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-,uixm chanzas. Four
h heat fiow

= heat fow throuch the floors of five small lakes of known thermal history on the Canadian
casured witha modified Bullard probe. A small correction for seasonal bottom water
iations was applied to temperature gradient measurements, and the heat flows are
iurion, lateral temperature gradients, sedimentation rates, and lateral thermal
¢ iakes have an average heat flow of 49 + 4 mW/m? (1.2 = 0.1
g n the fifth lake is thought due to unusual refraction effects. The heat
- hcm flux combination yields a point that falls near accepted lines for the Canadian

te fond de cing petits lacs du Bouclier canadien dont I'histoire
suré a I'aide d’une sonde Bullard modifiée. Une petite correction
des températures de I'eau de fond a été appliquée aux mesures de
x thermiques ont été corrigés pour la glaciation, les gradients de
ddimentation et les changements latéraux dans les valeurs de
facs ont un flux thermique moyen de 49 = 4 mW/m? (1.2 = 0.1
> ¢élevé dans le cinquieme lac semble causé par des effets de
son production de chaleur-flux thermique donne un point qui

=< nour le Bouclier canadien.

il

s have been

m: deep lakes
Using technique.
Rowever, a meromiztic
ales in the S.A., wiiich

t b ttom water tem-
p;‘uturcs have s satisiactory (Reitzel
1966; Diment : johnson and Likens 1967;
itens and Johnso n 1969). Very large corrections
re xequned for the temperature differences at
romargins (the ‘warm rim effect’), and such
Iaz::_» have been considered unreliable for re-
gional heat flow studies (Roy ef al. 1972).

‘ihe Canadian Shield abounds in small- and
moderate-sized Jakes (< 5km across, < 50 m
dvop). A mean annual temperature close to the
bottom water temperature, p'lrticularly in north-
west Ontario, causes the warm rim effect to be
much less pronounced. The purpose of this study
Wis to see whether some of these lakes could be
wed to obtain reliable heat flow values.

Five lakes in proximity to each other were
seiected in the Experimental Lakes Area of
northwest Ontario (Fig. 1), Maximum depths
ringed from 10 to 32 m, and temperature records
bept by the Freshwater Institute (Fisheries Re-

also have relative
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FiG. 1. Location.of the lakes used in this study; black
square on insct map identifies map-area. Figures are
identification numbers of lakes assigned by Fisheries
Research Beard; numbe-s in parentheses are depths, in
metres; crosses indicate measurement sites.

search Board of Canada) for the four years pre-
vious to these mecasurements showed that the
annual variation of their bottom water tempera-
ture was less than 2 “C (Fig. 2). Measurements
were made at two times of the year to verify that
the correction to sediment temperatures for these
annual variations gave consistent heat flows.
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ified Bullard probes, designated
probe B, were built for the work
mperatuso, were measured by six
L} OF nine mternally mounted ther-
mistors. An external heater wire down the full
{ the probes was designed to provide

nultipie /7 situ thermal conductivity determina-
tions

The thermistors were commercially available
4 kQ Fenwall assemblies. These were monitored
consecutively at the lake surface by a simple
D.C. Wheatstone bridge capable of measuring
10 kQ to + 10O, Allowing for self-heating effects
and calibration procedures, the relative accuracy
was better than 0.005 °C.

The power source for the heater was a 12V
lead—acid battery connected to a 125 watt inver-
ter with an output of 120 V.A.C. The power
output from this system remained stable (4 19)
for the requisite heating time of 30 min.

Nieasurements

All measurements were made in the deepest
part of cach lake basin. The probe was raised

Fi16. 3. The two probes used in this study.

and lowered from a 4 m boat fitted with a port-
able derrick and manual winch. Sediment cling-
ing to the top of the probe indicated complete
penetration of the apparatus on all drops.

The thermistors were monitored for about an
hour after the pr obe entered the sediments, by
which time the probe was sufficiently close to
thermal equilibrium to permit the necessary
extrapolation to be made. The heater was then
turned on for the conductivity determination,
and the thermistors were monitored for another
30 min.

The theory for the thermal response of a heat
flow probe in sediments was established for
Bullard (1954) and extended by Jaeger (1956).
Extrapolation of the cooling curves of the therm-
istors is necessary to obtain the equilibrium sedi-
ment temperatures. This was accomplished with
the cylindrical ptot method of Lister (1970), in
which the time axis is scaled 10 such a way that
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Tabre 1. Heat flow measurements and corrections

Lake 226 22 239 302 305
Temperature gradient® (x 10~* K/m)
Measured between
28 Mzy and 3 ]ux 1974 5.5 9.3 5.6;6.0 4.2 1.3
12-16 September 974 5.7 11.2 5.1 4.0 1.1
MEAN 5.6 10.3 5.6 4.1 1.2
- Thermal conductivity (W/mK) 0.71 0.71 0.71 0.71 0.71
Uncorrected hzat fow (mWV/m?) 40 73 40 29 85
Corrvections {(mW/m?)
Glaciation 8 8 8 8 8
Lateral tem; ure gradients —19 —37 —8 —10 —12
Sedimentation 4 2 2 1 5
Latzral condu sdienits 16 8 12 12 24
* 54 54 40 110

Corrected hear flow fmW, m?) 49

*After correction for annuel boltom-water temperature variation.

th: theoretical ¢
line. It was fot
each thermistor, t
on hour after »

= straight
tinfinite

«:» obtained by
\ "..célly, relativ :
Froo4) until the best Gt we
ture vecords for the ia d that the an-
nml variation in water temperature could be

dhided into four parts: the autumn circulation
; "'m;’, winter heating, spring circulation, and

mimer heating. The ure"t of spring circulation
wias usually very small, because atmospheric
teimperatures had usually risen to above 4°C
. the time of ice break-up. A characteristic
“rw-tooth’ temperature variation curve for the
tottom water temperature therefore resulted
(F1z. 2) The correction to the temperature gra-
dient ii: the sediments was obtained by com-
puting the Fourier components of the adopted
\"ntooth curve for each lake, and calculating,

+ the well known expression, the temperature—
G mh varizfion resulting from each harmonic.
A typical set of correction curves is shown in
Fig. 4. /‘«“ Table | indicates, tempbrature gra-
dients measured in the spring, and in late sum-
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FiG. 4. For the annual temperature variation at the
sediment-water interface shown in (a), the temperature—
depth curves in the sediment at different times of the year
are as shown in (b). (Sediment thermal diftusivity is taken
to be 1.5 x 1077 m?/s.)

mer, aflter correction, were in very satisfactory
agreement.

The theory for the heating of a cylindrical
probe, required for the thermal conductivity
measurements, has been developed in great de-
tail by Blackwell (1953, 1954, 1956) and Jaeger
(1956, 1958, 1959). The long-term solution is the

T
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basis of the familiar “necdle probe method”
(Von Herzen and Maxwell 1959) used in deter-
mining the thermal conductivity of sediment
cores. In situ conductivity measurements have
been made by Sclater er al. (1969), Christoffel
and Calhaem (1969), and Lister (1970).
Strength requirements dictated relatively large
diameters for the long probes used in this work,
and therefore produced large thermal time con-
stants (see probe specifications, Fig. 3). Even
after 30 min of heating, the temperature change
of probe A was 309, and of probe B 129, less
the change predicted by the long-term
ic asymptote. Consistent thermal con-
v values were obtained both with depth
e, and between the lakes. The 36 values
A lay within 0.75 + 0.08 W/mK and
from probe B were within 0.71 +

=

Vs

O ey

7 water content of the surface sedi-
se lakes is 94.3 4 2.7% of wet weight
al. 1971), and Stockner (1971) found
r content decreased from 90 to 809,

core retricved from one of the lakes.
izal curves of Ratcliffe (1960) and
# al. (1969) indicate that sediment
content of 807, should have a ther-
tivity of 0.63 4+ 0.02 W/mK. This is
- ess than the values measured by the

suence of having a relatively short
ne of thermal conductivity probes is
he resoonse of the thermistors is affected by
thermal contact resistances between the sensors
and the sediments. Initially it was thought that
contact resistance between the heater and the
sensors was causing the discrepancy in the con-
ductivities. To avoid this problem, a heat flow
probe of new design was built after the field
work described in this paper had been completed.
This apparatus has 3 outrigged thermal conduc-
tivity miniature probes that have very short time
constants. Preliminary tests made in February
1976 in lakes of northwest Ontario similar to
those of this study have yiclded conductivities
close to 0.74 W/mI, with the conductivity in-
creasing by 7% of its surface value through the
upper 3 m of sediments. This tends to confirm
the conductivities obtained from probes A and
B. A thermal conductivity of 0.71 4- 0.04 W/mK
has therefore been adopted for the heat flow
calculation.

Corrections to the Heat Flow

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

The effect of glaciation was calculated using
the method of Birch (1948) and 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 used, with an ice base temperature of —1°C
assumed.

Both topography 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 annual water
temperature pattern in each lake, a mean annual
soil temperature at lake level of 6.5 °C (based on
7-year records from Winnipeg and Atikokan),
and the assumption that the lateral temperature
gradients existed since the end of the last glacia-
tion.

Cores from adjacent lakes indicate a two-stage
sedimentation history (J. McAndrews, personal
communication 1975). The upper 5-8 m of sedi-
ment is gyt{ja (organic ooze) that has accumu-
lated since the last glaciation at 0.05 cm/y. Be-
low is at least 3 m of clay-fill. Topography and
bathymetry profiles suggest 5-15m of these
glacial sediments in the lake basins. The thermal
effect of this sedimentation pattern was calcu-
lated by the method of Von Herzen and Uyeda
(1963). '

The relatively small correction for sedimenta-
tion (Table 1) shows that sedimentation rates are
sufficiently low that the sediment body is very
close to thermal equilibrium. Steady state con-
ditions can therefore be assumed for the correc-
tion for lateral thermal conductivity gradients.
The sediments were assumed to lie in oblate,
hemispheroidal depressions, with a conductivity
contrast of 3—1 at the bedrock contact. The ap-
propriate expression of Von Herzen and Uyeda
(1963) was uscd for the calculation.

Discussion
The accuracy of the temperature gradients is
estimated to be 10Y7, the uncertainty being due
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1 doubt over the exact penetration of the probe,
the relative accuracy of the temperature
- urements. This probably accounts for the
. i differences in gradient measured in each
l1.c at the two times of the year.
With the exceptios e-‘" Lake 305, the spread in
> uncorrected heut flows is considerably re-
tuoed when the corrections are applied. The
l gest concctxom, for lateral temperature and
wthty are opposite in sign. Un-
©cel tnmt}. in botu sh‘xps of the bedrock-sedi-
mont interface an ty contrast at
the interface make: ion the most
poorly deteri he hl"h
heat flow in Lo
ideal basin shap
if the sediments ¢
sivnificant reduc

vwould be requir
< lake is not ¢
onal heat flow

error for

oite
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wel

i mean
vith a

sz;ﬁndznu crror of U
c:lem?s).

In Fig. 5, the
neasurements  are

nat ava 1Iable
w-othermal data from LI e anadian

g fr Shield (from
F o and Jessop 1975). As ¢ of the points on
the figure has a glacial cor bthl the heat flow
of 41 4+ 4 mW/m? (0.98 + 0.10 pcal/em?s) is
plotted for the lakes. This peint f Ils close to
both lines 1 and I1 of Rao and Jessop (1975).
Lonclusions

>m a1l lakes on the Canadian Shield can be

vod to determine the regional terrestrial heat

o /\n initial judicious choice of lakes is neces-
sy so that the perturbation of the steady-state

Yn" \voka units used throughout were those the

thors consider maost appropriate for geophysics, the
¢ system. Values given in the ST system were derived
Irom the cgs quantities.

X2/ | csh s
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TL{SLOPE =71 %)
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FiG. 5. Heat flow vs. heat generation for the Canadian
Shield (after Rao and Jessop 1975). Points 1-3 are from
Cermak and Jessop 1971; 4 and 6, from Roy et al. 1968;
5, from Sass ¢t al. 1971; 7, this paper.

temperature gradient in the sediments by annual
temperature variations of the bottom water is
minimized. To obtain the regional flux, signifi-
cant corrections are required for lateral tempera-
ture gradiems that tend to increase heat flow
thirough the deep central regions of a lake floor,
and lateral thermal conductivity gl’ddlc[]lS that
decrease the heat flow in the sediments.

Reliable i sizu determinations of the sediment
thermal conductivity are possible using a Bullard
probe with a heat source over its full length.
However, the necessarily large diameter of the
probe requires both a long heating time in the
sediment and a relatively large correction to ob-
tain the long-term asymptote. For more accurate
in situ conductivity measurements (error < 577),
small-diameter outrigger probes with short time
constants are recommended.
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