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Abstract

Temperature-depth data from 14 deep boreholes, located in the Irkutsk amphitheater and Baikal rift zone in
Eastern Siberia, have been used to infer ground surface temperature (GST) histories for the last 100 ka. The results
show that the estimated small-scale and recent GST changes and the long-term mean have been significantly
contaminated by the presence of drilling disturbances. On the other hand, large-scale features, such as the Pleistocene/
Holocene (P/H) transition, appear to have been adversely affected to a much lesser extent, as suggested by the internal
consistency of the inverse results. The estimated GST histories exhibit a pattern of north to south variation, with the
P/H warming varying from about 25 K at a latitude of 56°N to less than 8 K at 54°N and then back to 25 K at 52°N.
The timing and duration of the transition also vary. In the north, warming began as early as 90 ka and reached a
maximum at about 7 ka, and in the south, warming did not begin until about 20 ka and reached a maximum at about
4 ka.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction fluence in the recent warming. This, in turn, mo-

tivates the reconstruction of past climate changes

Global climatic warming and its role in the
general framework of ecological risk have, in re-
cent years, become a problem of paramount im-
portance [1]. One aspect of the problem, which is
being intensively studied, concerns the relative
roles of natural variability and anthropogenic in-
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from proxy data since instrumental records are
typically available for only the past 150 years or
so. Traditional proxy reconstructions use records
such as tree rings, ice and sediment cores, and
corals [2-5]. In this work, we consider geothermal
reconstruction. Subsurface temperature—depth
(T-z) data obtained in boreholes comprise an in-
dependent archive of past surface temperature
changes, which is complementary to both the in-
strumental and the traditional proxy records.
Geothermal reconstructions with a global cover-
age include [6-8]; readers are referred to referen-

0012-821X/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0012-821X(02)00925-1


mailto:drf@crust.irk.ru
mailto:pys@.uwo.ca
http://www.elsevier.com/locate/epsl

1060 R.P. Dorofeeva et al. | Earth and Planetary Science Letters 203 (2002) 1059-1071

ces cited therein for other reconstructions of re-
gional scales. Most of these studies focus on the
estimation of ground surface temperature (GST)
histories for the past 500-1000 years, in part be-
cause this period is the most relevant in extending
the instrumental records to pre-industrial periods
[8] but also in part because most of the 7-z data
sets are obtained in boreholes that are less than
600 m in depth, which carry little information
about GST changes prior to 1 ka.

In this work, we attempt the reconstruction of
GST histories over a much longer period, in the
order of 100 ka to 1 Ma, using 7-z data obtained
from deep boreholes. The area studied is shown in
Fig. 1. It consists of part of the Irkutsk amphi-
theater (south of the Siberian platform) and part
of the Baikal rift zone. Data from 14 boreholes in
total are available, and except for Belskaya-1 and
Birkinskaya-2, the boreholes are all sufficiently
deep to allow for at least a partial resolution of
the Pleistocene/Holocene (P/H) transition. Our
principal objective is to examine the spatial vari-
ability of the transition, in terms of its timing and
amplitude. For very deep boreholes (> 3000 m),
temperatures at the last glacial maximum (LGM)
may also be estimated. The presence of drilling
disturbances introduces artifacts in the estimated
GST histories. However, large-scale features, such
as the P/H transition, remain resolvable, as sug-
gested by the inverse results. GST changes for the
most recent 500 years and the long-term mean
GST, on the other hand, are not resolved because
they have been significantly contaminated by the
presence of drilling disturbances. For a discussion
of recent GST changes in this region, readers are
referred to [9].

2. Methodology
2.1. The forward model

To infer climate changes during the Pleistocene
and Holocene from 7-z data measured in deep
boreholes, we use the functional space inverse
(FSI) formulation [10,11], with the GST histories
modeled as an arbitrary function of time. The
theoretical 7—z profile is computed from GST his-

tory on the basis of the theory of 1-D heat con-
duction in a laterally homogeneous Earth, using
Galerkin finite element model and Crank—Nichol-
son finite difference scheme in the spatial and tem-
poral domains, respectively. To ensure that GST
signals from the deepest boreholes are recoverable
and not erroneously telescoped into a small time
interval, we set the time origin at 1 Ma, prior to
which the GST may be assumed to be constant
and equal to the long-term mean, and we set the
base of the finite element spatial grid at 20 km to
ensure that temperature perturbations due to
GST changes in the past 1 Ma become insignif-
icant at this depth. The thermal regime is com-
pletely governed by six model parameters: the
transient component of the GST history (Vs(2)),
the steady-state component of the GST history
(Us), basal heat flow density (HFD, Qy), thermal
conductivity (K(z)), heat capacity per unit volume
(pC(2)), and rate of heat production (A(z)). Dur-
ing inversion, the six model parameters are simul-
taneously estimated from the 7-z data.

2.2. Constraining the GST history

In the framework of the FSI formulation, a
crucial consideration is the choice of the a priori
autocovariance for Vy(7) [11,12]. Because non-cli-
matic factors, such as the presence of drilling dis-
turbances, are not included in the thermal model,
their effects must be treated as noise to be sup-
pressed or minimized in the inversion. If the noise
is gaussianly distributed, we can effectively sup-
press its adverse effects by appropriately relaxing
the constraint imposed on the 7-z data at the cost
of also muting to some extent the genuine GST
signals. However, the effects of drilling disturban-
ces are likely to be systematic and as such cannot
readily be suppressed in this manner. An excep-
tion is when the signature of the drilling distur-
bances differs significantly from that of the
sought-after climatic signals. In this case, we can
suppress the adverse effects by imposing an a pri-
ori autocovariance for Vy(¢) that caters to the sig-
nature of the climatic signals. In this work, after
extensive numerical experiments with synthetic
data, we choose an a priori autocovariance for
Vs(t) in the form of Vy(5-2 K, 50000-100 yr)
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Fig. 1. Map of the studied area in Eastern Siberia, showing borehole sites used in this work.
for the time period of (0.1 Ma, now). We focus on deviation of Vy(¢) from its a priori value (which is
the last 0.1 Ma because this is the time period for set to zero to avoid bias), has a Gaussian autoco-
which the 7-z data contain significant informa- variance with standard deviation (S.D.) varying
tion about the GST changes. The chosen autoco- linearly from 5 K at 0.1 Ma to 2 K at now, and

variance specifies that V(¢), or more precisely the with correlation time varying linearly from 50 000
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yr at 0.1 Ma to 100 yr at now. Specifying a cor-
relation time that increases linearly with elapsed
time is consistent with the finding that the extent
of spreading of GST signals due to diffusion is
roughly proportional to the time elapsed [13]. In
other words, the specified correlation time will not
unduly suppress genuine GST signals, but will be
effective in suppressing non-climatic factors with
different correlation time scales. Specifying a lin-
early increasing S.D. with the elapsed time is not
an unbiased choice. The unbiased choice would be
a time-independent S.D. However, a linearly in-
creasing S.D. facilitates the recovery of early GST
changes. There are two plausible choices for the
settings of S.D. and correlation time prior to 0.1
Ma. The optimistic choice is to continue the linear
extrapolation such that the S.D. and correlation
time at 1 Ma are 32 K and 500000 yr, respec-
tively. These settings would favor the recovery
of even the faintest long-period GST signals that
may be present in the data, but also at the risk of
enhancing the artifacts of noise. We opt for the
more conservative choice by setting the S.D. and
correlation time prior to 0.1 Ma to constants
equal to their respective values at 0.1 Ma. The
conservative settings are strong enough to con-
strain the GST to taper to the long-term mean
at 1 Ma in most cases. For the boreholes studied
in this work, GST histories inferred with autoco-
variance functions that differ in the time period of
(1, 0.1 Ma) are virtually identical between 0.1 Ma
and now, but may diverge as we go back further
in time, reflecting the fact that the 7-z data do
not constrain GST changes prior to 0.1 Ma.

2.3. Constraining T-z and K—z data

Once the a priori autocovariance for V() has
been chosen, the inverse solution depends largely
on the extent to which 7-z and K-z (thermal con-
ductivity—depth) data are constrained [11,12,14—
16]. If the thermal regime is properly modeled,
the a priori S.D.s for 7~z and K-z data should
be assigned values in accordance with the actual
levels of measurement errors. In this work, how-
ever, the assignment of the a priori S.D.s must
also account for systematic noise that arises
from non-climatic factors, such as the presence

of drilling disturbances. There are two plausible
strategies for suppressing the artifacts of system-
atic noise. One strategy is to over-relax the con-
straints on 7z data, i.e., to assign a priori S.D.s
larger than the measurement errors. The other is
to over-relax the constraints on K-z data. For the
retrieval of short-term and recent GST changes
over the past 1000 years, the superior strategy
was to over-relax the constraints on K-z data
[14]. However, the strategy works poorly for the
retrieval of long-term GST changes because per-
turbations to the subsurface 7z profile caused by
long-term GST changes are generally indistin-
guishable from those caused by systematic K-z
variations. Over-relaxing the constraints on K-z
data would therefore tend to misinterpret genuine
GST signals as systematic K—z variations. The
superior strategy for retrieving long-term GST
changes is to over-relax the constraints on 7-z
data [15,16]. In this work, we take the strategy
further by treating the K-z profile as perfectly
known so that the artifacts of noise are to be
suppressed by over-relaxing the constraints on
T-z data alone. We note that, in the Monte Carlo
formulations of Dahl-Jensen et al. [17] and Ma-
reschal et al. [18], the K—z profile is also taken as
perfectly known.

2.4. Ilustrative example

In processing each of the 14 borehole data sets,
we use a series of values for the a priori S.D.s of
the 7—z data to obtain inverse solutions, from
which we then select the optimal solution on the
basis of the stability of the inferred GST history
and the degree of misfit between the inferred and
the measured 7-z profiles. The a priori S.D. used
to obtain the optimal solution ranges from 0.1 K
for good data to 1.6 K for noisy data. The selec-
tion process is illustrated in Fig. 2, using the data
set from Istokskaya-4. The upper panel shows
three estimated GST histories when the 7-z data
are overly, optimally, and under-constrained. For
the overly and under-constrained solutions, the a
priori S.D.s are one half and two times, respec-
tively, those used to obtain the optimal solution.
The arrow to the left is the estimated long-term
mean GST. We see that, for this borehole, the
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Fig. 2. (Upper panel) The estimated GST histories for Istok-
skaya-4 when 7-z data are overly, optimally, and under-con-
strained, respectively. (Lower panel) Various 7-z profiles for
the optimal solution. See text for explanation.

inferred GST history tends asymptotically toward
the long-term mean, starting at about 0.1 Ma,
reflecting the fact that 7—z data to a depth of
2659 m do not contain sufficient information
about GST changes prior to 0.1 Ma. Note that
GST changes for the most recent 150 years have

not been plotted because this portion of the GST
history is also poorly resolved due to a lack of
T-z data in the upper 85 m of the borehole.
The bottom panel of Fig. 2 shows four 7-z pro-
files for the optimal solution. ‘Measured’ is the
measured 7-z data (upper scale), ‘Inferred SS’ is
the estimated steady-state 7-z profile (upper
scale), ‘Inferred TS’ is the estimated transient
T—z profile (lower scale), and ‘Misfit’ is the differ-
ence between the estimated and the measured 7—z
profiles (lower scale). We can see that a significant
misfit remains in the interval of 1000-2000 m,
suggesting that the full extent of the P/H transi-
tion has not been fully recovered in the optimal
solution. Thus a less conservative approach would
be to accept the dotted curve in the top panel as
the optimal solution. In this study, we prefer to
err on the conservative side and attribute the poor
Tz fit to non-climatic factors.

The major feature of the inferred GST history
for Istokskaya-4 is a P/H transition from low tem-
peratures at the LGM to high temperatures at the
Holocene maximum (HM). The transition is
prominent in a majority of the inferred GST his-
tories and will be the focus of our discussion.
That the P/H transition is retrievable despite the
presence of drilling disturbances can be under-
stood by inspecting the ‘Inferred TS’ profile de-
picted in the bottom panel. The profile shows that
the perturbation caused by the P/H transition is a
large-scale and long-wavelength feature that can-
not readily be swamped by small-scale and short-
wavelength artifacts. Glacial/interglacial transi-
tions during the Pleistocene cannot be resolved
by borehole 7-z data owing to the smoothing
effect of heat conduction [13]. Climate changes
following the HM cannot be reliably estimated
because the artifacts of drilling disturbances may
swamp genuine GST changes.

3. Data and results for Eastern Siberia

The territory of the Irkutsk amphitheater
(south of the Siberian platform) is marked by a
sharply continental climate with a long dry winter
and abundant precipitation in summer; woods
cover 67% of the area. The territory has a com-
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Table 1

Coordinates, depths, altitudes and geothermal parameters of boreholes used in GSTH reconstructions

Site

Heat flow
density

Heat

Thermal

Date of logging

Dates of drilling

Altitude

Logged

Depth

Latitude/

production
(LW/m?)

conductivity
(W/m/K)

2.8

interval

(m)

longitude

(mW/m?)
43 @3)
42 (49)

(m)

405

(m)

16.07.80

10.78-07.79

1973

55-3403

3410

56-13/102-11

Bratskaya-18

1.2
1.2

2.8

after 3 days
30.06.80
17.06.53
25.05.76

666
484

100-2480
10-3878
100-1828
100-3300
200-2770
75-1900
63-1443

3409.5

3905

55-29/103-31

Chorskaya-115

33 (32)
52 (56)
44 (50)

2.8

08.12.78-14.01.81

56-33/102-07
56-42/105-43
56-05/103-08

Kuturminskaya-156
Ust-Kutskaya-3R
Yuzhnaya-127
Atovskaya-1

2.8

293
449

2662

1.2
1.3
1.3
1.3
1.3

3.0
3.0

2.9
32
3.0

3.2

23.10.74-02.02.76
20.05.57-03.10.58

3338.6

29 (32)
32 (38)
36 (34)

12.05.58
1966

514
524

422

2789.4
2015

54-00/103-28

27.06.60-03.02.61

53-56/103-38

Atovskaya-9
Belskaya-1

16.04.50
1966

07.04.48-12.10.50

1927.8
1264
2700
1825
2558

52-50/103-08

30 (50)
45 (44)

31.08.64-15.11.64

710
415

10-1055
108-2127
24-1824
56-2135
85-2659

54-03/103-26

Birkinskaya-2

23.09.57

12.06.53-24.10.56
22.08.51-14.03.53

53-23/103-54
52-10/106-30
52-11/106-22
52-07/106-20
51-49/102-28

Osinskaya-3R
Baikalskaya-1

52 (51)
50 (58)
65 (68)
65 (67)

2.6

09.07.53

468

2.4

30.06.53-14.03.54 09.07.54

463
471

Baikalskaya-3
Istokskaya-4

2.5

09.10.60
21.04.56

30.07.59-11.09.60

2802.1
2117

10.09.53-16.02.56 2.4

732

70-1996

Tunkinskaya-2
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plex geological structure caused by a wide devel-
opment of salt tectonics and trap magmatism.
Numerous boreholes were drilled in the 1950s to
1970s to search for oil and gas. Out of about 100
borehole sites for which 7-z data are available, 10
have been selected for this study. Excluded are
those sites for which the effects of hydrological
perturbations and subsurface heterogeneity are
apparent. Four other boreholes are selected
from the Baikal rift zone to the south, which for
some geological and geothermal parameters is dis-
tinctly different from the Irkutsk amphitheater
[19]. Principal characteristics of the selected bore-
holes are summarized in Table 1. Relevant tecton-
ic and lithological characteristics are summarized
in Table 2. The mean thermal conductivity, mean
heat production, and the heat flow density in pa-
rentheses, listed in Table 1, are used as the a pri-
ori values for K(z), A(z), and Qy, respectively, in
the inversion. The heat flow density in parentheses
is the mean interval HFD, determined as the
product of mean thermal conductivity and mean
temperature gradient for various depth intervals
and the un-bracketed heat flow density is the val-
ue of Qp estimated in this work. Qy is the basal
HFD at the base (20 km) of the finite element
model, assumed to be free of climatic effects. Be-
cause measurements of thermophysical properties
are limited to depth intervals where oil and gas
were expected, mean thermal conductivities are
estimated from the lithological data given in Ta-
ble 2. This poses no serious problems insofar as
the P/H transition is concerned because transient
perturbation due to the P/H transition is governed
mainly by the mean thermal conductivity and
only negligibly influenced by the detailed thermal
structure. Problems would only arise if significant
systematic variations exist in the thermal conduc-
tivity structure. However, systematic thermal con-
ductivity trends are not apparent from the litho-
logical data. For most of the selected boreholes,
the largest uncertainties in the data sets come
from remanent drilling disturbances. Because of
industrial conditions, the boreholes could not be
left unperturbed for a long period of time before
being logged for temperature. A pertinent ques-
tion, therefore, is whether and to what extent we
can use the data to infer past climate changes. We



Table 2

Tectonic and lithological characteristics of boreholes at the south of Eastern Siberia

Tectonic unit Name of borehole Age

Sedimentary structure

South of the Siberian platform (Irkutsk amphitheater)
Ust-Kutsky dome Ust-Kutskaya-3 Q

€m37€m1
Zone of Angarsk dislocations

Sedanovsky uplift Kuturminskaya-156 Q-0

€m37€m1
Bratsky uplift Bratskaya-18 Q
€m37€m1
Central field of the Irkutsk amphitheater (Angarsk syneclise)
Zayarsky uplift Yuzhnaya-127 €m3—€m;
Chorsky uplift Chorskaya-115 €ms3—€m;
Zone of Verkhneangarsk dislocations
Birkinsky uplift Birkinskaya-2 Q
€m3—€m1
Atovsky uplift Atovskaya-1 Q
Atovskaya-9 €m;—€m,
Osinsky uplift Osinskaya-3R Q
€m37€m1
Irkutsk bench
Belsky uplift Belskaya-1 Q
Irkutsk basin €m3—€m;
Baikal rift zone
Ust-Selenginsky basin Baikalskaya-1 Q
Tr
Pcm
Baikalskaya-3 Q
Tr
Istokskaya-4 Q
N, Pli
N Mi
Tunka basin Tunkinskaya-2 Q4—Q23
N>-Q
N>
Ny

0-24 m — sands
marls, dolomites, limy dolomites, rock salt with quartz dolomite, trap intrusions

0-230 m — sandy deposits

carbonate-terrigenous rocks (by analogy)

0-10 m — sands and loams

sandstones, argillites, dolomites, limestones, rock salt, trap intrusions

sandstones, marls, argillites, dolomites, limestones, rock salt, trap intrusions

sandstones, aleurolites, marls, dolomites, dolomitic anhydrites, limestones, rock salt,

trap intrusions

0-2 m - loams, sandy loams

sandstones, marls, rock salt, dolomites, dolomitic anhydrites

0-5 m — sandy loams, loams

sandstones, marls, aleurolites, argillites, dolomites, dolomitic anhydrites
0-5 m — sands, loams

carbonate-terrigenous rocks (by analogy)

0-20 m — sands
dolomites, limestones, dolomitized limestones

0-237 m — gravels and pebbles

237-1809 m — clays, sandy pebbles, aleurites, sandstones
1809-1825 m — quartzites, amphibolites, granites

0-228 m — sandy gravels

228-2558 m — clays, sands, aleurolites

0-96 m — sands, gravel, pebble

96-300 m — clay and sand

300-2802 m — intercalation of clay, sands, sandstones, aleurolites and argillites
0-430 m — sandy deposits

430-720 m — sands, sandstones, argillites, pebbles

720-1200 m — sandstones, clayey sands, basalts

1200-2100 m — aleurolites, sands, sandstones, basalts, coal slates
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cannot offer rigorous proof, but our inverse re-
sults suggest that drilling disturbances may signif-
icantly corrupt the estimates for the long-term
mean GST, the basal HFD, and small-scale cli-
mate changes in the Holocene, but they do not
dramatically corrupt the estimates for large-scale
climate changes, such as the P/H transition. As
has already been mentioned earlier, a plausible
explanation is that drilling disturbances have a
signature that differs significantly from that of
the P/H transition, thus allowing us to suppress
their adverse effects by imposing an a priori au-
tocovariance for Vi(¢) that favors the retrieval of
the P/H transition.

Geothermal parameters of the selected bore-
holes are typical of the south of the Siberian plat-
form. The geothermal gradient varied from 10 to
17 (the average value is 13 * 1) mK/m; rather high
values for the thermal conductivity of the rocks
(2.8-3.2 W/m/K) are due to the thick salt-bearing
layers. Heat flow values vary from 32 to 50 mW/
m?, with an average of 39+2 mW/m? [20]. The
most significant anomalous feature occurs within
the zone of the Angarsk dislocations, where the
boreholes penetrate a thick sedimentary cover.
Crustal temperatures vary dramatically in this
zone. For example, the temperatures at the depth
of 3500 m vary from 45°C at Kuturminskaya-156
to 60°C at Bratskaya-18.

We will divide the selected boreholes into three
groups, from north to south, in accordance with
their geographic (latitudinal) proximity, which
also roughly coincides with a tectonic grouping.
Geographic proximity is more relevant than tec-
tonic setting insofar as climate change is con-
cerned. Group 1, located within the Ust-Kutsky
dome and zones of Angarsk dislocations, and An-
garsk syneclise, consists of Bratskaya-18, Chor-
skaya-115, Kuturminskaya-156, Ust-Kutskaya-
3R, and Yuzhnaya-127. Group 2, located within
the zone of Verkhneangarsk dislocations, consists
of Atovskaya-1, Atovskaya-9, Belskaya-1, Birkin-

P
Fig. 3. (a) Temperature logs and (b) estimated GST histories
for borehole sites of group 1, located within the Ust-Kutsky
dome and zones of Angarsk dislocations and Angarsk syne-
clise.
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skaya-2, and Osinskaya-3R. Finally, group 3, lo-
cated in the Baikal rift zone, consists of Baikal-
skaya-1, Baikalskaya-3, Istokskaya-4, and Tun-
kinskaya-2. The measured 7z profiles and the
estimated GST histories for the three groups are
shown in Figs. 3-5, respectively.

4. Discussion and conclusion

The most significant observation we can make
on the results is the remarkable consistency in the
timings of the P/H transition for all three groups.
The long-term mean GSTs, on the other hand,
vary significantly from site to site within each
group despite their geographic proximity. This is
an indication that drilling disturbances may have
significantly affected the determination of the
long-term mean GST but only to a limited extent
on the timing of the P/H transition. We observe
that the amplitudes of the P/H transition also
vary from site to site in each group. However,
the in-group amplitude variation is likely not
real. For group 3, the amplitude variation among
Baikalskaya-1, Baikalskaya-3, and Istokskaya-4,
which are located very close together, may have
been a consequence of the differing depth pene-
trations and data densities of the boreholes, and
of the effects of drilling disturbances. The ampli-
tude variation for group 1 is also questionable.
For Chorskaya-115 and Ust-Kutskaya-3R, tem-
peratures at the LGM are seen to be higher
than the present temperature. This is a highly
suspicious result. The 7z log for Chorskaya-
115 was obtained only 3 days after drilling, and
the drilling dates for Ust-Kutskaya-3R are not
known. For these two boreholes, the effects of
drilling disturbances may have been so severe as
to invalidate our results. Excluding Chorskaya-
115 and Ust-Kutskaya-3R, the amplitudes of the
P/H transition for group 1 are consistent.

The second important observation of the results
is a north to south variation in both the ampli-

P
Fig. 4. (a) Temperature logs and (b) estimated GST histories
for borehole sites of group 2, located within the zone of
Verkhneangarsk dislocations.
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tude and timing of the P/H transition. The bore-
hole sites in groups 1 and 3 show a distinctive P/H
transition with a warming of about 25 K. On the
other hand, the borehole sites in group 2 show a
P/H warming of no more than 8 K. The subdued
P/H warming for group 2 cannot be attributed to
inadequate depth penetrations of the boreholes
except for Birkinskaya-2, where 7-z data are
available only to a depth of 1055 m and for Bel-
skaya-1, where data are available only to a depth
of 1443 m. The other three boreholes are all suf-
ficiently deep to resolve a substantial portion of
the warming. The most plausible explanation for
the north to south variation in the amplitude of
the P/H transition is a corresponding north to
south variation in the temperature at the base of
the ice sheet, although effects of drilling distur-
bances and other non-climatic effects cannot be
excluded as the cause without additional support-
ing evidence. It is known that temperatures at the
base of an ice sheet can vary spatially. For exam-
ple, temperatures at the base of the Greenland Ice
Sheet are —8.58 and —13.22°C, respectively, for
the GRIP (72.6°N, 37.6°W) and Dye-3 (65.2°N,
43.8°W) boreholes [17]. However, the implied
north to south variations from group 1 to 2 and
from group 2 to 3 are substantially greater than
that between GRIP and Dye-3, especially consid-
ering the close proximity of the three groups.
We note that, although the amplitudes of the
P/H transition are roughly the same (25 K) for
groups 1 and 3, the timings and the durations
are significantly different. For group 1, warming
began as early as 90 ka and reached a maximum
at about 7 ka. On the other hand, for group 3,
warming did not begin until about 20 ka and
reached a maximum at about 4 ka. The onset
time of the P/H transition for group 3 is consis-
tent with that found in the proxy records (diatom
abundance and organic carbon 8'*C) of the Lake
Baikal sediment core BDP-93-2 [21,22]. Tt is also
in general agreement with the onset times esti-
mated from 7-z data of the Ljutomer borehole

-
Fig. 5. (a) Temperature logs and (b) estimated GST histories
for borehole sites of group 3, located within the Baikal rift
zone and its southwestern flank.
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in Slovenia [16], the GRIP borehole on the Green-
land Ice Sheet [17], and the Sept-Iles borehole in
Quebec, Canada [18]. The much earlier onset of
warming for group 1 is problematical. It is tempt-
ing to attribute the early onset for group 1 to
drilling disturbances, but the consistency of re-
sults for Bratskaya-18, Kuturminskaya-156, and
Yuzhnaya-127 renders such an explanation ques-
tionable. Also problematical for group 1 is the
extremely large (up to 8 K) cooling that follows
the HM. The modest post-HM cooling of 1-3 K
found for groups 2 and 3 is more consistent with
proxy records and with other estimates from
borehole T-z data, referred to above. In addition
to the effects of drilling disturbances, a possible
explanation for the unexpected results for group 1
is a severe misrepresentation of the thermal struc-
ture. However, such a misrepresentation is not
suggested by the data available. Finally, we note
that the P/H warming of 25 K for groups 1 and 3
is identical to the warming estimated for the
GRIP borehole, but substantially higher than
those estimated for Ljutomer (8 K) and Sept-Iles
(11 K).

The presence of non-climatic systematic noise
suggests that one should seek the mean for each
group. If the effects of drilling disturbances are to
some extent random from site to site, then a
group mean would be a more robust estimate
than the individual GST histories. The only draw-
back is that the group mean may underestimate
the amplitude of the P/H transition because the
extent to which this amplitude can be recovered
depends on the depth penetration, which varies
from site to site. The mean GST histories for
the three groups, with the steady-state component
Us removed, are shown in Fig. 6. Also shown is
the mean of the three groups. In computing the
group means, two boreholes in group 1 (Chor-
skaya-115 and Ust-Kutskaya-3R) are excluded
on the basis of possibly having excessive remanent
drilling disturbances, two boreholes in group 2
(Belskaya-1 and Birkinskaya-2) are excluded on
the basis of insufficient depth penetration. Baikal-
skaya-3 in group 3 is also excluded due of a break
in the Tz profile at a depth of about 1500 m (Fig.
5a), possibly the result of waterflow or thermal
conductivity contrast. Although the break has rel-
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Fig. 6. Mean GST histories for groups 1, 2, and 3 and for
the study area.

atively short wavelengths, it compels us to relax
the constraint imposed on the 7—z data, resulting
in an underestimate for the amplitude of the P/H
transition. We compute the group mean by simul-
taneously inverting all 7-z logs in each group
[23], assuming that the borehole sites have a com-
mon V(). A simple arithmetic mean of the indi-
vidual GST histories would also give essentially
the same result [23]. Except for a relatively sub-
dued amplitude for the P/H transition, the obser-
vations made above regarding the P/H transition
apply to the group means.

In FSI formulation, the basal HFD (Qy) is es-
timated simultaneously with the GST history. The
estimated basal HFDs, free of the climate changes
shown in Figs. 3-5, and free of the heat produc-
tion, are given in Table 1. Also given in parenthe-
ses are the mean interval HFDs, determined as
the product of mean thermal conductivity and
mean geothermal gradient. Except for Birkin-
skaya-2, the two values do not differ significantly,
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which shows that the product of mean thermal
conductivity and geothermal gradient can give a
reasonable estimate for the basal HFD in most
cases. However, a simultaneous estimation of Qy
and the GST history allows for an optimal reduc-
tion of errors caused by inadequate borehole
depth and by data noise.

We conclude with a short remark: The presence
of drilling disturbances in the 7—z data renders it
questionable to use the data for climate recon-
struction. Nevertheless, our results suggest that,
even for data with such a poor quality, valuable
information about large-scale climatic changes
can still be retrieved. Our results are in gross
agreement with those found in the proxy records
(diatom abundance and organic carbon §'3C) of
the Lake Baikal sediment core BDP-93-2 [21,22].
However, additional proxy records are needed to
validate our results.
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