~r, to date, il lack of under-

------s·ta~ding of the ~es involved, ....... has made it necessary·, 

r 

\ 
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, 
to avoid the complexities of the theory in practical conside~-

ations of the permafrost the~l reg1me. Thus, it is either 

assumed that conductive transfer is dominant Ce.g. Lachenbruch, 

1959), or an approximation for the mass transfer component is 

included, for example, by the use of Neumann's solution 

(e.g., W;G. Brown, 1964). 

The present study is not concerned with the active 

layer per se, nor in more than a general sense, with processes 

occurring within it. Bence the adoption of a "simple conduc-

tion" approach CHeginbottom, 19~3) is perhaps appropriate. The 

mechanisms of conductive and ~s heat transfer 

active layer will be discussed separately. 

2.211 Conduction 

within the 

It is usual to consider that sol~ insolation reaches the ground 

surface in a symmetrically periodic fasAio~~generating temper-

ature waves which are transmitted downward with an approximately 

sinusoidal form (Sellers, 1968). Assuminq a surface temperature 
\ 1 

i 
; 

~litude, Ac, and an angular frequency of osci-llation, 6) (equal 
\ 

\ 

to\2" /P, where p-is period), an upper t;urface) boundary condi-
\ \ 
\ 

tion\may be defined as follows: 
\ 

\ 

T (0, t) 
\ 

\ 

where "(0, t) 
\ 

Ta 

= Ta' + Ao sin 

1 = Surface temperature at time" t 

= Average/arinual ground tempe~ature 

/ 

(2) 
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If the active layer is considered as a semi-1nfinite homo­

geneous 1 medium, with the above boundary condition, ground 

temperature at any depth ~d time, T(z,t), is (after Carslaw 

& Jaeger, 1947): 

T(z,t) = Ta + Aoe 
-z ( CA> /2 CI ) ~ 

Sin [6) t ( 6) /2 CI ) ~ • z] ( 3) 

where CI is thermal diffugivity, a measure of the tempe rature 

change resulting from input of a given blount of!, heat. Dif~-

qsivity is a function of the specific heat (C), density ( p 

and thermal conductivity (K) of L~e material: CI = K/C p 

Equation 3 indicates that temperature'waves"conducted 
~ 

~ p , 
into the active layer and permafrost, attenuate exponentially 

with de~th, and experience a ~inear lag in phase. The rate at 

1 
which-th~se processes occur is a function of thermal diffusiv-

ity. 

\ 

/ 
In addition to conductive transfe~heat is transported, in 

porous media sh~h as the active layer, via three distinct mass 

transfer I]OOchanisms (Harlan, 1971). These are: vapour transfer 

via unfi11ed pore ~p~~~s, 1iquid transfer through pore spaces 

under positive hydrau1ic gradients (e.g. supra permafrost grou~d 

• f 
water), and liquid transfer, under \free enirgy gradients, via 

.. ,JI' , 

1 . 
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water films adsorbed on particle surfaces, for example, move-

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

1 In theory,' freezing point dQpression allows mass trans-

fer at temperatures below OOC (Williams, 1964.). Zero curtain 

(Muller, 1947) evidence, however, suggests that, at T1mmins 4, 

the major part (if not aIl) of the soil moisture does indeed 
1 

freeze at OOC (Nicholson & Tbom, 1973). Thus, heat transfer in 

ground bel~w this temperature, in the Schefferville area, rnay be 

consiJered to occur almost entirely by'conductiqn. 

On the other hand, in unfrozen. g~ound, heat transfer 

by supraperma~rost groundwater, appears to be very.important 

at Timmins 4 (Nicholson & Thom, op cit). Mass transfer is also 

thOught to be responsible for the developrne~t of especially deep 
1 -t 

active ~a/ers, and to e~lain, in large part, the presence of 

tali~s,bodies of perennially unfrozen material, beneath major 

valleys. 

2.22 Thickness of the active layer 1 

Variations in ~ctive layer development are mainly a functipn of 

the surface boundary condition, and the thermal properties of 
\ . 

the ,Iground beneath. The lower bo~ndary of the active layer, 

corresponding in most instances\to the upper surface of the~ 

permafrost, occufs where the maximum annual ground temperature 
1 

is equal to QOC.' In gen.eral, active layer thicknesses decrease 
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! 

with latitude, in response to a reduction in available degrp.p.-
, 

days of ~hawing (Brown',1972b). Spatial variations, howe~er, 
1 

are also re1ated to anomalies in the surface boundary condi-

tion, wh~ch result from the i~f1uence of environmenta1 factors, 

in modifying th~ components of/thé surface energy balance (sub­

section 2.12). 

,The development of the active layer' under different 

conditions is weIl documeneed (see, for example: Cook,11956; 

Becke1, 1957; Brown, 1965; 1972a; 1972b; .Bliss and Wein, 1971; 

French# 1970; Priee, 1971). 

2.23 Active layer in tpe Sçhefferville area 

lJr 
The spacing of sensors in most,'existing thenooeables is inade-

quate for detailed studies of the active layer. However, active 
... 

layer thicknesses Of;2 to 4 

Annersten (1964, Figure-4). 

m were inferred at Ferriman by 

He noted that active layer develop-
, 

ment was only two-thirds as great on a north-facing ~lope as on ..... ' 

one with a westerly aspect. Thicknesses at Timmins 4 appear to 
f 
\ -

he very va~iable, averaging about 3 m (Nicholson and Thom, 1973. 

Table I). Valley sites, affected qy groundwater movement, how­

ever, have active layers up to 12 m ~hick. Elsewhere, the great-
\ 

est development oeeurs on sparsely-vegetated ridge-tops, which 

bave shallow.snow eovers and, par~doxically, the greatest frost 

penetration (Nicholson and Thom~ op cit.). 
\. 

--, 
\ 
! 
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2.3 PERENNIALLY FROZEN GROUNO 

2.31 Heat transfer 1 

Under most conditions, particularly in the continuous 

\ permafrost region the base of the active_layer corresponds 
, 

to the upper boundary of the underlying perenni~lly frozen 
1 -

ground, and is termed the pe~afrost table (Muller, 1947). 

The occurrence of talik zones, which constitute an exception 

in the Scheffervillé area, is disaussed in section 2.5. 

,Heat transfer in permafrost occurs almost'exclusively 
1 
1 

by conduction. The thermal ~egime in the upper part, like that 

of the active layer over1ying it, inc1udes a downward trans­

mitted cyclica1 component, which attenuates rapidly with depth. 
1 

At the lèvel of zero annual ampl[ t:üde (Mu 11er, op ci t.), z , 
a 

such fluctuations are considered te be negligible. The thermal 

reg~e within perennially frozen ground may be described by the 

Fourier heat conduction law (e.g. Gold and Lachenbruch, 1973). 

Xn~its one-diJensional forro, this important relationship. is 

expressed: ' 

q* ="1 -R.G 
\ f 
('4a) 

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

w~ere q* = Te~restrial heat flow or 
~. 

geothermal flux- (Wm -2) 

1 

" 

! 

1 

1 

1 
1 
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Thermal conductivity: a measure 

of energy transfer under a given 

thermal gradient (Wm-lK-l ) 

Thermal gradient (= dT/dz) 

Thus, gradient varies directly with heat flow, and indirectly 

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

ered negative, bd vice versa. 1 
/ 

Without invalidatinCJ the steady-state assumption, a 

more realistic apprjximation 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 heat flux is regarded as constant, the gradie~t then 

changes inversely with conductivity,'such that: 

q* = 

1 
= = = K .G n n 

where Kn is the conductivity of ,the n th layer, and Gn the 
1 

gra~ient passing thro~gh it4 
1 

(5) 

1 Under steady-state conditions, pJoVi~i~9 the geother­

mal,,; flux and variatic:>Ds in qonductivity arè known and heat flow 

is essentially vertical, ground/temperature is a function only . \ 
,of distance below the ,level of zero annual amptitude, za: 

T (z) -- / (6) 

~ 
'. 



e 

, 1 

1 

• 

es = 

where T( z) = TEftperature at depth, z 
1 

T(Za) = Tempera ture at level of zero annual ampli-

tude, za 

A z = z - za 

This relationship i~ incorporated into a model, for mode11ing 
\ -

the ground thermal reqime, which is developed in Chapter 4. 

2.32 Thickness of permafrost 1 

Under steady-state conditions, and assuming v~tica1 heat f10w, 

thè increase in temperature jith depth is easi1~ quantified, 50 

that the thickness of the perennia11y frozen layer can be readi1y 

determined. " Graphica11y, the base occurs where a plotted depth-

temperature profile intersects the OOC 1ine (see Figure 4). The 

depth to the base of ,permafrost, zp' may also be calculated dir­

ectly. Thus, rearranginq equation 6, and placinq T(z) equal to 

zero: 

= K -. . q 
+ z a 

(7) 

The base/of permafrost and fts probable configuration are dis­

cussed mbre fully below. 

2.4 BASE OF PERMAFROST 

2. 41 Depth to the lower çboundary . 
The base of permaflo~t corresponds to th~ OOC isotherm lat depth. 

--f. 
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In theory, its pos'ition is determined ~y the rllative influence 

of the geothermal flux, q*, the temperature at the levél of· zero 

annual amplitude and ground thermal properties. For practical 

purposes, the geothermal flux May be assume~ consta~t and, in 

~is case, acco~ding ,to equation 7, ~he depth to the lower boun-

dary is effec~ively a function only of the thermal conducti~ity, 

and of variations in T(Za). 

The' position of the boundary varies s~atially i~ 
.,­

response to these variations, and to sorne degree also it 

responds slowly to temporal changes in rthe surface boundary 
( 

condition (sub-section 2.61). In both cases, these effects are 

accompanied by a size~e phase lag with depth, and are reduced 

exponential~Y'by attenuation (Kudryavtsev, 1965). 
\ - • 

2.42 
, 1 

Configuration of the base of permafrost 

The form of the permafrost base in the continuous zone has been 

modelled by Lachenbruch (1968a, Fig~e 5), but in the dis-

continuous zone( its configuration is largely conjectura~. Only 
\ /' \. 

at,the southern edge (Jobnston et al., 1963; BroW!l, 1.973), near 
\ .. 

bD the ocean (Misener, 1955; Lacpenbruch, 1957ai Lachenbruch, 

Greene and Marshall, 1966), and in parts of the Mackenzie River 

---Valley (Johnst~n and Brown, 1964: Smith, 1972), has it been 

possible to approxi~tr _the îower boundary in more than one 

dimension, from mèasured qround temperatures. On the other 

, " 1 

/ 
f 
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hand, the number of isolated measurements of permafrost 

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

--<\ 
Only a few thermocables penetra~e the permafrost base 

c-~ 

in thp sbhefferville area, 50 that its overall configuration 

here is'also essentially unknown. Extrapolated permafrost 

~pths of approx~ately 75 m and greater than 100 m have been 

suggested for the Ferriman Ridge and Timmins 4 sites, respect-

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

There is also evidence to suggest that the lateral margins of ' 

permafrost bodies at Timmins 4 are rteePlY inclined (Nicholson 

and Thom, op cit.). 

In- the present study, it is ass1pllF.'. as a basis for 

discussion, that the configuration of th~ base of permafrost 

in the Schefferville area, is s~lar to that proposed for the 

continuous zone by Lachenbruch (1968a, Figure. 5). It is seén 

as' a low-~plitude mirfor i~age of the surface relief, modified 
Il 

by the influence of the surface drainage patterrr . . , 

ç. 

2 ~ 5 TALIK ZONES 

\ 
~~ development of especially'deep active layers in valley sites 

at Timmins 4 has been noted in sub-section 2.23. These are gen-, , 

erally associated with ar~as of deep sriow~accumulation. However, 
, 

wh~n ground water is also significant, a sufficiently 

\ 

• 

t 
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large tempe rature anomaly may be created as to result in the 

formation and 1 preservation of a zone! of perennially unfrozen 
1 
1 

material. S~êh zones' are t,ermed taliks, and usually located 
\ 

between the active layer and perma{rost table. 

• 
Nicholson and 

1 

~ 1 

1 

,Thom (1973, Figure C) have given a section across the main talik 

zone at Timmins 4. 
" t 

2. 6 DISTURBANcES TO THE i THERMAL REGIME 
" 1 

1 

! 
1 

In' the preceding sections, and, for~the Most part, in the pages 

which follow, it is convenient to assume a steady-state, one-

dimensional conduction model as an approximation for the ground - - ! 
thermal regime. With the liiftited data available, this approach 

is"generallyadequate. At the same time it is constructive to 

-
consider two forms of disturbance to the ground the~r reqime, 

with which such a model is unable to deal satisfactorily: • 
temporal (changes in the su~face boundary conditionr and,_ l~t~ral ... ' -

~ 't, ... J ",l, 

heat flow. Both*topics have alre~dy been treated more comprehen-

1 

sively t~an is possible here, je.9 . 

and need be discussed only brief1y. 
( 

by Gold & Lachenbruch, 197/3), 

-, 
2: 61 Temporal changes in".fhe ~S'urf~ce bOundary condition 

Changes ~~~an surface tempe.~ature, ,due ~o cl~tic f1uctua-
.~I _, 

( 

tions (Birch, 1948~ Jessop, 1971), or surface disturbance 

_,(e .. g ( Linell, 1 1973), caus~_ ~~iatiô~s in the thermal reqime ji 
the steady=-state equillbi'ium is restored. The eff~cts of -; \ 

1/ 

/ 

/' 
\ 

zœ:eœz::z:w:: 2==* 

- 1 
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positive and negative temperature changes on the 

profile, termed de~adation and aggradation, ~e shown in 

Figure 5. In> terms of s~ple conduction theory, the restored 
i,.. J 

profile, fol}owing a change in surface temperatureJlëram -To to 

+~ Il T), has the. forro.: 

T (z) = z - T o (8) 

where z ~ za)' Temperature variations !;uch as these' lead ,)'" 

{} 1. 
eventuallv to aggradatioo or degradation at the base of perma-

.; 

frost by an amount equal to ,Il T/G. 

"1 

1 

Anner,ste,~ (1964) contended that '°there was evldence for ~ \ r 
, 1 active degradation of the permafrost at Fe:rriman~ > More recent \ ..: • .. -.I".~. 

~ ...... ' 
data from this site,_,~d information from the Timmins"area, do 

not support this view (Nichqlson & Thojn,f'.1973'). '. 

2.62 Lateral heat flow 

" ,'. 
" 

) 
17,:/ Non-vertical heat flow due to lateral. variat~ons in the surface 

boun~ry condi tion is 't more fund~nTal prob~em~ According to 
~- - ~ 

the the ory of pot~ntial flow, th~ eff~ct 
r.., ", " 

of a Posi~ive . ./~era-, 

ture anomaly, Ln th!S instance a generally_warmer zone within an 
, ," 

area which is generally colder, is to cause a conduct~ve, often 
, ' 1 

,.," no~-vertical, flow of heat between the t,wo, from warmer te colder:.. 

. 
At '!'1l11Dins -4 ~- positive \Surface temoerature anomalies'''- • 1 

" 
are generally related ~o the insu1a~ng effe~ts of ~eep snow 

1 / 1 -

, , 
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Figu~, 5: Aggradation and degradation of permafros~ (after Lachenbr,u~h, 1968a. 
l' 

Figures 2 and 3). Following an increase or decreas~\ in surface t~mperatur~ 

To to To ± Il 'rI' the ground temperature equi11bri~ 1~ regained via a seri:s 

intermediate c~rves, e.g. ri' T2 , T 3 , resulting in corresponding changes in 

permafrost '~hi~kness (Dl to 000 ) • ~ 
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(r,ranberg, 1973) .. Such accumulations of snow are confined to 

L v 
valley sites, where the S1ze of the anomaly may alsa be influ-

enced,by the effects of mass transfer, vfa suprapermafrost 

• groundwater. This situation has been illustrated in a se"o'tion 
~4·' , -, 

acrOS6 the site, Timmins 4 by Nicholson and Thom (1973, 'Figure , ~ 

6). The appr;ximately vertical isothe~ .tüi~'" associated hor-

izontal heat f'\"w lines should' be ,noted. 

J') 
J=- A', 

Negative surface temperatur .. e anomi1:1i:.es may be caused 
Ji

J 

• 

by relief, but are qeneral1y of negfi~ible magnitude unless the 

scale of the relief is extremely large (Lachenbruch, 1968b). 
d J 

, In the Schefferville area, negative anomalies do appear, super-
-j i 

ficially" to be related to relief, but, in fê!-ct, are generally a 

1 

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

1 

1 
--------~------

, " 1 
'J 1 
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1 

CHAPTER 3 

COLLECTION OF GROUND TEMPERATURE AND ENVlRONMENTAL FACTOR DATA 

3.1 SAMPLING DESIGN 
o ., 

Sampling' design is normally the firf't stage in d~ta 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 1 
utilized in collection of ground temperature data. Ideally, 

sorne fèrm of random sampling design shouid he employed. Unfor-

tunate~y, 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 temperat~!e 
. 

conditions as possible. This was logical at the time but forms 

a complication as far_as data collection for the ,present study is 

conierned., Th~ e.n~ironmental factors were sampled around si tes 

where temperature data.were available. The factors were êvaluated 

at ~re than one scale where feasible. . :. i· 

3.2 GROUND TEMPERATURE 

1Wenty-s!x thermocables were installed, to depths o~ lOm to l10m4 

J 

at the T~ins 4 site, between 1968 and 1972 (Nicholson and Thom, 
\ ô 1 

1973). 1'emperature data (rom twenty~one of these are included in' 

the presept analysis. The remaininq five cables, installed for a 

r . 
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\ -

pro~ct, are not strict1y comparable 

The 1i1pations of cables ~ to 20 and 

permafrost amelioration 

and have been omitted. 

1 25 arelshown in Figure 3. 
\ \ , . 

3.21 Collection of data 

, 
, \ 

Temperature sensors o~\ two types have 
, 

en emp10yed in thermo-

cable construction at Ti ins 4. Cables to 17, installed in 

, 1968 and 1970, contain cop er-constantan th rmocoup1es, which 

are read usinq a Honeywe1l po entiometer ({Tho 1970). PUb1ished 

(1938) dalibration tables are 'a ilable for conv rsion ta degrees 

Fahrenheit, but to avoid introduc~,unnecessary in ccuracy dur­

i~g fUFther conve~sion to degrees eel~us for use in his study, 

a computer ~rogram"w~s written which per~ts direct con rsion 

from the raw EMF data. This makes use. of ~ fourth-order m imax 
oû 

polynomial function, after Shirtliffe (1971). An accuracy 0 

± p.loe is c1aimed for means of series of ther.mo up1es reaàinq 

fram the TiDmins 4 site (Nicholson and Thom, 1973). '\ ~ 

\ 

Thermistors have been used in 4he~cables ins~11ed 
since 1970 (Nicholson and Thom, op cit.). Resi8tan~e mea~e­
ments are made using a mgdified Wh~atstone bridge, dev~loped ~ 
the Earth Physic8 Branch, Ottawa, and converted to degree celsi~ 

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

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

(op oit.) c1ai~ an accuracy.of up to ~ O.Oloe for the~istofs 

\ 

/ 

r 

\ 
î 

\ 

1 
~ 

" 

1 
t 

1 
,j 
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• TABLE II 

MEASURED--xvERAGE,ANNUAL GROUND TEMPERATURES, TIMMINS 4 

Cable No. T T T5m T' T -- T12 • 5m T15m T20m T25m T30m 
, 

1.5m 2.5m 7.5m 10m 

l -0.841 -0.757 -0.496 -0.238 -0.192 -0.139 -0.108 -0.077 +0.058 +0.144 

2 -1.377 -1.144 -0.850 -0.612 -0'.526 -0.461 -0.402 -0.349 -0.318 -0.288 
3 ..... , -2.255 -1.800 -1.299 -1.217 

r 
-1.208 -1.152 -1.021 -0.940 -0.814 -0.739 

4 -0.002 -0.063 -O.24(~ -0.378 -0.478 -0.538 -0\571 -0.593 -0.597 -0.583 -
5 l +0.798 +0.749 +0.659 +0.578 +0.428 +0.329 +0.176 -0.039 -0.1-94 -0.284 

6 -2.839 -2.483 -2.122 -1.978 -1.836 -1.766 -1.578 -1.431 -1. 254 -1.145 

7 -1.~7 -1.494 -1.329 -1.299 -1.228 -1.147 -I.116 -1. 042 -0.905 -0.824 
1 

, 8 +0.640 +0.531 +0.225 -0.052 -0.178 -0.262 -0.298 -0.318 --0.321 -0.323 w 
CIO 

9 +1.251 +0.851 +0.442 +0.158 -0.051 -0.129 -0.199 -Or. 280 -0.323 -0.347 , 
10 +0.708 ,+0.669 +0.766 +0.862 +0.928 +0.982 +0.912 +0.1.818 +0.744 +0.711 ; 

1 
f-

11 +1 .• 026 +1.034 +1.140 +1.169 +1.140 +1.082 +1.030 +0.910 +0.808 +0.739 

12 - -1.568 -1.576 -1.284 -0.'998 -Q.766 -0.615-0.510 -0.428 -0.372 -0.270 

----------
13 +0.930 +0:908 +0.844 +0. 784 +0.708 +0.628 +0.546 +0.419 +0.308 +0.242 

\ 

,14 -2.280 -2.236 -:2.159 -2.051 -1.950 -1.836 -1.720 -1.525 -1.340 -1.175 
15 +0.229 +0.172 +0:105 +0.059 -0.030 -0.127 -0.160 -0.490, -0.642 --0.728 --
16 -5-0000 -4.42lJ -3.778 -3.247 -2.798 -2.469 -2.169 -1.855 -1.635 -1.496 

17 +0.3fl3 +0.294 +lt.111 +0.024 -0.066 -0.143 -0.218 -0.288 -0.339 -0.309 

18 +0.240 -0.860 -2.190 -1.395 -0.710 -0.555 -0.343 -0.288 -0.162 -0.095 

19 -0.890 -1.500 -2.095 -1.918 -1.899 -1.782 -1.658 -1.359- -1.229 -1.242 -

to +0.030 -0.970 -2.008 -2.316 -2.116 -1.-9-a2 -1. 690 -1.495 -1.290 -1. 090 . h"" 25 Î 
'..,. ~ 

-4.000 -3.740 -2.830 -2.560 -2.380 -2.228 -2.071 -1 • .805 -1.565 -1. :95 

f ----
FarrTr? nm' , ZR[X-mn u P HP . ---, 7 tit'à'tWitlMI~ttr 7 'f.')7itJ.efmî~:..:-:: ~ -,' t" ~ Il F if fMt9'*.~~~ ... :! .. 'Mnl pe.Lt&".&m at' '-iw#R'lÙ"SleJ' ~~-~- ~'" "' .-............... 
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installed ~n thermocables at the Timmins 4 site. 

3.22 Compilation of temperature variables 

AlI thermo9ab1es at Timmins 4 have been read on at least a 

monthly basis since installation (Nicholson and Thom, 1973). 

1 

Me~nual temperatures were compiled from these data using 

the means df month1y means for individual sensors in eachç cab1e. 

The original measurement depths vary but data for ten standard 

depths, from 1.Sm to 30m, were obtained by interpolation (see 

TablJ II). In the case Of--Y number of very shallo" the rmocab les , 

it was to extrapo1ate with respect to neighbouring 

deeper cab1e~, as to ensure that a full 30m profile was 

avai1ab1e for in the ana1ysis. 

3.3 SNOW 

Attempts to e use of the we11-documented re1ationship between 

ground temperaturr and snow as a basts for permafrost prediction 
1 -' 1 

in the Scheffervi11e'area have been hampered, unti1 recent1y,_by 

the difficu1ties associated with accurate mapping of the cover, 
, 

ove7 sufficient1y large ar~as. Granber~ (1972, 1913) has pione­

ered two methods by which this may be accomp1ished. One,> a 
? • , 

mode 1 rel.atinq snow accumulation to 1 terrairi< roughness, provided 

snow data for t~e prediction -~l deVel~d by' Nicholson and­

Granberg (1973); the,other approach, production of 1~rge-sca1e 
" .. \ 

snow maps from sequentia1 aeria1 photography, tàken at f interva1s 
\ .;jJ! 

r / 

,J 

\ 

î 
) 
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through the melt period, is employed here. 
,. 

3.31 ~reparation of a snow map from sequence melt photogFaphy 

.!- -

Figure 6 shows'the maximum or ftpeak ft snow accumulation pattern 
" t 

for the Timmins 4 site, during winter 1971-72. This map was 

"compi1ed by superimposing snow boundaries from aerial- photo-
-

graphs taken on a ~eries 

melt season. The first 

of f1ights during the 1972 and 1973 
\ 

map of tnis type was produced, from 
\ 

oblique photographs, by Granberq (1972, Figure 24). The 

present map (Figure 6) differs in that it is the first to be 

compiled using vertical photography. 'Im~licit in production 

of both maps is the assumption that, due to the generally 

cloudy climatic conditions during the snowmelt (i.e. minimum 

'of direct solar radiation), snowmelt is relatively uniform 

(~ranberq, 1973). 

3.311 Aerial Photography. 

1 

Information eoncerning the five aerial PhotOg)aPhY flights over 
1 

,the Ttmmins area i8 summarized in Table JII. On each occasion, 

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

of appro~imately 30S0m (10,000 ft) above the terrain, i.e., about 
-~, 

1 r 

3660m (12,000 ft) ab ove sea level. Photographs were taken throu9h 

a hole in the floor of the aireraft, using a hand-held Broniea 

S2, 6cm x 6cm format, eamera loaded with Kodak Tri-X Professiona1 

film. W1th this arrangement, an area of approxlmately 13.4 square 
1 



...... 11 - I!\ &1 '1.'1111 naa 1 st. 

\ loi' 

1 
/ 

. '''',. , 
~ " ,il 

1 

1 

1 fi 



! 

r 
\ 1 

1 

.. , " 

! \ 
1 

! 
• 

1. 

'IOUle • 

SNOW O.,r~ MA' .01 T/IIUIIN' .. J \NINUI 

If 11-72 

'C] < Je. .. ... -IOOc. 

tù*ft~ 2-" c. .. 100 - 123 CM 

rfIB ,.- •• c. .. > lU ,a 
, 1 
0 100. 

) 

<, 

f' 

1 

1 
- 1 

1 
1 



,l, 

a RI F a. 1 45. t d -
- 42 -

kilometers, 'i.e. 3660m by 3660m, is ineluded in eaeh frame. 

The time interval b~tween exposures was chosen so as to provide 

an overlap of approximately 60 percent between frames, to allow 

stereoscopie v{ewing. Photaoosaies of the frames ,used in eom-
1 

pila tion ofl Figure 6 are reproduced here as Plates 1 to 5. fi 

Aircraft availabiltty and access groblems, during the 

latter'part of ~he 1972 melt season curtailed the photography 

1 
program. This necessitated a further flight in 1973, which 

allowed the later portion of the melt sequence to be monitored. 

3.312 Production of snow coyer map. 

A Rrker, mode1 L-1, vertical sketehmaster was used ta transfer 
! 

snow boundaries from individual photographs to a copy of the 

" 

1:1200 seale topographic plan (Figure 2), whieh was used as a 
l ' 

base map. Some enlarqement of the imagery was neeessary due to~ 

scale differences between photographs from different flights, 

and between the photOg'r-aph§ and base map. Thermocable shaeks, 
! ,-- ~ --------- --------~ 1 . 

roads and surface drainage features were emplo~o~- __ 
1 

control d_~iJq recti~ica~i~n. Nonetheless difficulty was ~er~ 

~_\.,o,~_ 

ienced close to the èdge of the indiv~dual photographs due to 

distortion in 'these areas. The whole pr9Jed~e took approxtmately 

one week. 

3.313 
\ 

Quantifyillg the mappinq classes. . 
..--

i' .~ Talue • .. ere a8signed ta .DOW depth categories on the lIap, U81n7,_ 
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l 
Plate 1: 1 distribution at Timmins 4, 27 April 1972 
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1 

Plate 2: Snow distribUfiOn at Timmins 4, 1\6 May 1972 
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Plat.e 3: Snow distribution at Timmins 4, 30 May 1972 
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plate 4: Snow distributicn at Timmins 4, 6·June 1972 
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~. 51 Snow d~tr1but1on at Timm1n. 4,.18 May 1973 
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variant on the procedbre adopteâ by Granberq (1972). For 

flights ,1 to 4" in 1972, each isoline on the comp1eted map was 

as,!lumed to have a value equivalent to the mean of "peak" SQOW 

readingp (è-ken' as April l5t~, 1?72), on the Timmins 4 ~ 
'course . (Figure 3), for the stakes melted out prior to~a~ 
particu1ar ~light. A somewhat different fPp~oach was required 

, 
for the additional fligh* in 1973. In this instance, the value 

aBsumed is the Mean of 1972 peak values, for aIl stakes in the 

area melted bare prior to the flight ,in 1973'. Values obtained 

in this way,' together with intermediaté values assiqned to the 

areas between isolines, 'are listed in Table III. The procedure 

is i1lustrated graphically iri Figure 7, while peak and me1t 

period readings of the Timmins 4 snowcourse are given in Appen­

dix 1. 

(, 3.32 Accuracy of the Timmi'ns 4 snow map 

lA subjective comparison between Figure 6 and snow maps compiled 
r' 

previously for this' site from sequence melt phot~9raph. (e.g. 

Granberg, 1972, Pigure 24) 1 8U9gest that the~~v.ral~ snow 

distribution p1.ttern u.~~11y va~ie. little fFom year to ysar , 

~spite wide variations in t~tal snow fa11. Thi. wou1d seem t~ 

oontlrm the general validity of the pr~~.nt approach • 
. , ~ 

'~ "~1i 

It ls more difficult ta arriv. at an •• timate of the 
• 1 

,ab~olut. acouraoy of value. a •• igned ta' indivi~ual depth 
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TABLE III 

TIMMINS 4 SHOW DEPTH CATEGORIES 

Date 

27 April 1972 

16 May 1972 

30 May 1972 

6 June 1972 

18 May 1973 

1 

! 

1 

TABLE IV 

Cateqory 
Humber 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Value a8signed 
(cm) 

, 0 
2 
9 

16 
32 
48 
74 

100 
112 
123 
135 

COMPARISON OP ASSIGNED AND OBSERVED SNOW DEPTHS 

~, 

Snow map 
cate90ry 

1 

3 
Il sr 

1 
tg 

11 " \ 

/ 

1 

~ •• iqned mean 
4epth for~ap category 

- . (cm) 

o _ 
9 

32 

74 

112 
135 

( 

Ob.erved mean 
depth trom .take. 

within caugory (çmi 

17 
38 

~ 45 

74 
'c 106 

/132 
/ 

o 

\' 
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-categories on the snow map (Table III). One approach is to 

compare the values obtained 1rom ~he map with mp,an peak snow 

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

Table IV. 

Table I~ shows that-computed and observed peak snow 

1 

depths correspond most closelv in the deeper depth categories. 

This is encouraging sinee the w/a values, i.e. the snow depths 

which correspond to a mean annual ground temperature of oOe 

(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). This is 

believed to be due to the fact that these categories include 

only a small number ~f snow stakes, so that the influence of 

isolated deep snow sites, as well as plotting errors durinq 

construction of the map and reàl errors inherent in the method, 

is propoFtionally much qreater. 

3.33 Compilation of the .now depth variables 

( 
1 , 

Variables repre.entative o( average peak .now depth were compiled 
/ ' 

for each the~cable site, and for cir~les Of! increasinq radius 

aro~d the cable-head. The procedure adopted i. similar, in a 

number of re,pects, to thllt empl~ed by NichoJ,.son 'and Granberg-

(1973) • 

--~~---
\ 

/ 1 

1 

r 
1 
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3.331 Collection of data. 

The snow depth map produced for Timmins 4 (Figure 6) was sampled 

at fort y-one points around each thermocable .site. Sampling 

points were" arranged, six Metres apart, in an orthogonal cross 

oentered on the thermocable and ~ligned parallel to the map grid, 

which is also parallel to the terrain (,igure 3). This sampling 

design, which is illustrated in Figure 8, is intended to ensure 

that variations is snow depth, both parallél and perpendicular 

ta ;he topography, are monitored. An integer value was recorded 

at each sampling point. This corresponds to the depth category 

within which the point falla on the snow map. 

1 
3.332 Compilation of variables. 

Average peak snow·variab1es were compiled for·circ1e. of differ­

lng radii about each thermocable site usin~ cross data oollected 
1 

as described above. First, the cab1e-head integer value was 

oonverted direct1y oto an equiva1ent snoW depth in centimetres. 

Mean values were then computed for each 6 m lnterva1, in sequence 

outwards from the cable head to 60 m, us!ng the four values 
. " 

-re~orded for the ln~rva1 toqether with a11 the.e c10ser to the 

cable. Taklnq the 18 m Dl8Anf S'now depth variable a. an exampie, 
~ 1 

the sum of a11 values recorded for the 18 m, 12 m and 6 m inter­

val. as we11 a. the cab1e-bead, va. divlded by thlrteen. the numbAr 
. 

of lampling polfit. C.ee,Pigure 8). Eleven.DOW depth variables, 
-"';''1:r 
""P <: • - -

averAge snov conditions over ciral •• of radi! 5 m, 

.... ; t 

j,j 1 

1 

1 
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Figure 8: Sampling qrid adopted for collection of 
.now and other environmental factor 
data. Mean .now depth over Any c1rc1e 

1 
1 

1 

. around the prediction po'int 1. computed -
a. the mean of al1 values fal1ing 
with1n th1. circle. Thu., for c1rcle 2 
the mean depth i.: 

4 

i == 'CH + 1: ( Ne 1 + JE 1 + 5W 1 + N W 1 ) 
,. t 

n 

wber. n i. the number of .ampl.ing point. 
inclu4e4 (. '7 ) . / 
1 

1 
1 

1 
1 
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7 . Sm, 1 Om, 12 :Sm, 1 Sm, 2 Om, 2 Sm, 3 Om, 4 Om, SOm, and' 6 Om, we re 

then pbtained by interpolating linearly between values computed 

for the different intervals. Figure 9 shows the plots of ~an 

snow depth versus circle radius for each cable location, fram 

~ which the intèrpolated values were obtained. 

~ 3.34 Discussion 

1 
/ 

'~'\ 

It will be apparent that the computational procedure, described 

above, weights sampled snow depth vafues equally regardless of 

their distance from the cable-head. However, each set of four 

points at varying distances from the cable May be considered te 

represent the area of a ring around the cable. The area of each 

ring increases in proportion to the square 'Of its distance from 

" the cable. Th us , the snow variables comp!led here, in effect, 

bias the mean towards those values near~st the cable. Th~­
(. 

ically, thi. is not undesirable since it produces a weighting 

which approaches a solid angular weighting. Lachenbruch (1957b) 

indicates that this should be the true situation for the influence 

0/ a surJace thermal di-.turbance on a point at 4epth. - To further 

r 

1 

evaluate th1s problemi variables were also compiled which weighted .; 

' .... 

the snow depths according to ring area. The r •• ulting correla-
--- .y-' 

tlods vith ground ~rature,though .li~tl~er in all caees, 

were significant at the same hi9h level. The original variabies 

were, therefore, retained; 

1 / 

"'. , ... 
1 
1 1 : 

'/ 
J 
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Figure 9, Average .nov 4epth ver.u. circl. ra4iu. tor 

thermocabl.. at Timmin. 4 
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3.4 RELIEF VARIABLES 

1 
In the Scheffervil~e area, tQPograp y and the occurrence of perma-, , , 
frost appear, superf.icial1y at le st, tC/be c1ose1y re1ated. To 

test this hypothesis, seven different indices of relief were 

.evaluated using data collected' from the 1:1200 topographie plan 
1 

of Timmins 4 (Figure 2). For each thermocable, the site eleva-

tion was obtained by interpolating between contours on Figure 2, 

a procedure which provides an aecuracy of at 1east ± 2.5m (the 

contour interva1). However, it is like1y that an accuracy of 
( 

± O.3m or better, i8 obtained in most instances. An index of 

topographie shape was compu~ed as the difference between site 
\ 

e1evation, and the mean e1evation of the slurrounding terrain. 
-

The latter was computed, by ana10gy with compilation of 8now var-

iables (see Figure 8), over circles of radii 20m and 30m~' centered 
~ 

',on the cab1e-head. Thus, a hil1 or ridge site has a high positive 

~nvexity i~dex, whi1e the reverse i8 true of valley sites. Slope 

and aspect variables were compiled'with reference to an assumed 

plane passing throuqh the cable-head, ~d intersectinq the terrain 

, 

( 
( , 
~ 1 j 

at some distance up and down slope. This va~iible was also com­

piled at two scales, with,respect to planes of len9ths 20m and 30m. 

3.5 VEGETATION VARIABLES 

In collection ot veqetation data, an attempt was made to derive 
/ r, 1 

a serie. of variable. repre •• ntative ot the per~ntage, coveraqe ~ 
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1 1 
of different-veqetation types &round each thermocable. 

classes of1vegetation were considered: 

i 
1 

srre qround 

ii Moss 

iii Lichen 

iv Vascular plants 

v Brush, i.e. Betula spp. 
1 

1 

pive 

The percentage coverage of each cla&&~lthin a series of one metre 
/ 

quadrat8, located at ,3 m intervals outwards from the~able~head 
, ' 

'" (in four directions, alonq the arma of a cross, located 

orthogonally to the terrain), w~ recorded for each thermocable 

site. This samplinq design i& very similar ta that adopted in 

collection of snov data anà ls shawn in Figure 8. Mean values 

for circles of radii 6 m and l2,m were then cOmpilrd usinq a 

procedure analoqou& to that employed in deri~ing the snov depth 

variables Csub-section 3.23).1 Lastly, a further veq~tation 

variable vas syntheaized by t~e additi~n of the percentages of 

bare ground and lichen for th' 12 m circle. 

"~ 
3.6 GROUND/THERMAL PROPBRTIES 

1 

The thermal characteriatic. of the lithological unit. w h 

comprise the Knob Lake Group are net well document.d. Diffu 

ivity values have been quoted br bath Anner.te~ (1964) and 
- ~ 

Michelson and Thom (1973), while Yap (1972) ha. considere4 

conductivity chang •• with temperatur •• However, all the .. 

( 
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studies were concerned with the properties of iron-rich, gen-
- -

erally ore-grade, material. Thermâl conductlvity"data. are 

, r89uired for aIl major units within the Knob Lak~ Group, bath 

iron-rich and iroÂ-poor, if even simple steady-state conduction 

models are to be developed. " 

It is f~rtunate, tnerefore, that it was., r,cently \ 
possible to have thermal conduct1vity determination~ madr. on 

samples of the main rock types present in the Schefferv~lle area, 

by Dr. A. Judge of the Earth Physics Branch, ottawa (personal 

communication). Dr. Judge kindly consented ta carry out this 
, 

work on a series of samples submitted by the author. It should 

l ' be noted that in this region leaching dt" silica and iron enrich­

ment have been very important in formation of soft iro~ ores. 

S11qht variations in the amount Of leaching and enricbment result 

in a wide vari.ty of rock types, each having s1ightly different 
, , 

the~al properties, depending on its relative iron and ~ilica 
'\ 

content. lt is be1ieved the? the samples, which vere COlleCjed , 

with the assistance of Jim Orth, a geOlogist with loCe, are • 
. -----. 

representative, insofar as' this was practical. 
\ 1 

3.61 Conductivity data 
" 

The the~l conducti vi tJ, K, -4etermination., made by Dr. Jud9'., 

~e pre.ente4 in 'l'able V. For .ach rock 'type, an unfrozen J( 

value- -wa. -obtain.cS u.inq à mo4ified ~4ivi4ed-bar· apparatu8 of 

the t yp, illu.trate4 by Ju4qe, ~~7 3b (Figure 1"). The, correç-

1 
.. , ) 

l 

\ 
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------ TABLE V 
~}- ''; -;;. 

TBBRMAL CONDtJC'1'IVITY DETERMINATIONS, KNOB LAKE GROUP \, 

'\ 

(Dr. A._Jud<je, personal c:ommuniC7ation) 

. 
Rock conduc~ivity Rock conductiv:rY 

1-
-unfrozen (wm-1R-1) Rock type Samp1e LOcation -frozen (wm-1K ) ~ 

, La ... Leè Chut ~. Barney 6.36' 6.36 
Upper Red Charty 

, Inn PhrMtion Barney 7.16 7.53 . 
P1Dk Gre~ Cheny' . --------. 

, Ixon Poraation Goodream 5 .. 97 6.10 

--
LO~ Bad Cheny 

.. 1 ~ troll ~tion· 6.56 6.81 
Lover %ftm Fon.ation Ti_ina 4 4.03 5.18 ' 

, 'S~llcate-C~bonate 
Burnt Creek Mine 1.89 2.29 ' i lmn FOn.atlOIl 

bth Slate .""' Tùa1ns 4 3.18 4.08 
W1~ Quaralte Barney 5.84 5.90 

) 

Plea1ag Chan ar.ccla ltnO~ Lake Ridge 6.05 6.08 " Daault ~loa1t. bob Lake Ridge 4.98 4.98 1\ 

At;t.ikaMgell Slata Schefferville 
\ (toVllsi te) 2.22 2.22 --

Blue on T1.dns 1 Mine 6.92 7.86 
aad on - Redmond l Mine 4.73' 5.73 
y_Iov Oh Burnt Creek Mine 6.89 8.34 

" 

1:> 
~-..... 

". • De~nation nq.t made, K value esti~ted- as .an of URe and PGC value •• 

-­o 

o 

Mean 
(WIn -lR-1) 

l' "-,: 6.36 ~ , 
7.35 

6.04 -. 
~ 6.67 \l) 

4.61 

2.09 
3.63 
5.87 
6.07 
4.98 

2.22 

7.39 
5:23 
7.62 

~ 

.. 

\ 
sACEEU .J,t :1 I.mll PIBI'UHns,,'Zr ,uv nms'tP7,e me' .. 'hIi.1!oil;.·.·cw:l 77'b'1'mtnk' T» ........... ~'_ ... ---.-
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onding frozen K values were computed indireetly, by assuming 

a "geometric" model for the conductivity of a porous medium 
,l 

(Woodside and Messmer, 1961). 1 
1 

l ,:y-
/ , 

3.62 Comp11ation of conductiv1ty variables . . 
1 \ 

Harmonie mean conduetivities were c9Mputed for the geolog1cal 

units presen~ within ten depth intervals beneath each ~ite, 
,J ~ j' 

i.e. between the surface and each of the standard depths, 

listed in Table II. The harmonie mea~ we~9hts eaeh 'lithOloq! 

ieal uni~ according to its intersected thiekness within the 

interval ôf interest, thUB: 

n 

Kz - (9) 
z ! 

where, Kz i8 the mean conductivity for the depth,interval between 
,if" -

the surfaCé and depth z, and Ki and â zi are--the'thermal conduct-
1 

ivity and th1ckness,1 respectively, of the i th litholoq1cal 
o l ' 

W'tit. 

f 
~--"-~-"=--c- _~ ~= b 

========~'~=-~-~==~==~~========= 
In compiling ,con4uctivity variables for the present 

I} 

'::.. 
trozen and untrozen analy.is, use w,s made ~t ~the average of_tbe 

- -
-Je values tor eadJ rock_type (Table V)'. It vas then unnec.a •• ary 

~ ",t' '::a 
_ \ _, A-

- . 
to cÇ)uUer te.çoral vari~tions in, the proportions ot trozen and 

wJfrozeft 'l'round, which resu'lt from Changes in ac~iv. layer t1iick-
--

ne... A44itionally, if a definit. frozen or unfrozen v~lue 

1 ) 

, 
" 
1 
\ 

l 
~ , 
I~ 

~ 
J 

1 i 
'l 
l' 

'. " 1 

î , 
J 
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wa~ US~ to ~~vel0p relation.hip., it would not be po •• ib18 to 

u •• tholo later tor fJre.diction without prejudqinq the precUe-

tion. Tho thickn ••• of each rock-type interl8cted ben.ath 

d1fferent thermo9ab1e .ite. wa ••• timated trom a 980109ioa1' 

interpr.tat~on, compile~ for the Timmin. 4 site, by the author. 

Thi. interpretation i. ba.ed on the mo.t reoent Iron Ore C~any 
. . 

1,1200 .cal0 surface q.oloqy plin, and ~ntormation on the ~rob-

ab1. qeometry of the Timmin. 4 (Elross 1) ore-~9~YI ~eriv.d trom 
> , • 

StUbbin. et al, (1960, Table 3). No al1owanoe wa. made for the 
/ y 

pre.onoe of overbu~4én, ~U. to a laak of definite information , ' 
and the 1naication tbat 1t i. th~n over much ot the .ite. 

/ 

3.63 X!l!dity of the conductivity variables 
l ' 
t 

In ab.olute term., th. ,thermal oonduotivity 

presonted i~ T~l. V aie believ.d'to~~6CÛrlte to within %5 

peroont (A. Judq., per,o~.l c~~n1-cation.': However l'ft.,. 
, . 

aoouraoy ot the oonductivity v.riable. compiled Itheretrom may 
/' 1 __ 

.{ b. que.tion." on thre. ooun~.~~. 

~, . 1. With only one dat.rmination pel' rock unit, in lIO.t, 

" . 
entativ. of th •. ditt.rent rock type. a •• Wh01 •• . ...... 

ii ~ 1 ln the 'ab~eJu" ot ."C,.w.~ plan. and •• 0t1on., /J. { 

is ditficu1t tOI'judq. tbe v.~J.~J.tY 01 ,the ,.0109io.1 int.rpr.t.-
. / " , . 

-~.-- .. 

,~ , 
: 

f;1 \ \ 

tion u •• d a. i b •• J..(~or oo.pJ.l.tion of the oonduotivity.variab1 ••• 
• • \ 1· - A J \ ~ 

, ,-

/ 
. , 

, 
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i1i. For practicAl rea.on., a .ing1e ie mean _ -
"", 

value wa8 U8-t, when in reality th.re 1a con,ide le gep1oqi~al 

variation, l'ven within,,,a .ingl. litholoqica1 unit. 

lt i8 difficult ,ta gauqe either the relative 

ance of theBe factor., or th. extent of their influence. 

ever, lt i. probable that the f1r.t and th1rd are ~~ •• 

1 

ABLES" 
1 
1 . / 

1 _" 
.upra-permatro.t groundwatar moVamant at 

, 

Timmin. ~, both in the morphology of th.rmocable,' profile., and 

" in (the pre.ence of talik z~ne. b~neath\ the majo~ valley •• 
, . 

~Niohol.on and Granberg, 1973 riqure 6). 
, ... ':\..;. 

1 

/ 

However, work ha. OnlY/ 

reo.ntly begun to provi4e information on the magnitude and con-, 
\ 1 

fiquration of .uch flow. (J. Levi., per.onal.~unio.tton). 
" /~ r __ '-' ~ 

.'(~ Ob~.rvation, by the .~or, of condition. wh.re, ta·iik zone. are 
./ .. - - ! 

.>1.-

"lnt.er.ected dUrinq open":pit'minin9 operation., i' cate that 

zone~ ot lt.ited lataral, 

e"unt. 1 

,; th. 11qht ot th ••• ob •• ~vationl, a .e~t •• ot 19 
, ' - ~ 

• ~abl ...... GOIIIpL1e4 to r.,~n •• nt the W~_ce ol 9row.dw.ur\ 

,r ..... \"' (at the Idttfe~ent thenaocabu .ite.. .~ a .llllplifioat1o.l' it wa. 

a ..... d tnat ,.thJ.. ettect at9ht .,. ~.pra .. nte4 Dy ... lunetton 

/ 

j/ 
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of di.charge vithin or,benea~ the near •• t drainage ~hann.l 

(talik), ~, and of di.tance fram thi. channel, d. Di.charqe, 

in turn, va. con.idered to be related to the area ot the drain­

aqe ba.i~ located "up.tre .. - fro~ the cable. IEach ot the var-

iable. wa. an arithmetic combinat ion of the two factor., for 

1 eUlllple. O:'d, a/d, l).d2, a/d2, a .d", O/d" etc •. lt Will' be 

apparent that .ach variable, caœputed in th1. ta.hien, i. a 

lin.ar combination of t~.·oth.r •• The ~ar1abl. givinq th, high-
/ 

•• t correlation,vith 9roun4 te.per~tur. 

ch.pter • 
. 

-~ -

/ 

'. . ~ 

1 ! 

... 

'. 

/, 

/ 

~ f -"'. 

1 
/ 

/ 

\ --
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1 
CHAPTER 4 

1 

! 

QU~TI"ING TH~ RELA'l'IONSHIP BE'lWBEN GROUND 'l'EMPERATURE 

AND THE ENVI ~MENTAL PACTOru; 

/ 

4.1 Uf'tRODUC'l'IO.N 

The environmental parameter. may be qroupe4 accord1n9 to the 

manner in wbich they attect ground temperature.. One .et, œQ.t 

importantly r~lle.f, md4itie. the ther-

mal recti_ via the micro-climatic fluxe. wh1ch controi .urtace • 

The other .at 4etermine. tb. temperature di.~ribu-
, - 1 

tion 
~"'.J~ 

ith a q.1ven ,ul'tace boW\cary ïOn~ition lq,~~d tJ'lermal 1 

rtie., which attect con4uction, u4 qroun4water movement 
. . 

in luenc1nq .... tran.ter attect.). Tbi. chapter 1. concernea 'U 

, . -\ ....... ~ 
• ~ 1 

i th a quant~tat1. ve a ••••• _~t ot th. relationsnip bat" •• n the,.)\ 

.nvironm.ntal parAIIIIter. ancS average annuaJ. ,qrounci tempe rat ure at 

, / 
ination ot the line.r corralation coeftici~nt. wh1ch ce.criDe tJ'l~ 

/ 

"'" lt .1. ispQ •• ib1e to -.ka .t.tl~al1y-~al1d lnf,r.noe~ 

.bu." on the.. r •• ult~, tor, rea.on. bath ot .ul1 ~~1a .1.;N and­

of non-not'lD&lity ot tAe 41tterent VAriable 4i.t:rJ.bution.. Mw.ve," 1 
~, 

..J' ,If 

the feneral conclu.ion. vnicb CAn'be/dr.wn 40 facilitata compari.on , 
V.1th previou. re.ult., ana PiidIJ t.he ba.i. for a la~r e"alua-

t.1Oft of ID\Ilt1pl.e re9r.~.,~o.,. ~u.atL.on •• 
', .• / 

. / 
/ 

/ 

J' 

, , 
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4.2 EXPBCTEO AND OBSEJCVED CORRELATI9!t; WITH G!COUND TJ!:MPERA'l'URE 

L1near correlaftion coefficient. were computed to de.cribe th~ 

relationship8 between ground temperature At all levels and th, 

varl0US environmental factors. The •• result. are qiven in Table 

VI, and a dl.cua.lon of tne ~ata i. ~~ •• ent.d in the fOilow1nq 

'4.2J. corteJ.ation. w1~h relief 
.... 

'r 

• 
! 

Ground tamperature condition. often .eam te be olo.ely reJ.ated 

(.ub-.action 1.21), ana the reJ.iet varia.ou. con.i ed 
/ 

correlation. wi~n~round 

temperature lTaDle VI). por A-<IU.-..J.e, the coetficient. vitn 
/ 

elevation increas. M1th 4epth, wheraa. tho •• witn .ite convexity 

.nov the oppo.ite t~.nd. The indiçation ~" th~refor., that eJ.e-

vation 1. a iarge-.caJ. •• urface lnfiuence varlabie, at~ect1nq 

de.Jer temperatur •• , Whi.J.. the eonv.x1ty v.ariable cho.~n i. IIOr. 

iJDpo'rtant on -a ... 11. .cal., I~tbce ;.a.t i. lDO.t ~olo.eiy corr.1ata4 

vith .hallow temp.ratur... ..low ';5. depth, th. corr.lation. 
< 

vith .levation are al'J. .ignifieant at th. 99 percent leve'" or" , 

Detter. 

Ar. al1 
--~'-=-~/-: 

/ .",ecteCfrOJI the J.iterature (e.9-' .,roWn, 19'V) , Dut 1. l'rob.bly 4 0 

to the tact-~lI.t tft. tI~mm"n. 1-- .~te 40.. not eJdu.b1t, fr.at var-

/ 
/ 1 

l 
1 

\ : 

f 

\ 
1 
1 
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'" TABLE VI 

0~ 

LllŒM't ~:IONJ COEFPièŒN'l"S IŒ'NIŒN GROUND TEMPEM'rURE' AND .~ 

,~ 

------- ~ r:-.:tI'J'AL PAlWlE'ŒRS .,. 

'1' s:. '1' 7.5. . 'l'~ Ga '1'12 • Sa 

~ 
~ .. 5a ~2.Sa T15m T20Dl 

~ 

c-
lltel.ief variables " 

ltLEY -0.235 -0 .. 306 -0 .. 411 -0 .. 523 -0 .. 611 -0 .. 640 -0.670 -0.711 
SLOPBtO -0.191 -0.126 -0 .. 059 -0.034 -0 .. 011 -0.039 -0.057 -0.073 

'" Sl.tlPad -0.16' -0 .. 130 -0 .. 110 -0 .. 079 -0 .. 037 -0 .. 060 -0
1

,,075 -0.086 
ARECIf' -0 .. 120 -0 .. 139 -0.1 .... -0 .. 098 -0 .. 049" --0.060 -0.077 -0 .. 079 

'-
COWU20 -0 .. 641 -0 .. 657 -0 .. 657 -0 .. 634 -0 .. 59~ -0.599 -0.~81 -0.541 
COlIVUlO .>- -0 .. 725 -0 .. 741 -0 .. 723 -0 .. 690 -0 .. 63~ -O .. ~ -0.621 -0.568 

saov variables 
DlOIICB +0 .. 79~ +0.859 +0 .. 869 +0 .. 848 +0 .. 817 +0.799 +0 ..... 786 +0 .. 741 
stWJ1IiS +0 .. 831 +0 .. aa7 +0 .. 885 +0.865 +0 .. 836 +0 .. 818' +0.803 +0.763 
SlIOIr1 .. S J +0.836 +0 .. a91 +0 .. 885 +0 .. 865 +0.836 +0.817 +0.803 +0.763 
StOflO +0.838 +0.892 +0.883 +0 .. 861 +0 .. 832 +0 .. 812 +0 .. 797 +0 .. 756 
S8C:Ml2 .. S .. +0 .. 839 +0 .. 892 +0.880 +0.856 +0.827 +0 .. 807 +0.792 +0.750 
Sl1C*1S +0 .. 84' +0.900 +0 .. 889 +0 .. 863 +0-...832 +0 .. 814 +0 .. 199 +0.759 
SlIOlI20 +0 .. 851 +0.905 +0 .. 895 +0 .. 869 +0 .. 838 +0..820 +0 .. 801 +0.111 

-SHOlf25 +0 .. 842 +0 .. 896 +0 .. 887 +0.863 +0 .. 837 +0 .. 819 +0.807 ' +0.775 
SlIOIflO +0 .. 823 +0 .. 877 +0.871 +0.851 +0.832 +0 .. 814 +0.802 +0.773 
SHOW"O +0 .. 796 +0 .. 848 +0 .. 842' +0.834 +0 .. 828 +0 .. 811 +o.aoo +0.778 
SlOr50 +0 .. 773 +0 .. 819 +0 .. 811 +0 .. 812 +0 .. 819 +0 .. 804 +0.794 +0 .. 779 
SlIOtKO +0.758 +0 .. 803 +0 .. 796 +0.800 +0.811 +0 .. 799 +0.791 +0,.782 

Vevetation vuiab:Les 
1WŒ6 -0.550 -0.441 -0 .. 278 -0 .. 309 -0 .. 371 -0 .. 389 -0 .. 407 -0 .. 427 mss, +0 .. 602 +0 .. 661 -+0.695 +0 .. 700 +0 .. 699 .+0.686 +0 .. 690 +0.656 
L1CIID6 ,+O .. l.O2' -0 .. 076 -'~29S -0 .. 252 -0 .. 161 -0 .. 133 -0~113 -0.068 
VASCVBG6 '"", +0 .. 643 "'+0.674 + '7. +0 .. 651 +0.610 +0 .. 612 +0 .. 616 +0.604 
BRUS86 +0 .. 592 +0.630 +'6 .. 635 +0.604 +0.605 +0 .. 607 +0.6,00 

o 

li 

T2bm T30m 
I 
l , 

-0.152 -0.782 \ 
-0.~7 -0.120 
-0.1,7 -0 .. 123 
-0.081 -0 .. 098 
-0.4~ -0.444 
-0.50 -0.454 

+0.6;~ +0.625 ~ 
+0 .. 109" +0.656 • 
+0 .. 1.10 \ +0.658 

\ 
+0.103 tO .. 651 
+0.696 0.644 
+0 .. 101 ~657 +Q. .. 124 + .678 
+0 .. 733 +0.,692 
+0.737 +0.~1 
+0.753 +0 .. 7 7 
+0.761 +0.74 
+0.770 +0 .. 759 

-0.423 -0.427 
+0 .. 609 +0.564 
-0 .. 036 +0.003 
+0.575 +().540 
+0.580 +0.568 

1 

-' 
~~.., .. 
',' 
" ;.~ 
~ ... " 

" 
1 

<!' 

. l 
+O.~52 
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"l'ABLE VI (Continued) 
• J 

'" "-

'" ~l .. SIl "1'2 .. Sa "l'SIl or T10a T12 • Sm T1Sm T 20m T2Sm T 30m 
"" 

7.Sa 

Yege~ .. tiOD variables ' 
BAlŒl~ , ' -0 .. 536 -0 .... 20 -0 .. 239 -0.258 -0 .. 309 -0.327 -0.344 -0.361 -0.361 -0.364 
-..sa12 . +0.649 +0.690 +0 .. 700 +0.698' +0.6'93 +0.684 +0.690 +0.657 '-..,+0.609 +0.564 
LICIIIlt12 +0 .. 070 -0 .. 108 -0 .. 333 -0.290 -0 .. 200 -0.171 -0 .. 151 -0.102 -0.063 -0.020 
vasCVBCl.2 • +0 .. 646 +0.675 +0 .. 660' +0.614 +0 .. 554 -0.549 -0.548 +0.521 +0.482 +0.43~ 
BlWSB12 +0.556 +0.603 +0 .. 628 +0 .. S87 +0.S2~ +0.S20 +0.S12 +0.492 +0 .. 466 +0.448 
'fOr BLl2 -0 .. 687 -0.'745 -0 .. 745 -0.721 -0.6$3 Yi' :-0.675 -0.678 -0.643 -0.596 -0.550 , 

GllD1.og.ic:al. variables 
GBOL2 .. S +0.639 +0.672 +0 .. 683 +0.655 +0 .. 577 +0.612 +0.611 +0.634 +0.638 +0 .. 637 
G&OL5 +0 .. 639 +0 .. 672 +tG .. 683 +0.655 +0.577 +0.612 +0.611 +0.634 +0.638 +0.637 10 

GBOL7 .. 5 ~0 .. 639 +0 .. 672 +10 .. 683 .. 0 .. 655 +0 .. 577 +0 .. 612 +0.611 +0.634 +0.638 +0.6,37 1 
GBOL1O +0.639 +0 .. 672 +0 .. 683 +0 .. 655 +0.577 +-0.612 +0.611 +0.634 +0.638 +0.637 0\ 

GI:OL12 .. S +0 .. 639 +0./672 ' +0~683 +O.,6S5 +0 .. 577 +0,612 +0.611 +0.634 +0 .. 638 +0.637 ..... 
GIOLl5 +0 .. 6"" +0 .. 676 ~+0.687 +0 .. 659 +0.581 +0.616 +0.616 +0.640 +0.643 +(t.~42 1 \~ caouo +0 .. 6"5 +0 .. 675 1"0.685 +0 .. 659 +0.584 +0 .. 617 +0.620 +0.645 +0.649 +0.6'48 
GILOLa5 +0 .. 63a +0.674 +0.693 +0.673 +0.600 +0.635 +0.636 +0.662 ~+0.666 +0.663 l 
GIOLlO +0 .. 631 +0 .. 671 +0.696 +0 .. 680 +0 .. 610 +0 .. 644 +0.645 +0-.. 671 +0 .. 675 +0.,671 

" 
~WlCbra~ variables -----

"-
-0.400 -0.339 -O.20a -0 .. 278 -0.410 . -0.386 -0.381 -(h384 -0.3a3- ·-0.375 
+0.152- +0 .. 236 +0 .. 340 +0.376 +0.388 +0.396 +0 .. 416 +0.429 +0 .. 443 +0.442 
*0.349 +0 .... 08 +0 .. 473 +0.504 +0.535 +0 .. 533 +0.548 +0.555 +0.552 +0.542 
+0 .. 334 +0 .. 390 +0.4S8 +0 .. 483 +O.SO~ +0.506 +0.S24 +0.541 +0.541 +"0.533 
+0 .. 362 +0 .. 404 +0.434 +0 .. 471 +0 .. S08 +0.506 +0.510 +0.517 +0.510 +0.500 
+0 .. 359 +0-.412 +0 .. 4~~ +0 .. 500 +0 .. 525 +0.523 +0.538 +0.543 +0 .. 535 +0.52'0 

" 
-; 

1 '" 
.' 

--
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1 

iation in eitner slooe angle or aSDect, and i8 there tore not 

iC1eaJ. for retlectinq the inf·luence ot the.e factors. Analyaie 

presented J.ater, ae well as personaJ. 9b8ervat1on, in4icate. that 
If 

rellef 18 .trongly correJ.ated w1th anow distribution, which 

euggeate that the re!ationship between relief and g'round te~er-
~ 

ature may be an e •• entialJ.y indirect one. 

1 
4~22 Correlation. vith .now 4epth 

1 

'l'he relation.hip bet~.en -ground t:emperatur. and p.aK .now 4.pth 

at .it •• in the SCheftervilie ar.a 1. well dOcumented. In 

generaJ.,- the correlation. q1ven in 'l'abJ.e VI are in qooct aqre.mént 
/ 

with th. re.ult. ot earli.r .tucSie.. GrOUnd temnerature, at all , 

depth., i. highly corr.elated with .now depth (r > O.,, in almo.t 

'all c .... , , while the cOefficient., without exception, arei .ignit-

~ant at tha 99.9' percent J.evel ('l'abl. VI). 

, 
- --~-~------------

..__------corr.late b •• t vit th over o1rc18. ot r.latively ... 11 1 ________ 

radia. aneS ta~.ratur •• - at qr.ater 4ept~ cSapth over 
- • ----------=-, ~ . 

lar9.r ar ... , a. da.erioaeS by IUchol.on JneS Oranoarq (1973 ,~. 

Table VI .how. . tnat .Dew.en tb •• urta". aneS 15. cSaptn the h1qha.t 
\ , 

correlations_are with av.raq. snow ca~th over 4 120. radius oire1 •• 

S810w 15., t.mperatur.'~oorrelat.e. b •• t with th. sai~ oov.r over a _ 
, 1 ~ \ 

fJOm circle.. 'l'hu., the re1aUon.hip Af'P1ie. in a 9.nera1 vay, .. 
! 

wou1ô be .xpeeteeS trOlD fir.t prin"i,,1... ~re 1.. no .U99~.tion, 
/ 

newever, oi a • .,.o1ti" ratio ~tw •• n th. cleptb ot -tM t4tIIperature 
1 
1 

/ 
, ( 

, 
\ 
1 
i 

i 
1 
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data and Slze oi"~e snow area. 
" 

" "-
4.23 correlation. wltb vegetation 

""'" / 

• • ••••• d Al ... _ .... t 

~ubjective observatl0n. in bhe Scheffervllle area 8uqge.t that 
, ~ 

there lB a stronq corre.pondenc~ beween ditterent vegetative 
, ,/ 

r 
cover type. ajld grouncS temperature"'~on4itton.. The coetticients '" ~~ 
iistecS 1n Taile VJ contirm thls,.1ew, ~~ge.tin9 t~at the lnf!uence~ 

ot vegetation 1. felt on two level.. On ~ small scal" , the dltter­

ent coyer type. torm in.ulatln~ J.ayer. at ~~ .urface, tttf ettec-
"-

\, 

tivene •• of wh1ch 1.. a tunction ot their thie.kn~ and ,aen.ity. 

On a larqe scale, veget~t1on i. a retlection ot t~mpact ot 

other environmental factors, notably relief and .now. d~th. In 

éôn.lderinq the multiple ·reqre •• ion re.uIt .. J.ater, an at mnt 1. 
1 

.. ~ to ~t.m1n. th. r.lati".' i ...... rtance oti th ••• two tace~. 

With th ex~ption ot the bare ground and lichen • """ 

vari~le., correlation. vitb v.q.tation are positive (i.e. 9reater 

v.qetat~on Gev.lopment corralate. vith hiqber temperaturas), 

~airly biqh (r ) 0,5, in JIIO.t c .... , Anct.siqnitioant at the 
;; 1 ~ 

98.S: ,efcent J.evel or, ~tter ('l'able VI' ~ Althoup the _ooett1c-
[ 

J.ant. Ar. tairly unitora, ther. 1. a ;rend tor a decr .... vith 
l 

" 

~_______ qround uill'erarire at qr.at:er "-Ptn." ln qaur.l, for Any qiven 
~ 

~Pttt, the niqhe.t positi.va correlations ara vith the variable 
r ~ 

. _ - which repr ... ftU---paroenta,. 110.. cover" .• -----------,\ 

1 
J ' 

~"e:~cm.n M4 b.~a~q~4 vat'iôt.. have 1cKfer but 

._-~'--~--­
'-,.-

/ 

--------~--------------------.. 
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neg4tive correlations wlth qround temperature a. would De 

expected. A synthetic v~~!~~!e, ~epre.entin9 percentaqe bare 

qround and lichen combined, qivee ~e.t correlation with 

ground temper~ture of any of the variables consideree!. 

4.24 Correlations w1th thermal conductivitv and other 

geol091càl varia.ble. 

Geoloqy and. rock type, per .e, are. onJ.y indirect1f.' relatecS to 

qround temperature cSi.tribution, via their influence on topo­

qraphy an"--- relief C.ub-.ection 1.21). However, when a .imiler 

.urtace temperature and terre.trial heat "flux prevail, the 
-

occurrence ot low qreWld temperatur.. could. be exp.cted. te co-

incia. W1t~ ,nigh the~,l conductiVit'( zone.,_ and. vice ver.a. 

Thi •• uqqe.t. a negative_correlation between the two variables. 

Wh.i1e thi. ,r.latiouhip bo1d1 foyindividual thermocable .it •• , " 
", 1 

, . \ 
tl'ia value. "1\&"a • ."ta4 in TabU ~ 1n4ieat. that for 'l'imm1n ..... 

a wnola, the •• two variaDl •• arf' ~o.itj,va~v correlat-1" Unttonsly 

hiqh ooetticlena (r ) O." ~~ribe th. raiation.hlp. betw.an 
rr f' 

teaperatura at dittar.nt depth., and con4uctivity tor a.cb ot tha 

,4epth ionera.nt. conJJidered. ~eover, there i •• trend for the 

n~9fte.t eor,.i.t~Oft8,wttb temperature at'a qiven ~th te he 

tn mean c0n4uctiY1ty~~er tha Larger incr ... nt. con.i4er.4 

(Tab VI).. AlI correlat.iOn. a.ra .i9f'1ficant at better' toMn t.he 

., • 0 percen, JAtvel. 

! 
1 
/ 
1 

, , , , 

1 
l' 

!~ 

, 
1 

-----~-------_ .. 
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\ 

It will he shawn lat.r 1:hat the apparent di.crepancy 
, ~ 

between expectecS and' ob.er~ec1 corrilation.\ with thermal conduct-

ivi_ty can be explainecS in tama of the overwhelm1J1q importance 
, 

of .now c1epth, wh1ch exert. a much .tronqe,r influenêe than con-

ductivfty on the distribution ot qround teapèràture •• Thu., the 

• Timani"., 4 ore-body, whicb i. compo •• d of. hiqh condbctivity 
.. - \ 

/ material, i. al.o .ituated beneath a valley which ha. a deep 
j 

.now ,coye r • Conver.ely, the ridqe. at thi •• ite are composed of 

relatively unleached mater1al, fof lover conductivity, yet have-a 
-

.hallow .now coyer. T,- ob.erved po.itive correlation. may, for 

thi. reason, be viewecS ••• entially as false correlation •• 

\ 
4.25 Correlation. with qroundwater 

In qan.ral, supra-permafrost 9roundwater has a warminf/i~f1uence 
on qroun4 temperature. in peJ:'IUfroat. In unfrozen valley .ites 

at Tl.lDiD1na .t, how.ver, it may,have tbe op~oaite .ttect, maint ain-
, - f 

iai, temperature. at 0 to O.SoC, wben the eXistence ot deep wintei:", 
. . 

.noW auqqe.ts they shouleS be consi4eJ:'ab.~y ",armer UÜcholaon and 

Granberq, 19,73). ,JiS qualification notwithstan4in9,' a positive 

correlation wa. expecte4 bet.ween tne t.WO varlab1e •• 

ln tact., witb on •• xception, the froundwat.er variable. 
l ' _ 

cona1der.4 al'. po.itive1y oOJ:'t.1ate4 vith qroW'ld te.paratuJ:'. 

(Table VI) ~ The value. ot th. ooefficiont. 48orea •• con.i.t:ently 
. 1 

vith 4.pth, and aboUt halt t.h. oOI'J:'elat.ion. al' •• ifniffoant. at the 

99." percent le!_l or .Detter. I~ UntoJ:'tunat.ly, collection of 4at.a 

, 

" ,l 
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for use in compil.ation of the qroWldwater variable. is both' ted-'" 

iou. and t1me-con.uminq. In a&i tion, in .ome types of terrain 

it 1. almo.t inpo.sible to <Selineate either the drainaqe basin. 

or channel. invo;lved. Thi. ia •• pecia11y true within the undu-

lat1n;, poorly-drainec1 lower part of the Timmins 4 si te. 

, 
Por tbese reason., it was dftcided to omit the qrouncS"- 1 

~ 

water variables fr~ turther ana1ysis. '!'his is quit. loqical 
-, 

if an attempt i. later to b. made ta dev.loP a predictive pro-

cedure Whi~b b~,app11cation"on J r.~onabl~ large .c~le, and 
/ 

wou1d, thus, involy. compilation at a large number of prediction 
- - , < 

-
po1n". 1 

, ~; 

vith th. exception pt ~ n~r ot .omewhat rigid1y theoreti."i' 

, approache., bavinq engin.er1ng application (~.~. LaCbehbrueh, 

,l"'., 195', Brown, •• G., 19631 HWAn;, Murray and BroOker, 1~'2" 

taw .tucSie. hava been concerna4 .pe~itically w1tb modellinq the 

groun4 ther.mal re9i .. witbin the permatrOit re91on, A review ot 
~ , , 

.. _., 

the liter.tu". indicate. that at,u4i..ata liJD1ted, by the avail-

ability 'ot .. aured ground/~r.tura intorma't1on, t.o only -CftO 

... 11, .reu ,!ithin the ~.o~th ~rioan permatroit 
,-' . 

zone, "ben it ha. been f ... ib1e to ool.lect .\IGb data. 

1 

r 
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1 

4[; positive temperature anomali.s, related to th. pre.ence 
t 

-:: 

1 of .urface~wat.r bacSi •• , complicate the reqime in one qf the •• 

ar~a., the Mackenzie Delta, N.W.T., and predictive mod,l. mu.t 

include a correction for such effect. (Brown, W.G. C!t al, 1964, 

Smith, 1972). Thus, for example, the, .teady state t4mperature 

at time, t, for Any point (x,y,z), b,neath a river channa1, .. y 

bcIt compute" (after Smith, op cit..-., Eq~ation 2) a.: 
J .• 

T(x,y,z"tf. '(x,y,z,t) ... ['l'(X~y,~,t) .... Gq.Z] (10) 

where (J i. a disturbanc. factor, 4e~cribed by Lachenbruch (1957a 

Equation 28), and the s.cond tara is the un4i.turba4 pro~i1. for 

the ar.a 's ... a-otton 2.3), Gq beinq the qeothefmal qracU.ent. A 

re1ated .tudy 8JDPloys a tinit. dift.rance approach to lII04a1 t_­

par al chanq •• in qround t.mp.ratur" and thu. p'Fmatrost di.tribu· 
, 

tion, which occur as a r.su1t ,o~ channel mi9ratfo~ (Smith and 

l' HwaDq, 1'73). 
\ ,..: 

- \ 

v.s not practic:al in the Sc~tt.rvil1. area, du. to a 1~ ot· 
. ~ 

avai1able information on .ub.ur.f~, tb4tr .. l' propeJ;ti~.. ~n.tea41 
t. 0 

- - - - - 1 

it va. toun4 more pro.fi~ll;)l. to ~r!~. ot tlua _ll .. dDcUMft~1 
, , 

r.1ation.hip betw •• n qroUDd ~r.tur. and .inter ~ftOW_~tb 

.. 4- ba.il tor dev.ropIMAt of .-pirical pr.,totive 9ro'*'ur •• ', 
, ;, n r A , 

~.t r~c4Dt1y, .u'chollOn ~ Granbe,r9 (19'" beV., ,._laUd .... 

annual qround ~~.tur., 't, At: 4.pt~:;-J) (tA Mtreall' to '.".~..,. 
" • n 

IDOW 4epth ovu a oil:'ol. of rUlw., 'twioe 0 1 about tg OQ1 ... , 0 

, . t 

l ' , -

'. " 
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1 •• follows, 1 , J 

T - aS - v'" O,OlD (J.1) , 

'1 " 

,,' , ~ " 
Where a and w are 9on.tant., .ueh that 0.028 '< a < 0.-035, -

- ~.~~ 
2.2 < w < 2.7, and 68 < v/a < 7.1. Tt1e term v/a i. the.now ~ 

depth, if! cent1metr .. , vhich corre.ponds to a t~ratur. of OOc, 
1 
J , _~ 

~ and 0,U1D i •• ' correction 'for the 9.otberma1_9ia4ient (.1ehol.on 
'" ~ ~~f4t·, 1 _~ 

and Granbe1"~, 'op C1~.) .. 'Simiiar .q~t~~ ba~. be~--1.d t?y ,', 

f ~lIIieholson (,i9~.), to pndic~ 'the 41.tr1bu~~ .of ~9round te_~~w 

. ature. .lbng' cro. ..... cticm •. tbrOuqh Ti-.1n. .,' and by. GranbUq::~ <r, 
i '. ...---r ~ " fit '~ , ..., or> 1 

':. J • .. 

; . 
1'1 
1 

i 
\ 

, 1 

.' 

(1973) '\ t'ft oenj_otion wttb o.' COIIPuur .appiÀ, ~Oft~' "t.o -'J:'o4u.c. . ~...,'''' \ 
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par.met.r., other than .nowldepth, wa.1 al.o~to be inolu4ed. 
-.. 

To thi. end, a ,reyt.ed model i. formulat.d, .uoh th.ta 

(12) 

whero, T i. mean ground t.mperatu~e at Any .h.llow depth of 

intere.t, Xl i. a ~riable for .now depth, and x2 ' XJ •• Xn are 

variable., repre.enta~ive of environlftllntal faotor •• uch a., 

relief, veqetation, ;eolo91 and qround water. Sinqly, or in 
.., 

combination, the.e latter are con.idered potentially of value in 

providing incre •• ed explanation of variation. in the ~round 

thermal re9ime~ The ob •• rved interactionR amonq.t th.,e variable., 

which have b.en .ummari.ed by Brown (1-970, Table 1), .tronqly . ' , 
l' .. 

• uqqe.t. that a mUlti-var1ate approach 1. requ1red. 

-
4.33 ,Step-wl.e multiple regre •• ion 

c:: 

Thi. type of analy.i. provide. a .tati.tical t~ôhnique whereby 

the ext.nt to which the variance in a dependent variable (~n thi. 

ca.e, ground temperature) i. explained by a •• t of 1nd.pendent 

yariable. (the" environmant.l paramat.r.), !My be ••••••• d. step-

wi.e multiple regr ••• ion provid •• a l.a.t aquare •• olution and i. 

a variant on 'linear multiple re9re •• ion~ Olt differ. fram th. 
, ( 

latter in ita .bi'lity to indicate the particular ~ombination ot 
, 

independent vari'able. which give. the highe.t explanation' of. the ~ 

vari.nce in a dependent vari.bl.. It 1. intendeà that the reaults 

of tha an.lyai •• hould latar form the ha.ia for derivation of 
\ 
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ilft\)rov.d .em!l-emynrical equation. tOI' rnode11ing th1, qrounc! 
r 

thermal regimtt. 

4. 331 P~ooedure 0 

1 

In .tep-wi.e multiple regre •• lon, the equation which provide. 

greate.t exp.1.anation of the varian~e in a clepenelent variab.1.e, 
, 

1. built up recur.1y.ly. That i.' to-.ay intlependent variable. 

• 

are introduoed, in turn, and in .uoh a way that, at ,a oh ".tep", 
'\ 

th. variable inolu4ed 1'~ Ithe one whio~' qive. the qreateet 

increa •• in,explanation li.e. reduotion in re.idual .ur. of 

.quare.t, when oombined with -tho.e already entered. 

In all, ten .eparate analv.e. were plrforrned. ror 
./" 

e.ch ana1y.i., ground temperature at one of the .tandard ctepth. f 

qi ven in Table II, wa. u.ed a. the dep)tnctent variable. 1 

4. 332 Choiee of ~nput variable. 

" 
Bnvironmental variable. evaluated a. po •• ibl. p~dictor. of 

round temperature di.tribueion are de.cribed in Chapt.r' 3. 

, Mo.t of the.e wen 0or'PiJ.ed at more than -one .011.. New,ver, 
1 

" 

the matrix of correlation coefficient., pre •• nted in Table VI, 
~ 

inc!icat •• a oon.i.tency, in mo.t c •••• ,' in the .cal. at whi,ch th .. 

greate.t correlation i. obtained with eaoh ot the.ten t.mperature 

variabl... It w .. d •• irabl. to reduo. the numblr ot variabl •• 

i.nt,roducod lnto the ftnalvaia tor two re.lon •• /:: F1ratly, thl.l 

r.duce. computational tima and avoid •• toraqe probl.m8 with th. 

/ .aw &",lU· 
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~ri9in.l large number, of v.ri.bl... S.oonuly, unn.o •••• ry 

duplioation i •• ~ided (e,v. wh.re inoluaion of two almo.t 
• 1. ~ 

id.ntio.l V.ri~bl •• would r •• ult in th. imm.diate .limination 

ot on., ••• lin •• r oOrnbin.tion of th. o~h.r) ,1 'l'hU., wben a 

variable had be.n eV.lu.ted at'mor. th.n one'.o.le, only th. 

'one qiv~nq the hiqhe.t oorr.lation with qround te~.rature w •• 

inoluded in the multiple req,. •• ion, 

Only in the o •• e of the .now v.ri.ble. wa. thi. pro-

oldur. not .trictly adhered to. It w.. con.id.rea ju.tified in 

thi. in.tance, for th. fOllawinq re •• on., to a •• uma oper.tion of 

the "2R" relation.hlp betw.en .now depth'\ and ground te~eratur., 
1 1 

dl.oribed by Nichol.on and nranb.rq t •••• ub-•• ct1on 4.31), MOit 

importantly, th.ra i •• eonai,tent trend in th. data given in 

Table VI, alb.it-not a.prleia. one, for .naw d.pth over ar.a. of 

inorea.ing .i •• to eorrelate be.t wlth qround temperature at 

inorea.in; deptbl, In addltidn: all th. Inow-temper.ture relat-

·ionlhip. Iconlldered ahow an .qu.lly hi;h leve1 of correlation, 

and are .iqnificant at the 99, g ~rOlnt J.evel. The ran;. in 
-' 

temp.rature-Inew co.ffiaienta at a'fty ;i wn d.pth ia wry amall 

« 0 ;0.3) , 

A 11.tin; of variable. conlideHd for lnaluaion in 

the 'tep-wi.e multiple Hqre'lion an.ly •• a i~: pn.ente~ \ in Tabl. 

VII. 
", 

• 
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, VARIABLES COMPILI 'OR INC~U8ION IN THI 
\. 

Variable l'lame 

Tomp"ratur. variabl •• 
Tl •Sm 
T 'tir 2. Sm 

Sm 
T7.'Sm 

710m 
j 

'J-

Tll •Sm 
Tlsm 
T20m 
T25m "" 
T10m 

~ 
~li.f variable. 
BLBV· . 
SLOPI.O, 
SLOPI'O 1 
MPICT 

1 CONVIX20 
. CONVBX30 

!!!OW variable. 
al'fOWCH 
stjOW5 ' 
dO"? ~S ~ 
SNOW10 

l
i SNOW12. 5 
SNOW1S' 
SNOW20 
SNOWaS 
SNOW30 
SNOW40 
SNQWSO 
SN~O 

• 

-"" . 

V'vetation variabl .. 
V-., BAU6 

/
M)SS6 
LICHEN' 
VASCVBG6 
BRUSR' 

. 1 

.. , 

f '1 . . , . 

Mean t.mperaturl',at l~Sm, 

'" 
\. , 

" . i " a.~m ri 
1 

" " " " Sm • 
" 

., 
" " 7. !Un ... 

.J 

" 1t " " l,Om 
, - , 

" " . .- ' , " 12. Sm ' 
'- " " " " 15m . ... 

~ 

" " " " 20m " 
t) 

" " " " 25m . 
~ 

" " " tt 30m 
,," 

~ 

~S i te ea.e"ation 
Slope of '40m Ilope .eqment through .ite ' .. 

" "1 '011\''' " ":" 
Si te alpect· " 
Conv.~ity index/for oirole of radiu. 20m 

" "" " " "\" 3 Om 

1 
Mean cable h.ad .now depth 
Mean .now depth for Sm radiua circl. 

" " " "7.Sm" " 
" ~"lQm" ,,-
" "12.Sm" " 
" "lSm" " 
" " 2 Om" " 
" "2Sm" " 
" ~ "30m " " 
" "40m"" . 
" "SOm"" 
" "" GOm ", " " 

Peroenta,_ 
, ,,---- ' 

" " -
" 

cover of bar. gzoundaGm circ~. 
ft ~ _. ~I';' 1" ft! 
ft " lichen a" ft 
ft ftvaaoul~r planta. " 
ft " br~.h 1" " 

Continu.d/ •••• 

...... .. 

;. 

.. 

Il , 
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'l'AlLi VII (.cOntinu.d) 

1 

variablo Nam~ " R.p~ ••• ntative oft 
\ 

~9Qtation 
IAN12' M 

M)SSl2> 
LICHBN12 

va~labI.. ' 
. ,..,erc.ntavo cove~'of ba~a 9~ound. 12m.oi~cl_ 

'.roontavo oovo~ of mo... 12m circl. 

. VASCVBG1'2 

UUSH12 
'mTBLla 

\ .'--------

.. " "lichana" " 
" "va.cular" .. 

t. 

" and --------- . GIOl'09to.1.variabl.. - ___ 
GlOL! Mean oonducti~l~ur~~ to Sm 
œOL7.! ft ~-- 1 ", ft ".5m 
œOL10 "-~" l, ft ~ .. 10m 
œOL12.5 ft ft l " .. la,.5m 
œOL1'5- ".. 1 .. .. 151ft 
œOL20-',../ ".. 1 " .. 201ft 
œOL2! ' 1 .." 1 ." Il 25m 
œOt.30 .." 1 .. .. 301ft 

~oijndwat.r variable. 
(MATIRl ' ' 
GNA'rBR2 
GNATlkl :ru 
(MATIR6 

~.~ 

.' 

1 _ 

• ", 

, ' 

Ç> 

Irtfluenoe of vroundwater 1 A. r v' d 
" .. " A/d 
" ' " " 1.09 A.d 
" " " ~ad 
" " " A Id 
" , '" h 

l A/do ., 
1 

~ 

\ 

çJ~ g 

1. 
~, , 

" 

'\ 

".-

'6 

\ , 

( 

\ " 

.\ 
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4.33J COmput.t~onal deta11~ 

~ -~ 

~ i 
~he multip~. re9reaa~on~tnal,aea were carriea:out on~he taM 

Ci " . i . 
J60/?S computer at McGill Univeraity, uain; an IPSS (Mt.tiatical 

, , , " Packago for the SOoialtSciencea) packave pr09ram. A Q~o;ram of 

thia type w.a cho~en, in preference to one wtitten apeéif1cally 

for the atudy, both for i ta economy in co.uting timl, and for ..... " 

the pe~ripheral inf~ma~ion," luch aa n~:mali,e~ and parti~l 

'correlation coeJficientl, which 1 t ia pOllible to output t at the 
• 1 

1 

lame tima. 

rull detaila of the proqr.m and computational iproceà-
~ 1 U \ r 

ure are; includeà in(th~ SPSS handbook (Nie, aent and Kul~, lV70. 
1 • \ 

Chapter 15). Speoial note anould be tak.n of the mlthod Iby which 
, 

the variablea ta b •• ntered' into the regreaaion equatiqn ~re 
1 
, t 

'rne vr.riabl~ ohoaen. 'rvo factora are takln into oonaideration. 
r" 

1 

introauced, at .aoh "atep,", iaOthe one whioh, firatly, h.a-the 

h1;hlat ~ atatiatic (a m.a.ure of the ai9~ifioano. of itajnormal-
(" 

1 

i,ed re9relai~n ooeffioient, were it to he' included), and~ 
! 

a'oon41Y, wnoae to).erance (a MaaUre of the extent to wniqh it ia u 

~ a lin.ar combinati6n ot variablea already en(ere4) ia gre_teat. 

4".34 Diaouaaion of t~. ngn.lion Hlulta n 

\ 

The reaulta o~ the te~tep-Wiae mult~pll.H;rea.ion analy.ea arl 

aummariae4,in Tabl~III. In leac~ inatance, the dependent (9round 
J 1 \ 

te~.rature) variable il liatld, the arder of introduotion of 

2 .hl a li. 

"",.-1.' 

7 

J&l~",!K 
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, 'l'AlLI VIXX 

O· "" 
NuLTIPLI 'RlGRlSSJON RlSULTS . 

" 
,-

, . D.p.~cI.n 1:. In4.pendent . Ch.n,Ct tn 
V.~i..b1. vari.."l. ,Multiple ~ R2 x 100 RI x 100 

Tl •5m SNOWCH 0.7'88 13.81 13.81 
GIOL20 0;8735 71.30 12.4' 
BAU 1 1 0.1032 81.58 5.a8 

{ 

.1 RlUSR& 0.1151 83.14 .. a.l& 
i CON30 '0.1177 84.22 0.48 

BLIY 0.,a05 84.73 0.51 
" VASCVlGI 0.,a09 84.81 ,0.08 

M)SS12 0.121' 84.98 0.11 

Ta•sm SNOWS ' . 0.8872 '8.12 78.72 . 
GlOL30 0.t331, 87.01 ,8.34 
VASCVBGI 0.t41.0 88.55 1.4' 
BRUIRI 0.'441 89.14 0.5' 
BAU 1 0.14'2· ~ 10.01 0.-'5 

", CON30 O. t517 90.58 0.49 
ILlY 0.1525 1'0.,73 0.15 

'l'Sm' 10. 882ll '71.,a '7'7.'2 
0.9304 _86.5'7 8.&5 
0.1.'7 90.19 3.&2 
0.1571 91.71 1.52 
0.9S91 ' 94.00 a.2' 
0.9130 94.68 0,68 
0.9'735 94 '177 0.0' 
0.'73& 94.78 0~01 . \ 
0.8~33 '1'7.' 5. SNOW 5 74.53 '74.53 

ILIV 0.9532 90.87 11.34 
.. ~ GlOL30 0.95'8 92.13 1.26 

VASCVlGI ' 0~9145 '3,04 0.91 
\. BAU' 0.9718 94.43 1,3' 

,CON30, 0.1735 ' •• 77 0.34 
MOSS 1 2 0.9743 94.'2 0,15 
RlU8RI 0.9'743 '4~'3 0.01 

, , 
70.15 '1'1 Dm SNOWaO 0.8371 70.15 

BLIV ' 0.9111 \ 93.3.3 23.18 
BRUSHI 0.9685 \93.81 0',48 
VA8CVlG6 0.9'713 94.35 0.54 
GIOL30 " 0.9722 94.52 0.17 
CON 30 0 0.'724 '4.55 0.03 
NOSS1I 0.'724 '4.51 0.01 1 

Il • continu.d/ •••• 

1 I~ \ 
1 - , 

c1 
, 

\ 
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• "AlLI VIII (Con 
"' .. 

, \.\ - . 
I)Ipt:\'rlCi.~t Iftd.p,,~'uS.ftt CblftV- 1ft 
Variab1"!11 '. var1ab1. M\l1~1~1_ R Ra x ioo R2 x 100 

-
SHONI;' 0.8111\ '1"12. Sm 44.10 47.10 
BLaV 1 0.1518 12.13 aS.03, 
CON30 ',) 0.'155 13.21 1.01 
VAICS l'i \ O. '1'0 13.50 0.28 

,,- aRusa' 0.'411 13.91 0~41 
MOSSla , 0 •• 412 13. t4 

/ ' 

0.03" 
QlOL30,' 0.'112 t 93','4/ , b.oo 

" 
'l'151ft SNO"30 0.8018 14.21 14. a, 

ILIV 0.'5'1 Il.'1 a~~ 
, 

\ 
p CON l 0 O. 'C71 '3.53 l:. 2 

l VAICVIIG' 2. 1'°1' 94.12 0.51 
I.USHI 

" 0."22 94.53 ~.41 
1«)8112 ~: :'~:~ 94.'73 0.20 l 
0101.30 94.8' ,..'1 0.13 l , 
INOW40 . 

, 

'l'201ft 0.7712 10. '72 10.72 
ILBV 0.'45'7 81.43 28.'71 

1 
VASCVlG' 0.'118 92.51 3.08 
CON 3 0 -,\ 0.'151 13.30 0.79 
IRUSHI 0.1415 13.61 0.31 
GBOL30' 0.'1'4 13.18 0.17 
NOSSl2 0.'720 14 .. 48 0 .. 70 
BAU, 0.'72' 94.60 0.12 

" 
'l'251ft , INO"50 0.7110 . 57.tl 57 .. 91 

ILiV 0.9431 88.94 31.03 
VA$CVlG6 O. '101 12.18 3.24 
Gl0t.30 0.964' . 93 .. 04 • 0.8' 
NOSS12 0.'175 93.61, _ 0,57 
IRUSHI 0.'704 14.17 '0.56 
BAU, 0.'715 14.38 0.21 
cON 3 0 , O. '718 94.43 

1 
0.05 

"-
0', 7~8t 1 

" 1 57.59 , 'l'301ft SNO"IO 57.59 
ILiV O. '504 90.33 . -v 32.'4 '1 

1 '" VASCVBG6 " 0.1115 ' 92.44 2.11 
1 GBOL30 0.'115 13.41 0 .. 97' 

_ BASIS 0,.91'S '3.,81 0'.40 
'f' BRUSH' 0~"l3 " •• 33 0.52 

~SS12 0,'726 '4.51 '0.2' 
" CON30 0.'729 94.65 ':", , 0 .. 06 

.' .. 
e' ;: 

'" 
... , , 

.eMbU • Il OLhll.il 
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ind~penàent variable. ia'ind1cate~ and a liat of the ~elultiJq 
, \ 1. 

~ult1ple ~ortelation co.tttcient. 9lven. The peroenta9t explan-. \ 

ation of the variance in qround temperat'Ure at ~e.ch!dçth, and 

chanvel there~n, followinv'introducticn of ne" inaependent 
,~ ,..-- . 

var1~bleÎ, are alao ahovn •. Th. re.ulta appear 'to confirm, in 
. 

part, th. qonclu.1ona re.ohed from A conaideration of th~ linQar 

odrrelationa. 

'!'Wo trend. an 1rnmediate ... y"apparentt ,Inow depth 
" . 

"'fi 

provld •• by far the qreat •• t explanation of the variance in 9round 

t.nperature __ at al'" deptha o~.id.red (R2 > 0.6), whlle t~. next 

molt important variable i. either thermal oonduotivity or ele-
. 

vation. (Tabl. VIII). The il'ftl)ortance of qrouna thermal propertie. , 

wa. to be exneoted, but "it i~' .~ria1nq tha-t th1. variable / 

provide. the 9reate.t explanation at .hallow d~pth. 'l'hi. may be 

, .. ~~ to the fact-- that .. t" deeper deptha otner--?factora ma.l~ it~ ._ 

l~ortano.. Linear oorft lationa bet".en elevltion and qrouru! 
li 
t.mperature below lOm are'hiqh (r > 0.6), but there ia no Obv1oua 

pj)y.~c.l .xilanàtion'l for a relationahip aa atronq a. th~t i~lied 

l,n the ~ult1~le t'9J.~\ion re.~lta. Over the ranqe in elevatlon 
, 

at T1~in. -4. the normal d.oreaa. in te~erature wit;h altitudt ia 

far too amal.l ~o ~ave' the reQ.uired influence. Mdreover ;'=ilevation 
1 .' • 

dOla nft ap~ear ta correlate hiqhly with Any of the other variable • 

. evaluat.d, a fact whioh il confirmed by cooaiderat1on of t~e 
1 • ' 

partial oorrelation c~ffio~~nta. It ia tentatively auqqeated, 
. " . \. 

">C~ 
". 

,./ 



o 

/ 

" 

dl 1 Il! 

therefore, th~t ~levat~on r.flect. ~he influenoe of one or mO~ 

varilble. whien vere not evâluated here~ Som. type of ,round-
~ ': 

water variable, or on. re~~.entin9 avera;. .n~w 4.pth over 

very larg_ area.'of influence .eema moat likely (Nichol.on, 1974). 

\ 1 

1 The influence of different ve;.tat~Q~ varilh~e. al.o' 

var.ie., thou;h only the varlab.l.. Hpre.entative ;f va. culaI' 1 
) 

\ 

plant oovera;. oon.iatently provide. ;reater than a one percent , 
~nerea.e in explanat10n. ! The i..,ortance Of the other. variea~ 

with deptn. The l~ explanation due ta the mca. varilble .hould 

'~e noted t .ino. linear oorrelation. with th!' varilble vere'hiv~ 
~ ~ . 

(Table VI,). Reference to the pertinent partial oor~elation 
. -. \ ( 

ooeffioient. aU99tlJ.ta that thi. ,aituat1on 1. a function of more 
1 

• .tvnlfiéant corre.l.at10n bet"e", percentav- ~oaa cover Ind peak 
1 

\ 
1 

\ 
No other major trel\d. aH apparen~\ in the . Hgre.aion 

re.ult. (TÂble, V;X) tnd the addition of other \variable. ranly 

produoea Any nal inon~.e ln explanation. 
1 

For example ,- of th. 

relirf ~~riJable.. only re11e" ahape ent.ra in~o the Agre •• iona 

and t~ia var~abl. v.nerally contribut.. le.. than one per~nt in 

4UCp.l.anatipn. 

J' 

In .ummary, p.ak anow aepth, followed -by elther thermal 
.... ".- 1",_ '" .. ,J. 

conduotivity (~n the aotive layer) or elevation (beneath the 

4 aotive, ilYe~). i. ma.t imporlant in eXPla~nin9 variation. in 
1 ! 

the di.tribution of vround tem~r .. tun., down to • deptn of" ;tOm. \ . ~ ~. 

~I 
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snor ·,.lon. e)q)lain. ~o to tSS per~nt ot.;th_e variance ln t;t'Ounc1 

, te~er.ture, ar\d th. incluI'~on of th./.econet variahUa rai •• 1 

thil fivure to betwe.n 8S and tO peroent, 

.• , 4~ DaRIVA'l'ION or PNDICTIVI sgUATtONS 

,4 1 f':~ ,,' 
Thil •• otton i. oonoerned wlth oompil_t1on of ~Ptimum equat10n. 

for mod.111n; the ailtribution of ahallow 9rouna te~raturel • 

• i a fun ct ion o~ th.,env1ronmental par ... t.r. e.rl1er de.cribed. 
{) , . , . 

o Ole il ~ade of the rel.tlonihipi dlI01~.ed by the mUlttP11 re-

vre •• ion .n.ly, •••• 

4.41 Iqu.tion. for Ih.l1ow Iround terneer.ture prediotion 

\ 

'l'he multiple reqre •• ion relult. Viven in Tabl. VlII indic.t. 
• 1 0 

, 1 r· 
that .qu.tian. which inolud. all po •• ibl~ ind.pendent v.ri.bl~ • 

. 
provl'dl • very ~ ~19h exp.L.anat10n of th. variance in qround t.~er-

ature, at a viven .hallow depth. 'l'hi. i. to he .x~ot.d aince, 

1n .uch c..... . lar91 nume.r of environmental f.otor. are~ 
~ ~ . . 

.ftPloyed to e~lain variationl in ground temperature.wlthin a 

.... 1. ot anly t",-nty-one lit •• ; Th. r:e.ult •• how; in a4dit!:on, 
, , 

, \ . , 

th.t by e.r the qreat •• t pro~ortion of th. explan.tion~Dtained· 
c 

i. due only ta tbe ~wo meat important ·variable. in each inltanc., 

.now, and eith.r cond~ctivity or elev.tion, accordlng to d.pth 
l' ~ 1 , 

(T.ble VIII). 'rhe inclusion of additlon.l vari.ablea provide. 

littl. or no incre.~e in .~nl.n.tion. 
, 

Th~., it wa. àecided to 
i' includ. only the firat two variabl.l_wh.n comp111fi9 th.,!~roved 

(1, 

\ 

. , 

.. ' 

/ 
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ln the e~nt, two .epar.te .et.a of equation. wen 

derl.Ld f~om the multiple r.91'~"1on n.u~t., .quati~. for 
/! 1 -" 

cOq)ut'lnq 9X'Ound te~er.ture uling only anow ft" tint COlftpiled 
'\ ' 

,_. 

1 (Tlble IX)" _The.~ allow an inl~l.·l c~.ri.on Wlih tl\,e Nich~l.on-

_ L Gr~ber9 mOdel t,ub-.eot1on 4,31), and alao p~vide an incUcatlon'- , 
, - -

of t.he inoreal. in eipianatl.Oft. wh1ch li .t~l"lb\ltabJ.. to t.he 

inclulion of the •• cond varlable, 

9 

pnl.nte4 in Table X. Slnee on~ t.~o indepen,Jent var~ablel are 

lnclU~d inaich 1na"j'C>e, ~ha.a. equat10na ai beUawd ~o be 1 

conll.tent, in.otar a. t.hil 1. pOl.lble, w1th t.he 9ulde-~lne~, \ 
, { '. ,\ \ 

prlpo.e~ by I.ekie~ and Pox (1959' J:'evardlnv the validity of 
),' \ ~ / 

m, tipie correlat.ion cOttff1ctenta, ln terma of .ample 111. and 

",~~r cf variable., 

Ta facl1lt.te"c~ari.on bet~en .et.a of e~uatio~" 
1 acatt.er diagrama hav. "en Plott~d ,ahé:Nlng _.aure~ and predlctel __ 1 

;- '~ ~ 

!temperature., aa computed-for elch dept.h ua1n; the t.wo .et. of 

eq~.tion •• - T~e.e plot. are included her. aa, flvure. 10a and lOb. 
, ! 

The co~ut.ed te..,eratun value. are pn~,.nted ln \ ~abr.. XI and 

XII, relpectlvely. 

\ 

.-. 
\ 

l, 

;' 

) 
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4.41! Equations oompiled from an~' alone-

These equation., ~rê.ented inrTable IX, may he summari •• d in 
1 ~ 

a simple lin.ar ragression of the following form (after . .. 
Nicholson and r,ranherq, 1973) t 

, 

T • aS - w ( 13) 

1 
where T ia qround t.q),~ature at depth z (1 ~ 30m), and S 1.a 

mean snow depth for a ~rCle, of rad1-ua twice 1, ~out th~ 

cab!e-head. The resul~s\-,Of the preaent analys1s, '8Uqge-a"Ç that 
. l . \ 

the values of the constants, a and w, fall within the fol1owtnq 

limits: 0.016 ( a < 0.029, 1.50 ( w < 2.59, and 85 <: w/a < 9(~. 

Table VIII 8ho~ that bQth explanati~n ot the varianop 
- -

in ground temperature, R2 , and standard error of eatimate -decrease 

fairly consistently with depth. The snow depth, corresponainq 

to a· ground -tempe rature of OoC, w/a, averages approximately ij9cm. 

comparison with previous equations 

<-

'l'wo types of equation describin~ the relationahip J)etween anow 

depth and ground teri!perat'ure are descrfbed in the literature. -

Krinsley (1963) and Mackay ana Mackay (1974) report a logarithmic 
1 

relat1.onahip between snow and ,minimum temperatnrea at very shallow 

depths. 'l'nese authors attemoted no correlation. vith me~ teq>­

~rature. The equations derived here, for prediction of mean 

annual temperaturea at-greater depths, cloaely redemb~e thoae 

~--------~---~ .. 1','-._ 

\ ' >. .. ..,1 y\\. , 

t, 

" 

1 
~ 

, 
j 
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11 -2 • • , • , • • , , . 
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T T 10 m T 
7.5m • 12.5m 

• • • • • 1 • • \, • • 
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~ -. -3 0 .. 
!. 
E -3 -2 -, 0 -3 -2 -1 0 -3 -2 -1 0 • -, T T 20m Tum .., 1 Sm 
• ," • , • .' • '" • .- 0 <, • 1. • 

• 
10 • : • ., • , 

~.' 
, 

• .. 1 • • · ' .. , 
0.. -, " 

, • , 
• • , .'-' " \ ,,' ... • . , 

-2 

-3 '\1 

-3 -2 _1 0 0 -3 0 -3 -2 -1 0 

j~ 
T 

30m Oc Meas"r,d temperature 
0 " , 

0 • ... • 0' • • ô • • -, 'Y' 
Val" .s ar. omi tted for thtrmocoblt. 

.' 

-2 9 and 16 **, or 16*only,due to ., lock of 'pac •. 
-3 

- -3 -2 -1 0 ., 
Figura 10.: Measur.ed gro~nd tœnperatures versus temperatures 

predicted using aquations containing only the snow 
~ 

d .. 'pth variabld. 

$ • 
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TABI,E, XI 

~ TEMPERATURES PREDICTED USIRG '!'BE SHOW VARIABLE ALORE 

". 

Cable No. T 1.sm T 2.5m 'l'Sm '1' 
7.sm 

T
10m T12 • sm 

T
1sm 

T
20Ba 

T
25m 'l'30Dl 

1 -1.502 -1.394 -1.329 -1.083' -0.769 -0.619 -0.401 -0.181 --0.080 -0.040 

2 -1.502 -1.814 -1.631 -1.270 -0.927 -0.883 -0.866 -0.796 -0.730 -0.668 

3 -1.502 -1.142 -1.039 -0;982 -0.897 -0... 897 -0.866 -0.768 -0.777 -0.723 

4 -.-1.502 -0.889 '-0.663 -0.483 -o. no.. , -0.296 -0.289 -0.281 -0.267 -0.285 

5 +0 .. 764 +0.473 +0 .. 238 +0 .. 189° +0.146 +0.063 -0.040 -0.174 -0 .. 230 -0.286 

6 -2.408 --2.586 -2.498 -2 .. 303 -2.003 -1.949 -1.758 -1.515 -1.259 -1.089 

1 -1 .. 502 -1.814 -1.686 -1.436 -1.185 -1 .. 171 -1.088 -1.038 -0 .. 999 -0.932 • 
8 +0.764 +0.769 , +0.583 +0.532 +0.491 +0.487 +0.458 +0.332 +0.280 +0.268 ~ .... 
9 +0.764 +0.907 +0.854 +0.835 +0.737· +0.689 +0.589 +0.392 +0.283 +0.276 

10 +1.075 +1.036 +0.799 +0.638 +0,.511 +0.469 +0.388 +0.308 +0.268 +0.260 

Il +0.764 +0.473 +0.017 -0.084 -0.045 -0.134 -0.231 -0.343 -0 .. 345 -0.280 
, 

~I 
12 -2.153 -2.046 -b888 -1.675 -1.410 -1.341 -1.200 -1.010 -0.837 -0.687 

13 +0.764 +0.473 +0.246 +0.124 +0.022 -0.029 -0.050 -0.187 -0.276 -0.270 

14 -2.40\ -2.586 -2.476 -2.275 -1.966 -1.884- -1.702 -1.471 -1.267 -1.089 

1.5 +0.764 +0.872 +Q.564 +0.355 +0.102 -0.092 -0.225 -0.412 -0.484 -0.530 

(1 16 -2.408 -2.586 -2.432 -2.186 -1 .. 853 -1.716 -1:488 -1.284 -i.143 -1.044 

17 . +0.764 +0.977 +0.774 +0.643 +0.'498 +0.355 +0.288 +0.177· +0.103 +0.100-

18 -1.~2 -1.297 -1.213 -1.132 -0.996 -0.933 -0.789 -0.596 -0.4~4 -0.371 

19 -1.502 -1.646 -1.722 -1.688 -1.545 -1.563 -1.476 -1 .. 333 -1.231 -1.159 

20 -1.502 -1.646 -1.526 -1.244 -0.962 -0.931 -0.918 -0.928 -0.875 -0.796 

25 -2.153 -2 .. 234 -2:357 -2 .. 184 -1.876 -1.772 -1.553 -1.318 ~1.097 -1.000 
~ 

,. 
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propo.ed by Nicholson and Granberq (l97J)_ Moat ~mportantly, 

a simple linear regreasion appeara adequately to deacribe the 

relationship in both instances. The two sets of Schefferville 
" 

equations are also ~rpholoqically similar, the major ~iacrepaney 

beinq in the values derived for the expre.sion w/ar the anow 

depth correapondinq to a tempe rature of OoC. Value. are 

considerably niqhekOin the present study (90cm compared to 75bm)~ 

due, it ia believed, to differencea in both t~e snow data perioa, 

and the method of compilation, uaed by Nicholaon and Granberq. 

4.412 Optimum predictive ,"uations 

The equations compileô for prediatinq shallow 9roun~ temperaturea . 
in term. of anow depth, and either thermal conductivity or 

elevation, are pre.ented in ~able x. These fall ° two groups, 

accordinq to the identitv of the second variable. Th thre~ 

shallowest equations lnclude the thermal oonductivity , 

and exhibi t relat1vely hiqh standard, errors of estimate (> O. SoC) • 
, 

This ia partly related to the large ran~ in te~eratures at 
• 

ahallaw deptha, and partly to the Observed low~r çorrelation 

coefficients. The remaininq equations may be aummarized, aa 
c 

fol).owa: 

1 
) 

(14) - T • aS - hE + C 

o. 1 
where T - average annua,J. temperature tOC), at depth, a, S - \ 

" 

a iCi&id&ZJ iCtJPiJ&.tiSZi t!JA!.f~ fil) ! 
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. Figure lOb: MeasuIied qr~Ufld temperatures versus temperaturas 
predic'ted usinq thg Optimum equation •• 
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"l'ABLE XII 

DJlPEIA'l'UIES PREDI~ USDG 'l'IŒ OPlIJIJM PJ$DIC'fiVE EQUA'fiORS 
I~ ---' '--<::" ~4 

Cab1.-.o. "l.S~ "2.511 'l'Sm "l'7.511 "10. ~12.S. 4. '1'1511 ." "20- '1'2Sa '1'30. 
~"':o- ~ 

. f~~ 
1 -0.689 -0.790 -0.838 -0.207 +0.142 +0:283 +0.416 +0.494 +0.530 +0.490 r,:;" , " _. 

= ","'< 
2 -0.816 -1.232 -1.084 -0.828 -0.466 -0.422 -0.425 . -0.394 -0.353 -0.303 ,: 

~ - ~~~:; 
',.-3 -1.110 -O.90p -0 .. 809 -1.180 -1.082 -1.074 -0.976 -0.904 -0.882 -0.809 j-:~~ . 

~,' 

4 -0.816 -O.47~ -0.302 -0.675 -0.527 -0.499 -0.488 -0:467 -0.453 -0.450 

5 +1.011 +0.653 +0.425 +0.044 0.000 '-0.084 .... 0.181 '-:'0.299 -;,.0.350 -0.383 r 6 -3.083 -3.028 -2.857. -2.431 -2;'103 -2.028 -1.823 -1.537 -1.273 -1.098 - . 

7 -1.3~6 -1.670 -1 .. 670,." -1.820 -1.567 -1.540 -1 .. 432 -1.313 -1.227 -1.127 • ,," 

1 . 
t "z-;: 

8 +1.011 +0.898 +0.706 +0 .. 015 -0.063 -.0.081 -0.101 -0.193- -0.240 -0.240 ~ ... 
~ 

+Ô.07l4 9 ~1.011 +1.012 +0.923 +0~286 +0.013 -0.068 -0.214 -0.303 -0.295 
t 

10- +1.262 +1.118 +0.595 f1.274 +1.393 +1.332 +1.186 +0.9-79 +0.850 +0.791 
l , 

Il +1.011 +0.653 +0.425 +0.968 +0.783 +0.691 +0.549 +0.354 +0.291 +0.311 
/' ~ 

12 -1.341 -1.424 -1.287 -0.968 . -0.655 -O.~82 -0."83 -0.365 -0.248 -0.140 
/ 

13 +0.716 +0.432 +0.227 +0.501 +0.425 +0.368 +0 •. 313 +0.135 +0.025 +0.016 

14 -3.083 -3.0tS -2.844 '-2.272 -1.931 -1".832 -1.643 -1.386 -1.173 -0.997 
15"" -0.001 -0' .. 176 -0.386 +0 ... 181 -0.6"60 -0.242 -0.362 -0.513 ... 0.564 -0.580 

'. - ~ 

16 " -3.659 -3:462 -3.206 -2.459 -2.108 -1.960 -1.719 -1~462 -1 .. 290 -1.164 

1'7 
.~ .... ::; 

+O.~41 +0.716 +0.374 +0 .. 087 -0.078 -0.220 -0.269 -0.389 -0 .. 394 -0.381 .;. .. 

18 -1.952 -1.663 -1.538 -0.884 -0.721 -0.658 -0.539 -0.388 -0.271 -0.221 
,.;, . 

) 

19 > -1.368 -1.510 -1.5-40 -2.201 -2.0'44 -2.038 -1.910., -1.680 -1.523 -1.405 Ji" 
20 -1.110 -1.316 -1.401 -1.859 -1.591 -1.552 -1.496' -1.409 -1.303 -1.~188 ~ .' 

l 25 -2.477 --2.552 -2.4:62 -2.476 -2.0~ -2.0n -1.795 -1 .. 508 -1.270 -1.147 , . 
, . 

\ 

. ' 
('" \ 
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average peak anow depth (cm) over a oircle radius twice a, 
\ 

.where 7.5 S • S 30, E • stte elevation (m), and ~, b and 0 

are conatants such thata 0.012 < a ,( 0.024, 0.025 < b 
. 
< 0.035, and lB.42 < c ( 25.35. The atand.rd error ~,f 

~ "" ,..,' 

eatimate for theaeeQlationa decrea.e. with depth, from O.4oC ~t 

7.Sm to O.2oC at 30rn. Peroentaqe explanation of the variance 

~n ground temperature., R2 , average. about 90 percent for all 
.. 

depth. (Table X). 

4.42 Comeariaon between the two aeta of !guations 

\. 
It i8 clear, from a oomparison of the reapective o'omputed 

tempe rature v_luea (Tables XI and XII), acatter diagrama (Fiqurea 

10a, b), multiple ~orrel.tion coefficlenta and standard errera, 
\ Y, 

that the optimum equations (Table, X) are auperior to tho.e 

compiled uaing only anow (Table IX), for reconatructing meaaured 
1----- --------- - - ---

ahallow tempe~at~;~-conditlon8. Since theae equations form 

part of the prediction model presented in a la~e~_aection, it ia 
.. 

valuab1e her. ,to con.ider the prediotive ability of the equationa 

~or different types of thermal regime, .specially for froJen as 

{, '. \ oppo.ed to unfroaen g~ound.· Ta th1s end, the ~e,:~c~.l~~ siites . 

have been 'grouped according to thermal regime (as ilQPlied "in the 

form of their ahallow temperature n~iles). MefSured and pre­

dicted 30m profiles ere/Plotted for compar180n~;n~iqure, ll~ and b. 

r' 
r-' 

_ .... -~~ --- -,. 
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'1'ABLE XIII 

~ , 

CLASSl:PlCATION OP 'l'HllU«>CABLIl SIftS ACCORDING TO 

Cla •• 

I 

Il 

Co ~IIAl 

1118 

cable ~o. 
\ ' 

1 \ 
\ 

2 ,-
, 3 

4 
5 

·S_ 
, 7 

8 

. 

t 'L. -~ ----,--..:------- . / \ 
/ 

1 
.' 

," 

Thermal condition '<> . Sit •• inc1uded 

/ 
P~.en 

, 
l, 2, 3, 6, 7, 

1~, 14, 16, 18, / 
: 19, 20, 25 / 

Uftfro.en 10, 11 ~ 13// 

8, 9, l~ 
Interaiecliate / 

4. 5, lS 

, , 

TABLE XIV 

1 

CÔÎlPARISON OP oaSBRVSD AND PUDICl'BD "Î 

PBRMlPROST 'l'RICINBSSBS 
(J , 

; 

Ob.~ Predicted Ob.erved Predicted 
clepth (al) dep1:h (Ill) : Cable No. depth (1ft) depth (1ft) 

22 30 12 55 50 
88 80 14 120 100' 

U2 US . 15 ua 80 
U3 1. ' 95 '16 100 80 

/ 

106 UO 11 110 ,12~ /~ 
UO' l20 la ' .so - y- -' ---4 
uo ~,~--r- 133 135 
no U4 120 
~ '120 25 UO 115 . 

\ -

• 
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. " \ 

Cla •• if10a~ion of .i~è. 

. 
A. div18ion of ~h. thermocabl •• it •• in~b.three ol ••••• - fre.en, 

unfio.en and int.rmediate - 1. pr •• ented in Tabl. XIII. Thi. 
-( , 

olasaification i. ba •• d on that .uqqe.ted by Anner.t.n (1962~, 
, 

for .ite. in" the Ferriman Ri4ge are •• 

Profilea in or •••• a t (fro.en) .nd II (unfrolen) .how 

~
.te.dY 

'>" '\t ' 
'\ ' ,.\ depth, 

te~r--:ture inorea.ea and deorea ••• , reapecti vely, wi th 

i~ th8·~àne'.ubject to •• a.on.l t~.rature ,flu~~uation 
II> , 

• 
1 (Figure lla, llb). A. w1der range of,therm.l Qonditl0~. ia . 

incl~ded withln the intermediate ola... Profiles belonqinq to 
, 

Claaa lIIA are characteri.ed by an initial- t.mperature d.cr ••• 8, 

but ~xhlbi~ very littl. ohange with 1ncreasing depth . 

{Figure llb~. "Clasa IIIB profil". are aimilar, ln form, to , . 
\ 

tho,e1inëluded in Cla.a l, exoapt that they oroaa the oOc line 
o \ • 

from pOlitlve to negative, at depth (Fiqure lib). The.e latter 

L two .Ub-~ha,*ea are be11eved to repreaent ~eep active layer 
1 1 • ~ i 

J " 

or laterai beat, fJ.ow and tal~k conditions, reap8ctlvelY-. (Ni~hol.on 

and Thom, 197J). 

" 
- '~_. 422 Reconstruction of mea,aured profil •• 

.. 
Fro.en ait.s 

. , 
<\ 

, 

A~though the ahape of Claaa l profl1eà la generallY wall repro-
1, , 

duced, mea t are predicted up to 0: sOc .too cold, when only .now 

ia used (Figure 11a). The size of the a~rage reaidual is 

1 

1 

1 
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Jreduced, t.o better th.n 0 .. 3OC. "hen the optimum equatlona 

aA emplOyer. 

Unfro.en aite. ~ 

Naither .et of equation. really adequately reproduœa the profi,le. 

inc::luàed in Cl. ••• II (Figure lOb).. U.ing only .now, 'rec::on.tru~ 

~ion of profile ahape 1. not 900d and temperature,- are predicted 

" 'l'he presence of a deep Act! va layer 

or, talik ( ••• Cla •• IlIA) 1. projected at .ite. 11 and 13 .. 

Although the ai •• of the re.iduala ia reduced when the optill\Un 

equationa are eq»loyed, the proUlea for, thermocable. 11 and 13 

are ~ven then not well producecl. 'l'h, improVed profile 

10 ~re.ponda well at depth" (balow 201ft> • 

Intermeàiat •• 1te. 

\ 

for a17 

/ 
1 

/ 
/ 

Profiles at thè deep active layer sitea (8. 9, 1'1) are pred1cted . 
, 1 

approxi.ately 0 .. SoC too wam, and th~lr .hça corresponda only 
If>' 

fairly well Vith ob •• rved cèmditions, "hen sno" alone i. uaed 
l ' . 

(Pigure llb).. Prediction ia befter in bath respecta wb.n the 

OP~UIl equatlona. ineluàing th.raal conducti vi ty and e levation. 
" ' 

are ua.d.. 'l'he 1::henla1 regi.- at aite, 4., subjec~ to lat.ra~ he.t 

flow effecta, i. well pred1cted, by both •• ta of equations •• 

rna \ ttie Cl .. a III~ profil •• , altbough the px.c\ic::t.à th1cltn... of 

the tal1lt, Ion. at .ite 5 ia unœreati.ated .. . \ -, 
" 

, 
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The preced1n9'diac~aaion indicat •• that the .haliOW ground 

thermal r8gtle may he modelled, vith c~.iderable aecuraey, 
1 

a. a funct101t of • DOW , and t..herma'l ~ucti vi ty or elevation, 

u.ing th. optimUm quationa prea.nted 'th Tabl_ X. Although, 

o_rall, the .tan(fa 

exPlanation 87. (; percent, the mouel doea appear 

to vazy apatially. Th. grounà thermal reg~_ ia moat poorly 
\ 1 .. 

reproduced in unfroaen area.. 1 Portunately, th... area. are 

not of p.ramoun~ inportance in projecting the di.tribution of 

peJ.afroat. -. \ 
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! CHAPTER 5 

MODELLING THE DISTRIBUTION OF GROUND TE~ERATURES 

This chapter describes the development of a model for predicting 

-
qround temperatures. The model wa8 developed and tested at tne 

T1~ns 4 site, and most of the chapter i8 concerned witn details 

of its derivation and application at this site. Brief cons1dera-

tion is also qiven to the extent to which the model is applicab~e 

at the Ferriman Ridge permafrost site . 

PREvIOUS APPROACHES TC PREDICT10N 

An important second objective of the study is to make use of the 

relationsh1p between env1ronmental factors and ground tempe rature 

in the deve10pment of a technique for mode11inq the d~stribution 

of "<jround tempe rat ures in three dimens1ons, on a reasonably large 

scale (1.e. for areas ot a few square k11ometr~s). Predict10n 15 

'no~ a simple task, since the Schefferville area 11e8 in the dis-

/ 

. 
continuous zone where permafrost d1stribution is very variable over 

snort distances. D1rect observation of t~e presen~of froz~n 

qround is especially difficult because of the dee!=> active layers 

in th1S zone. However, a reV1ew of the 11terature sUqgests that 

bO~ direct and indirect methods lMY be usetul near Schefferville 

and in other areas. Ground temperature data usually constitute 

the on1y real1y re11ab~e indication of the presence or absence of 

frozen qround, and their availabi 11 ty determines the extent to 

) 
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to which direct and indirect approaches èan be 

prediction. 

5.11 Indirect methods 

If temperature data are limited, or unavailab1e, an indirect 

approach has to be adoptect. This ~nvo1ves re1atinq the spatial 

dlstribution of frozen, and/or unfrozen, ground to the occurrence 

of more readi1y surveyed environmenta1 parameters. Factors 

prev~ous1y employed in thl.S fashlon include: air te~e'rature 

(Brown, 1966a), relief (Bonnlander and Maior-Marothy, 1964; Ives, 

1961; Johnston, Brown and Pickersq~ll, 1963; Dinqman ana Koutz, 

1974), veqetatl.on tBonnlander and Maior-Marot~, op ci t.; Ives, 

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

Permafrost thicknesses may be pro1ected similU.1yl, lf 

tempe rature datà are available as control (Bonnlander ana Major-

Marothyop cit., Annersten, 00 cit.). If this approach is not 

feasible, the position of the base of permafrost may be approx-

imated, U81nq siq;)le conctuction models of the type described by 

Judqe (l973c). 

5.12 Direct methods 

'!'hermocab.1e measurements allow the vertical ctistributlon of frozen 
\ .. -~ 

and unfrozen grounct to he monitored dl.rectly at ctiscrete points. 

In areas w~th qood qeoloqical control, geophysica1 techniques, 

particu1ar1y bore-hole .1O<Jqinq, may q1ve almost as reliable a 

f 

1 

\ 
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result tSéquin and Garg, 1974). In ei tner event, wi th a' 

reasonable density of points, an approxl.mation for the three-

dimensiona1 geometry of per1J\afrost may then be obtained by / 
--' 

interpolation. 'l'his procedure can be considered analogous to 
o 

delineatl.on of an ore body fram bore-ho le information. ·Vertical 

cross-sectl.ons showing the two-dimens1onal d1stribution of ground 

terrperatures have been produœd in both tne Mackenzie Del ta area 

(Brown et al., 1963; Mackay, 1967; Smith, 1972), and the 

Schefferville area (Annersten, 1964; Thom, 1969; 1970J Nicholson 

and Tnom, 1973; Nicholson, 1974). Thom (1970) and Séquin (1974a, 

Figure 6) have attempted to provide three-dimens1onal predl.ctions 

by the addl.tion of basal plans. 

5. 2 DEVELOPMENT OF TUt: PREDIÇTIVE MODEL 

5.21 Theoretical Basis of tne Model 

This model 10nsiders the qround divisible into two layers for 

prediction purposes. Near surface temperatures can be predl;-cted 

by quantificatl.on of the relationship between qround temperature 
\ 

and the environmental parameters, as described in Section 4.4. 

Below a certain .level, however, small. s'cale variations in the 

surface, environme"ntal parameters Decome less important, the 

theoretical surface area siqnificantly affectinq tempe rat ure 

variations becomes larger and, for practical re~sons, the volume 

of measured 17emperature data for deriving the relationship 

becomes smaller. The exponenti~l increase in coveraqe required 

----------___ .""'l ... , ""'S.5~.i ... Q!!'\!§ .... __ ~(111!1!4"'i&~ _ _.;::rg:!:"'''~---------.~_\ 

, 
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r~ 

for quantifying environmental parameters whl.ch occurs with in-
\ 

crèaSlng depth, and sirnultaneous decrease in the volume of avail-
i 

able tamperature aata, mean that there lS a eut-off pOl.nt beyond 

which the first method of 'modelling 1.S no ~onger practical. It 

is this cut-off levei wh1.ch forma the bound.axy between the two 

layers. Within the lower layer, it is assumed that heat transfer' 

occurs entirely by conduction. Predl.ction in this zone is Dy 

means of a simple heat flOW IOOdel for downward extra~ol,ation of 

the temperatures predicted at the base of the upper layer. In 

the first instance, l.t is assumed that one dimensional vertical 

heat transfer preval.ls l.n this .lower zone. At a later stage 1 

empl.rical allawance l.S made for lateral heat flow effects. 

, 

The level of zero annual ~litude 1 za' occ'urs - at a 

depth of approxl.rnately 2S to 3Urn in the Scheffe{Ville area 

(Annersten, 1964: Nicholson Et ThOI'\, 191.i). By coin~idence 30m 

is also the greatest depth for wnich it was 'possinle to derive 

. 
an optimum èquation for empirical prediction of ground terrperatures 

ISing environmental parameters (se~ Section 4 • .il). Thus, 30m vas 

natural choice for the bounaary! between ~e two layers in the 

mode!. Thl.s leve.l, za' is the shal~owes~leve.1. at which i t can be 
\ 

confidently expectea that sl.gnificant annua.l tempe rature variations 

are absent. 

For the fl.rst stage of modelling, simple one-dimenSional , .' . 
vertical heat flow was, assumed nelow the 30rn level. 

1 
1 

1 
Re st atin9 

r 

" 
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Equation 6 (sub-section 2.31). tne temperature of the qround at 

any depth z, SUch that z ~ za. 1.S computed as follows: 
\ 

T (Z) 

1 \ 
where q* ls terrestrial heat flow, Az 1.8 tne deptn increment 

considered (i. e. between za and z) , ana ermal con duc-

tivity for this interval. 
~ 

It/Jt 

In practice, the't,hermal regime in 

1.,8 couplicatea by the presence ot non-vertical heat flows. problems 

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

toqether w1.th a proposed simple empirical correction. For the 

\ 

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

uniform vertical heat transfer. 

In the compilation of a large scale predict1.on, temp-

erature profiles were computed.at points'60m apart on the square 

qrid shawn in Fiqure 3. 'l'e~erature profiles were produced usinq 

the cOmDuted relationsbip between ground temperature and enVl.ron-

mental parameters to predict teaperatures in tne upper !layer, ana 

then extrapolatl.nq these values downwaras into th~\ .lower zone 

usinq a simple conductive heat f.lOW model. The three-dimensl.onal 

distribution of qround tenperatures ana permafrost vas then 

obtained by interpolatinq between the temperature profiles. 

l ' 

A&E:Œ i. a g:t 
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5.22 -:Input Data 

5.221 Terrestr~al Heat Flux 

A value of -50.2 mwm- 2 (l.2S'cal em-2s-l ) was assumed for q*, 

the terrestrial heat flux. No determinations for q* are presently 
\ 

available fram inter~or New Quebee-Labrador (Judge, 1973e, Figure 

2), sa that it vas necessary to make an estimate as to the pro~able 

maqnitude of th-is flux. The Above value was chosen for two reasons. 

F1rstly, it 1S consistent with Observed temperature conditions 1n 

tvo thermocables, within frozen ground at Timmins 4, for which 
1 

good geolog~cal control is available (numbers 19 and 20). It also 

falls w1th1n the range of previous determinations fram the 

Churchill structural province, of whieh the Labrador Trough forma 

a part (Judg~, op cit.). At an early stage 1n the analysis, values 

of 33.5 mNm-2 ana 41.9 mwm- 2 for q* were also considered and tested 

but ground temperatures projected using'these values were not 

found to be as consisteht vith observed conditions. 

5.222 Snvironmental parameters 
: 

Snow depth, ther.mal conduct1vity and elevation variable~ were next 

t:ompil'ed for usé wi~ ~e optimum predictive equati~ns JTabie ~). 
~ ( .J 

'l'hese variab~le8 were evaluated at each of the 133 point on the 

Timmins 4 prediction grid (Figure J). 

Data'fram Figure' 6, the Timmins 4 snow map, 
~ 

in compilatïon o~ snow depth variables, as descr1œC1 in sub...l 

1----­
i 
1 
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section 3. 332. wnile .. )ovations "ere ObtùJ by lnterpolatinq 

between contoUrs on a topoqrapnio map of the site lFigure 2). 
\ 

Finally, mean thermal conductivities were oomputed for depth 

lncre~nts of interest ~iath eaCh site. Use lias made of 

Equation 9J the conductivity determinations for individual 

lithological units q~ven in Tab~e V, and un1t thiCknesses from 

the T1~ns 4 qeolO9ioa1 Interpretation preoared by th~ author 

(see sub-section 3.62). 

5.23 CO!Pi1ation procedure 

5.231 Construction of ground tempe rature prof11es 

Depth-temperature profiles vere oonstructed in two stages. 
/---

Firstly, mean annual teuperatures vere computed for ten standard 

depths, down' to 30a, usinq the optimum predict1 ve equations, 

listed in Table X, and the ~nputldata described above. The teIÇ­

erature profi les were then extended d6wnwards, at 10m interva.1s, 

from 30m to .l50m, using Equation 15. In ~Ch instance the pre­
J 

dicteCl 3011! t:e~erature was substituted for T(Za)' and new A il and 1 

R values vere C01l(>uted.. "Frozen" thermal conctuctiVity value~ 

J! 
(Table V) vere eJll)layed in aIl cases, except where the presence 

) ., 
of unfrozen ~ound vas definite1y indicated (by the occurrence of 

• 1 

a!prechcted positive 30m temperature) , wnen the corresponding 

"unfrozen" values vere used. 

\ 
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5.234! Interpolation 

/ 
/ 

Vertical s~ctions, showing tne ~stribution ot ground temper~~B 

~re pr~uced. by manual linear intezpolation between pred~ed 
profiles. UnfortunatelY, with an 1nteryal ot 60m beL_~ pr~-

'1 \ //en 
files, 1t is not always possible to prov1de an ~iqUous solu- " 

tion, by ~rpolation alpne. 'l'his problem ~ especially acute 
/~ 

in conpilation of sections across the sité~, where considerable 

variation in bath relief and snow cover thickness occurs within 

very short d1stances, causing anomalies in the distributl.on of 

ground temperatures.- Ditficu~ties of this ty~ were miniDdzed by 

takinq obse'rved relief and snow variati.ons into account and aiso 

by l.nterpolatinq with referenèe to teqperatures in nearby measured 

thermocable protiles. 

\ 

5.24 Comparison between measured and pred1cted qround tempe rature 

sections 

Al.though, the main features of permafrost occurrence at 'l'i.mm1ns 4 

are now reasonably well known (Nicholson ànci Thom, 1973), direct 

1 comparison between measured and predicted three,:"d'1.1Densional d1s-
~ 

tributions wou~d requ1re complicated procedures.' Znstead of ~. /,\ . - l ' . ' 
attellf)t1ng such a co~arison directly, i t i.s proposed to draw 

. \ 

conclusions, regaMing 'the ,Validi.ty o~ the \model, baseCl on a 
. . 

consiaeration of ground temperature sections, compiled using the ,. , 

different prOCec1ures. Longitudinal profiles and c~S-S~ct10JS; 
constructed for thl.s purpose, are shawn in Fl.gures 12 and 13. 

/ 

, 
, 

; 
/: 

\ 



1/. ,- "; . 
7~~~ ·----~~------------............ ~~'~'~.'~}-------------------

.' 

() 

" 

~EGENO 10 

f~~ Permafroat \~'i!~ 
~:" 

_Jl~··hoth.rm oC 

2 

1 
ThermoCQbl. 

m 

r------~m 

2 

o 
100 L-________________________________________________________________ __ 

E 

"', 
-' 

, , 
' ... - --' 

- - - --1.0 - - -

, 

-------0..5- - ------- .... ---
...... - - - - -a.s - ... " 

- -~- -. -­ ..... 
..... .... 

----- - -... -----------
- ... -.- .... 1 ., 

.... 

f 

\. '< _ ... ' -- ... -- ... r.o ~ - ---

---------0.$ -
Q -_4*-----

, 

.0 ... ____ _ 
------------ .... - ...... ..... , 

. , ~. " .. -. ____ .ct.$------- '-

-- - .. -- - .... 

--;-..;"~--- ---- ..... _- ..... ~-.... 
\' ,........ 10 ...... - ....,. .. ---... _-. ... .. , .... -----.. ~ .... 

\ 

-­.. 

... 
"0.$ 

_ "'"" ... 

... 
" 

0-s 
" " , 

" .... 

Fiq.ure 12: Comparison of measurecf and predicted 10ngitudinal tempera 
\ 



" --

..... 
'-

---- .......... 

/ 
________ ~~d-.~U ..... r.ll.b~~ .... ~----------.--

( 

." - - - ---0", 

" " " '- ..... 

---,--_._------- - \~ 

0' 

20 
7'0 

760 

730 

700 

670 

UO 

610 

Figure 120 

E' 

7'0 

1~0 

130 

700 

670 

640 

610 

Figure 12b 

F' 

-;_~~"".1'0 760 . 
.. _---.-

700 

'0.$ 
~ __ .. 670 

.... 
" 640 

________ ~ ________________ ~--------------------------------------------------------------~~ 610 
Figure 12 c 

c 

icted longitudinal tempe rature profiles, Timmins 4. 

------------__________ A __ :o;:;;;a;::-=~,&J!4~~:œ::"-2\S:!!!l:!:a:::!'t,_:,·,'::". __ ~.!t!tl!!i_~ __ 1Ef'&;i~. --.::-:-: •. -:::~"--:-"";:"_:_: ... _~'-.~.~:;~'::!<,: .. _., ~-.. ~ 

'1 

l 

1 

1 



",UI1 l '11 

0, 

• 
\ 

il. L fi . _ ~'-' •• _~~ _________ .. < .... _....l.!<_ ... ~ __ ~ 

- 111 -

5.241 Measured sections 

Sect10ns A-A' and B-B' (Fiqures 12a, 13a, were redrawn, based on 

those compiled by Nicholson and Thom t1913, Fiqures 5 and 6), but , 
usi~9 the mean teaperature vaJ.ues liateCl in Tab.1.e Il. In adctition, 

profile A-A' vas extended southwards to incorporate data fram two 

new thermocables, numbers 19 ana 20. The isotherm pattern ana 

~nferred distribut10n of per.mafrost are essential1y the s~ as 

those gi ven by Nichol-son and Thom. The locations Qf the two 

sact10ns are indicated in FIgure 3. 

5.242 Predicted sect10ns 

The correspondinq predicted sect1ons, C-C' and O-D' (F1qureS 12b 
J 

and Ilb 1 respect:Lvely), vere cOl}structed fram temoerature pro-

files compiled for tha line of prediction points, situated 

cl.osest to the measured sections. The l-oCatibn of tnese sections 
( "-

i.s a180 shawn in Fiqure 3 (they corres~nd ~o prOfile 

2+00NE and sect~on 124 on the IOCC survey grid). A1though the 

phsitionsoof sect10ns A-A' and C-C' correspond close1y, there ia 

a Sliqht diacrepancy in the relative positions ot the cross-

sections (D-B' and D-D'), due to the cc::mfiquration ot the pre-

diction ~riQ. Examlnat10n of the pred1cted tempe rature distribu-

tion on either side of ·the measured section, hovever, sugqests 

that no ,s1qn1ficant chanqe~ in thermal reqime are involved. 

/ 
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5.243 Coapari-aon ) 

1 
1 

bem ia ,good agreement between, the lonqitudinal profiles, A-A' 
~, 

and C-C' (Fiqures 12a and 12b) f as regard._ both the isotherm 

pattern and l1ne proposeà distribution of permafroat. Frozen 

qI'Ound appears to extend, in both cases, to a depth of a'Oprox-' 

lmately' 140. to lSOm. It la unfortunate that there 1 is no Cleep 

tellp8ratur~ control in the amaa of deepest permafrost to confirtll 

thi. prediction. 0 

'the correlation between' the cros a-sections , B-B' and 

D-D', la not ~ 9004. Althougn the general pattern of iaotnerms is 

.i~ 1ar f indi vid.uaJ. iaotherms and the base of permafrost in the 

p~icted section, D-D', show considerably 'qreaœr reli~f than 
l ' 

tne meaaurea section B-B' woUl.d au~at 1.8 actually,present 

(Figure 13). 'l'his discrepancy is IIIOst apparent beneath the major 

valley, tbeze beinq reasonab1e agreement under tJle ridgea. An \ 

explanation and suggested correction are given below. 

19?rovemants in the basic model 

5.251 Probl.ems vith the one-eUllen.ional .odel 
.. 

COIlstruct the ground theDlll J:eqÙlê, beneath val~ey sitea, la 
\ 

• 

noticeable (e.q. Pigure llb). 'l'O a 9J:eat extent, thia deficiency 
1 , 

appeara to raflect the preseI\lce of non-verti.caf heat: transfera, 
~ 

aet Op betveen the ganerally varmer valley. and ao-wat COOler 

~ , 

.J 

• 
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/ 

'0 ridqe areas, in reaponse to lateral variations ~n near-surfaoe 

gro~d tempèrature (see sub-sectian 2.62). 

Use qf the one-dimensional canduçtion R>del i~lies, \ 

f~rstly, that te~eratures increase steadily ",i th depth, wu1er 

the influence of the rerrestrial he'at fJ.ux q*, and secorl.dly, it 

assumes, tacitly, that there ~s, in effect, a semi-~nfinite 
• D 

wliform upper bc)\mdary at ,a depth of '30m {Za'. Un fortunately , 

observed tempe rature data, and sections constructed tnerefrOlll 

(e.q. Figure 13a)', ~n~~cate that neither conditiœ is ,trictly 
1 

fulfilled at the TillllÙ.ns 4 site. Ground temperat~res at the 30m 

·level show considerable lateral variation ('l'able II), and, 
, 

especially in tne v1cinity of val~ey and deep snow areas, the 

thermal regime is rarely consistent vith a orle-d1mensional model. 

In practice, near the JOm .level, there is often either no vertical 

temperature qradient, or temperatures decrease with increa~inq 

c:lepth, Que to lateral ~eat flow effects. When e~loyeQ as) a 
, 

buis for construct10n of qeep CJround temr>erature prahles, the 
. 

resu1.ting predicted values g1ve rise ta the anomalous predicted 
. 

isotheJ:1l\ 'distribution (Fiqure 13b). 

5.252 Propos~d modification to a1low for latera.l heat f10w effects 

'l'he ~nfl~ce' of 1ateral heat flow may be ~approximateQ by tak~ng 

1nto acoount pred1cted temperatures at laterally-adjaoent predic-

t1OD. points. By analogy vith the snow cover-teaperature relation-
, 

'ship (section 3.3), ito 1s -proposea, as a f1rst approximation, that 
Cl 

. , 
- , 
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each ot the predicte<1 30rn values he replaced by an average 30m 

lÏ.> temperature compi1ed over a circle of radius twice the depth of 

interest. These new values will be entered, as before, in 

Equation 15, to pretlict a new temperature for each depth. As 

an illustrat~on, in computinq the tempe rat ure at 70m (i.e. 40m 

below z ), the average temperature for a circle of radius 80m a 

(i.e·. ·twice 40rn) woul<1 be substituted, for 'T\ZaJ in Equation 15. 

5.253 Improved TUlIIll1ns 4 te~erature sections 

Tne long1tudina1 prof11e and cross-sections snawn in Figures 

12b and 13b have been redrawn us~ng tempe rature prof~leà construc-

ted as described ~ove. For conven1ence in comparison w1th 

observed and prev~ously predicted condit~ons, these new sections 

ar~ reproduce<1.as Figures 12c and 13e respectively. 

In general, the pattern of isotherms, and i~lied heat 

flow,distr~bution, rema~ns si~lar in aIl three sets of sections. 

1 -
Moreover, the spat1al distributions of frozen and unfrozen ground 

in each case appear to be in gOOd agreement. However, the three-

dimensional geometry and basal configuration of permaf~ost, 

inferred fram measured temperatures (Figures 12a, 13a), albeit 

faiI71y approx1mate, dO' seem tO~b~:1DOre accurJately reproducect in 

'" 1 "\ the revised sectiops <Fiqures I2e" 13c)~, than ~n those compiled 

using the original mode~F~gures l2b, l3b).~ 

_ -1- _ 

r 
1 
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Overall, the proposed correction leads to a reduction 

in predicted 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 general smooth­

ing of the isotherms~ Assuming that the observed sections (Figures 
-\ 

l2a, l3a) 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 improvement in the accuracy of the 

original model. This being the case, a full-scale prediction was 

compiled, using the improved profiles, for the distribution of 
~-,. 

ground temperatures and permafrost at Timmins 4. 

5.26 Problems resulting from the inclusion of elevation 

A typical optimum predictive equation, that included the elevation 

variable, is: 

T15m = 0.018. SNOW30 - 0.033 • ELEV + 23.88 (16) 

1 
, 1 

• 
:ay varyiI)g elevation, while holding snow depth constant, it can 

be shawn that this equation indicates a change in ground tempera­

ture of approximately 30 C per lOOm (compared with the dry 

adiabatic lapse rate of lOC per lOOm). Such a gradient is 

,-'oonsiderably greater than that occurring naturally at Timmins 4. 

";'-' :'~.Assuming vertical heat flow,and a terre~trial heat \flUX, q*, of 
".'_ , - ..... t 

_-)~ . -50.2 mW~-2, it appears ta indicate ~he pr~sence of 'roCk materiàl 

'. 
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with a thermal canductivity of about 16wm-1K- 1 • In fact , the 

range of conductivit1es observed at Timmins 4 1S between 2.2 

wm- 1K- l .and7.4Wm- l IC 1 (Table V). Th1S discrepancy, it is con-

, 

cluded, indicates tnat the 1nclusion of elevation has made the 
" 

equations site specific. 

An attempt was made to test this hypothesis, by 

app~1ng the model at thermocable sites on Ferriman Ridge which 

1S more than 60m higher than Tlmmins 4. predicte~ temperatures 

were up to 20 C colder than measured. S1.nce the Nichol.son-

Granberg model was found to aoply at Ferr1man (Nicholson and 

Grannerg, lY73), it appears a~st certain that the optimum pre-

di'ctive equations are indeed site-specific. 

While it is Rossib1e that4l this s1tuation limits 
~~ 

appl1cation of the predictive,equations to the Timmins 4 site, 

this 1S not necessarily the case. In the next chapter, the 

model. will be tested"at a nèw site in ~e Timmins m1ning area. 
1 _1 

Timmins 2 l.ies within the same elev~tion range as Timmins 4, but 

is otherwlse quite dissimilar. 

S. 3 OCCURRENCE OF PERMAFROST AT 'N!D!tNS 4 

5.31 Pre$ent know1edge of ground temperature conditions 

1 
~ Thel toll.owing brief synthesis of the results of studies at the 

Timmins 4 site sinee 1968 is intended as a f~amework within 
1 

which the distribution, ~rojected by the model, may be discussed. 
'" 

\ 

, 
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The spatial d1stribution of frozen ground has been 
'" 

approxim;ted al different depths by Thom (197Q, Granberg (1973, 

Figure 8) and Nicholson (1974, Figure 16). ln aaditiort, approx-

1mate indicat10ns as to its 90ssible vertical development have 

been provided in measured sections (Thom, 1969; 1970: Nicholson 

and Thom, 1973), and 1n predacted sect10ns by Nicnolson (oP ci~.). 

unfortunately, neither the exact position of the permafrost b~e, , ,~ 

nor i ts configuration is Jcnown W1 th certainty. Maximum thicknesses 

of 100m to greater than l30m have been inferred by different 

authors, f+om extrapo1at10n of measured thermocable· profiles 

(Thom, ~970: Nicholson and Thom, op cit.). Séguin (1974a) states 

that deep"resistivity profiling suggests the 10wer permafrost 

boundary, 1n on~ part of tne site, occurs at a depth of aoproxim-

ately lS0m. Séquin and Garg (1974) report an approximate aepth 

of 53m (175 ft) at the~mocable NO. 3 (see F1gur~ 3 i"'" for locatl,.onJ • 
... 

From these studies, it is concluded that oermafrost is 
. \ 

essentially continuous beneath the s1tè, .except for its north-
. 

eastern sector. Vertical development is qreatest beneath the 

ridges, and the frozen laye:r is thinner, somet:i.mes with the . 
\ 

presence of talik zones, under the ma1n valleys. jFrozen 9~Qund 

becomes. increasingly discontinuous, bath hor~zontally ana ver~ 

tically, towards the lower,' nortnern' part of the si te, where i t 

is restricted to small isolated areas with low winter snow 
( 

rccumulation. 

.==- LaW! _... t ~ 
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\ 
5.-32 _predictea distrl.bUtion of permafrost and unfrozen grdund 

<--

, I~ 

unfrozen ground, as pred~ctfed by the 
r 

improved model,is ~llustrated in Fig~es 14 to 17. Permafrost 

unC1er1ies approximate1y sixty percent of the Timmin.s 4 Sl.te. It 

~s continuous/, with a maXl.mum thickness of approximately l50m, 

beneath rldge and valley terrain in the up~er, southeastern half 

of the s~te, and occurs also as a smaller~ozen body, to a 

1 maxl.mum depth of about SOm, near 1ts western corner. The nortnern 

part of the site, with the exception of a few scattered, shalldW 

permafrost occurrences, is unfrozen, as are the 1ower.port~ons of 

the major valleys. Talik zones underlie the upper parts of ~hese 

valleys. 

11 .. 

5.321 Vertical sections 

Together the longitudinal profiles ,(Figure 12c, 14) and cross-
1 • , 

sedtions (Figure 13c, ISa-dJ allow an imoress~on ta he gained of 

the three-ctimens~onal d1stribution of ground temperatures, and 
': 

heat fiow pattern, at Timmins 4. Beat transfer at dept'h, appears 

to be essential1y vertical over most of the site. Temperatures 

!ncrease steadily vi th depth beneath the ridges, under the 

influence of the terrestria~ heat flux b,:t\, beneath the vaileys, 

tempe ratures often decrease, ini tially, before takinq on the more 

"","normal pattern ~ith depth. In the intermediate areas, between' 

ridge and val.leY,·) the presence of! near-verticai isotherms suqqests 

1 

uu 

1 

l 

1 
§ 

~ 
l 

! 
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that horizontal heat flow is dOllÙ.nant. The overall heat flow 

,pattern 18, thus, one of net heat gain beneath the va~leys, and 

net loss from the ridge area8. 

5.32l Permafrost thicknesses 

Figure 16 was compiled by ccn1During predicted permafrost thick­

nesses, as indicated bv the position of ~e oOe isotherm in each 

profile. Frozen ground occurs to a depth of about lSOm beneath 
.r -

'~ 
~the ridge at the southern end of the s1te. E-lsewhere the perma-:-

frost becomes thinner. In the north of the site, thicknesses 

range from 40 to SOm in the permafrost body near the western 

corner, to approximately 20m or less in smal1, isolated, 'masses 

within the othe~ise unfrozen area. Absolute thicknesses are 

somewnat reduced in valley locations due t6 the presence of talik 

zones, wnich are up to 20In tbick (see, for exampfe, Figure 15b). 

5.323 Base of Pezmafrost 

\ 
'rhe conf1guration of the pemafr08t base was defined by contourinq 

\ 
basal elevations in eacb predictejd profilé. Figure 17 shows that 

. \ 1 
! the base of permafrost i~ a some1ihat ~xaqgerated mirror image of 

the surface relief. In qeneral, ~ t occurs at \ the qreatest depths 

béneath the ridqes, ana i8 rather sha.llower under the valleys. 

- 1 
'rhe ba~e ?f permafrost rises qr~dually ~orthwestwards, alonq the 

J (,.1 " , 

- axis of the s~te.t from a minilllUlll of about 630m (IOCC datum) in 

. its southeast corner. The margins ot: indiV1dual permafrost bodies 

~ li) J ,1 
/1)rH ! 1 

1 
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are appa'rently steeply incll.ned, rather than gradually wedging 

out-, in agreement with tit,cholson and Thom tl913). 

5.324 Unfrozen areas 

According to ~e prediction, about fort Y ~ercent o~ the Timnùns 

4 site is unfro.zen. These areas are Clell.neated in Figuré 16. 

Unfrozen ground a1so occurs as talik zones witnin the major 

valleys. The extent of sucn zones ~1 be ~stimated from the 

vertical teuperature sections le.g. Figure 1.5). 

~ 

5.33 Accuracy of the permafrost prediction 

-
Canparison between measured and predict~d gr0'fd tempe rature 

sections and profiles, suqgests a close correspondence between 

the actual distribution of shallow ~round tempe rature , an1 that 

projected here (sub-section 4.;32). , At the -same time, the valid-

i ty of the prediction varies spatial.ly, such tnat the best fit is 

obtained in the frozen areas. It (i.S least good Where the ground 

/ -
is /uofrozen. There is no apnarent reason why these re1.ationships 

~ r 
Shou1d not he ii1?plied over the Timmins 4 s1te as a whOl.e. . 

~ 1 ~ 
It is co~siClerably more chffi:,cu.}.t to assess the accur-. ' 

aey vith Which permafrost thicJtness~s axe predictea. A major 

prob l.eJU ls th~ absence of tneJ:SDOCables, oenetratinq the base of 
~ . 

permafrost l.n the main permafrost area of 'l'itains 4, which would 

thereby ind1cate its position. Existing 'hast estimâtes o~ the 

,1 

-

• 1 

h~-

.r. 

\ 
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~ 

th~ckness of frozén material at each tnermocable site, Obtained 

by extrapolation of measured profiles, are compared with predi.cted 

,~ 

th~cknesses l.n Table XIV. These data suggest that ttle mouel ~pro-

vides a reasonable estimate of permafrost thl.cknesses in the vic-

inity of the thermocables. I~ it is assumed that the accuracy af 

the input data used in compilation of the prediction is uniform 

across the si te, \then permafrost thicknesses can probably 00 
~ 

considered to vary spatiaily vith vari~tions in predicted 130m 

ground te~erature. Thl.S means ~llat' tne T)red~ctl.On is subject to 

the same deficiencies as the predicted temperatures. 'l'hus, ~ro-

jected permafrost conditions are nrObably closest ta the actual 

situation oeneath the ric:tqes. In the valleys, where talik zones 
) 

are presen.t, tne accuracy of' prediction is .1ower due to the effects 
/ 

o~ cirC~litl.ng gr~und vater and deep snow cond~tions. 

In the final analysis, the validity of this assessment , 

oniy 00' tested ~t camparison, when the geometry of can . 
permafrost is defined in qreater detail: ei.ther through additional 

te~erat~.re measurements or, as appears -mc)J;e likely, via direct 

observatl.on when the Timmins 4 ore bOdy is mi~ed • 
.. 

, \ 
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CBAPTER 6 

OCCURRENCE OF PERMAFROST AT TIMMINS 2 - A TEST OF THE -1«)DEL 

Tt is ,.virtual.lv certain that many future mine sites ~n tne 

• Scneffervlll.e area will. be ,underlain, at least in part, by peren-

\ 

niall.y frozen ground. Potent~al mine sites are widely aistributed 

and oecur under a variety of natural con~ tions lStubbl.DS et a1., 

1960. Table 3.) Bence, i t follaws that predictive teïhniques, 

if they are to be of value in delineating permafrost zone~, as 

an aid in mining, should have as wiae an aoDliea~on as possible. 

'l'ne model, presented in Chapter 5, seems to provide a 

reasollable estimate of permafrost development at the Timmins 4 
1 

Expe'rimen~i te (sub-:-secti?n 5. 33). . unfortunatel~, inclusion 

of the el~auon variable has made the procedure site-spec~fic to 

some deqree. ,Until. the fwl signifieance of elevation is estab­

lished, allowing the specifie relief c~aracteristies of other 

sites to be introduced int~ the model., it is not feasible "ta employ 
\ 

the technique, wi thout qUa~fication, for permafrost prediction in 
l , ' 

th e Scheffervil.le region as r whole. ~~ is IlOt unreasonable, how-

&ver, to suppose tnat th~- J)~~ure might have app1ieation a~ si tes 

~n other Darts· of tne Timmins mining area, Wh~Ch lie within 
~" -

~ 

same ~levation range 'as tJ&b fOUlÏd at thJ ,..iDllins 4 site. 

A ~ 

As a' test of this hyPothesis, an adai uonal predicuon 

vas cOllpiJ.ed 'for the site of the TiBDins Ho. 2 lline. \"lus ia' 

i 
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Tne location of TilllllU.ns No. 2 Mine is shawn lon F~9ure 1. It ~s 

s~tuatect approximatel.V 1 km southeast of the Till'lJÙ.ns 4 Exoerimental 
J .-

Site, and aDjacent to the existing T~~ns No. 1 Mine. The area 

chosen for detailed "stucty corresponds a1?'Proximate1y to the proposed 

ultimate open pit li~ts of tne ~ne. \ TiJllJlins 2 ~s situated. at an 

1 e~evation of between 7S0m and 77Sm (IOCe datum). 

6.1.1 

'l'he rel~ef and sur~ce drainage of the TiDmins ~ si te are shawn 

in Figure ~8. The northern part consists o-f a broad., upland r~dge 

\.oarea, flanked by two narrow, southwarQ-s l.op~ng channe ls. "l'bis area, 

'which is bisected Dy a sha~low'va11ey, is qenerally we~l-ttr~ned. 

'!'he 

.~' 

and 

so.lthern portion ~f ,the ,s~~e ,lias more Sub<lued, undulating reUef 

~s relatively POOrly-draine~ "l''t!e channe.1s drain southwara.s 

across this area, via a ser:ies of ponds (mo~tl; ep~~ral) and 
. .. . 

'treams, into E.lross Creek (Figure 

'. ~enèrl~l~ ~outherly aspect. , 

1) • The TiJllllli.ns ~ si te has a 

Due to the close pr~~ty o~ the Timmin~ 2 and Timmins 

4 Sl. tes, i t is reasonable to assume uniform c1imatic condi. tions , 

i~ludin9 snOllr mel~.. Simi1arly, tne vegetation tynes, and the:ir 
• 0 

! ~ , 

relation to rell.ef are 'basl.ca~ly'" the same: the ridge areas have 

a Ucben-bare 9%0""" ""Seab~,Je ~ile, "'Pre sbe~texed, !ess _11-
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drained lower parts of the site have a cover of masses and 

\ 
vascular plants. Lichen \-TOodl,.and per se ~s not present at 

Tl.mmi.ns 2 • .. 
Geo!ogically, the site is similar to Timmins 4 ±n 

that J.t is unC1erl.ain by units of the Knob J,ake Group (for 

stratigraphy see Tabl.e Il. The Timmins 2 deQosi t i tsel~ occurs / 

wi thin the f au 1 ted 1imb of a Sokoman Iron Forma non syncl:!ne_~ 

(IOCC, intemai report). Its structure is similar to that 

i1lustrated for Timmins No. I Mine, oy SégUl.n (1974b, Pigure 4). 

In cODlpl.Iinq the present preC1iction, it has been assumed that the 
(; 

, 
physica1 and thermal properties ot the rock types at TÏDunins 2 

are id.entica1 w~th those recordeC1 for Timmins 4 (Table VJ • 

6.12 Permafrost distr1bution 

The occurrence of frozen ground w~thl.n the Tunmins 2 site is 
> 

poorly documented, due to a lack of qround tenperature infor-

mation. A subjective evaluation of the dl.stribution of environ-
, j-

mental parameters sucn as relief, vegetation and snow depth, how-

ever, ailows tentative conclusions ta be drawn, which can serve 

as a basis tor further discussion. 
( 

" 
" 

Baséd on such 'raisal,. i t is concluded that, 
,-, 

ovérall, permafrost. tinuoUB"at Timmins 2. It 1.S essen-

tially cont1nuous 1>eneath the upland rlaqe are~s l ,but dis~ontin­

uous or absent elsewnere. 'l'alix zones are Drobably develODed 
J '--: 

1 
/ 

1 

\ 
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o beneath the upper portions of the two maj or channels. Comparison 

ot relative snow cover tnicknesses at the T1mm1nS 2 and 4 sites 
" 

8 
would suggest that frozen ground tnicxnesses are not so great 

at Timmins 2. 

c 

6.1. GROUND TEMPERATURE CONDITIONS AT TIMMINS 2 
i 

The distr1bution of ground temperatures vas modelfed, 1n three 

dimensions, using the imoroved procedure described ln sub-

sections 5.21 and 5.23. Plans and sect1ons, illustrating the 

proiected geometry of permafrost and occurrence ot frozen and 
, r l 

\J 
unfrozen ground, are shown in Figures 20 through 22, and discussed 

1n deta~l in sUb-sect10n &.22. 

1 
6.21 Compilation of the prediction 

1 

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 prof1les 

was eJiployed Cl99 caipared to 133). These are located at tille . ~ 

intersections, 30m apart~ o~ the approximately 700m by 4S0m grid. 
\ . . 

shawn 1n F1.gure 18. A. 30m grid vas chosen in an attempt tO/-ëlVoi-d _____ <--.! 
, 

the 'problems encounte~C1 in 1nteroolating between prof1les on 

the ~ grid used lt TiDUdns-4. 

6.211 Data collection. 
§ 

.-

Snow depth, elevation and thermal conductivity variables vere 
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evaluated for each grid point as described in the relevant 

sections of Ch apte r 3. 

Elevations were obtained by inte~olating between 

11\;:11'"\ contours. "ï'"'=" 

. \ 
The. resulting va~ues all lie within the range of 

those employed in derivlng the optimmn predictive equations at 

Ti~ns 4, but vith a somewhat smaller range. 

Figure 19 is a map of peak snow accumu~atl.on for 

winter 1971-72 at Timmi.ns 2. The map was produced fram sequence 

melt air photography taken on the five flights documented in 

Table III (Plates 6 to 10). Details of the method employed, 
\ r 

whl.ch l.S identical to that used at Tl.mmdns 4, are given in 

section 3. j. fhe same values (Table III) were adooted for the 

.. -
depth categor~es on bath snow maDS, snow melt rates being 

assumed uniform at .bath si tes. Data were removed from the map 

by"means of the procedure descriped in section 3.33, and illwf-

trated in Figure 8. . 1 

• 
so that 

J!in1~q 0€eratl.ons have now cODllenced at 'l'iDmlins 2, 

detailed qeO~iCal information is avaiiab~e. Thermal 

c~nductivity variables vere cdmpiled, for each prediction point 

using data on rock types and unit thicknesses obta1ned from IOCC \ 
.: ' l. r 

sections and plans, an~ the con4uctivity data qiven in Table V. 

-
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Plate 6: Snow distribution at Timmins 2, 27 April 1972 
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p.late 7: Snow distiibution at .-Timmins 2, 16 May 1972 
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Plate 8: Snow distribution at Timmins 2, 30 May 1972 
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Plate 9: Snow distribution at Timmins X, ô J'tme 1972 
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Plate 10: Snow distributioq, at Timmins 2, 18 May 1973 
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6.212 Construction of profiles, sections and plans 

1 

The three-dimensional. prediction of qround temnerature conditions 
. \ 

was coupiled by means of the procedure outli~e~ in Chap~er 5. 

vertical se~tlrons were produoed illustratinq the ground thermal 

reg~me at 30m intervals across and along the si te (Figure ,lO) , 

• 
as weIl as plans showing permafrost thlcknesses (Figure 21) and 

the eievation of the base of Qermafrost (Figure 22). 

b.22 Permafrost and unfrozen 9found at Ti~ns 2 
1 

According ta the model, approximately se vent y percent of the site 

is underlain by perennially frozen qround. It occurs as steep-

siaed, frozen bodies surrounding a roughly horseshoe-shaped zone , 
'i of unfrozen ground. Permafrost th~cknesses are not as great as 

those proposed for Timmins 4, with a maximum predicted thickness 

of l06m. 

6.221 Vertical sections 

The dÎstribut10n of ground te~er~tUre8 alonq a longitudinal 

sectlop and a series of Cf08s-sect10ns is shawn in Figure 20. 
/ 1 

The locat10n of each section ls indicateci on Pigure îs. Toge the r 

vith Pigures 21 and 22, tbe sections p~ovi<1e a three"l'"dimensional .... 

i~re.slon of the occurren~ of Drermafrost and unfrozen ground 

at this si te. 1 

1 
i 
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The pattern of isotherms indIica~s tnat, over most of 
\ , 

tne s1.te, heat fJ.ow 1.S essentially vertical at depths-of' qreater 

than 30m.. However, as at TiDlllins 4, non-vertical heat transfers 

are important near the surfaCe and l.Il tne vicinity of channeJ.s, 

valleys antt assoc1.ated areas with qround water movement and deep 
1 

snow accumulation. ThJ existence of nearly vertical isotherms 1 • 

in SUCh locations is reflected, on the sections, 1n tne steep 
1 

boundaries or the permafrost masses. 

6.222 Permafrost thicknesSes 

Projected depthS te the base of permafrost are shawn in Figure 
yJ 

21. A maximum thicJcness of I06m is predicted beneath the ridqe 

/ 
are~ in the north of tne S1.te. r Elsewhere frozen qround is l.ess 

extensively developed, rarely exceedinq 40-S0m in thicknesses. 

Smal!, shallow pe~frost ~ses also occur within the unfrbzen 

parts of the si te. In qeneral, th1.cknesses appeaz;. to increase 

fram south to north alonq the axis of the ,si te, a trend which is 

a1&o v1.si:ble in the sect1?ons (F1.qure 2U). 

Base of permafrost ~ ( 
'l'he projected nosit10D and configuration of the lower bounC1ary 

1 • 

r of flo~n qround at ~illlllli~ 2 are shawn in Fiqure 22. As at 

Tit"1ns 4, the lower boWldary appears to ~roxi~telY airror the 

surface relief, l.n tnat l.t occui's at the qreatest depth beneath 

ridqe areas. Permafrost 1S tni.Jl or absent beneath valler and' 

-
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,1 fhanne 1 l.ocations. In the northem part of. the 81 te, the base 

1 ot permafrost is situated at an elevation of 630-65Qm CIOCe datum). 
" 1 J 

Elsewhere, it rare!v oocurs lower tnan '~Om (IOCC datumJ. 

6.2,2.4 Urt~rozen areas / 
1 

Approximately thirty percent of the site is preaicted as unfrozen. 

T~ese areas are 1nd1cated in ?1quré 20. Permafrost is not 9resent 

beneath the channels, nor beneath deep sn~ areas in the central 

and southern parts ot the site. There is little or no evidence, 

iat the present pred1ct10'l, of extens1ve ta11k develooment at 

Timmins No. 2. 

6.23 Accuraçy 'of the Timmins 2 prediction' 

AS has already been suqqested in euh-section 6.12, there are, 

un fortunately , neither thermocable data, nor measurements of-

permafrost thickness, ta as.ist in an assessment ~ the validlty 

of the present prediction. 0 œervaotion. by the author ~urinq . 
, 

the early stages in excavation of T1mm1n. NQ. ~ Mine do, how-

ever, .ugqest a close spat!al correlation between the actual 41s-
.~ ... 

It 1. 4itt.1cul.ts 

. . 
the pre .. noe of an unfrozen,' nort:b-.out:ft ZORe, runni'nq tnrOuqh 

" ~ 
the centra of ~ ~ne ,Vher~ a &tep active layer"(;r .hail"" -taiik zona am1dat reJ.at1Ve.1y'uninterrupted permafrost i. prec1!ctedJ 

• 1 1 
-U99-_illi tut. th_ rOj-ct:eCl 41..trtbutioJl of trozen 9œun4 and 

JASPASSa . Mi lU tl2!2ftUJI 
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thicknesses, May De pessimistic. It is sugqested that this 

s1~uation may be attributable to an apparent underest1màte 'in 

snow depths, as incicatec on the~immins 2 snow map (Fiqure 19). 

The 1nfluence of dirt and dU8~ in reducing the.albedo 
1 

of the snoW-cover, and hence ,increas1nq melt rates, has been 

demonstrated at the nearby Fleming 7 site (for location, see 

F1qure l) by Nicholson' (1974, Table 3'. A similar situation cao 

be postulated for TiJUdns 2, sinee this site lies adjacent to, 

and downw1nd trom, T1JD1111.ns NO. l Mine, which was ooeratinq 

during the period oreceding the 1972 aerial photograpny f!ights. 

When used 1n the model, tne apoarently shallower snow depthEJ, ;:-- . 
produce a colder predicted 'ounc temperature, anC more extensive 

permafrost. 

The magnitude of thia effect is not readi1y estimate~. 

\ 

At Fleming 7, snow depths were reduoea by an average of 30 percent, 

as comparea vith Timmins 4 (Nicholson, op cit. ~able 3). Usin9 

thù. figure as a gross approximation, 11 may he sugge.ted tbat 

âre4S vith an average,snow depth on the Timmin. 2 .now map of 

les. than Jabout 60csq are l1kely to he frozen, rather than the 

- oriq1.naLly 1rachcate4 90 CID, and tnat 75m 1a a DIOre reali.tic 

, maX11aU1l tsematr08t thicJcne •• et thi •• 1te. 1 
o 

ln .tact, 7Sm i. clo •• r ~ the ')penufrmat thickn ••• e. 

th~t. are proj.cted ba •• a on ob.e~.d conditions. H0IW1ver 1 the 
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1 , 

bas1S ot such a correction is very tenuous and the main DU_~OS\ 

, i 1 ot the e~mp!e is to 1ndicate that 'the d screpancy between 1 

actua1 and ~redicted conditions mav truite reasonably be exoiained 
1 \ 

--as a function ot an underestimate in snow deptlB, rather than of , 

tne inadequacies of the predictive modellp!r se. Once the tnree-

d1mensionai distr1bution of oe~fr08t at Timmins 2 is known with , . 

certa1nty, it will be possible to make a ~ch more quantitat1Ve 

48seSSDent of the accuracy ot the pronosed model. 

1 

l' 
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CHAP'l'ER ., 

SUMMARY AND CONCLUSIONS 

This study was concerned with assessinq the influence of environ­

mental parameters on qround temperatu!e distribution, with deriv­

ing improved equations for shallow qround temperature prediction, 

and with development'of a simple procedure for modellirq the 
, 1 

·-QCCu~!,ence of permafrost and unfrozen qround. 'l'hese obj ec;ti v~s 

were pursued, with varyinq deqrees of success, at the Timmins 4 

Permafrost Experimental Site. 

A review of the literature on the qround thermal reqime 

in permafrost-reqions Bugqested that qround temperature at Any 

shallow depth ia a function of the influence of two sets of 

factors. !nvironmental parameters, such ,as snow-depth, relief 

and veqetation, determine, the upper (surface) boundary condition, 

while sub-surface factors modify heat flows in response to the 

boundary candi tion. 'l'hus, variations in bath surface and sub­

surface factors control temperature distribution. Ground thermal 
V 

properties and mass transfer effects associated vith supra-perma-

frost groundwater movement are the main,sub-surface factors. 

Vari~l..s repr.sentative of al1 .thesJ factors vere campile4 jfor 

•• nty-one tberaocable sites at T1ad.~s 4, and re1ate4 to ground 

Il tallperature COD4itions in the ensuing analyste .. 

\ 
'. 

1 



o 

o 

environmental factors was examined by means of simple linear 

correlation analysis and ~tep-wise mUltirle regression. The 

correlation coefficients indicated that, while snow depth is 

the single most important variable, almost aIl the other factors 

also appear to be siqnificantly correlated with ground tempera­

ture. The regression results, however, suggested that few of 

the variables were truly independent, one from another~ The 

fact that the snow depth variable, together with either thermal 

conductivity or elevation, vas able ta explain over 90 percent 

of the variance in ground temperature lent support ta this 

oontention. Thus, it was concluded that most of the correlations 

vith the environmental parameters were, in fact, reflections of ~ 

the relationship between ground temperatpre and'sDOw depth, and 

vere essentially false correlation •• 

-l ' Shallow tempe rature profiles vere constructed for each 

Timmin •• thermocable location, using equations derived from the 

t8gre •• ion re.ults. comparison with mea.ured ground temperatures 

oonfirme4 that the optimum equations, !for predicting temperature - , 

al Cl function of aDOW depth and either therma~ conductiv1ty or 
f .,f' -". • 

~.vation, ,vere superior -J:o_ equatior. whi~h contai~ only the snov 

clepth variable,,' The optimum equations "ere inco~rated inta a 
1 -. ---- - '. • 

sA.mple empirical mo4el for qro~ temperâture.~r~~ction. In 

4éveloping thia. model, tbe qr0UD4 -vas divJ4e4 tnta tvo layers. 

Bet:ween the .urface and 30 • 4epth, _an annual. ta.perat.ure. vere 

; 

, 

• / 
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predicted usinqlthe optimum equations. Belov this depth, the 

re'sultinq profiles had to be extrapo~ated downwards assuminq a 

simple heat flow model. The accuracy of this model varied 

spatially, sa that while correspond~nce between predicted and 
\ obserled conditions vas qood beneath ridge sites, it was not 50 

.,;' 

good under the valleys. This situation vas attribut:.ed to mass 

tranifer effects due to qroundwater movement, and ta greater 

than average~ateral heat flows. 
i 

When the model'was then employed ta construct a perma­

frost predictioq for the entire Timmins 4 site, approximately 

60 percent of the site was predict~ frozen. A maximum perma­

frost thickness o~ about 150 m was projected., Altbough this 

figure could not be 

the predicted distri 

--appeared to- Agree rell 

by direct temperature measurement, 

permafrost and unfrozen qround 

th the resu1ts of previous studies. 

An attempt ta test the app1icability of the model 

at perriman Ridge was 1.8s su~c.s.fu1. predicted temperatur.s 

ver. s.v.ral d.qr ... · coo1er than measured. :rt was hypotbe.ised Î 
tbat thi. situation m~qht be ,re1ated to the e1evation 41fference 

risting betveen the ~o s~ tes, and tbat the procedure had become 

,tte-sp.cific vith lnclus~n of the el.vatian variable. As a 
/, '. 1 

further test, the IDOè1el vas then app11e4' at the site of 'l'iaains 
.' , 

lib. 2 Mine. A1tbough topographiea11y 4itterent from 'l't..ins 4, 
< 

this site 11. •• witbi'D the 'sa-.• levatien ~ang.. Spatia11.y, the 
, • 1 

pre4icte4: di.tribution of peJ:tDAf,rost at 'l't.dn. 2 wu in CJOO4-
• , 1 

J 

/ 

-
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agreement vith that observed during the early stages in excava-I 

tion of the Mine. Projected permafrost thicknesses, hovever, 

appeared to be samewhat pessimistic. It vas argued that this , , , 

situation vas related to an apparent increase in snov melt rates, 

due to w!nd-blown iron ore dust, rather than to 40y inadequacies 

in the model per se. 

It is clear that there are a number of areas in vhich 

improvements to the model could' be made. 1nde4' as presentl y 

oonceived the model has limited practical applicatio~, since 

the inclusion of elevation has made it site-specific. An 

obvious improv~nt would be to replace the elevation variable 

~ one representative of, for example, the influence of ground­

water, providing this variable could he simply and conveniently 

quantified on a large scale. The difficulties associated vith 
) 

assessing the accuracy of this~~ilar predictive proc~ures 

bave been demonst:rated. Any improv~t which facilitates such 

usessments will be very useful. Thé importance of monitorinq 

permafrost conditions during mininq at: the various site. consid­

ered bere cannat be overemphasized. 

;n SUllllDU'y, the study confirme4 that the vinter .now 

1 cover is the .ost impor~ant sfnqle factor atfecting the dl_~­
tJ:on- of qround temperatures i~ the 'Sc~ffervill. Ar". Improv.Ji:. 

equation. vere derive4 for' pr~ictinq .hallow temperature., and 

tncdrporatecS into a _impIe' empirical JD04el for prec!iction at 

greater 4epth... 'l'Ms 8:tdel vas test,e6.t tbr.. .ite. in t.be area, . ~ 

/ 
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and ~ound ta he 1 site~specUic·.· At present, this c limits applic­

ation of the model ta upland sites lying within the SaIDe 

'elevation range as Timmins 4. Bowever, the methods and procedures 

adopted in ~evelopment of the model will probably be of lasting 

theoretical and practical value. 

) -

_\ . - '-', 

, . t 
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APPDlDIX 1 

PEAK MD MELT PERIOD SIIOW StJRV2J'S AT TIMMIlfS .. 

t'he Timmi, .... now ~r •• vu rea4 at the ti_ of 

peak .nov in 1972 (15 April) and 1973 (30 Marcb), a. vell a. 
1 

Atur •• oh of th. aerial /phot09rapby tligbt.. made in COftftec-, - , 

CUon ·vitb thi. '.tu4y. Data trom the ••• urvey. _are pr ... nt.e4 

ber •• .. 
. "\ ~ 

'l'ha .nov cour .. COJDpri ... 14' .... ur.-nt ."Jce.) 
arranged on a r.~9Ular 9r14 v1th 2~ row. an4 7 column •• 

'1'he .urvey .rea4iAf. /9i11- 1n tilt. AppetJ41x al'. arrug-' on 

-.ch • 91'14, ••• umin9 that t.he DOrtbW •• t end ot th. .nov COUI' •• 
'df -

u.. tovu4. the top ot the paq.. All r.-"1n9., are .q~ven in 

c.nt ..... tr •• , vater -auiva1.nt~ 

! 
/ 

/ 

/. 

" 

,. 1 

, 1 ~~. 
, " r"-' , 

" . 
", J ' 1 

~, 

,. l '~ :. ~'-
~ < .'fit f 

~, f ,_' ", . ' 
'. 

,. 1 

p 1 • 
l, 

/ 1 





.. , ., .. 1; ~ 
, , 

.. ~ '},I .... > ,,"', '.' . L • J '.". -' , ' . ,.{ '\ 1'}.'" 1 ... , - U;i; -'; ">.J',-r~~" ", " J, ", ,'" ,1 -,. :n-
, >Ir '<=tf.$.;, • ~t, - ,,~f ~",'"'7. 'i"""" t "." lI-J .>'..,..r .... " -l 1 -1 ~. t __ '"_ ..... ___ 
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l' 
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~ 

0 Dates 2 May, 1972 (Survey ~ollowin9 r1i9ht,_o. 1) 

A B cl D E r G 

21 90 45 100 80 113 103 107 

.' 20 100 50 95 92 90 1.23 46 
" 

19 85 0 55 57 1#)9 67 97 

18 5 0 90 61 132 96 94 

17 0 25 110 112 32 143 116 

16 6S 72 50 126 89 116 54 
/ 

15 67 120 /140 \ 55 4 66 10 

14 10 45 85 57 146 106 62 ' , 

13 165 / 115 35 3' 26 55 58 

12 160 0 10 11. 114- 11 • 
U 150 15 140 o 146 '4 14 5 

10 0 0 IJO 135 ., 12 85 

~ 0 140 " 20 72 50 56 
:. 

•• 0 110 .5 30 '0 43 59 
1 1 -, 18 '0 0 15' 0 56 * 

t~/ 15 45 -
'5 145 ,Il 20 * 

/ 5 .55; 0 75 140' • l' l, • .. ·0 '0 * . , 3 • 7 1. 
1 >. 

31 JO to >,,7 " 
JO, , • l' '1 

0 

2 . " 100 /. / J5 ;1 • 
/ 

,~ ., ., 
1 1 4. / 

•• tO l.ft to .. 2 • 1 

/- :} 
'-

1 .' • / • • ... ", 4ata 
f , \ / / 

" a ,,/ ,. 
r , ,/ ' " 

r r, 1 .... jIi"j~.>'/.l' .. . . 
" / / 

'-f>'A ", 
() , 

/ 1 " " 

l - ù , 
, 0, ' , 



,,;) 
Dates 

21 
" 

20 

19 

18 

17 

16 
f 

15 

14 

13 
/ 

/ 12 

U 

10 

9 

J • 
K 7 , 

/ 5 
* 

1 .. 
~ "'-J 

, "",/pT 2 
1 
1 

7' 

111 • • , 

1 

/ 
1 

17 May, 

A 

73 

70 

30 

0 

0 

72 

3S 

0 

133 
1/ 

134 

• 

( 
/ 

o . 1 

0 

0 

.. 
-0 

2. 

41 

IJ 

f\ 
.t1..l1 

1972 

B 

lS 

12 

0 

• 
9 

34 

96 

21 

84 

~ 

2 

0 

111 

111 

62 

18 

2 

.31 , .. 
"2 

• 
at •• tft9-4a~. 

.' 
J-: 

'. 

1. 

- 162 - , 

(Survey fo11owiDQ Flight Ifo. 2) \' 

C D E r ,(; 

70 SO 82 80 70 

76 66 73 106 22 

31 34 89 44 72 

67 33 135 64 12~ 

S3 76 2 130 88 
/ 

24 105 60 91 ~, 

113 Jo 22 0 42 \ " 59 2. 124 85 3D 

• 0 1 34 '6 

• 7' 90 38 .0 

108 125 67 0 0 

7 95 5. 0 • / 
55 2 4t 11 52 

57 9 28 10, 33 

0, 145 0 ~~ 32 
) 1 

32 111 0 • • 
47 114 111 0 

1 • 
• J' 5 1) • 
" 11 '. J, 4.3 ./ , 

~.~ 
0 .. ~ - ,.3 

1 ," t • :112 \25 • 0 1 
"1 

.. / , 1 

-' /'1. ' -
" -1, 1 

1 

:' - , ' 

IJ' .... . 
"!!I . " 

, , .;, 
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, / €) 1912 ,r' oates 6 June, (SU~y __ -y following J'li9ht )f0. 4) 

\ 
A~B C • n E F G 

21 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 

10 • 19 31 0 ,0 0 0 0 

18 0 0 Cl 0 0 0 0 
\ 

17 0 0 ,0 0 0 ( 24 
1 10 

0 

16 Ô ,0 0 0 '0 0 0 
. 

15 0 26 14 1 0 0 0 0 

., 14 0 0 0 .. 0 41 12 0 
n' 

" 

13 74 ,14 8 0 0 0 0 

'" 12 '1 0 0 ,0 0 C 0 0 • 
U 109 0 34 4. 0 0 0 

10 0 
\ 

0 0 27 0 0 0 

9 0 0 0 0 0 0 0 
.' . 

-
'0 , 0 0 0 0 00 0--

0 0 0 5. 0 0 0 , 0 0 0 J2 0 , , 0 0 

5 0 0/ /20 1 J, 0 0 0 f / ., 0 ~O S. 
/ 

(» '0 ~ 0 O· 
1 ; - l- 0 0 45 '.'. 0 0 0 ~ 

# 2 0 0 • 0 0 0 0 .... 
// 
- ~ 

. l' ,,0 1 0 44 ,. 42 0 1 ; 0 0 / 
~--\ 

1 

1 ! 
; , 

1 \ "" , ! • • ... .Lot 4Aéa e \ ... " ' 1 -'-

" 
. 

\ > 

,c , ' 
of ~, ,- " , r',.ef",. .. 

~ J 
' , , 

" 
, 

" '1' è li " 

~ ~. ~~;. ~ ;}~: j,: 
.' r : ' ';:-i:' ',J.-' , i-' 1 , 

-
~ < " , , ': '. 1 g , 

" , . , ,- , , 

# 1 _ ~-'. , 
, , .-

! : ~ d' 
.J1!',tI, _'~ , '. ~. -. ' ,..( . , " 

" '. ' " , ' J ,,', > " ~ -~ ; '>, ~~~,.~. .' ;:"! .,' , , 
" ' . " " 
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1 

" ~~ ~.' DaqS 30 March, 1913 (1973 Peak SDOW Suner) 
/ 

-
A S C D . E r G 

" 9 

/ 21 
/ 

82 28 62 53 88 104 74 

;/ 20 93 12 lOS 74 82 126 ~1 

19 1r72 0.5 61 38 115 56 1 78 , 
18' 1 3 1 93 55 144 70 ~4 

, 
11 

17 1 , 21 92 104 44 9' 98 

16 155 52 81 102 ./.4 101 10 

~8 
1 

~ . • 7 151: 45 1 14 0 

14 ~ 10 43 -42 1 23 132 '1 43 

, 13 1'0 83 27 29 32 74 21 

12' 150 f' 1, 1
32 13 122 " 0 

11 152 3 101 
1 
1 104. '~3 25 0 

; . 
10.- .. - . 3 0.5 27 '7 28 • 19 

4 , ~1 .3 94 ~ 23 32/ 20 ' 

? 1 4' 2' 0 31 2. , 
l, 

1 _:39 11· 0 1. 0 54 51 

'\ /, 2' 
"-

') .0 If 14 14 0 30 

5 '5 14 ., JI • 0 fi 

4 
"II 

1 '. 131 2 1 13 51 
'f ~)f~ ,3 3' 110 101 11 JJ 32' 35 " .' 

2 • 137 /131 4 0 Il 2' 

1 14 15 .2 7. Ji / 51 11 ,j r 

~ j " , . 
• ........ , c, 

~ ,'1 .. " ' 
1 ' , . /' 

1 
, 

, 1 

" fi 1 ------:. . , ,', ~ (~t , ! , ~ 

, " ,,Ir' .~-,.~ " ' '1:' ; , " .{ ,. ,; , 
, jr' '. , . l ' -" J' 

1 ' , ; . . , 
I

J
,,' r . ". ~ 1 

1 , 1 " ' 
" 1 1,[ " '. . J,. ~ l, 

~ .. 
J ,', " , 

'. h 


