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Precise temperature measurements to 2865 meters in a hole in a granitic pluton near Flin 
Flon, Manitoba, Canada, showed a systematic increase of temperature gradient with depth. 
Conductivity determinations at 50-meter intervals revealed a corresponding systematic decrease 
in conductivity. Over the entire measured depth, no systematic deviation from the mean 
heat flow of 1.01 ± 0.04 )lcal/em" sec is detectable in spite of strong evidence that the ground­
surface temperature was at least 3.5°C cooler than at present for long periods during the 
Pleistocene epoch. These results can be reconciled with plausible paleoclimatic models. Evi­
dently climatic change at this site does not result in a significant correction to the measured 
heat flow. The observations suggest that generalized estimates of the Pleistocene effect should 
be assigned a large uncertainty in the absence of an obserYed variation of heat flow with 
depth confirming a particular climatic model. The mean heat production is 2.1 X 10-'3 
cal/cm3 sec. Taken with the observed heat flow of 1.01 )leal/em" sec, it is consistent with 
other observations of heat flow and heat production in the stable interior of North America. 
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The transient effects of surface temperature 
perturbations of only a few dcgrees can exert 
a considerable influence on measured under­
ground temperatures after many thousands of 
years. This fact was recognized by early heat­
flow workers, and simple Pleistocene climatic 
corrections of fairly large magnitude were 
applied to some of their results [e.g., Anderson, 
1940; Benfield, 1939; Coster, 1947]. 

Birch [1948] took exception to the assump­
tions about simple step-function 'corrections' 
and proposed a. series of plausible, albeit 
idealized, models based 011 a comprehensive 
survey of the literature of Pleistocene climates. 
In his models, land-surface temperatures were 
alternatively colder, the same as, or warmer 
than present temperatures for \'arious time 
intervals during the Pleistocene epoch. The 
total effect of It Birch-type model on present 
temperatures is not apparent intuitiYcly, but 
the over-all tendency is for younger e,'cllts to 
have relatively strong rtl'ccts ncar thc smface 
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and for older events to have relatively more : 
influence at greater depths. All Birch's models , 

• tended to predict much smaller residual Pleisto- \ 
cene climatic effects than the simple single-stcp 
models predicted. Birch concluded that 'the cli­
matic correction may never excecd 3°C/km with 
a still smaller correction more probable.' 

The concept of siti1ple corrections of large 
magnitude has been revived recently by Crail! 
[1968J, who applied substantial corrections to 
measurements in'the St. Lawrence lowlands of j 

Quebec. Corrections based on a single-step model 
have been applied by Beck and Neophytoll 
[.1969J, and corrections bas cd on It two-stcp 
model ha,'e been applied by Beck and Judyc 
[1969J, Lewis [1969], and Jessop [1968]. ;\ 
major factor in any model of l)ast climate is 
the amount by which the surface temperature 
was depressed during the ice age, and somc 
corrections, particularly those inade by Jessop 
[H1G8], may be too large because of overestima­
tion of this factor. 

IIorai [1969] criticized Crain's [19G8] modrl 
and calculated possible disturbances for a. Plcis-, 
(ocene trmprra ture history based on Emilialli's I 
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temperatures. Horai's maximum calculated dis­
turbances to heat flow afe lower than those 
proposed by Crain, and, for reasonable values 
of thermal diffusivity, his model leads to the 
same conclusions as those stated earlier by 
Birch (namely that the upper limit of the tem­
perature-gradient disturbance due to Pleisto­
cene climatic variation is about 3°C/km). 

Jessop [1971] prepared a heat-flow correc­
tion contour map of Canada based on Prest's 
[1969] map of Wisconsin ice retreat and on 
Emiliani's [1961] glacial chronology. Over most 
of Canada, the magnitude of this generalized 
correction is less than 0.2 [Leal/cm2 sec (if a 
conductivity of 7.5 meal/em see °C is assumed). 
This value is, also in general agreement with 
Birch's conclusion about temperature gradient. 

If the larger Pleistocene corrections that have 
been suggested are appropriate, heat flow from 
the Canadian shield and elsewhere might be 
significantly underestimated. As the actual sur­
face temperature history is uncertain, it is worth 
considering whether the magnitude of the cor­
rection might be constrained by observations of 
second-order efIects relate-d to internal con­
sistency of geothermal data. Two such effects to 
consider are (1) the variation in correction 
associated with rocks of contrasting conductivity 
in a limited region and (2) the variation in the 
correction with depth in a deep hole. Under 
very favorable circumstances, these variations 
mirrht be measured and tested for consistency 
witll predictions from competing climatic 
models. The first of these variations is difficult 
to apply. If the gradient correction were the 
same for a given climatic history, regardless of 
rock type, the correction to heat flow would be 
proportional to local conductivity. Such a model 
has been 'found to simplify regional heat-flow 
results in the Appalachians [Urban and Diment, 
19i1]. However, a uniform correction to neither 
hcat flow nor gradient can be justified in a 
\'rgion of locally varying conductiYity, and COl1l­

penRating effects relating to corresponding varia­
tions in difhlsivity make these anomalies diffi­
<'nit to interpret' in terms of climatic models. 
The second method is based on the observation 
that in the absellcc of transient disturbances 
(and departures frol11 olle-dimensional condllc­
ti\'e heat flow), the heat flow measured in all 
drpth intervals should be the Rame in n. deep 
hole. If these interval heat flows can be mcas-

ured with sufficient accuracy in a very deep 
hole, their limits of Yariation can significantly 
limit permissible climatic models and the mag­
nitude of the climatic correction. In this paper 
wo apply this approach to temperature and 
thermal-conductivity measurements to a depth 
of 2865 meters in a hole near Flin Flon, Mani­
toba. 

The following symbols and units arc used in 
this paper: 

N number of thermal-conductivity samples. 
K thermal conductivity, mcal/ cm sec °C. 
a thermal diffusivity, cI11 2/sec. 
q heat fiow; 1 heat-fiow unit (hfu) = 1 

,lLcal/ cm2 sec. 
A radioactive heat production; 1 heat­

generation unit (hgu) = 10-13 calf em 3 sec. 

The plus or minus sign refers to the standard 
error in all cases. 

GEOLOGICAL SETTING 

The borehole (hereafter referred to as DH-C) 
was drilled in Precambrian granitic rocks of the 
Canadian shield at 54°43'N, 101°58'W at a 
ground elevation of 336 meters ,above sea leveL 
The general geology of the area' has beeli sum­
marized by Froese [1969] and is shown in Fig­
ure 1. The site is about 15 km north of the 
Coronation mine, where estimates of heat flow 
were made by Beck [1962] and Beck and 11' eo­
phyton [1969]. 

The local geology around DH-C has been 
described by D. C. Findlay (unpublished data) 
19(6), and the following summary is based 
primarily on his report. The hole is in the 
Reynard Lake pluton, which has been dated by 
Lowden et al. [1963] at about 1700 m.y. The 
surface of the pluton varies in composition from 
quartz monzonite through mafic granodiorite to 
a contaminated border zone consisting mainly 
of quartz diorite. The pluton intrudes the Ami:3k 
group, a series of Precambrian metavokanic 
rocks. Findlay also described the 1:3 cores and 
the drill cuttings from the hole. The rocks be­
come more mafic with dCJlth, varying from 

'granodiorite near the surface to mafic quartz 
diorite in the lowermost kilometer. 

MEASUREMENTS 

Temperlltllres \vere measured with a ther­
mistor 1 hcrmometer connected to [l, lead-coni­
pellsated Wheatstone bridge at the surface. The 
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Fig. 1. Geology of the FJin Flon region (after Froese [1969]), showing the location of 
hole C and t.he Coronation mine. 

configuration was the 'suitcase mode' described 
by Sm;s et al. [1971b]. The tellll)erature mens­
urelllent system is sensitive to chnnges of 10-' 
°C, and temperature differences between suc­
cessive mensurelllent points were determined to 
± 10-3 °C. The mnximull1 error in absolute tem­
peratUl'e is probnbly no grenter tl1[ln O.2°C. 

A steady-stnte divided-bnr nppnratus wns used 
to mensure thermal conducti\·it.y on 53 disks 
from 10 of the 13 corps reeoYered dUI'ing drill­
ing. The spacing of 250-300 meters between con-

ductivity determinations on cores was judged 
inadequnte. It was decrensed to about 50 lllctrL­
by measuring conductivities on crushed snmplt,,< 
of drill cuttings and adjusting them to solid­
rock values by It technique described by Sa.'" 
et al. [Hl71a]. 

Both temperature and thermnl conductivity 
nre plotted ns functions of depth in Figurr :2. 
The average conductivity vnlues for disk Illr:l,­
mements nre plotted as crosses, and indi\'idu:d 
measurements on chips are shown as solid 
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Fig. 2. Temperatures and thermal conductiyities for DH-C. Temperatures are shown as 1\ 

continuous curve. The average conductivit.y of eaeh core is shown as a cross. The values in 
11arentheses refer to the number of disks measured from each core. Conductiyities of samples 
of drill cuttings are represented by solid circles. 

circles. Measurements on pulverized core and 
on disks from the same depth are in good 
agreement [Sass et ai., 19710], even though the 
disk detcrminations scrm, in genrral, to yield 
hirdH'r conductivities thnn the detcrminntiolls 
Oil cuttings. The descriptions of corrs nnd cut­
tings (D. C. Findlay, unpublishcd dnfa, 1(66) 
;<uggrst It snmpling bias in the core toward 
rorks of high conduetiyity, mthcr thnn a sys­
trlllntic ditYercnce between the two mr:lsure-
ment technique'S; 

Two sizes of disks WNO cut to test for evi­
dence of 1\ grain-size dYcct [e.g., Birch and 

Clark, 1940; Beck and Beck, 1£l58]. Thc mean 
[( of 8.80 ± 0.28 meal/em sec °C for 26 disks 
nbout 1.2-em thick ngrees perfectly with thnt 
of 8.80 ± 0.38 mcnl/cm sec °C for 22 2.5-cm 
thick disks. Sinec thc latter disks wcre between 
10 and 20 times the thieknrss of thc avcrnge 
grain size, we cnn rulc out any significnnt paral­
lel component of· hent conduction ill these 
snmpirs. 

DII-C wns completed on April 10, 10GG, nfter 
a drilling period of 152 days, and the tempprn­
turrs were mpmmrcd in ,July HlG8. With this 
time lapsc between drilling HIltI mcasurcment, 
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the disturbance to the temperatmc gradients 
should have subsided to a negligible level [e,g., 
Lachenbruch and Brewer, 1050]. 

HEAT FLOW 

Examination of Figme 2 shows a systematic 
increase in temperature gradient with depth 
and corresponding systematic decrease in ther­
mal conductivity. The latter is not surprising in 
view of the descriptions of cores and cutting by 
D. C. Findlay (unpublished data, 1900). Modal 
analyses of core samples show a progressive 
decrease in the proportions of quartz and K 
feldspars and an increase in plagioelase and 
biotite with depth. All these changes in propor­
tions of constituent minerals result in decreased 
thermal conductivity. 

The temperature gradients over 5 intervals 
of roughly 500 meters each were determined by 
linear least-squares fits to the measured tem­
peratures. These gradients were combined with 
average conductivities over the same intervals 
to give independent estimates of heat flow. These 
data are summarized under the column headed 
q1 in Table 1. Small corrections for in situ tem­
perature were made to the conductivity meas­
urements by using the temperature coefficients 
of conductivity determined by Birch and Clark 
[1940] for granitic rocks of similar mineralogy. 
Heat-flow values corrected for this effect are 
presented under q. in Table 1. 

The mean of 155 determinations of heat pro­
duction of systematically sampled drill cuttings 
is 2.11 ± 0.05 X 10-13 cal/cm3 sec. (The heat­
prodllction values and their variation with depth 

were discussed by Lachenbruch [1 D71] :!I 

Lachenbl'uch and Bun'~e1' [1971].) The (,('irt' 

of this heat produetion on the component h, ' 
flows calls for an additional small correl'li.: 
which is included in the values listed undor rf,:'. 

Table 1. The mran of the 5 component hr." 
flows is 1.01 ± 0,02 hfu. With this vallie of ' 
and a mean heat production of 2.1 !Jgu, da' 
for this station fall dose to the heat flow-Ilf'­
production curve determined by ROlf ct ,~ 

[1008] for the stable interior of the contini'!:' 
The discrepancy between the heat flo\\' fr.;, 

DH-C and the mean value of 0.7 hfu a<iopi,.: 
by Bee'" and N eophytou [1909] at the Coroll,. 
tion mine 15 km away deserves some disclls,iol: 
The geologic structure at the mine is very ronl' 
plicated, and the conductivity sample there ron 
tained only 7 specimens, which showed a l:1r~' 
range in values. The heat flow at DH-C Ii" 
within the possible range reported for II;" 

Coronation mine, and the gradients at thc 111"" 

sites are about the same. It is likely that 11:,· 
discrepancy in means results from problcms in 
characterizing the conductivity at the mill,'. 
However, a real lateral gradient in heat 110\'. 
of up to 0.3 hfu in 15 km is not out of Ib, 
question, particulary in view of the fact that 
the near-surface rocks at the mine are mafic. 

DISCUSSION 

The most striking features of the 5 inrir. 
pendent heat-flow determinations (Table 1) al'! 
their uniformity and their constancy with depth 
A formal regression analysis of heat flow \'('1':'\1-

the midpoint of the depth interval results in ,1 

TABLE 1. Heat-Flow Summary, Hole C, Flin Flon 

Mean COI\duct., Heat Flow,t 
mcal/cm sec °c Temp. pcaljcm2 sec 

Grad., 
Depth, met,ers N* Meas. Corr·t °C/km ql q2 'I' 

152-610 11 8.01 ± 0.34 8,24 11,79 ± 0,02 0.94 ± 0.04 0.97 0.08 
610-1356 13 8.26 ± 0.34 8.41 11.44 ± 0.02 0.94 ±0.04 0.96 O,llS 

1356-1920 14 8.38 ± 0.30 8.35 12.43 ± 0,03 1.04 ± 0.04 1.04 1.0; 
1920-2301 7 6.80 ± 0.32 6.78 14.21 ± 0.06 0,97 ± 0,05 0.96 1.1)1 
2301-2865 11 6.17 ± 0.19 6,11 15,59 ± 0.02 0.96 ± 0.03 0.95 1,00 

* Number of discrete depths at which t.hermal conductivities are measured. Several detenninuLiollH at , 
given depth are !lVemged and counted as one valne in t.he average for the interval.' , 
, t All measnremen(s were made at nbont 25°C and were corrccted to the ambient tcmpcratme by 1l"1f!~ 
the dat,n of Birch and Clark [19,1OJ for rocks of similar minernlogy. 

t ql is (,he uncorrected heat flow; q2 is the heat flow calculated !;y using the corrected (,hermal conductivity. 
q, is q. plus a correction for radioactive heat generation above the midpoint of the interval. ,. 
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coemcicnt of correlation of only 0.34 and a very 
small slope (0.01 ± 0.02 hfll/km.) This obser­
vation places severe constraints on the possible 
Pleistocene glaciation effects. 

Figure 3 is based on a map by Bryson et al. 
[1069J showing the dates of retre.'lt of the 
Laurentide ice. For this map, DH-C lies on the 
SOOO-year isochrone. 

Another recent map by Prest [1969] places 
the retreat at 10,500 years ago. Although the 
discrepancy in these dates does not seriously 
affect the calculations that follow, the fact that 
two authoritative presentations can differ so 
greatly emphasizes the uncertainty that still pre­
vails about Pleistocene climatic history. 

In Figure 4, we show two simple climatic 
models for the Flin Flon area. JHodel 1, the type 
of correction suggested- by Crain [106SJ, is 
simply a 5°C step 10,000 years ago, the correc­
tion applied by Beck and Neop/tytou [1960] 
to their heat-flow estimate at the Coromtioll 
mine. Model 2 is similar to one of Birch's 
[1948] more conservative models (model 2B, 
Table 4, p. 747). It differs fI'om model 2B on Iv 
in that the cooling during glacial periods i's 
3.5°C (equivalent to an ice-base temperature of 
DoC) rather than 5°C. 

Theoretical heat flows (normalized to 1 hfu 
for a K of 7 meal/em sec °C and a = 0.015 
em'/sec) are shown as functions of depth m 

Fig. 3. Hadiorarbon isoehrones of the retreat of the Laurentide. Isochrone location;; bnsl'{J 
on carbon 1-1 dlltes, ('onstline location, mO\'l\inc orientation, and other fiehl evidcnce (froll! 
Bryson ot al. [1969, Fi!!lll'c 2]). 
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1 refers to a 5°C increase in surface temperature to,OOO years ago. Curve 2 is based on 
model 2B of Birch [1948]. 
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Figure 5. Curves 1 and 2 refer to the corre­
~pol1ding models in Figure 4. The observed heat 
flows (q3) arc plotted as a function of the mid­
point of the depth interval. 

The simple step model is clearly inadequate 
to explain the observed heat flow. Had we 
applied model 1 to the 1lpper (jOO meters of 
DH-C, we would have predicted an equilibrium 
heat flow some 40% higher than the heat flow 
measured between 2301 and 2865 meters. 

The variation with depth indicated by model 
2 (Figure 5) can probably be considered to lie 
within the uncertainty of the present observa­
tions, as it is well within 2 standard errors of 
each of the 5 component heat flows. However, 
the data suggest that climatic histories leading 
to more extreme effects are highly improbable. 

Another reduction method that should reveal 
systematic trends with depth is the resistance 
integral method first proposed by Bullard 
[1939]. This analysis was carried out over 100-

meter intervals, most of which contained two 
determinations of conductivity. (Temperature 
values were obtained by linear interpolation be­
tween the adjacent points that bracketed the 
even 100-meter depths.) 

If we assume a steady-state vertical one­
dimensional conductive thermal rcgime, a plot 
of temperature as a function of integrated ther­
mal resistance :S, 6.z,/I(' (where 6.z, is the 
length of the ith depth interval, and K, is the 
effective conductivity within that interval) 
should be a straight line whose slope is the 
heat flow q2 [Bullard, 1939]. Thus deviations 
from linearity should indicate disturbances to 
the thermal regime. 

The Bullard calculation gives the same heat 
flow (0.98) as the mean q2 from Table 1. The 
effect of heat generation raises this flux to 1.01, 
as in the previous analysis. Examination of the 
detailed analysis (Table 2 and Figure 6) indi­
cates a quasi-periodic deviation from linearity 

TABLE 2. Bullard Calculation at 100-Meter Intervals, DH-C 

Temperature, °C 
L l1ZIK., 

Depth, meters- --- cm' sec °C I J<cal Obs. Calc. (Obs. - Calc.) 

ioo l.20 4.77 4.39 +0.38 
200 2.67 5.74 5.83 -0.09 
300 3.82 6.96 6.96 0.0 
400 4.99 8.14 8.11 +0.03 
500 6.16 9.31 9.26 +0.05 
600 7.31 10.43 10.39 +0.04 
700 8.49 11.57 1l.55 +0.02 
800 9.73 12.68 12.77 -0.09 
900 1l.01 13.78 14.03 -0.25 

1000 12.30 14.96 15.30 -0.34 
1100 13.57 16.13 16.54 -0.41 
1200 14.44 17.23 17.40 -0.17 
1300 15.56 18.44 18.50 -0.06 
1400 16.69 19.61 19.61 0.0 
1500 18.09 20.82 20.99 -0.17 
1600 19.09 22.02 21.97 +0.05 
1700 20.29 23.27 23.15 +0.12 
1800 2l.51 24.56 24.35 +0.21 
1900 22.80 25.81 25.62 +0.19 
2000 24.03 27.18 26.83 +0.35 
2100 25.42 28.55 28.19 +0.36 
2200 27.05 29.99 29.79 +0.20 
2300 28.61 3l.49 3l.33 +0.16 
2400 30.31 33.01 33.00 +0.01 
2500 3l.97 34.54 34.63 -0.09 
2600 33.M 36.11 36.17 -0.06 
2700 35.00 37.69 37.61 +0.08 
2800 36.90 39.25 39.48 -0.23 
2865 38.01 40.28 40.57 -0.29 

i 
1 
J, 

I 
I 
I 
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\vith amplitude of D.4°e and waYelength on the 
order of a kilometer. By contrast, model 1 pre­
dicts a temperature disturbance increasing from. 
zero at the surface to about +5°e at depth; 
model 2 predicts a maximum disturbance of 
+ 1.1 °e at about 1.5 km. By adjusting the 
temperature intercept (Figure 6), a plausible 
fit of the temperature data to model 2 could 
be contriycd, but because of the small amplitude 
of the observed temperature disturbance (some 
of \\'hich must be attributl'd to the scatter in 
conductidty), such an adjustment would be 
difllcult to justify. 

The extrapolated surface temperature of 3.5°e 
at DH-e is in reasonable agre('ment with that 
found for the Coronation mine by Bec1.~ alld 
Ncophytoll (1969]. Temperatures ill the upper 

100 meters at both sites can be interpreted as 
indicating a temperature increase of 1 ° or 2°C 
during the past century (e.g., Lachellbruch alld 
Marshall, 1969]. This increase, in turn, implies 
a present-day ground-surface temperature near 
+5°C. The mean annual air temperature in 
this region is about -1°C (Thomas, 1953, p. 
31]. The dilTerence of about 6°C between the 
two temperatures is consistent with the findings 
of Brown (1966] for areas of comparable sea­
sonal snow cover. 

Thus the value of 3.5°e used in the calcula­
tion for model 2 (Figure 4) repr('sents a lower 
limit for the temperature depression that mllst 
ha\'e occurred at this site during much of the 
Quatcrnary period. Howcyer, calculations using 
this low \':llue and n conservati\'e climatic model 
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predict disturbances that are, if anything, higher 
than those observed. 

Thcre arc at least two possible explanations 
(or the uniformity of heat flow with depth at 

DII-C: 

1. The Pleistoccne climatic effect near Flin 
Flon has been masked by some coincidental 
disturbance of comparable magnitude and oppo­

~ite sign. 
2. deneralized models eommonly used to 

approximate Pleistocene climatidlistory are in­
adequate to describe the observed present-day 
tcmperature-depth distribution. (The local dis­
agreement between Prest [1969J and Bryson 
ct al. [1969J as to the time of glacial retreat 
lends support to this alternative_) 

Whether one accepts explanation 1 or 2 or 
some other explanation for the apparently small 
rcsidual climatic effect at DH-C, it seems clear 
that any estimate of the Pleistocene climatic 
effect is subject to considerable uncertainty. In 
the absence of an observed variation in heat 
flow with depth corresponding to a particular 
model, the 'correction' calculated from the model 
should be assigned an uncertainty, which, un­
fortunately, seems to approach the magnitude 
of the correction. itself in the present. state of 

knowledge . 
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