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30,000 YEARS OF GROUND
SURFACE TEMPERATURE
AND HEAT FLUX CHANGES
IN KARELIA RECONSTRUCTED
FROM BOREHOLE TEMPERATURE DATA

Abstract: Analyses of temperature-depth profiles logged in deep boreholes
(> 1 km) permit the reconstruction of ground surface temperature (GST)
and surface heat flux (SHF) histories in the period of global climate change
at the border of the Pleistocene and the Holocene. We reconstructed past
GST and SHF histories using data obtained from the 3.5-km-deep Onega
borehole (Karelia, north-west Russia). The resulting reconstructions
include information on the basal thermal regime of the Scandinavian Ice
Sheet, which covered the region in the Last Glacial Maximum (LGM).
The surface temperature history reveals a high amplitude of Pleistocene/
Holocene warming equal to 18-20 K. The heat flux changes precede the
surface temperature changes and are close to the variations of insolation
at a latitude of 60°N. A comparison of the reconstructed GST and SHF
histories with the records of carbon dioxide contents in Antarctic ice cores
shows that CO, changes are much closer to temperature changes than they
are to heat flux changes.
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Introduction

The vertical distribution of today’s ground temperatures contains important
information relevant to past climatic changes in ground surface temperature
and heat flux through the surface. Thermal anomalies occurring due to climate
change slowly permeate downwards and disturb steady-state thermal fields.
The depth of penetration of thermal anomalies is determined by the time
elapsed after climate change and the thermal properties of the rock. Thus,
diurnal variations do not penetrate below 0.5—1 m, while annual variations
penetrate 20—30 m and secular temperature variations are registered within
a few hundred meters, and the impact of global warming in the early
Holocene (about 10 kyr ago) is traced to a depth of 1.5-2 km. The climatic
signal persists in the form of anomalous ground temperature distributions
over a period comparable to the period of surface temperature variations
(Demezhko 2001). Analyzing present temperature distributions in boreholes,
one can evaluate ground surface temperature histories (GSTH) and surface
heat flux histories (SHFH). The first efforts to reconstruct paleotemperatures
were made by Hotchkiss and Ingersoll (1934), Birch (1948), Beck and Judge
(1969), Cermak (1971), Beck (1982), Lachenbruch and Marshall (1986).
To date, several thousands of GSTH reconstructions have been made all over
the world (see: Bodri and Cermak 2007 and reference therein). Most of them
are limited to recent centuries, while some hundreds of them comprise the
last millenium, while at most only twenty reconstructions dip into the past
by up to tens of thousands of years (Bodri and Cermak 1997; Rajver et al.
1998; Dahl-Jensen et al. 1998; Demezhko and Shchapov 2001; Demezhko
et al. 2007; Golovanova et al. 2012).

Little attention has been given to the use of geothermal data to estimate
energy balance variation at the Earth’s surface. Majorowicz et al. (2012a)
have calculated subsurface temperatures from solar-induced climatic forcing
in Western Canada over the period from 1986 to 2006 using information
about climate sensitivity. The comparison of these evaluated temperature-
depth profiles with repeated well-log data has shown that less than one
third of the observed anomalies can be explained by solar forcing. Direct
reconstructions of SHFHs were carried out in timescales from several
centuries to a millenium (Wang and Bras 1999; Beltrami et al. 2002, 2006;
Huang 2006). At the same time, the reconstructions of long-term surface
heat flux variations are of importance in order to understand the energy
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of climatic processes. This information may be useful for the verification
of general circulation models (GCMs). Since the reconstructed heat flux
is the difference between large values (those of net radiation, sensible
and latent heat fluxes — Anderson et al. 2011), it is difficult to measure its
magnitude accurately from meteorological data.

In this work we analyze the temperature data logged in the Onega
parametric borehole, which is situated in Karelia, north-west Russia.
The borehole depth permits the reconstruction of GSTH and SHFH for the
last 30,000 years. This period is of special importance for understanding
the Earth’s climatic history because about 10,000 years ago the Weichselian
glacial period of the Pleistocene ended and the Holocene interglacial began.
The study region is also interesting because in the Last Glacial Maximum
(LGM) period it was covered by the Scandinavian Ice Sheet. For this reason,
the obtained reconstructions include information on the basal thermal regime
of the ice sheet.

Physical background

In this study, the reconstruction of GSTH was made using the solutions
of the equation for heat in a homogeneous medium without internal heat
sources or vertical ground water flow over the observation interval (Carslaw
and Jaeger 1959):

oL 19 _ (1)

with boundary conditions:

70,0)=T,(), 2)
oT
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where T is temperature, z is depth, ¢ is time, a is thermal diffusivity, G,
is the initial undisturbed temperature gradient and 7 is surface temperature.
The solution of Eq. (1) can be expressed as a sum:
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T(z,t) =T, + Gyz + O(z,1),

“
where T is the initial undisturbed surface temperature, © is a non-stationary
temperature anomaly that appears at the moment # = ¢, and satisfies the
condition at infinity:

0O(z,t)=0,z—>x (5)

A surface temperature history can be taken in the form of a series of m
instantaneous surface temperature changes:

T,t<t,

Tt <t<t,
()= : (6)

T ,t <t<t,

In this case the solution of Eq. (1) is written as follows:

T(z,t.)=T,+Gyz+ Y Dierfe(z/ L), L, =2 at,,
= (7)
D, =T, ~T,,t, =t.—t,, i,k=123,..,m.

Here erfc(u) is the complementary error function and ¢, is the time
of temperature logging.

For the GSTH reconstruction we used the inversion technique based on a
selection of multi-step temperature history which more closely corresponds
to the measured temperature-depth profile (in L? — metrics). Solution stability
was provided by the increase of time intervals into the past in accordance
with the resolution power (Demezhko and Shchapov 2001). Then a set
of multi-step temperature histories with a different number of time intervals
was averaged and smoothed.

As a surface boundary condition, one can also take the heat flux, which
is related to the temperature gradient as follows:

g(0,0 =270} ®)

0z |,
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where A is thermal conductivity. The solutions of Eq. (1) with the boundary
conditions (2, 3, 8) are known (Carslaw and Jaeger 1959). But for
evaluating SHFH, it is convenient to directly use the reconstructed GSTH.
The relationship between the GSTH (represented by a piecewise linear
function of temperature over uniform time intervals Af), and the SHFH
(defined by its constant values within each time interval Af) (Beltrami 2002;
Huang 2006), is as follows:

00.4) == X1, -1} Ni= G- i) ©)

where e is thermal effusivity defined as e = ( A-pC) = A/-(a) "= pC(a) *.

Geothermal data

The Onega parametric borehole (62.1°N, 34.5°E) was drilled by JSC SIC
“Nedra” on December 31, 2008 to a depth of 3,500 m in the northwest
part of the Palacoproterozoic Onega structure. The 2,944-m-thick volcanic
sedimentary succession rests on an Archean granite-greenstone basement
(Fig. 1). The lowermost part of this succession (2,115-2,944 m, the Jatulian
super-horizon), includes a 194-m-thick halite-anhydrite bed which lies
directly on the basement (Glushanin et al. 2011).

A geothermal survey was performed by JSC SIC Nedra. A total
of 9 temperature loggings were conducted, both in the process of drilling
and after its completion. For the temperature history reconstruction we
chose the temperature-depth profile logged at a depth of 2,523 m on the
3 of July 2008, after a two-month break in drilling resulting from drilling
problems (Fig. 2, curve 1). More recent and deeper temperature records (the
30™ of August 2008 and the 2" of February 2009) were obtained after the
borehole passed the halite-anhydrite bed. These profiles clearly manifest
anegative temperature anomaly related to the thermal effect of salt dissolving.
The temperature gradient calculated from 7(z) profile (Fig. 2, curve 2)
traces the periodic components which may be related to the rhythmicity
of volcanic processes and the corresponding changes in the rock’s thermal
properties. The amplitude spectrum of the temperature gradient variations
shows a predominance of thythms with wavelength of 20—80 m and 140-300
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m (Fig. 3). This specifically geological feature may be wrongly attributed
to the ground surface temperature change with a period of z:
L2

T=—o
4ma’ (10)

where L is a temperature wavelength in the borehole. If L = 300 m,
a =10 m? per sec we obtain 7 = 230 years. Since the temperature field 7(z)
remains a “trace” of only one (the last) period of any surface temperature
fluctuations 7(¢), in order to avoid the appearance of a spurious episode

B [T

Fig.1. Simplified geological map of the study area (Narkisova 2009). 1 — Vepsian
super-horizon; 2 — Kalevian super-horizon; 3 — Ludicovian super-horizon;
4,5 — Jatulian super-horizon; 6 — Sariolian super-horizon; 7 — Archean
basement
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of climatic history it makes sense to eliminate the upper part of the 7(z)
profile from the inversion. Therefore, we excluded the upper 400 m of the
temperature log from our analysis. At its lower part, the 7(z) profile was
limited to a depth of 2,200 m. Below this limit the variation of temperature
gradient sharply increases due to the replacement of Ludicovian volcano
sedimentary succession by a Jatulian sedimentary formation including the
thick halite-anhydrite bed (Glushanin et al. 2011).
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Fig. 2. The change of temperature (1) and temperature gradient, smoothed in 50-m
(2) and 10-m (3) running windows
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Fig. 3. The amplitude spectrum of temperature gradient variations

GSTH reconstruction and its correction

The reconstruction of GSTH using the data obtained by temperature
logging in the Onega parametric borehole (interval 400-2,200 m) is shown
in Figure 4. The temperature history was approximated by m-step function
with a progressively increasing number of steps. The initial thermal diffusivity
value was assumed to be a = 1.0-10° m? per sec. Temperature histories with
m=17,8,9,...13 represent an ensemble of equivalent temperature histories.
The result of their averaging and smoothing is shown in Figure 4 (the solid
curve); the thin curves bordering it show a range of two standard deviations.

Although the reconstructed history reproduces the main climatic event
on the border of Pleistocene and Holocene, i.e. the warming by 12 K from
15 to 9 kyr ago, it requires further correction in order to take into account
the insufficient restoration of thermal equilibrium after the completion
of drilling, as well as the possible departure of the thermal diffusivity from
its accepted value. The borehole temperature at the top of the temperature
record (30 m) is 11.1°C. This is significantly higher than the mean annual
soil temperature in the region and points to insufficient restoration of the
thermal regime. It has been shown (Demezhko and Shchapov 2001) that
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Fig. 4. GSTH reconstruction (when a = 1.0-10° m? per sec). Polylines are the
assemblage of equivalent histories, a solid blue line is the result of their
averaging and smoothing, and green lines delimit the range of «the average
+ standard deviation».

the amplitude of paleotemperature oscillations reconstructed from such
temperature-depth profiles is underestimated. The distortion degree may be
evaluated by the factor £

T.-T'
F=2—s, an
T7-T'

where T, T* are, respectively, the measured and the undisturbed values
of long-term average ground surface temperature, while 7 is the average
temperature in the borehole. The real amplitude will be k£ = 1/(1 — F) times
higher than the reconstructed amplitude.

According to (Sonin 2001) the soil temperature at the depth where annual
temperature fluctuation is almost completely attenuated (15-20 m) is about
5.2-5.5°C for the study area. Close values of annual soil temperature
5.3-6.1°C were recorded in the nearest regions of Finland (Maaninka and
Tohmajarvi) (Yli-Halla and Mokma 1998). The calculation results of the
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factor /" and the correction coefficient k for two extreme values of the mean
annual soil temperature are presented in Table 1.

Table 1. The F and k values

T,°C T °C T(30-2523 m), °C F k=1/(1- F)
5.2 0.49 1.97
17.2
11 6.1 0.45 1.82

As seen from this table it is necessary to almost double the amplitude
of reconstructed paleotemperatures. The corrected temperature history may
be calculated by-

T (@) =17 + kT, () —T7]. (12)

While insufficient restoration of the temperature regime after drilling
decreases the amplitude of the reconstructed temperature changes, the
difference between accepted thermal diffusivity and its true value leads
to time-scale bias. Without setting a priori the value of this coefficient we
can reconstruct the temperature history in coordinates [T, at,], where a is
thermal diffusivity, and ¢, is the time from the climatic event to the moment
of logging. So, if the accepted thermal diffusivity is p-times higher than the
real one, then for correction of GSTH it is necessary to also stretch it out
p-times over the time scale.

Information about the thermal diffusivity of volcano-sedimentary rocks
is extremely poor. For the Quaternary volcano-sedimentary rocks from
Kunashir Island we have obtained the estimation of a equal to 0.7-10° m?
per sec (Demezhko and Solomina 2009). One can assume that the thermal
diffusivity of palaeoproterosoic volcano-sedimentary rocks is slightly above
this estimate. Let’s take it as equal to @ = 0.75-10° m? per sec. The GSTH
corresponding to this estimate is shifted to an earlier time by 25% (curve 3
in Fig. 5).
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Fig. 5. Correction of GSTH. 1 — The initial reconstruction (with a =1.0-10° m? per
sec). 2 — correction for the influence of insufficient thermal regime restoration.
The filled area between the curves (2) corresponds to the uncertainty of T *
value (T" = (5.2-6.1)°C). The filled area (3) is the same with a = 0.75-10°
m? per sec. Curves 4 and 5 are the results of temperature simulation in the
base of the Scandinavian Ice Sheet for Karelia (4) and the Otokumpu local
area (5) (Forsstrom 2005). The glaciation interval of Onega lake is marked
by the blue bar (Lunkka et al. 2001; Saarnisto and Saarinen 2001)

SHFH evaluation

The surface heat flux history (SHFH — Fig. 6, brown curve) was calculated
from the corrected GSTH (curve 3 in Fig. 5) using Eq. 9. The following
values of thermophysical parameters were taken: a = 0.75-10° m? per sec,
A =22 Wm'K"!, e=2540 J-K'm?sec”. The SHFH is essentially different
from the GSTH. The heat flux changes precede the surface temperature
changes (this is clearly seen when comparing the corresponding curves
in Figure 7). The heat flux reached its maximum value of 0.11 Wm?
14.5-12.5 kyr ago and then began to decline. The reconstructed SHFH
in the period of 2.5-24 kyr ago is sufficiently close to the curve of annual
insolation variations at a latitude of 60° N, which is determined by changes
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in the Earth’s orbital parameters (Berge and Loutre 1991)—see Figure 6.
In addition, the amplitude ratio A4, /4, amounts to 1.2%. For the annual
cycle the relation between the soil heat conduction flux and net radiation can
vary over a wide range—from 3 to 35% (Choudhury et al. 1987; Anderson
et al. 2008; Krapez et al. 2009). It is generally governed by the value of LAI
(leaf area index). However our estimation of A,,../4, = 1.2% is outside this
range. It may be suggested that in long-term climate changes a significant
role was played by feedbacks which hindered heat propagation to deeper
soil layers.
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Fig. 6. A comparison of the reconstructed SHFH (1) and insolation (2) at the latitude
of 60° N, which is determined by changes in the Earth’s orbital parameters
(Berge and Loutre 1991)

Discussion

Temperature profiles of deep boreholes often contain a ‘“heat trace”
of paleopermafrost. The latent heat of ice thawing must usually be taken
into account in these cases. It is especially important for boreholes drilled
in porous sedimentary rocks (Safanda et al. 2004; Majorowicz et al. 2012b).
Let us evaluate ex post facto the possible distortions which could be made
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in the reconstruction when the influence of permafrost is ignored. Volcano-
sedimentary rocks of Paleoproterozoic Onega structure have a high density
(p = 2.7-2.9 g/cm®) and low porosity (@ = 0.2-0.5% ) (Narkisova 2009).
Knowing the mean ground surface temperature during the Late Pleistocene
T, and the undisturbed geothermal gradient G, we can find the permafrost
thickness: hpm: -T,/G,. The ground surface temperature during the period
30-20 kyr BP according to our reconstruction (Fig. 5) was T, = -14°C.
The undisturbed geothermal gradient G can be estimated by multiplying the
measured gradient at the lowermost part of the profile G__ = 10.7-10 K/m
(Fig. 2) by a factor of k= 1.9 (Table 1): G,= 10.7-10-1.9 = 20.3-10”* K/m.
Hence, 2~ 700 m. The heat required to completely melt the permafrost
can be calculated as: Q = p L® hpm, where L = 334-10% J/kg is the specific
heat of ice thawing, and p,= 1-10° km/m” is ice density. For &- = 0,5% and
B = 700 m we’ll obtain O = 1.2-10° J/m?. For comparison, the total heat
absorbed by the ground for a period of anomaly insolation 24-5 kyr BP
according to our reconstruction (SHF curve in Fig. 6) is O, = [ SHF (1)
dr = 3.0-10" J/m?. So, only 3.3% of the absorbed heat was spent on the
permafrost thawing. This percentage may be even less, since the calculation
does not take into account the bound water, the proportion of which may have
been significant at such low porosity. We can assume that the permafrost-
related error also does not exceed 4%.

The corrected temperature history reveals a suddenly high amplitude
of Pleistocene/Holocene warming equal to 18-20 K. This is approximately
twice as high as the amplitude reconstructed from the temperature-depth
profile logged in the Otokumpu borehole (Kukkonen et al. 2011) and
5.5 times higher than the proxy estimation of average global amplitude
(Shakun et al. 2012). At the same time they have a good correlation with
a number of different geothermal estimates for the region (Safanda et al.
2004; Kukkonen et al. 1998). According to the empirical model of the
spatial distribution of Pleistocene/Holocene warming amplitudes which
generalize previously obtained long-term geothermal reconstructions
(Demezhko et al. 2007), the warming amplitudes decreased in inverse
proportion to the distance from the hypothetical warming center which
is situated in the North Atlantic. For the region under study the model
gives a warming amplitude estimation of 18 K. The absolute temperature
values in the Late Weichsellian agree well with the simulation results of the



20 D. Yu. Demezhko, A. A. Gornostaeva, G. V. Tarkhanov, O. A. Esipko

Scandinavian Ice Sheet basal thermal regime (Forsstrom 2005), as shown
by curves 4 and 5 in Figure 5.

The synchronous changes of the heat flux and insolation indicate that,
in the period of 2.5-24 kyr ago, ground surface temperature changes were
mainly governed by external radiative forcing. However, the role of the
Scandinavian Ice Sheet in the generation of the ground surface temperature
regime in the region remains unclear. The glaciation of the northern part
of Onega Lake began approximately 23-22 kyr ago (Lunkka et al. 2001)
and deglaciation happened around 12 kyr ago (Saarnisto and Saarinen 2001).
Hence, a significant part of the reconstructed warming occurred under the
thickness of the ice. To explain the absence of glaciation evidence in the
geothermal reconstructions it is necessary to allow for the ambiguous role
of the ice sheet in the generation of its basal thermal regime. While the ground
surface in the region was ice-free its temperature changed in agreement with
surface air temperature changes. Once the glacier had appeared the geothermal
heat flow and vertical ice flow came to play a significant role in the thermal
regime (Demezhko et al. 2007). The heat flow from the Earth’s interior
caused the heating at the bottom of glacier, and conversely the vertical flow
contributed to its cooling. In addition, glacial bed topography and friction
influenced the thermal regime. All of these factors lead to the high spatial
variability of temperatures at the base of the ice sheets, as evidenced by
the results inferred from deep borehole temperature profiles (Majorowicz
2012). In our case, we can only assume that the influences of these factors
compensated for each other, and the glacier’s existence only slightly affected
ground surface temperature changes.

A comparison of the reconstructed GSTH and SHFH with the records
of carbon dioxide contents in the Antarctic ice cores leads to another
important conclusion. In general, the data on CO, changes during the last
deglaciation are related to global and hemispheric temperatures to determine
cause-effect relations between these factors (see Shakun et al. 2012 and
references therein). If the CO, increase leads the temperature increase, then
one can infer the existence in the warming mechanism of an additional
forcing resulting from the greenhouse effect. Conversely, the precedence
of temperatures would point to CO, having a passive role in the warming.
In our opinion, conclusions based on such arguments are highly unreliable
because both carbon dioxide content and air bubble age estimations are
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made with a high degree of uncertainty (Fig. 7). For the confirmation
of a hypothesis that CO, and green-
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Fig. 7. A comparison of the reconstructed GSTH (blue curve), SHFH (brown curve)
and the carbon dioxide contents in the Antarctic ice cores (markers)

house forcing played a significant role in Pleistocene/Holocene warming,
it would be logical to compare these data not only with temperatures
but also with the reconstructed radiative forcing. The SHFH and GSTH
reconstructions and the CO, data shown in Figure 7 indicate that changes
in carbon dioxide by its shape and chronology are much closer to temperature
changes than they are to heat flux changes. The heat flux increase occurred
at a faster pace, and then 12 kyr ago it began to fall, while the increase in CO,
continues to the present. These differences are clearly visible even against
the backdrop of uncertainty in the estimates of CO,. On the assumption
that the reconstructed SHFH generally reproduces changes in radiative
forcing, one can challenge the hypothesis of the primary role of CO, and
the greenhouse effect in Pleistocene/Holocene warming.
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