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ABSTRACT. The geophysical metronome (Milankovitch components of the past sur-
face temperature variations) and the isotope—temperature transfer function deduced from
the borehole temperature profile at Vostok station, Antarctica, are applied to date the
2500 m deep ice core from Dome Iuji station, Antarctica, and to reconstruct paleoclimatic
conditions at the drilling site on the basis of the local §'®O isotope record. Special attention
1s paid to consistency of this depth—age relation with the mass-balance reconstruction and
predictions of ice-flow modeling. The present-day ice mass-balance rate at Dome Iuji is
estimated as 3.2 cma . The ice age at the borehole bottom (590 m above the bedrock) is
around 335 + 4.5 kyr and may reach 2000 kyr at about 3000 m depth. The difference in the
ice-sheet surface temperatures between Holocene optimum and Last Glacial Maximum is
found to be 17.8°C at the temporal isotope/temperature slope, about 30% lower than the
modern geographical estimates. A good agreement between modeled and measured (pre-
liminary data) borehole temperatures is obtained at the geothermal flux 0.059W m * and
ice-fusion temperature (—2°C) at the ice—rock interface with minimum (zero) melt rates.

1. INTRODUCTION

The study is based on the approach developed in Salamatin
and others (1994, 1998a,b) and Salamatin (2000). The domi-
nant Milankovitch components of the past surface tempera-
ture variations (geophysical metronome) at Vostok station,
Antarctica, were deduced from the borehole temperature
measurements. The correlation of the global climatic events
(peaks and troughs) on the smoothed isotopic record to the
local metronome directly yielded the geophysical-metronome
time-scale (GMTS). Finally, the observed temperature—depth
profile at Vostok was used to calibrate the isotopic paleotherm-
ometer. This technique is relatively new and should be practi-
cally validated in the future. Nevertheless, the method has
worked satisfactorily at Vostok, and its further modification is
applied here to the ice-core data from Dome Iuji (Dome T),
Antarctica. Most of the problematic questions were dealt with
in the above-cited papers and are not discussed here.

The absence of a sufficiently accurate and complete
thermometry of the Dome I borehole confines us to a provi-
sional study based on substitutions from Vostok for the miss-
ing information. It is assumed that the global climatic events
in central Antarctica are synchronous (Steig and others, 1998)
and the long-term isotope—temperature transfer functions
are identical at Vostok and Dome F. Thus, three steps of the
Dome F §'8Orecord interpretation continue the preliminary
analysis of the ice core by Watanabe and others (1999), being
aimed at: (1) ice-core age dating, (2) paleoclimatic recon-
structions, and (3) simulation of the present-day tempera-
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ture—depth distribution at Dome F. To do this, in section 2
we identify the stable-isotope peaks and troughs at Dome F
with those on the metronome signal of the past surface tem-
perature variations at Vostok and extend the Vostok GMTS to
the Dome F ice core. Next, in section 3 the surface-
temperature—isotope relationship inferred for Vostok is used
to obtain the paleotemperature fluctuations on the ice-sheet
surface at Dome F. The surface temperature in central
Antarctica is essentially different from the temperature at
the top of the inversion layer (in clouds), and a new point of
our study is that in section 4 the inversion-temperature—
isotope transfer function is additionally constrained through
the ice-flow model specially developed for this purpose (see
Appendix). The ice-core depth age predicted from the ice-
flow simulations primarily depends on the ice mass-balance
history, which, in turn, is assumed after Robin (1977) to be a
strong function of the inversion temperature. Therefore, the
model that best fits the time-scale from the metronome also
constrains the isotopic temperature. Simultaneously the ice-
sheet thickness changes are calculated. Finally, in section 5
the paleoclimatic history is used to simulate the vertical pres-
ent-day temperature profile at Dome F and to constrain the
bottom heat flux.

2. ICE-CORE AGE DATING

The ice-core isotopic 680 record from the 2500m deep
borehole at Dome I (Dome-F Ice Core Research Group,
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Table 1. Dome F ice-core chronology: GMTS and ice-flow
model predictions (in parentheses) ™

Depth Age Depth Age

m kyr m kyr

317 96 (8.8) 2057 179.8 (1884)
598 22.2 (230) 2111 199.0 (199.6)
737 33.0 (33.5) 2142 2114 (205.8)
797 439 (379) 2180 217.3 (214.7)
929 529 (48.2) 2229 2297 (2272)
1108 623 (63.3) 2278 240.9 (241.8)
1286 824 (80.1) 2314 251.8 (254.3)
1379 95.8 (88.3) 2329 261.7 (260.8)
1476 105.1 (98.5) 2353 270.1 (272.6)
1578 1152 (109.2) 2385 2847 (287.8)
1739 124.8 (125.5) 2411 304.2 (298.8)
1852 137.5 (1403) 2437 313.2 (311.9)
1893 148.3 (149.3) 2450 323.6 (318.0)
1933 1559 (158.6) 2490 3324 (336.8)
1994 168.1 (172.0) 2500 3346 (342.0)

" See also Figure 2 where the two time-scales are compared graphically.

1998; Watanabe and others, 1999) and its parabolic-spline
approximation are plotted in Figure la vs depth h. Following
Salamatin and others (1994), it is assumed that Milankovitch
astronomic cycles prevail in the Pleistocene climate changes,
and the dominant “metronomic” part of the surface tempera-
ture history T4(t) can be expressed as a sum of harmonics
with the periods 71 =100, 75 =41, 73 =23, and 7y = 19 kyr:
4
Ti(t) = (T) + Z[Ai cos(w;t) — Bisin(w;t)], ¢ <0,

i=1

(1)

where ¢ is the time counted from the past (£ =0 1s the present
moment), w; =27/7;(i =1,...,4) are the fixed frequencies,
and (Ty) is the averaged surface temperature. The stacked
borehole temperature profile to 3623 m depth at Vostok was
used (Salamatin and others, 1998a; Salamatin, 2000) to infer
the amplitudes A;, B; of the geophysical metronome (Equa-
tion (1)) by fitting the computed and measured tempera-
ture—depth distributions. Numerous computational tests
(Salamatin and others, 1998b; Salamatin, 2000) showed that
the major climatic events in the inferable paleotemperature
variations on the ice-sheet surface are reliably reproducible
and their ages can be used as time markers to determine the
chronostratigraphy of ice-core records. The overall error of
the ice-age determination (=+3.5-4.5kyr on average) was
estimated as a statistical sum of the mean-square spline
approximation uncertainty (~lkyr), the inherited variance
in ages of single peaks and troughs in metronomic signal
(~1.5—2kyr) and the general errors of the tuning procedure
(~2.5-3.5kyr). It was also shown in Salamatin and others
(1998b) that within the limits of the estimated accuracy, the
dating procedure is not sensitive to a choice of climatic events
(extremum or inflection points). Therefore, peaks and
troughs are preferred, being better resolved in computations.
Maximums and minimums in the Dome F isotope-record
spline are identified with those on the Vostok geophysical
metronome (Salamatin, 2000). This directly leads to Table 1,
containing the correlated depths and ages of the peaks and
troughs also depicted by solid squares in Figure 2. The ice
age at the borehole bottom (590m above the bedrock) is
around 335+ 4.5 kyr. Linear interpolation between neigh-
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Fig. 1. The dating of the Dome Fisolope record by its correla-
tion with the geophysical metronome ( Milankovitch compon-
ents of the past surface temperature oscillations ) inferred from
the deep-borehole temperature profile at Vostok station. (a)
The §*20 ratios measured in the 2500 m Dome F ice core
(dots) and the parabolic-spline approximation ( solid line)
of the isotopic profile vs depth. (b) The smoothed Dome F
isotope record (thin line) correlated to the Vostok metronomic
signal (‘bold line) plotted vs time in a normalized form.

boring climatic events produces a continuous GMTS. The
correlated isotopic and metronomic signals normalized by
their standard deviations and counted from their mean
values are presented in Figure 1b and look rather similar:
the correlation coefficient 72 ~ 0.6. However, we should
emphasize here after Salamatin and others (1998b) a crucial
difference between the recent part of the inferred metronome
remembered in the borehole temperature profile and its older
part extrapolated into the far past and constrained only by
the assumption about the Milankovitch periodicity prevail-
ing in climate changes. Hence, little faith can be placed in
the quantitative reality of the oscillation amplitudes
revealed in the metronome signal before 2560 kyr BP.
Obviously, the dating procedure described also presumes
the correlation of the two smoothed isotopic records from
Vostok and Dome F vs depth. This could be used to establish
the Dome I' time-scale on any current Vostok core dating,
whatever it is. The glaciological time-scale GT4 (Petit and
others, 1999) could be an alternative choice. It compares to
the Vostok GMTS with a standard deviation (SD) of about
8 kyr (Salamatin, 2000) which is close to the best fit obtained
in ice-dynamics simulations by Barkov and others (2002).
Due to uncertainty of the input data needed for ice-flow
modeling in Vostok vicinities, GT4 errors are estimated as
+ 1015 kyr, and GT4’s use for Dome T core dating would
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Fig. 2. The Dome F ice-core chronologies: the GMTS (solid
squares) deduced by the identification of peaks and troughs in
the smoothed isotope record with those in the metronome ( see
also Table 1), the continuous age—depth relation ( thin solid line)
based on the ice-sheet flow modeling and fitted to the Dome F
GMTS to constrain the accumulation-rate variations in Equa-
tion (3), and the recently revised Dome I working time-scale
(dotted line ). The insert presents the extension of the ice-flow
model predictions correlated with GMTS to 3050 m depth.

hardly be better than direct ice-dynamics predictions dis-
cussed below in section 4.

Comparison of the Dome F and Vostok Last Glacial
Maximum (LGM) depth levels (598 and 448 m; see Table 1
and Salamatin, 2000, respectively) results in an estimate of
the present-day mass-balance rate of 32cma ' in ice
equivalent at Dome F against 24 cma ' at Vostok (Barkov
and Lipenkov, 1996), which is close to the values reported
by Dome-F Ice Core Research Group (1998).

3. PALEO-RECONSTRUCTION PROBLEM

The conventional empirical relationship between isotopic
(deuterium &D or oxygen 6'%0) ratios and temperature
fluctuations at the top of the inversion layer 87; (both
counted from the present-day level) can be written in the
following general form (Robin, 1977):

6D — 860y,  8(6'0 — 6804y)

oT; = = , 2
o o (2)

where 6'80y is the correction of the isotopic signal for past

changes in the oxygen-isotope composition of ocean water
(Sowers and others, 1993), and Cr is the deuterium/inver-
sion-temperature slope estimated for East Antarctica from
contemporary geographical distributions of isotopes and
temperatures by Jouzel and others (1987) as Cr = 9%o0 C .

In accordance with Robin (1977), precipitation (ice mass
balance in central Antarctica) b can be correlated to the
water-vapor equilibrium pressure in clouds and, conse-
quently, to the condensation (inversion) temperature. The
corresponding computational procedure was elaborated
and described by Ritz (1989,1992):

b= b exp(im,éT}) 3)

Here b* is the present-day accumulation rate, and the
exponential factor 7y is given as ), = 6148.3/(273.15 + TI*)Z
at contemporary inversion temperature 7} in °C.

Thus, the coefficient C7 in Equations (2) and (3) is a prin-
cipal parameter that determines paleoclimatic reconstruc-
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tions based on ice-core isotope records from the Antarctic
ice sheet. Past temperatures and accumulation rates are, in
turn, the climatic input of ice-sheet flow models which predict
ice thickness A, ice-age and temperature distributions in the
glacier. However, spatial and temporal estimates of the slope
C'r are different, and the latter appear consistently (up to
50%) lower and dependent on the time-scale under consid-
eration (Jouzel and others, 1997). Deep-borehole temperature
profiles provide information on past climate changes that is
important for calibrating the isotopic paleothermometer
(Robin, 1976; Cuffey and others, 1995; Johnsen and others,
1995; Salamatin and others, 1998b). The main difficulty aris-
ing here is that the non-stationary temperature—depth distri-
butions in ice sheets result from the past surface temperature
variations 07 that cannot be directly identified with 67 in
general. As against Greenland, the inversion strength (the
seasonal difference between the inversion and surface tem-
peratures, T; — 75 ) is very high in central Antarctica, and
an additional relationship between 67; and 67y is needed to
link the isotope record with the borehole temperature meas-
urements. A proportionality 6Ty = 67}/ C; was deduced from
present-day atmospheric observations in Antarctica. The
scaling factor Cj was estimated to be 044 by Phillpot and
Zillman (1970) and 067 by Jouzel and Merlivat (1984). This
question was also addressed by Salamatin and others
(1998b) in their analysis of the temperature—depth profile at
Vostok station. It was shown that the temporal variations of
the ice-sheet surface temperature 67y contain a supplemen-
tary climatic signal 6, (¢) that does not exist in the scaled 6T}
(6D or 6'80 records). The following generalized relation for
0Ty was suggested:
_ 6Tl ar — OJT\Ci
e G
o 6D — 861805w aT — OJT\Ci
~ GOCr G

(Ki6A — 16" Ogy) + 6p(t) - (4)

8T (KA — a6 04y ) + 6,()

Here a; and o, are the inversion- and surface-temperature
elevation gradients at the site under consideration
(ar = ag, & —0.01°Cm "); ay, relates sea-level variations to
the isotopic composition of sea water (ag, &~ —100m %o ); K;
1s the isostasy coefficient approximately determined for ice—
rock hydrostatic equilibrium as K; =1 —po/pr = 066, where
po and p; are the densities of ice and rocks, respectively; and
O0A = A — A" is the ice-sheet thickness deviation from its
present-day value A* and can be simulated (Salamatin and
Ritz, 1996) using Equation (3).

The second term in Equation (4) is responsible for the
enhancement of the surface temperature variations induced
by changes in the ice-sheet surface elevation. It was estimated
asbeing relatively small and insignificant. Paleothermometer
calibration tests (Salamatin and others, 1998b) revealed that
the 6, signal, although small, primarily underwent preces-
sion oscillations additionally amplified in the surface tem-
perature fluctuations by the inversion strength. Finally, the
inferable (recent) variations of 6, periodically extrapolated
into the past were assumed proportional to the precession
harmonics of the metronome (Equation (1)):

8p(t) = ay Y [As(cos(wit) — 1) = Bisin(wit)].  (5)
i=3,4

Accordingly, the product C;Ct in Equation (4) should be
considered a long-term isotope/surface-temperature slope. It
should be noted that the periodicity of Equation (5), although
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Table 2. Precession harmonics of geophysical metronome and
parameters of isotope—temperature transfer functions

Parameter Value
A3z (°C) —4.94
Ay (°C) —1.64
B; (°C) 2.35
B, (°C) —314

oy 0.17

Ci 0.55

Cr (%0 °C ™Y 67

CiCr (%0 °CY 37

supported by certain arguments (Salamatin and others,
1998b), has not been directly validated on experimental data
and may be considered a problematic assumption. Even in
the latter case, a weak 6, signal with amplitudes of about
1.5°C or less (Salamatin and others, 1998b; Salamatin, 2000)
would not significantly distort the paleotemperature recon-
struction in the far past but permits noticeably better repre-
sentation of the recent 20—25 kyr climate history remembered
by the borehole temperature (Salamatin and others, 1998b).

Hence, the inverse problem of the paleothermometer
calibration can be formulated as a problem of minimization
of the SD between the measured and modeled temperature
profiles with respect to Ct and ¢, in Equations (2-5) at a
given value of Cj. All previous paleo-reconstructions for
Vostok (Salamatin and others, 1998a, b; Salamatin, 2000)
basically used C; = 0.67 (Jouzel and Merlivat, 1984) and
revealed the temporal isotope/inversion-temperature slope
Ct to be 30-50% lower than its modern geographical esti-
mate (Jouzel and others, 1987). Actually, the calibration pro-
cedure based on the borehole thermometry determines the
product C;Cr in Equation (4) and is not sensitive to C'p in
Equation (3). As a result, the uncertainty of Cj is directly
transferred to Ct and, consequently, to the paleotempera-
tures and accumulation rates predicted by Equations (2)
and (3). Therefore, we need additional independent con-
straint to adjust the factor C; and deduce a more accurate
estimate for Ot .

4. ICE-FLOW MODEL CONSTRAINT: DISCUSSION

Ice-sheet dynamics and, in particular, the ice age—depth
distribution are primarily controlled by the ice mass
balance b on the glacier surface. Obviously, the right choice
of C7 in Equations (2) and (3) (or C; for a given product
C;Ct) must result in the ice-flow model chronology close to
the GMTS. This gives us another strong constraint on the
isotope—temperature transfer functions (Equations (2) and
(4)) as well as a criterion of thermomechanical consistency
between the ice-sheet dynamics modeling and the calibra-
tion procedure based on the borehole thermometry. A simpli-
fied parametric ice-flow model described in the Appendix has
been developed to calculate the ice-core age from Equation (3).
It also includes the model (Salamatin and Ritz, 1996) to
simulate the ice-sheet thickness variations and may be useful
in different applications.

This approach has been employed by Barkov and others
(2002) to process the deep temperature—depth profile and
other data from Vostok in order to reduce the uncertainty of
previous reconstructions (Salamatin and others, 1998a,b;
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Fig. 3. Ice~sheet surface temperature fluctuations at Dome Fin
the past (bold line) reconstructed from the §*8O record on the
basis of the transfer function (Equation (4)) constrained by
the Vostok temperature profile and the Dome F GMTS. The
isotopic paleothermometer data are compared to the Vostok geo-
physical metronome (thin solid line) extended to the future
(thin dashed line ). Both temperature time series are given with
respect to the present-day surface temperature level.

Salamatin, 2000). The long-term isotope/surface-temperature
slope and the precession amplification factor in Equation (4)
are found C;Ct ~ 3.7%0 °C ' and oy, ~ 017, and, as could be
expected, do not differ much from the estimates inferred in
the above-cited papers. However, an acceptable agreement
(within the estimated age errors) between the GMTS and
the ice-age dating based on ice-sheet flow modeling has been
achieved at Vostok only for 044 < C; < 0.55. This range of C;
i1s noticeably smaller than the spatial slope (Jouzel and
Merlivat, 1984) and closer to the year-round balloon obser-
vations at Vostok site (Phillpot and Zillman, 1970). But still
the uncertainty in C7 remains rather high.

We directly apply the values of CiCt and a, established
for Vostok to interpret the Dome T isotope profile in terms of
past temperature changes. Correspondingly, more definite
estimates for C; can now be found by fitting the ice-flow
model age (solid line in Fig. 2) to the GMTS at Dome F.
The minimum SD of 3.6 kyr between the two time-scales
compared inTable 1is obtained at C; = 0.55 for the modified
Glen’s exponent § = 2.6 (see Appendix). Results of the cali-
bration procedure are summarized in Table 2. The corres-
ponding best-fit value of C is 6.7%0 °C", which is about
30% lower than the present-day spatial slope (Jouzel and
others, 1987). This provides the consistency of paleoclimatic
reconstructions for Vostok and Dome Fas well as the agree-
ment between the GMTSs at the sites and the ice-flow
model predictions.

The significance of the above results should not be over-
estimated. This section treats Equation (3) as a temporal
relationship between the temperature and accumulation rate,
whereas originally it was based on the modern geographic
correlation. That Equation (3) remained a good approxima-
tion for the accumulation-rate changes through time,
although implicitly supported by Ritz (1992), still is not
obvious. Nevertheless, the consistency between the Dome I
time-scales derived from the two methods yielding param-
eters Cj and Cr similar to those determined for Vostok does
suggest that there exists a uniform temporal relationship
between temperature and accumulation rate in central
Antarctica. This also supports a conclusion that at least the
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Fig. 4. Reconstructed paleoenvironmental characteristics at
Dome F. (a) Past accumulation rates ( Equation (3)) con-
sistent with the Dome F GMTS. (b) Ice-sheet thickness
variations simulated after Salamatin and Ritz (1996).

mean values of the accumulation rate over the long term and
in the Holocene are probably well constrained.

The recently revised Dome I core dating (official working
time-scale), also based on ice-sheet dynamics simulation, is
shown in Figure 2 by the dotted curve. The GMTS falls
between the modeled time-scales and equally compares to
them until 2000m depth. Below this level, the difference
between the GMTS and the new official ice-age estimates
gradually grows and reaches 10—15 kyr at the borehole bottom.

Past ice-sheet surface temperature variations at Dome
Fuji (Equations (4) and (5)), counted from the present-day
level =57.3°C (Dome-F Ice Core Research Group, 1998), are
shown in Figure 3 together with the Vostok geophysical
metronome (Equation (1)) extrapolated to the future. The
Holocene optimum of —524°C is determined at 10 kyr BB,
and the LGM with the surface ice temperature of —70.2°C
is dated at 22 kyr BP. The 17.8°C increase in ice-sheet surface
temperature during the glacial-interglacial transition at
Dome F is close to that found at Vostok (Salamatin and
others, 1998b; Barkov and others, 2002).

Accumulation rate b given by Equation (3) and ice-sheet
thickness fluctuations A, expressed in ice equivalent and
simulated with the model (Salamatin and Ritz, 1996) for
Dome F conditions, are presented in Figure 4. The contem-
porary ice-sheet thickness is assumed to be 3090 m (3055 m
ice equivalent) in accordance with Dome-F' Deep Coring
Group (1998). Accumulation rate in glacial periods is about
two times less than its present-day estimate of 3.2cma .
The 6 kyr lag between the accumulation-rate changes and
the ice-thickness response can clearly be seen in Figure 4a
and b if one compares the corresponding Holocene maxi-
mums. The full predicted swing of the ice-sheet thickness
variations at Dome F does not exceed 150 m.

The simultaneous use of the two different approaches to
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Table 3. Present-day temperature—depth profile at Dome F

Depth Temperature Depth Temperature
m °C m °C
0 ~513 1600 -35.5
100 -554 1700 —-337
200 536 1800 -31.8
300 =527 1900 -29.9
400 -51.7 2000 —-27.8
500 -50.6 2100 =257
600 —49.6 2200 -236
700 —484 2300 —21.3
800 —473 2400 -19.1
900 —46.1 2500 -167
1000 —44.8 2600 —~14.3
1100 —434 2700 -11.9
1200 —42.0 2800 -94
1300 —40.5 2900 -6.9
1400 389 3000 43
1500 373 3090 -20

ice-core age dating makes the procedure of paleo-reconstruc-
tion based on the ice-core isotopic analysis more reliable, and,
we believe, leads to more accurate chronology of paleo-
records. The mean ages of the two time-scales inTable 1 are
thought to have average errors of +2-3kyr or less. Another
advantage of matching GMTS with ice-flow model agesis the
possibility of extending the age—depth correlation to deeper
ice-sheet strata underlying the borehole bottom. This is espe-
cially true for the Dome I project, because the drilling opera-
tions were stopped 590 m above the bedrock. The insert in
Figure 2 presents the time-scale extrapolated to 3050 m
depth. In accordance with the ice-flow model predictions,
the ice age at Dome F may reach 2000 kyr around 3000 m.

5. TEMPERATURE DISTRIBUTION

The paleoclimate history obtained in the previous section
can now be used to simulate temperature distribution in the
ice thickness in the vicinity of Dome I on the basis of the
heat- and mass-transfer model developed for Vostok station
(Salamatin and others, 1994;1998b; Salamatin, 2000). Along
with common model parameters that are typical for central
Antarctica and can be found in the above-cited works, the
geothermal flux gy must be set at the glacier bottom at Dome
F. Its feasible (modal) value of about 0.053 W m * (Siegert
and Dowdeswell, 1996) leads to a temperature prediction of
—8.0°C at the ice—rock interface. However, the modeled tem-
perature profile significantly underestimates the reconnais-
sance temperature measurements performed in the borehole
between drilling runs. Three reference sets of measurements
around depths 770, 1330 and 2220410 m give the borehole-
liquid temperatures within the intervals (—48.4, —46.5°C),
(—41.0,—379°C) and (—23.2, —21.2°C), which can be compared
to the simulated values of —48.9, —41.7 and —27.2°C, respect-
ively. A good agreement between the modeled and available
measured borehole temperatures is obtained at the geother-
mal flux go~ 0059Wm ? and ice-fusion temperature
(—2.0°C) at the ice—rock interface with the minimum (zero)
ice-melt rates. The corresponding temperature profile is pre-
sented inTable 3. Certainly, the temperature measurements
performed during the drilling operations are not reliable
and tend to overestimate the ice-sheet temperatures; never-
theless, we consider the latter simulations to be more realis-
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tic. Given that the details of the ice-sheet surface tempera-
ture variations are not important at great depth, the bottom
heating is probably reasonably well constrained.

6. CONCLUSION

Two principal problems arise in the ice-core data interpret-
ation: (1) ice-core age dating and (2) converting the meas-
ured isotope records into changes of the past temperatures
and other paleoenvironmental parameters. Ice-sheet flow
modeling alone is too uncertain to predict reliable ice ages,
and the isotope/temperature slopes deduced from modern
geographical observations do not accurately represent the
temporal isotope—temperature relations. Borehole tempera-
ture memory in central Antarctica provides unique data
about past climate changes and allows tuning to the domi-
nant Milankovitch cycles (geophysical metronome) of the
surface-ice temperature oscillations in the past. The correla-
tion of the main climatic events (peaks and troughs)
revealed in the local metronomic signal to those in an iso-
tope record leads to the GMTS. The borehole temperature
measurements and GMTS reliably constrain (through the
thermomechanical model of the ice sheet) the transfer func-
tions that relate the paleotemperatures and past accumu-
lation rates to the isotope record.

Based on this general approach, the chronostratigraphy of
the Dome I'ice core has been obtained from the 2500 m deep
borehole and fitted to the ice-flow model predictions (Table I).
GMTS and the modeled time-scale are in good agreement
within 3.6 kyr SD. The ice age at the borehole bottom (590 m
above the bedrock) is around 335 +4.5 kyr and may reach
2000kyr at a 3000 m depth level. Paleothermometer calibra-
tion for central East Antarctica (Vostok and Dome F) reveals
(Table 2) the temporal isotope/temperature slope about 30%
lower than the present-day geographical estimates. The
LGM-Holocene temperature transition of 17.8°C found for
Dome F is close to that at Vostok. Ice mass-balance rate in
glacial periods is about two times less than its present-day
estimate of 32cma '. The full predicted swing of the ice-
sheet thickness variations at Dome I does not exceed 150 m.
A good agreement between the modeled and available meas-
ured borehole temperatures is obtained at the geothermal
flux 0.059 Wm * and ice-fusion temperature (—~20°C) at the
ice—rock interface with minimum (zero) ice-melt rates.
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APPENDIX

A SIMPLIFIED ICE-FLOW MODEL FOR ICE-AGE
PREDICTION

Let us consider an ice-flow tube confined between two close
neighboring flowlines in a central part of a large ice sheet. It
1s assumed that the pattern of the spatial distribution of ice
mass balance b on the glacier surface does not change signif-
icantly with time ¢ and the directions of ice motion are
mainly determined by the bedrock relief. As a consequence,
ice flowlines remain invariable. Hence, we can introduce the
longitudinal coordinate s as a distance measured from the
ice divide (the ice dome center) along a flowline in the refer-
ence flow tube; its configuration is characterized by its
width H(s) and current ice equivalent thickness A(s, t). To
account for compressibility of the near-surface snow—firn
strata, it is also relevant (Salamatin, 1991) to define the ver-
tical coordinate ¢ as the relative distance from the glacier
bottom expressed in terms of the equivalent thickness of
pure ice and normalized by A. Then the ice-particle trajec-
tories are the solutions of the ordinary differential equations

dS %_ @(Sa <7 t)

@ T Ay 0 WY

where u is the longitudinal velocity and w is the apparent ver-
tical ice mass-transfer rate derived explicitly in Salamatin

(1991, 2000):

u= AH/(b——)Hds

{1+—[1—<ﬁ+2>< -0},

B+1
sl - o]}

b +0-0{
In these formulae, the small terms containing the bottom ice-

(A2)

melt rate are neglected. Parameter o, by definition, is the pro-
portion of the total ice-flow rate through the flow tube due to
plastic deformation of the glacier body, 0 < ¢ < 1. Index [ is
the Glen flow-law exponent modified in accordance with
Lliboutry (1979) to account for the vertical temperature gra-
dient in the basal shear layer. The latter quantity should be
considered as a tuning parameter that can also be adjusted
to allow for possible development of shear zones of “soft ice”.
Typically, except for the nearest vicinities of ice divides, 5
is large, i.e. § ~ 10-20. Hence, in Equations (A2), the terms
proportional to o become important only at the glacier
bottom as ( — 0. Consequently, in the major part of the ice-
flow domain for relatively small long-term variations of the
ice-sheet thickness from Equations (Al) and (A2), we have

ds u 1 r

St bH ds .

L o ng/ s
0

We do not expect the product bH to be a very complicated
function of s in the central part of a large ice sheet and assume
bH ~ s” as a reasonable approximation with one parameter
v > —1 describing primarily the ice-flow pattern which is a
convergent flow for v < 0 and a divergent one for v > 0. Cor-
respondingly, the above equation can easily be integrated to
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obtain a simple presentation of an ice-particle trajectory
passing through a given location (s, (y) in the glacier:

s (@)ﬁ
S0 ¢

Although rather rough, Equation (A3) yields an appro-

(A3)

priate substitution to eliminate s from the second of Equa-
tions (Al) in order to directly relate the vertical coordinate ¢
of the ice particle with its age. The longitudinal coordinate
essentially enters the latter equation through the ratio b/A.
Thus, as a relevant power approximationfor s < sp, we write

b by s\ _ b o\™]"
R I e N O N

where by and Ay are, respectively, the ice accumulation rate

and the ice equivalent glacier thickness at the site under
consideration s = sg. Parameters € and g should be
adjusted to describe the geographical variation of b/ A.

Finally, instead of Equations (Al) we have
14
d b T

dt Ag
{ g+1<1‘<>[ a-o™}.

The ice age tp of the (p level at s = s (the time-scale of ice
deposits) is now given by the relation {(to) = (o, where {(t) is
the solution of Equation (A4) at the initial condition (j;—y = 1.

As explained, parameter o in Equation (A4) becomes

(Ad)

important only in the bottom part of the ice sheet when
¢ — (p and the ice particle approaches the point sg. Hence,
o can be assumed constant, with its value mainly deter-
mined by the local basal conditions.

One might argue that such a simple model for ice-age pre-
diction is too rough and has five uncertain parameters o, 3, v,
€ and p. However, this is a natural reality. Much more com-
plicated two- or three-dimensional models do not consider-
ably reduce the uncertainty of our knowledge about ice-
deformation mechanisms and glacier sliding over the bed-
rock. Neither the past climate changes nor the present-day
geographical situation are reliably known. Thus, the simpli-
city of the above approach with the explicitly introduced
parameters that have clear physical meaning is the principal
advantage of the developed model (Equation (A4)) and
makes it a useful instrument for paleo-reconstructions and
ice-core data interpretation in glaciology.

In our case, the snow—firn porosity profile ¢ vs depth h
can be presented (Salamatin, 2000) as

c=ce M,

where ¢s and v are the surface-snow porosity and the snow—
firn densification index, respectively.

Accordingly, the normalized vertical coordinate ¢ in
Equation (A4) is explicitly expressed via depth:

h (1
¢= A ~A

_ e—vh) .

In application to the Dome F ice core (Hondoh and others,
1999), ¢ = 0.67 and v = 0.017m . As for the rest of the model
parameters, the station is situated at the dome center (Dome-I
Deep Coring Group, 1998) so that so = 0 (¢ — 0) and only o
and 3 are essential. No-sliding conditions correspond to o = 1.
The special flow pattern near ice divides predicts relatively low
values of the flow exponent 1 < 3 <5.
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