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Geothermal Evidence from Canada for a Cold
Period Before Recent Climatic Warming

Kelin Wang and Trevor J. Lewis

Three deep boreholes in a small area in Quebec, each having two high-accuracy tem-
perature logs separated by 22 years, allow reliable determination of the ground surface
temperature history during the past few centuries. The temperature logs show that the
recent climatic warming was preceded by a cold period near the end of the 19th century
in this area. The presence of such a cold period is also suggested by borehole temperature

data from other areas in Canada.

Whether the climatic warming during the
past hundred years is caused entirely by
human activities is uncertain. Early instru-
mental observations indicate that surface
air temperatures were low near the end of
the 19th century (I, 2), but the scarcity of
meteorological stations before 1880 pre-
cludes a meaningful global analysis (3).
However, the presence of a cold period in
various parts of the world at that time has
also been suggested by some but not all
studies using proxy methods (4-6). These
data suggest that the recent warming might
be partially or mostly a return from a cold
period. In this report, we describe geother-
mal evidence from Quebec and other areas
in Canada for the presence of a cold period
before warming near the end of the 19th
century. The estimation of ground surface
temperature (GST) histories from precise
borehole temperature measurements was
first attempted in 1969 (7) and 1971 (8),
but its importance had not been widely
appreciated until Lachenbruch and Mar-
shall (9) provided evidence from the Alas-
kan Arctic for climatic warming during the
past several decades. Recent developments
include the use of a model that realistically
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simulates lithologic layers in the crust and
flexible inversion methods (10-12) and es-
timation of GST over a vast area (13).
Compared to proxy methods, this tech-
nique involves simple physics (heat con-
duction) and is not subject to uncertainties
related to calibration. However, the esti-
mated GST history is necessarily a highly
smoothed version of the real one and pro-
vides an interesting contrast with tempera-
ture records that are based on proxies.

In 1990, we relogged 12 boreholes that
had been logged in 1968 as part of a
detailed geothermal study (I14) near Lac
Dufault, Quebec (Fig. 1), in an Archean
volcanic belt of the Superior Province of
the Canadian Shield. Repeat temperature
logs, especially those separated by more
than 20 years, are desirable for three rea-
sons. (i) They better constrain the GST
estimation because not only the curvatures
in each temperature profile, but also the
temperature changes with time at given
depths, contain information on the past
GST. (ii) They help to identify transients
in subsurface temperatures that are due to
climatic changes as opposed to curvatures
in the temperature profiles caused by terrain
effects and conductivity variations. (iii)
They allow accurate identification of dis-
turbances by water flow. Three of the 12
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holes, 022, 024, and 389 (Fig. 2), were free
of water flow disturbance and were used for
GST estimation. The temperature measure-
ment, typically at an interval of 10 m in
1968 and 3 m in 1990, has an absolute
inaccuracy of <0.026 K and a relative
inaccuracy of <0.006 K. Thermal conduc-
tivities were measured on core samples
(disks) with a divided bar at about every 30
m in each borehole. The samples were
water-saturated after vacuum removal of
trapped air before measurement, and mea-
surement of individual disks to an uncer-
tainty of 5% is expected.

We used a spectrum inverse method
(12) for the simultaneous inversion of the
two temperature logs from each borehole.
The rock medium is assumed to have a
laterally homogeneous layered structure, so
that heat conduction is vertical. Given
measured temperature-depth profiles, we es-
timated the spectra of the unknown GST
using a Bayesian type generalized least
squares theory (15). The determination of
GST from subsurface temperatures is an
ill-posed inverse problem, and proper con-
straints are required for a stable and unique
solution. Constraints on the GST, thermal
properties, and borehole data are given in
the form of a priori Gaussian probabilities.
Basic constraints on the unknown GST are

Fig. 1. Map of eastern

its smoothness and boundedness. We intro-
duced these constraints probabilistically by
regarding the a priori GST time series as a
stationary Gaussian process with a Ham-
ming autocovariance function. There are
two important parameters in the autocova-
riance function: the time domain standard
deviation (SD) and the cut-off period P._.
The GST at any time falls within 1 SD of
the a priori GST, a constant with time,
with a probability of about 68%. The SD
was set to 1.58 K in our calculations,
reflecting our a priori estimate of the mag-
nitude of the GST variation during the past
several thousand years. Using a different SD
will change the amplitude of the estimated
GST history only slightly. The cut-off pe-
riod determines the smoothness of the GST
and filters out any GST variation with
shorter periods. We used a cut-off period of
100 years. A smaller P, enhances the reso-
lution of the recent GST and reduces the
resolution back in time but does not affect
the overall shape of the GST, which is
constrained by two temperature logs 22
years apart.

The a priori conductivity value used for
each layer was the average of the measure-
ments across the layer; the SD, due to
measurement inaccuracy and the scattering
of the values around the average, is 0.2 W
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m~! K~!. The a priori values of thermal

diffusivity a = Npc that we used are de-
rived from conductivity (A) and are based
on a thermal capacity (pc) of 2.3 M] m™*
K~!, a value typical of continental rocks,
where p is the density and ¢ is the specific
heat. The estimated GST is sensitive to the
uncertainties in conductivities but much
less sensitive to those of the diffusivities
(12). To account for the possible small-
scale variation of thermal conductivity not
described by the layered model, we have
assigned a standard deviation of 0.01 K to
the temperature data, which is larger than
the relative inaccuracy of the temperature
measurements. The differences between the
measured borehole temperatures and those
calculated from the estimated GSTs are in
general much smaller than this SD. Radio-
active heat generation of rocks at Lac Du-
fault is on the order of 0.2 wW m™ and can
be safely ignored.

Ground surface temperature (°C)

T T T
1400 1600 1800 2000

Time (year AD)

T
1000 1200

Fig. 3. Ground surface temperature histories
estimated from three boreholes at Lac Dufault.
The dashed lines represent 1 SD. The site
number on each curve is followed by the bore-
hole depth in meters. The estimated mean
surface temperature is shown by a dotted line.
The SDs for the mean surface temperatures are
typically 0.2 K.
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Fig. 4. Ground surface temperature histories
estimated from two boreholes in Ontario as
shown in Fig. 1. For explanation, see legend to
Fig. 3.



The estimated GSTs from all the bore-
holes are similar (Fig. 3). The record of the
GSTs of the most recent hundred years
agrees with the trend of the average surface
air temperatures of the Northern Hemi-
sphere (3) and that of central Ontario (16),
the nearest region where century-long reli-
able meteorological data are available. All
three holes show a cold period near the end
of the 19th century, which is in agreement
with tree-ring data from the United States
and southwestern Canada (5). Tree-ring
data from the high-latitude area of Canada
and Alaska (17-19) also suggest such a cold
period but with a temperature minimum
about 50 vyears earlier. The two deeper
holes, 022 and 024, show a less well re-
solved older cold period ~400 years ago,
which agrees with what has been identified
by historical and glacial studies as the Little
Ice Age (20, 21). Because of the limitation
imposed by borehole depths (shown on
each curve) and the nature of heat diffu-
sion, GST wvariations before A.D. 1500
cannot be resolved with confidence.

The land where the boreholes were
drilled is low and flat in the south and
higher and more rugged in the north, with
an average difference in elevation of about
70 m. Boreholes 022 and 024 are located in
the flat low area; therefore, the topographic
effect on the geothermal gradient is negli-
gible. Hole 389 is at a higher elevation and
on a south-facing slope. Stronger solar ra-
diation on the slope causes the upper part of
the temperature profile to be “bent” toward
the warm side, which results in a higher
mean surface temperature and an apparent
slight warming trend in the GST. Because
the sites that were investigated are covered
by snow in winter, the annual mean GST is
higher than that of the surface air temper-
ature.

The Lac Dufault paleotemperature re-
sults are considered the most reliable that
are available because of the unmatched
quality of the thermal data. We have also
studied deep borehole data from another 19
sites in Canada. Although conditions are
not as favorable at any of these sites as at
Lac Dufault, GST estimates from most of
them do show a cold period before the
recent climatic warming. Five of the sites
yield results nearly identical to those of Lac
Dufault for the last 200 years. The GSTs
from the two sites nearest Lac Dufault (Fig.
4) substantiate the Lac Dufault results,
although their uncertainties are larger.

In order to determine whether the re-
cent warming has been caused by human
activities, we need to know whether the
current temperature and the current rate of
temperature increase are significantly above
normal, that is, the average temperature
and the average rate of temperature in-
crease during the centuries or millennia

before industrialization. Because of the de-
crease in the resolution of GST back in
time, we cannot assess the rate of increase.
However, the long-term mean GST can be
estimated, and this can be compared with
the current temperatures. The deeper the
borehole, the better is the mean GST that
is determined, but our test using a 3-km
hole shows that this value is robust if the
borehole is deeper than 600 m. By a com-
parison of temperatures only (Figs. 3 and
4), the recent warming has indeed resulted
in a temperature that is 1° to 2°C higher
than average, but the warming is partially a
recovery from a cold period.
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Stress Diffusion Along the San Andreas Fault at
Parkfield, California

P. E. Malin and M. G. Alvarez

Beginning in January 1990, the epicenters of microearthquakes associated with a 12-
month increase in seismicity near Parkfield, California, moved northwest to southeast along
the San Andreas fault. During this sequence of events, the locally variable rate of cumu-
lative seismic moment increased. This increase implies a local increase in fault slip. These
data suggest that a southeastwardly diffusing stress front propagated along the San
Andreas fault at a speed of 30 to 50 kilometers per year. Evidently, this front did not load
the Parkfield asperities fast enough to produce a moderate earthquake; however, a future

front might do so.

Since mid-1987, the microearthquake ac-
tivity of the San Andreas fault near Park-
field, California, has been monitored by the
use of a ten-station network of borehole
seismographs (Fig. 1, A and B). This region
has the potential for moderate earthquakes
at some time in the next few years (1-3). On
the basis of magnitude-distance statistics,
the distribution of earthquakes detected by
the network is complete to roughly magni-
tude M = 0 near the center of the network
and M = 0.25 overall (4). By the beginning
of 1989, we had identified two seismically
quiet patches of fault on which the future
earthquakes might take place (4). The hy-
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pocentral locations of earthquakes observed
since 1989 have not filled in the two aseis-
mic patches we found then. Instead, they
have begun to define clusters of intense
activity, particularly north of the network.
Before 1990, the cumulative moments
(effectively the sum of the fault areas times
their slips) in the regions around the patches
increased at roughly constant rates, with one
exception, a large step in the cumulative
moment produced by an M ~ 4 earthquake
in May 1989, midway between Middle
Mountain and Gold Hill. After the begin-
ning of 1990, the cumulative moment rates
in the Parkfield area began changing as a
function of both time and location. Between
January 1990 and May 1991, we observed a
rapid increase in the cumulative moment
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