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The heal flo'.'"' tiJrough the floors of five .~n1alllake s of known thermal history on the Canad ian 
Sh ield w", Jnca, ured " 'i th a modified Bullard probe. A small correc tion for seasonal bottom water 
km[,c[<'; [ure '." a rint ion;; was app lied to temperatu re gradi ent measuremen ts, and the heal floll 's are 
correci"d for glac ia ti on. la teral temperature gradients, sedimentation rates , and lateral thermal 
conduc ti vity cliange ;; Four lr,kes have an average heat fl ow of 49 :t 4 m\V/m' (1.2 :t 0.1 
/lca!/.:m 2 s i . A high h(':H ~ow in t he fifth lake is thought due to unu sual refraction elTects . The heat 
ge n:,r~;ti(l:: .. ht: ~ f flu x Cll mbi n,d ion yie lds a point that falls near accepted lines for the Can:ld ian 
Shield . 

L;:: flu'": \ h ,~ r miq 'Jc i, ; ;',, ',er:; lc fond de cinq petits lacs du Bouclier canadien dont J'histoire 
th ,:,r;;:iqo.!e c.,r "'.H, rtle ,: '~ 1': -;,:::sme il l'a ide d'unc sond e Bullard modifiee. Une petite correc tion 
puur k, \"c!'i,:r ;0!l'; ,,,j-.nr:r,i<= : ,~S dt!;, temperatures de I'eau ci t! fond a ete ap pliquee aux mcsures de 
~r :!J i :'i1', ~t! :.",:;;per~, l l: r,', e! :'.:s fhn thermiqucs ont etc eorriges pour la glac iation , les grad ients de 
t ;::r'1;'J':,8, l~!r,~ !::re,'dU\ , !e., !" . L' ( (!(. sedimen tatiun cl les changemcnts lat crau x clans les va leurs de 
c<) " (:iJ,~'. i .. :,2 ll1err1i: 'l !'~ . (!;:;;::'~ lac, ont UII flux therm ique moyen de 49 :t 4mW/m' (1.2 :t 0. 1 
p.,:::1 ,:':'T·2 ',: : . '" '; Li'; :h ,~": ' , :;UC £- kve dans Ie cinqui e me lac se mble cause par des effets de 
r ei',·,.,',;"" inf' " ~·i ,, i c , ·., Ll .:, ,..-i'12i50n pnlcluction de chakur-f1ux thermiqu<: donne un point qui 
5<: "i tc' =- ,--i; ., ;' e:. ,; , ;oj ( - e:', '; ' " ':-i'::" "") U r Ie Bouclie I' camlcl il! n, 

'. -lCCeSSf Ul hC:17. fl0 \\' mE·:J.~~ UFe r;:en t s have been 
fi' , . ~ : (" in ma n:, of the \'v or id's i,l(ge, deep lakes 
rb !' g the s(<lfl'':: ard oCeQn ic probe technique. 
H\J\ \'evcr, al t(,!11P~ S in se \'e ral srn2n rnerclIr.i .:- tic 
la i,ts ill the t,:l'; I and no rtheast U.S.A. , \1,L :ch 
ahll have rcia ti vely COi1> tant botto m water tem
r ;ld tures, have pron;d less sa ti sfacto ry (Reitzel 
1966; Diment 1967: johnson and Likens 1967; 
Likcns and Jo hnson 1969). Very large corrections 
~i' l" reqllired for the tcmperature diffe rences at 
th': i!" margins (the '\\.'arm rim effect '), and such 
I'ik.:;s ln ve been considered un re li a ble for rc
gi" net l heat flow st udies (Roy ef al. 1972). 

[Tracluit par Ie journal] 

9~7 

'f he Canadian Shield abounds in small - and 
mo,icralc-sized lake s « 5 km across, < 50 m 
tk .:p). A mea n annua l temperature close to the 
b"' lo m water tempera ture, particularly in north 
\\c<;l O ntario, cetuses the wa rm rim effect to be 
muc h Il:SS pron ou nced. T he purpose of thi s study 
\ \;1\ to see whether so me of these lakes coulJ be 
lu.:d to obtain reliable heat flow values. 

FIG. I, Location , of th e lakes used in th is s tun)"; black 
square on insct map ident ifies ma p-a rea . Figures are 
identi ficat ion number, of lakes assigneci by Fisheries 
Resea rch Hoard; numbe :s in parenthe.,es are depths, In 
metres ; cl"Osseo; indica te Illeasurelllen t s ites , 

Five lakes in proximity to each other were 
s~k c ted in the Experimental Lakes Area of 
fI 'I/' thwcst Ontario (fig. I). Maximulll depths 
r;lilged from 10 to 32 Ill, and temperature records 
Lt:pt by the Freshwatcr Institute (Fi sheries Re-

search Bonni of Canada) for th e fom years pre
vious to these mcasurements showed that the 
anllllal variat ion of their bottom water tempera
ture was less than 2 ~C (fig. 2). Measuremen ts 
were made at two times of the yea r to verify that 
the correc tion to sediment temperatures for the se 
annual va f"i a li o lls gave consistcnt hea t !lows. 
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FiG . 2. Ik ,' w il1 wa te r tcmperatmes in thc fi vc lakes for 
four y!:' ~,r'; , S,oken linc shows Ihe thermal model assumed 

Probe 

T.\ ," JT10difled Bullard probes, des ignated 
prOt' /', ;}nJ probe R. were built for the work 
(Fig, J) . 'Temperat ue,") were measured by six 
(proll;;: A) or nine intel'llally mounted ther
mi stors . An external heater wire cl own the full 
length of the probes was designed to provide 
multiple in sit ll thermal conductivity determina
tion s. 

The thermistors were cOlllmercially available 
4 kO Fenwall assemblies. These were monito red 
co nsecutively at the lake surface by a si mple 
D.C. Whea tstone bridge capable of measuring 
JO kD to ± to. Allowjng for se lf-heatin g cffects 
and calibration procedures, the rela tive accuracy 
was better than 0.005 °C. 

The power sOll\'ce for the hea ter was a 12 V 
lead- acid ba ttcry con nected to a 125 watt i nve r
tel' with an output of J 20 V.A.C. The power 
output from thi s system remain ed s ta ble ( :L: 1%) 
for the requi site heatjng tim e of 30 min. 

IYleaslIl'cmcnts 

All measurements were made in the deepest 
part of each lake basin. The probe was rai sed 

I r (a) 

SPECIFICATIONS 
~----- ,.- -'lp-R-OEl-~-A'~: -PR-O-B-E-B-'1 

LENGTH (m) ~50 131°

9 OUTER OlhMET ER ( ern) ~5~~ 
HEATER rOWER (W/m) 250 1265 

APPROXIMATE 1 800- 1310 
THERM AL TII.IE CONS rAN T (SEC ) I L --.--l 

I _~EATER ""; f~jJ!NGS 

~~! 
~i 
~~~' ~""" ER BRI.SS TuBE 

(b ) ~!II tml ______ 0lJTER 8 0 :. ; 5 PIPE 

THERMISTOR II I ~L-----OIL fiLLED 

8AFFLE ~ -It- i '@~HEATER INSULATION 

I /~ lllr~i Probe A 

FIG. 3. The two probes llsed in this sludy . 

and lowered from a 4 rn boat fitted with a po rt
able derrick and manual winch. Sediment cling
ing to the top of the probe indica ted co mpletc 
penetration of the apparatus on all drops. 

T k' thermistors were monito rcd for abollt an 
hour after the probe entered the sediments, by 
whi ch time the probe was s ufll cicntly close to 
thermal equilibriulll to permit the necessa ry 
extrapolation to be made. The hea ter was then 
turned on for the conductivity determination , 
and t lt e thermistors \Vcre monitored for another 
30 min. 

The theory for the therma l response of <I heat 
fl ow probe in sediment s wa s establi shed for 
GullaI'd (19 54) and ex tended by Jaeger (1956). 
Extrapo la lion of th e coo l i ng curves of the thcrm -
istors is necessary to obtain th e eq~lilibriulll sed i
men t temperatures. Thi ~ was acco mpli shed wilh 
the cylilldrical plot method o r Li s ter (1 970), ill 
whieh the time axis is sca led ill s llch a \\,:1y that 
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T ADLE 1. lIeat flow measurements and cQrrectioilS 

Lake 226 

Temperature g rad ient * (x 10- 4 K/m) 
[\-lensured between : 

28 JYh!y and 3 J unc 1974 5.5 
12-1 G September 1974 5.7 
MEA~ 5.6 

Therma l eond u;::r l\,ity (W/mK) 0.71 
Uncorrected h ·;;:, r flow (mWj Ill2) 40 
Co rrcc 'i ::> J1 s ( r:l \\'! ;~12) 
Gla'ciation 8 
Lateral tt rnpe;-aturc gracilenls - 19 
Sedi rnentntion 4 
L[trl~ra l cond uc:ivi ty [;rat1 k~ i1t s 16 
Corrccted heD!' r!.)w (m\VflT~:) 49 ----

[h..: theo retical CO(, ,'-:5 Lin\; plot:; JS a stra ight 
lie:::. it was found -: l'2.t krn}:,<:rdlJre r'~dd; ngs for 
(\l~ h th ermistor, t ,, ~; ~fj bt~[\\"e ,~ ;; I: ';"; ;;::;nuks and 
o :~ (" hour after r': ;·ie[r2:i.o n ~ (jIG d::'"' f"inc straight 
1: ,', :' 5, and that lit .. :T;·':",.:T2:U~f.· :C\~ :, \. :~ ~-,t :2t ::J finite 

c- cOl~!d be :j(:-~ ~:rr;~nl:C \\' lr.l!ir~ O.~~}(:.) '~' :=. 
.-\! 1 seJ irne;11 \.~rti::~ r:. ::ure ?--1( c· h:~ :~ sho \ved 

s ,,~'rl '!e cu r\ a turc \'i. ith df ;ii.h. ThE~ th· ,:' ~ :·l...it;1 p1ete ly 
- '.'l {\\ · ~·d \,· .. heri i~ ~ ,~ effec t e,f th'':': i-', :i. I;J ~: --iariat ion 
1,.', : ': ··-r:;;n \\-'uter ~crn'perutures \'/J. .. ~ =: ::='.1c u!a ted. 
1; '1 " T; ~1~,.i~1 g this ( the e ,\'~l(:~ }::L;sition of 

.t.i/ rhe rmi,tors rC:J.ti \ e '<' tht SCc!irnen' surface 
I' .. : ., obtain ed by ,hifti ng die m:~",uro:d proilies 
\ , ... tica l} y, rtl ati ,,:·:: [n th~ Cf)illputtd CUf\'e:) (e.g. 

F;, 4) until the be,," ilt ", a, obtained. 1 '~~npera
[ l. : ,· record s for the hkes indicated t hat the an
Iwa l va riation in '-\ att ' temperat ure co uld be 
cl: .. id(:'c! into four PJrIS: the autumn circulation 
I ,';'iod , winter heating, spring circulation, and 
, u'nmc r heating. The efTect of spr ing circula tion 
\I : l~ usually very smail, because <lt mospheric 
tcmpc r3tures had usually risen to above 4 °C 
h [he time of ice break-up . A dwulcteristic 
. ·.:"- lI.j(; th' temperature vari a tion curve for the 
1-·. ,(tom water tem pera ture: therefore resulted 
(r i:; . 2) The co rrect ion to the temperature gra
dien t in the sediments 1\:tS obt ained by com
pUl ing the Fourier compon en ts of the adopted 
' :\\'-tooth curve for each la ke, and calculating, 
h · th e well kno wIl ex pression , the temperature
d"pt ll vari ".! ion resu lting from each harm onic. 
i\ I. yp icctl sd of correct ion curves is shown in 
Fig. 4. A<; Table I indicates, temperature gra
(li t nts meas ured in the sp ring, and in la te SLlI11-

227 239 
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FIG. 4. For th e aIlnual tClll pcl·a ture· variation at the 
sediMent-water inte rface s how Il in (a), the tClllpera ture
depth curves in the scdimcnt at difrercnt times of tlt e year 
nrc as sholl'll in (b). (Scciiment the rmal difru., iv ity is taken 
to be 1.5 x 10- 7 111' /5.) 

mer, after correction, we re In very satisfactory 
agreement. 

The theory for the heating of a cylindrical 
probe, required for the thermal conduct ivity 
measurements, has been de veloped in great de
ta il by Black we ll (1953, 1954, 1956) and Jaeger 
(1956,1958,19 59). The long-term solution is the 

.' 
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basi s of the familiar "needle probe method" 
(Von Herzen and Maxwell 1959) ll sed in deter
minin o- the thermal conductivity of sediment 
cores. v /1/ situ conductivity measnremen ts have 
been made by Sclater et al. (1969), Christoffel 
and Calhaem (1969), and Lister (1970). 

Strength requiren)ents dictated relatively large 
diame ters for the long probes used in this work, 
and there fore produced large thermal time con
stants (sec probe specifications, Fig. 3) . Even 
after 30 min of heating, the temperature change 
of pro~e A. was 30%, and of probe B 12%, less 
tha" the change predicted by the long-term 
lO£:J rith r:lic asymptote. Consistent thermal con
du-c:ti ·/it\· values were obtained both with depth 
i'1 an \' !~ke, and between the lakes. The 36 values 
from' piube ;.1, lay within 0.75 ± 0.08 W/mK and 
the 63 vslu t's from probe B were within 0.71 ± 
0.04 \ ;'//ir;.}( , . 

The )'1(>J. ;,[ water content of the surface sedi
m,::nlS in tlJe~e lakes is 94.3 ± 2.7% of wet weight 
(Bnl,:<"i 'l 21 ai. 1971), and Stockner (1971) found 
th:ll rh~ \ '," ;~ let con tent decreased from 90 to 80% 
'""\'J2" ;; 1 C no ""re retricved from one of the lakes. 
:;"f\~' -~~;~i;i~;'l curves of Ratcliffe (1960) and 
S~'~: in;';;irt d al (1969) indicate that sediment 
\;.irh ;j ,\ijL;:r conte nt of 80% shoul d have a ther
mal cc",iuct ivity of 0.63 ± 0.02 W/mK. This is 
si2n'i'it; :;f!llY less than th e va lues measured by the 
probe.:i. 

A COfy,;quence of having a relatively short 
t1cJtin £ tirn~ of thermal conductivi ty probes is 
;h," :. lh~ rc:;po llse of the th ermi stors is affected by 
therm al contact res istances betwee n the sensors 
and the sed iments. Initi a ll y it was though t tha t 
CO!1t:1Ct resis tancc behvee n the hea ter and the 
se nsors was callsillg the discrepancy in the con
ducti viti es. To avoid this problem, a hea t flow 
probe of ncw des ign was built after the field 
work desc ri bed in this pape r had been co mpleted . 
This app:trat us has 3 ou triggecl thermal COn.~llC
tivity miniature probes that have very short time 
constants. Preliminary tes ts made in Febru ary 
1976 in la kes of northwes t Ontario si mil ar to 
those of this study ha ve yielded conductivities 
close to 0.74 W/mK, with thc conducti vi ty in
creasin g by 7% of its su rface val ue through the 
upper 3 m of sediment.s. This tenels to co nfi rm 
the 'co ndu ctivities obtained from probes A and 
B. A th ermal conductivity of 0.71 ± 0.04 W 1m K 
ha s therefore bee n adopted ["or the heat fl ow 
calcul a tion. 

Corrcciiolls to the Heat Flow 

Several corrections must be applied to the 
local, uncorrected heat flows shown in Table 1 
to obtain values representativc of the regional 
flux. These are for the effects of glaciation, lateral 
temperature gradients, sedimentation, and lat
eral thermal conductivity gradients (Alli s 1975). 

The effect of glaciation was calculated using 
the method of Birch (1948) anel Jessop (1971). 
Prest (1969) indicated that the final retreat of the 
ice sheet over the Experimental Lakes area oc
curred 12.5 thousand years ago. For earlier cli 
matic variations the chronology of Jessop (1971) 
was lIsed , with an ice base temperature of -1 °C 
assumed. 

Both topogra phy around a lake and the pres· 
ence of the lake itself cause lateral! temperature 
gradients in the sediments and country rock . 
The correction was calculated from Lachen 
bruch (1957) , using data on the annllal waleI' 
temperature pattern in each lake, a mean annual 
soil temperature at lake level of 6.5 DC (based on 
'I-year records from Winni peg and Atikokan), 
and the assumption that the lateral temperature 
gradients existed since tbe end of the la st glacia
tion . 

Cores from adjacent lakes i nd icate a two-stage 
sedimentation hi story (.T. McA ndrews, personal 
communication 1975). The upper 5- 8 m of sedi
Illent is gytlja (organic ooze) that has accumu
lated since the last glaciation at 0 .05 cm/y. Be
low is at least 3 III of clay-filL Topogra phy and 
bathymetry profiles suggest 5- 15 rn of these 
alacial sediments in the lake basins. The thermal to 

elfect of this sedimentation pattern was calcu
lated by the meth od of Von Herzc n and Uyeda 
(1963). 

The relatively small correc tion for sedimenta
tion (Table I) shows th at sedim C' ntati o n rates are 
sufficiently low thaI the sediment body is very 
close to thermal equilibriulll. Steady state con
ditioll s call therefore be assumed for Ih e correc
tion for latera l thermal conductivity gradients. 
The sediments we re assumed to li e in o bl a te, 
hemispheroielal depressions, wilh a conductivity 
contras t or 3- 1 at Ihe bedrock conlact. The ap
propriate ex press io n or Yon Hcrzen a nd Uyeda 
(1963) was used 1'0 1' the c: tl cul a lion. 

DisCllssion 
The accuracy of the tempera tu re g radie nts is 

estim ateci to be 10/7" the unce rlainty being du l' 
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l,' ,; OU bt over the exact penetration of the probe, 
.: rhe rela tive accuracy of the temperature 

' , ure11lents. This probably aCCollllts for the 
.!I differences in gradient measured in each 

1:, .. \: at the two ti m e~ of the year. 
With the except iol; of Lake 305, the spread in 

lk uncorrected heat flo\vs is considerably re
du("t'd when the corrections arc applied . The 
I : l r~e st corrections, fiJr lateral temperature and 
cc,, 'cl uct ivity gradients, arc opposite in sign. Un
wta in ty in both tl1i:: ~ h,,)e orille bedrock- sed i
m': ilt in terface and the conduc ti vity contrast at 
lk interface ,1::l ke : rhe Jatte,' correction the most 
poorly detcrm;ned . This co uld expla in tbe high 
hC':1f tlow in L:.,:':e :/)5 . Ie the bedrock is not the 
ici..:a l basin Sh ~ipC: ES';Ufi1cJ, but is ridge-li ke , or 
if the sedinlen ts conta in ! arg~ e r~·at i C' .:;, the r' a 
s : ~ n ificallt reduct ion in the me;lsu r::0. hea t. fi ,)\V 
\\ l,u id be require(~.ihtJ';, [he )-'i!Ih 0.C~t 1'1 0\'" in 
thi'. la ke is not rei~\ ,Jed :.JS fepre,;eab,ive of the 
rc:: ionat heat flo \\', T 'f~~ m~2.n ~! '~I.-, ~ n!~,':··: :.-l nd. p rob
~ l<~ en'or for the '.·.i~h::~· :~Oi: i lak i.;~- i :. 49 ± 4 
1-;' "~T ' 'rn 2 ( i.2 ± 2!T:- S) .-

fZ acllo :;;' .;mc rF Cy:~,:.~n~:j ; iOf" ' :0 ." ::;JlC rOpS 
~ ,i',: und ;:',,-, iake ,; ",'C ,'t' c ·:;ter;T;; r:tG '<,h li port -
G1-j ;: ga l~! n12 rsy ~C il;ti l ! Ltt ior: C(!U rl c.r- {JVl cPhar 
T' .. 5). () EtCTOp :~ '·:,~: r.-:: 211 i _\'ri~' ~ i sl!~c:':j ; r~!i-Jitc -
~. ·.~i_,; ). "T} ::- cc~n ':.~r:tfJ.tiuni \ ~~i ~-::d Cf!j~ ,:-: i d er J. bly 
\\;[ 11 ou:c'r'''' i'~j , und .so r n=::t ir(jt _~ \'~_i.rf,::d Jnore 
t :~ , \1l lOO!.1 .~ \ l, ;t hin an (}u tCTCp. ~rh~ d::ducec1 il1ean 

h.:. ~1l gcncration for l h;:. ;1 t e;}· is i. 3 p. \\1 3 v·: it h a 
~ :.~t!l dard error or O. l ; .. :V-l,!rn 3 (3.2 ± 0.2 }( 10 - 13 

(, . j 'cm 3 s) . 
I n Fig. 5, the he-Llt fio\\I .~ heat gc:ne rat ion 

1l 1':1S11rements ~re cOnljxncd with avai lahle 
gCI Jtherlllal data from the Calladi8n Shield (from 
R ,c) and Jessop 1975). As nonc of the points Oll 

ll'.c· ii gure has a gbcia! correction . the heat flo w 
() t' 41 ± 4 m W /m2 (0,98 ± O. j 0 pCdl!cm 2 s) is 
I',ll tecl for the lakes. Thi s point fa ll s close to 
br'l h lines T and I! of Rao and Jessop (1975). 

ConeJus i.on.' 

') 111 al l lakes on th e Canadian Shie ld can he 
l i c· d (0 clete rmin e the reg iona l terrestrial heat 
:~" \ . ;\ 11 i ni ti a I j udicioLl:; cho ice or lakes is neces
':: \. ~o that the per tur bat ion of the s teacly-st~ t e 

Ttl(: working unit s used th roughout wCle those the 
,: ': :hc)J"s consider mosl appropr ia te fo r geophys ics, the 
C, ' ·;)"t<':[l1 . Vallics givcn in the S f systclTl were derived 
1";r l1 the <:gs qU<lntiti .;s . 

60-
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FIG. 5. Heat flow I'S. hea t generat ion for the Canadian 
Shield (arter Rao and Jessop 1975). Poin ts 1-3 are from 
Cermak and Jessop 1971; 4 and 6, frorTI Roy el at. 1968; 
5, from Sass {'I (fl . 1971 ; 7, this pape r. 

temperature gradient in the sed imen ts by annual 
temperat ure va riations of the bottom \\'atel" is 
minimize cl . To obta in the regiona l flux, sign ifi
cant corrections are required ror lateralle mpc ra
ture gradients that tend to increase heat fl o \\' 
through the deep cent ra! reg ions of a l ak ~ floor , 
and lateral therma l co nduct ivity gradients th at 
decrease the hea l flow in the sediments. 

Reliable iii sit ll dete rmina tions of the sedim ent 
therma l con duclivit y a rc poss ible usin g a Bulbrd 
probe \\ith a heat source over its full length . 
Howeve r, th e necessa ril y large diameter of the 
probe reqllire~ both a long heating ti me in the 
sed ime nt and a relati ve ly large co rrectio n to ob
tain the long-term asymptote. For morC' accura te 
ill sitl! co ndu et i\ ity measmements (error < 5%), 
small"di ameter out ri gge r probes \\ ith shon time 
co nsta nt s are recom mended. 
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