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Abstract
Borehole temperature-depth data have been combined with oxygen isotope data from an ice core at a nearby location in
the Canadian Arctic to calibrate the oxygen isotope data to ground temperature histories. The relationship of oxygen isotope
data to ground surface temperature history is 8~So = 0.42ATg and this reproduces the main features of the observed
subsurface temperature profile measured at the borehole site. These results suggests that oxygen isotope data are a good
representation of the', regional, long term climatic variations at these latitudes. Discrepancies between the observed
subsurface profile and the theoretical profile calculated from the calibrated oxygen isotope time series may be explained in
terms of the different character of the records, in particular snow cover, and active layer processes.

1. Introduction
It is now well established that ground temperature
histories (GTHs) c~m be determined from the analysis of temperature perturbations measured in boreholes. For reviews see Pollack and Chapman (1993),
Vasseur and Mareschal (1993) and Beltrami and
Chapman (1994). Several analyses of geothermal
data have revealed a marked warming in the last
century. However, the warming inferred is not homogeneous but displays a spatial variability consistent with the predictions of GCMs for increased
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concentrations of atmospheric carbon dioxide. For
example, the warming during the last 100 years
inferred in Alaska is between 2-4°C (Lachenbruch
and Marshall, 1986), 1-2°C in eastern and central
Canada (Beltrami and Mareschal, 1991; Beltrami and
Mareschal, 1992; Beltrami and Mareschal, 1993;
Beltrami et al., 1992; Shen and Beck, 1992; Wang et
al., 1992), and less than I°C in Utah (Chisholm and
Chapman, 1992; Harris and Chapman, 1995). About
half of the inferred warming for this century in
eastern Canada appears to be due to the recovery
from a colder period which may be associated with
the Little Ice Age, also documented from geothermal
data.
In all the above analyses, the inferred temperatures appear to be robust and independent of the
model and inversion procedure used to interpret the
subsurface climatic signal. Reconstructed GTHs
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have, however, limited resolution. Studies of the
resolution of past climatic events from geothermal
data (Clow, 1992; Beltrami and Mareschal, 1995)
have shown that the estimated model parameters are
obtained as averages over at least 60% of the time
centered on an event. That is, the signal recovered by
inversion for climatic events centered 100 years before present (aBP) would be spread over 60 years,
and for an event which occurred 500 aBP, it would
appear stretched over 300 years. This relation between time and the temporal spread of the recovered
signal varies linearly with the time of occurrence,
although it is not temporally symmetric.
Thus, GTHs from geothermal data provide a good
estimate of the integrated ground surface temperature
changes, but with a resolution that decreases rapidly
with time as a result of the diffusive character of the
heat conduction process. Proxy records, on the other
hand, have higher resolution but their interpretation
as a climatic indicator is not always straightforward.
For oxygen isotope data from ice cores, for instance,
this arises from the complicated processes involved

in precipitation in the Arctic regions (e.g. Charles et
al., 1994).
Oxygen isotope ratios measured in ice cores are
interpreted as representing average air temperature
conditions at a given time (Charles et al., 1994;
Bradley, 1985) but also reflect changes in both water
vapour history and snow surface processes (Thompson et al., 1986). In addition, these records represent
mainly summer atmospheric conditions, since the
bulk of precipitation in high latitude regions falls in
summer. Recent work (Grootes and Steig, 1992) has
shown that ~ 180 represents accurately the temperature at the time of precipitation, but may not represent climatic conditions on average; i.e., it does not
snow all the time, but in discrete events, and the
coldest events might not be recorded in the oxygenisotope record. Furthermore, wind scouring can affect the snow accumulation regime, resulting in a
wide range of "climatic" inferences from ice cores
in slightly different, but nearby, places; such records
require a detailed study of present and past wind
pattems to implement appropriate corrections to the
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Fig. 1. Map of part of the Canadian arctic indicating the location of the sites for the geothermal data (Neil) and ice core (Agassiz) analyzed
in this study.
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6180 record (e.g. Fisher et al., 1983; Fisher and
Koerner, 1994).
In this work, we use a straightforward method for
combining geothermal data with high resolution
proxy data, in this case oxygen isotope data from the
Agassiz ice cap in the Canadian Arctic (Fig. 1;
Fisher et al., 1983) Io reconstruct ground temperature
histories with highe,r resolution than those obtained
from geothermal data alone, or in other words to
calibrate oxygen isotope data with geothermal data.
We show that the high resolution GTH resulting
from the combination of geothermal and oxygen
isotope data, when used as a boundary condition at
the Earth's surface adequately reproduces the observed subsurface temperature perturbation at a location nearby.
Another approach has been to calibrate oxygen
isotope data and air temperature using temperaturedepth profiles in ice cores (Cuffey et al., 1992,
1994). This, however, involves the dynamics of ice
in the form of a rather complex model and its
application to the Agassiz ice cap would be dependent on the ice model boundary conditions.

2. Data

2.1. Geothermal data
The Neil well (80°44.6 ' N, 8304.8 ' W; Fig. 1) lies
at an elevation of 4.97 m above sea level, near the
center of a peninsula about 9 km wide, some 180 km
W of the Agassiz '79 borehole. The topographic
relief of the peninsula may have an effect on the
ground temperatures, but the magnitude depends on
the lapse rate in air and is small. Temperature data to
1980 are published in Taylor et al. (1982) but several
additional logs were taken subsequently. We used a
detailed temperature log measured in 1991 (Fig. 2a),
some 17 years following drilling, and assured ourselves that there was no residual curvature in the
temperature-depth profiles attributable to the drilling.
Over the depth section considered at the Neil
well, sandstones and siltstones predominate (70%)
but are interbedded with shale (27%) and other
lithologies (Fig. 2d) Representative thermal conductivity measurements at approximately 30 m intervals
(Fig. 2c) were made by the divided bar technique
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using chip samples recovered during the drilling
procedure (Sass et al., 1971; Jessop, 1990, Ch. 2.9).

2.2. Oxygen isotope data
The Agassiz 1979 ice borehole (80049.2 ' N,
72053.8 ' W; Fig. 1), lies at an elevation of 1700 m
above sea level. We use the 25-year averages of the
6 JSo record for the past 2000 years (Fig. 3; Fisher et
al., 1983).
The dating of the ice core is discussed extensively
in Fisher et al. (1983), Fisher and Koerner (1988)
and is accurate to _ 10%. The theoretical time scale
was adjusted using volcanic statigraphy. Dates were
assigned using known historical records or the dates
given by the Dye 3 ice core (Fisher and Koerner,
1994).

3. Analysis
In this section we (a) obtain the ground temperature history from geothermal data, (b) filter the
oxygen isotope data to make it comparable to the
GTH from geothermal data, (c) find a relation between the filtered oxygen isotope data and the GTH
and express the oxygen isotope data in terms of
ground temperature variations, and finally, (d) reconstruct a synthetic subsurface temperature profile from
the calibrated oxygen data. The theoretical framework is given in the appendix.

3.1. GTH from geothermal data
Considering that the available ~ ~80 isotope time
series from the Agassiz ice cap consists of 25-year
averages, we have chosen a model ground temperature history comprising eighty 25-years step temperature changes extending to 2000 years before measurements; older variations would not be recorded in
detail in the upper 600 m of the Earth' crust.
The GTH from the Neil well was obtained by
inverting the full temperature-depth profile, using
SVD with the singular value cutoff ratio set at 0.025.
The Bullard plot (Bullard, 1939) is evaluated internally by the inversion procedure (Eqs. 2 and 3 in the
Appendix) to compensate for the thermal conductivity changes as measured in rock samples, Fig. 2b
shows the subsurface temperature perturbation deter-
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Fig. 2. a. Temperature-depth profile measured at the Neil site in 1991. b. Temperature anomaly assumed caused by ground temperature
changes at the surface. Thermal conductivity variations (c) have been taken into account to determine this anomaly (see text), d. Lithology at
Neil site. Layers from top to bottom are: shale, shale and sandstone, siltstone, sands and siltstone, shale, siltstone, sandstone and shale.

mined by the inversion. The long term surface temperature ( - 1 0 . 6 5 ° C ) and heat flow density (62.7
m W / m 2) were simultaneously found from the inversion. Fig. 4 shows the last 1000 years of the GTH
obtained for the Neil well temperature log. The
present ground temperature is about - 8 ° C (Fig. 2a),
about 2.6 K higher than the long term mean or
reference temperature. The temperature anomaly
shown in Fig. 2b is proportional to the heat absorbed
or released by the ground and the time evolution of

this heat imbalance is given by the ground temperature history. The heat absorbed by the ground in the
last 100 years at the Neil site is of the order of 0.1
W / m 2, smaller than reported for Awuna (0.16
W / m 2, Lachenbruchet al., 1988) in Alaska. Such
heat fluxes are very small and undetectable by direct
measurement.
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Fig. 3. Oxygen isotope data (25 year averages) from the Agassiz
ice cap ice core for the last 2000 years (Fisher et al., 1983).
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Fig. 4. Ground temperature history (solid line) derived through
inversion of the temperature-depth data at the Neil site. The
model consists of eighty 25-year step temperature changes; only
the last 1000 years are shown. Dashed lines represent the standard
error (SE) of the estimated model parameters for an assumed 0.10
K data standard deviation. These SE are a measure of the stability
of the GTH to noise.
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3.2. Filtering the oxygen isotope time series
a

A direct comparison of the Neil GTH with
Agassiz 6~80 data is not quantitatively possible
since the records are not of the same resolution. In
particular, the GTH model parameters as determined
by the inversion of geothermal data are averaged
over a time window which increases in length the
further the event is in the past (see appendix). Simply filtering the high resolution oxygen isotope data
series using moving averages or polynomial fits is
too arbitrary since these processes do not have a
physical justification.
It is thus necessa~ to filter the oxygen series
through the same physical averaging process as heat
diffusion filters the details of the GTH. That is, the
oxygen isotope series must be degraded to match the
resolution of the GTH. This procedure can be accomplished simply by multiplying the 25-year average oxygen isotope series by the model resolution
matrix from the geothermal data inversion. Before
multiplying the oxygen series by the resolution matrix, the oxygen isotope series was transformed as a
series of departures from -27.64%o (after Taylor,
1991). The model resolution matrix, as discussed in
the Appendix, relates the estimated parameters to the
true parameters obtained in the inversion, in a way
that incorporates the physics of heat diffusion and
the geometry of the problem. A multiplication of the
25-year oxygen series by the resolution matrix is
equivalent to inverting: a subsurface profile generated
from the oxygen series, without the need of specifying the relationship between oxygen data and ground
temperatures. This approach is general enough to be
applied to other proxy climatic indicators, tree-ring
widths for example (]3eltrami et al., 1995). Fig. 5a
shows the full model resolution matrix; the rapid loss
of resolution with time can be readily observed. Fig.
5b shows several slitces of the model resolution
matrix at the given times. The height of the peaks
represents the resolution of the model parameters at
these times and the width of each peak yields an
estimate of the spread of the resolution. An event can
only be fully resolved if its duration is at least 60%
of the time of occurrence (Beltrami and Mareschal,
1995).
The filtered or "diffused" 6180 series (Fig. 6)
can now be directly compared with the GTH derived
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Fig. 5. a. Model resolution matrix R (Eq. A-8) for the GTH model
used to obtain Fig 4. b. Slices of the model resolution matrix at
25, 100 and 400 years showing that the model resolution decreases rapidly in time.

from geothermal data. Only the last 1000 years of
the filtered 6180 time series and the original 25-years
averages are shown.
The times series in Fig. 4 and Fig. 6 reach their
maximum values this century, have minima around
1800 A.D., and return to values just less than reference value at about 1200 A.D. The first dip in the
two series at approximately 1960 A.D. is the result
of oscillations in the inversion procedure arising
from the fact that the first time step was set based on
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the resolution of the available delta oxygen series.
Since the first few meters ofthe temperature log are
the noisiest due the residues of the short-term temperature variations ( < 10 years), the first and second
model parameters are affected. In principle, this
oscillation can be easily eliminated by increasing the
size of the first model step.

3.3. Calibration of oxygen isotope data

=

We use Eq. 1 to transform the 25-year values of
the 2000-year 6180 series into equivalent ground
temperature changes. This yields a reconstructed
ground temperature history from the oxygen data
with significantly higher resolution than that obtained from geothermal data alone (HR-GTH, Fig.

8).

The second part in this procedure involves the
direct comparison of the GTH with the filtered oxygen data. In Fig. 7, the GTH from geothermal data
and the filtered oxygen isotope series (Fig. 6) have
been plotted against each other for succesive 25-year
periods in the past. The first two data point have
been deleted for the reasons explained above. The
relation between these quantities appears to be regular and we assume it is linear and given by:

ATg

3.4. Reconstruction of subsurface temperature profile
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where AT~ is the 25-year temperature change from
the long term mean and 6180 is the 25-year average
delta oxygen from the filtered series of departures.
The delta oxygen data have now been calibrated
against ground temperature changes.
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A fundamental requirement for the acceptance or
rejection of a HR-GTH is whether it satisfactorily
explains the observed subsurface thermal regime. For
the moment we assume that the climate and environmental conditions at both the Agassiz ice cap and at
the Neil well site, :~eparated by some 180 km, has
been the same for the last 2000 years (see discussion
in Taylor, 1991). The agreement of the model prediction and measured data can be verified by using the
HR-GTH series as a forcing function at the Earth's
surface and solving the forward problem. The synthetic subsurface profile generated in this fashion
depends as well on the background temperature before the start of this thermal history. In the case of
the GTH from geothermal data, this background is
determined by the,, "undisturbed" or reference
geothermal heat flow density at depths which are not
significantly affected by recent ground surface temperature changes. Since the reference delta oxygen
was set arbitrarily to today's value, we can invert the
HR-GTH subsurface profile generated from the oxygen series to identify the background temperature
that can best explain the observed anomaly profile.
This consists of a D.C. shift in the synthetic profile.
A similar approach was used successfully by
Lachenbruch et al. (11988) and Chisholm and Chapman (1992) when obtaining pre-observational means
for meteorological data in Alaska and Utah respectively. Once the background has been determined the
high resolution ter~perature reconstruction can be
corrected and expressed in terms of departures from
a long term mean ground temperature.
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Fig. 8 compares the GTH from geothermal data
alone and the HR-GTH obtained from the combination of geothermal and oxygen isotope data. The
subsurface temperature profile generated from the
HR-GTH appears similar to the observed temperature anomaly (Fig. 9). The " b u m p s " in the data are
due to small scale thermal structure variability which
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Ground temperatures integrate the effects of air
temperatures, snow cover, and active layer processes
at these latitudes, and they are not necessarily a
direct reflection of air temperature. Fig. 10 shows 72
months of the record of air and soil temperatures at
several depths, measured at Kuujjuak (QuEbec, 58°06 '
N, 68o25 ' W) (data from Environment Canada). The
well known decrease in amplitude and shift in phase
with respect to air temperatures are clearly seen
(Geiger, 1965; Smith, 1975; Smith and Riseborough,
1983).
In lower latitudes ground temperatures may never
reach the freezing point (at least during the period of
measurements) because of snow cover and the relation between air and soil temperatures can be instructive. Fig. 1 l a shows the relation between monthly
mean air temperatures and soil temperatures at a
depth of 150 cm measured at Val d'Or, QuEbec
(48o04' N, 77047 ' W), over 19 years. This figure can
be interprete~.{ as the interception of two quasisinusoidal variations in time with different amplitudes and phase (phase-space plot) arising from the
heat capacity of the ground; these are analogous to
the Lissajous figures of electrical engineering. The
ellipsoids appear somewhat deformed. During the
summer, the measurements are taken at a depth of
150 cm, but in winter the true depth of measurement
is the summer depth plus the snow cover equivalent
in terms of ground depth. Winter measurements are
related to effective ground depth by the thermal
diffusivity of the snow cover. Thus, the figures
shown are a composite of a "summer ellipsoid" and
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a "winter ellipsoid" whose phase and amplitude
change with snow cover. The regularity of this figure
implies a direct relation between air temperature and
ground temperature in the long-term as long as snow
cover variations are small. In a sense, the phase-space
plot describes a "cloud of probability" where trajectories in air-soil temperature space are to be found.
Examination of air azld soil temperature records at
other locations in Canada confirms this regular behaviour. This type of analysis of subsurface soil to
soil temperatures at different depths permits the identification of conduction and non-conduction dominated heat transfer regimes (Beltrami, 1995,
manuscript in prep.).
On the other hand, in Fig. l lb, we show a
phase-space plot (150 cm) at Kuujjuak. The effects
of the active layer processes are apparent with the
soil temperature at 150 cm remaining close to the
freezing point for one or two months in the Fall. This
is due to the freezing of the ground above 150 cm
and its subsequent latent heat release. Furthermore,
at the peak of the summer (seasons proceed counterclockwise), the soil ~Iemperature increases rapidly
after thawing of the upper layer of soil. The monthly
averages used to create these figures do not have the
resolution to observe finer details. For this station,
small changes in snow cover, or variability of the air
temperature can be a large source of spread and thus
make the phase-space plots shown here very irregular.
Thus Fig. 11 a, b illustrates the latitudinal effects
of snow cover and active layer processes on ground
temperatures. Unfortunately, there are no complete
(i.e. air and soil temperature data) meteorological
records in the Agassiz-Neil area and it is difficult to
evaluate the effects of melting and freezing of the
upper soil layer on ground temperature and temperature-depth profile, at the borehole site. However,
soil temperature mea:~urements taken at an Alert
borehole for 12 years at irregular time intervals
(Taylor, unpublished ,data) indicate that the active
layer at the borehole site is less than 0.5 m. Fig. 1 lc,
d, shows part of these ground temperature data and
monthly mean air temperature records for the same
time period (January ]980-October 1982); it is not
possible to generate a "phase space" diagram for
these records because of the unequal soil temperatures sampling intervals.
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5. Conclusions
The coefficient between delta oxygen ratios and
air temperature change varies considerably (Grootes

and Steig, 1992). Cuffey et al. (1992) obtained avalue
of 0.75%o K -~ for Greenland, subsequently this
value was corrected to 0.5%o K -1 (Cuffey et al.,
1994) and Fisher et al. (1983) used the value 0.6%o
K-~ for the Agassiz data. It is important to make
clear that the relation in the present work, 0.42%o
K - ~, is for delta oxygen ratios and ground temperature variations; it should not be readily applied to air
temperatures.
Since we have reproduced the subsurface thermal
profile at the Neil well with oxygen isotope data
from the Agassiz site (Fig. 9), we suggest that the
oxygen data does represents long-term climatic variations in the Arctic. However, there are differences
that can be attributed to the different characters of
the records and differences in location. The ice cap
and the Neil borehole are separated by a distance of
180 km and they are also at different elevations
(1700 m and 497 m, respectively). Ground temperature responds to a large number of climatic variables
with air temperature, snow cover and active layer
processes being the dominant ones. The fact that the
two profiles in Fig. 9 are similar implies that variations of snow cover have been small and active layer
processes have not been significant at the site of the
borehole for the period studied here. Hence, oxygen
isotope data are a reasonable indicator of regional
long-term temperature change.
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Appendix A. Theoretical f r a m e w o r k

For an homogeneous, isotropic, source-free half
space, the temperature perturbation due to a time
varying ground surface temperature is a solution of
the heat diffusion equation in one dimension with
initial and boundary conditions (Carslaw and Jaeger,
1959):
02T

K

OT

= --,
az 2
cgt

(al)

where K is the thermal diffusivity of the rock, z is
depth (positive downwards), and t is the time. The
use of the one-dimensional equation is valid if long
term surface temperature changes are constant across
an area much larger than the depth to which they
penetrate.
The temperature at depth z, T(z), is the superposition of the equilibrium temperature and of T,(z),
the temperature perturbation arising from the time
varying surface temperature, i.e.

T ( Z ) = TO + qoR( z) = T,( z ) ,

(a2)

where TO is the long term ground temperature, qo is
the quasi-equilibrium surface heat flow density, assumed to exist in the deepest parts of the temperature
log, least effected by recent ground temperature
changes, R ( z ) is the thermal resistance from the
surface to the depth z (Bullard, 1939):

Oj = A j, X z

dz'
R ( z ) = fo K ( z ' )

(a3)

where K ( z ) is the thermal conductivity measured in
core samples a n d / o r estimated from the lithology.
For an instantaneous change in ground surface
temperature T at time t before present, the subsurface temperature perturbation is given by (Carslaw
and Jaeger, 1959):
Z

r,(z) = rerfc 2---~'

(a4)

where erfc is the complementary error function.
Since short period variations are attenuated rapidly
with depth (e.g. Carslaw and Jaeger, 1959), the
surface temperature history can be approximated by
the average surface temperature over a series of time
intervals that are often assumed of equal duration A:

(k-1)A<t<kA

(a5)

(a6)

where 6tj are the J values of temperature measured
at depth z j, corrected for heat production between
the surface and that depth if necessary. X~ is a vector
containing the parameters, i.e. the equilibrium temperature, heat flow and the averaged past surface
temperatures so that X = {To, qo, Ti . . . . . Tx}. A jr is
a matrix containing 1 's in the first row, the thermal
resistance to depth z j, R(zj), in the second row, and,
in the K following rows, the J elements formed by
evaluating the difference between complementary
error functions at depth zj and times t k_ 1 and tk:

2

} (a7)

This yields an overdetermined system of linear
equations. Mareschal and Beltrami (1992), Harris
and Chapman (1995) and Beltrami and Mareschal
(1995) have used the singular value decomposition
(SVD) method to obtain a generalized solution to
this system (Lanczos, 1961).
The model resolution matrix R is defined as:
R = W T

z

To(t)=T k

and k = 1. . . . K. The assumption of equal duration
is not necessary but has been made only for the sake
of simplicity.
Eq. A-2 can then be written as:

(a8)

where only the model space eigenvectors, V (from
SVD), corresponding to non-zero singular values are
retained. The matrix R depends only on the data
kernel of A, i.e. the experimental geometry and the
assumptions applied to the model. They are independent of the actual values of the data. The matrix R
relates the parameters of a model to the parameters
that would be obtained by inversion of the corresponding data (e.g. Menke, 1989) T e s t = R T TM.
The model parameters are perfectly resolved if R is
an identity matrix; if R is not an identity matrix, the
model parameters are given as averages of the true
model parameters. We note here that to compare a
GTH obtained by inversion of geothermal data with
high resolution climatic indicators is thus necessary
to multiply the climatic time series by the model
resolution matrix in order to compare values averaged by the same process.
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If all the vectors in V were retained, the model
resolution matrix would be the identity matrix. The
resolution is limited because the rank of the system
is less than the dimension of model space; it is
further reduced by the elimination of the small singular values (Beltrami ~md Mareschal, 1992). The inclusion of more singular values improves the resolution, but it also increases the variance of the estimated model parameters because of the amplification
of noise (Mareschal ~ad Beltrami, 1992). This is the
common trade off between resolution and stability of
a solution. The choice of one at the expense of the
other depends on the quality of the data as well as on
the character of the problem (Parker, 1994).
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