Sensitivity of the EDML ice core chronology to the geothermal heat flux
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PaccmoTpeHa uyBCTBUTENbBHOCTb MOLE/IBHOW XPOHOMOMMKU NibJla B HUXHEMN YacTu
kepHa EDML, nonyyeHHoro Ha ctaHumu KoHeH B AHTapKTHAE, K BapHaLu1saM notoka

reoTepMmyecKoro Tenna.

Introduction

Deep drilling of the Antarctic ice sheet at Kohnen
station (Dronning Maud Land, DML) finished in January
2006. It was conducted within the framework of the Euro-
pean Project for Ice Coring in Antarctica (EPICA) and
aimed at obtaining high-resolution proxy records for the
last glacial cycle. Accurate dating of an ice core is an
important condition for the correct interpretation of physi-
cal and chemical properties of ice core records in terms of
climate change. Dating of the EDML ice core was carried
out by means of synchronization with established ice-core
chronologies [3, 4]. Independent ice-core dating was per-
formed in [1] by means of glaciological modelling using a
3-D nested Antarctic ice sheet model. Both methods pro-
vided a similar depth-age scale for the upper ~9/10 of the
EDML ice core. Dating of the lower part of the core
requires future efforts in understanding how the age of the
ice in the lower part of the EDML ice core depends on the
major unknown variable, the geothermal heat flux (G).

The geothermal heat flux influences the lower
boundary of an ice sheet by controlling the temperature
conditions at the ice sheet/ bedrock interface [6, 9].
Though variations of G do not drastically affect global
characteristics of ice sheets such as total ice volume and
ice sheet extent (see a review by Pollard et al. [16]) they
determine the extent of the basal area over which melting
takes place [8]. Tarasov and Peltier [21] established that
for values of G around 50 mWm-=2 (a value close to the
characteristic value for Antarctica, see below), a | mWm-2
increase in G leads to a 0.4°C increase in present-day
modeled basal temperature. Though their result was
obtained for the Greenland ice sheet summit, it clearly
pointed out how crucial it is to determine G in ice-sheet
studies as accurately as possible.

There are very few direct measurements of G. Most
of them come from rock outcrops near the edge of the
continent or from the ocean margins [12], or they have
been inferred from the few deep drilling sites which
reached bedrock [18]. Therefore in ice-sheet modeling
one has to rely on indirect estimates based on a variety of
approaches. Approaches based on tectonic regionalization
consist of outlining typical geological structures, and extrap-
olating the characteristic G of these structures to the region
of interest. For instance, according to Pollack et al. [15] G

and its standard deviation for a typical East Antarctic Pro-
terozoic unit is 58.3+23.6 mWm=2, and in Archean units it is
51.5+25.6 mWm-2. Llubes et al. [12] used the typical values
of G derived by Pollack et al. [15] and the geological map of
Antarctica by Borg et al. [2] to reconstruct a schematic map
of G for all of Antarctica. In their representation G increases
from 51 mWm2 in the coastal zone of East Antarctica to
69 mWm-2 at the northern margin of West Antarctica. On
their map, the area around Kohnen station in DML lies on
the boundary between Proterozoic and Archean units. This
boundary position of Kohnen increases the uncertainty of
estimates for G in that area.

Shapiro and Ritzwoller [20] considered that the
approach based on geological structuring is not ideal for
Antarctica because Antarctic tectonics is not well under-
stood. They suggested an approach based on seismic
modeling. This approach provides the general features of
G but does not give variations below spatial scales of sev-
eral tens of kilometres (see Fig. 8a in the referenced
paper). Moreover, standard deviations of G obtained using
this approach are in fact comparable to G itself. In DML G
varies within the limits ~50-65 mWm2, a somewhat higher
estimate compared to the one predicted by Pollack et al.
[15]. The estimate of the standard deviation of G in DML by
Shapiro and Ritzwoller [20] of 20-35 mWm-=2 is also some-
what higher compared to estimates by Pollack et al. [15].

Shapiro and Ritzwoller [20] furthermore pointed out
that it is necessary to take into account the crustal contri-
bution to heat flow through the decay of radioactive ele-
ments. This input can be rather variable in space at scales
of tens of kilometres. This scale is not resolved within the
seismic approach.

Using the example of Scandinavia, Nislund et al.
[13] demonstrated that the field of G can be of a mosaic
character with a rather high variability from one point to
another. Such a patchy structure of the G-field under
Antarctica was experimentally established by Fox Maule
et al. [5]. They implemented a method to estimate G
using satellite magnetic data. According to their recon-
structions, G varies in the surroundings of Kohnen within
the limits of approximately 55-70 mWm-2. The error on
their model estimates of G is rather high (21-27 mWm-2),
but is comparable to the standard deviations of G obtained
by Pollack et al. [15] and by Shapiro and Ritzwoller [20].
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Fig. 1. Model derived basal temperature, °C, relative to pressure
melting. Outlined as a white rectangle is the region of
interest around Kohnen station (shown as a star)

Puc.1. PaccuntaHHas B Mofenu coBpemMeHHas baszanbHas TeM-
nepatypa c yyetom nonpasku Ha pasnenue(’C) .Benbim
NPAMOYro/ibHUKOM MOKa3aH palMoH WCCAEefOBaHWM,
6enoi 3se3f0ukor — ctaHumsa Konen

None of the methods mentioned above gives a G
estimate in DML with an accuracy better than ~30%.
According to numerical experiments with G=54.6 mWm-2,
considered a mean value for all of Antarctica [19], basal
melting at Kohnen occurred for most of the time during
the past several glacial cycles but ceased nearly 7 kyr ago.
Nevertheless, during drilling of the deeper layers at Koh-
nen melt water was found. This suggests that melting still
takes place at the present day at the drill site. Alternative-
ly, it could also mean that the temperature has remained
so close to the pressure melting point during the last few
thousand years that the phase transition barrier could not
be overcome. In both cases, however, the value of G is
probably somewhat higher than the one adopted in the
reference model. To clarify the influence of G on the
depth-age distribution in the lower segment of the EDML
ice core we carried out a series of numerical experiments
with G higher than the reference value of 54.6 mWm~2
(G,ef) by an amount between 2 and 30%.

Modeling methodology

The formulation of the 3-D ice sheet model is
basically identical to that described in [10, 11]. Ice is
considered as an incompressible viscous non-Newtonian
fluid. Ice-flow dynamics is described within the framework
of the Shallow Ice Approximation, SIA [7]. The model
generates the ice-sheet geometry, solid earth response, the
surface temperature and the surface mass balance.
Thermomechanical coupling is described by a temperature
dependent rate factor in Glen’s flow law with exponent
n=3. The model equations are solved with the finite
difference method on a regular grid of 281x281 points with

a horizontal resolution of 20 km. There are 30 layers in the
vertical, which are unequally spaced with smaller steps near
the bottom of the ice sheet. The vertical coordinate is
dimensionless — it is scaled by the local ice thickness. Ice
temperature, 7, , is determined by the expression:

ice’>
T; T.. 3
aiz 1 i(kice aazce ]_ VT, 4+ 2et
z

ice 5
ot picecp 0z icecp
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where p,, is the density of ice, ¢, is specific heat capacity,
k;.. is thermal diffusivity, v is the 3-dimensional velocity
field, ¢ is effective strain rate, t is effective deviatoric
stress. The first term on the right hand side describes
diffusion, the second one — advection, and the third
one — dissipation of heat. The geothermal heat flux enters
(1) through formulation of the boundary condition at the
bedrock/ice sheet interface, i.e. from the condition of
continuity of temperature gradients across this boundary:
aTice — aTrock — kruck aTruck +Tbasev
oz oz kioe Oz
temperature of the underlying bedrock and £, is the ther-
mal conductivity of bedrock. On the lower bedrock boundary
d7, rock _ i

, where T, .

. is the

ice

oz rock

G=54.6 mWm™2 in the reference run.

The duration of all numerical experiments was
740 kyr. The age of the ice (time of deposition at the
surface of the ice sheet) was calculated using Lagrangian
back-tracing of an ice particle in the time-dependent 3D
velocity field. This procedure is described in [1]. Virtual
ice particles (tracers) are placed in the vertical at the exact
geographical position of the drill site every 0.1% of
relative ice-equivalent depth between 0.1% and 99.9%.
The components of the horizontal velocity u and v, basal
melting at the bed S, surface topography s and ice
thickness 4 are first computed in a forward experiment
and stored every 100 model years (Ar) for the area
corresponding to the sub-domain (Fig. 1), which is big
enough to embed all possible trajectories of the tracers.
The velocity at the particle’s position is calculated using
3D-splines, other fields — by 2D-splines [17]. The time ¢
when an ice particle crosses the surface of the ice sheet is
fixed and accepted as the time of deposition. Similarly, x
and y-coordinates of the place where a tracer crosses the
surface is accepted as the place of deposition.

The vertical velocity field w(x,y,h) is calculated from
the continuity equation with boundary conditions taken
either at the surface % or at the bottom b:

w(h)za—h+u(h)a—h+v(h)a—h—Mh ~My,
ot ox dy

where h(x,y) is the surface topography and M, is the
surface mass balance. Since no ablation occurs in
Antarctica, M, equals the accumulation rate. At the
bottom (bedrock/ice sheet interface), the alternative
kinematic boundary condition is:

w0)=22 4 uG)22 ()L~ .
ot ox dy

where b(x,y) is the bedrock topography and M, is the mass
balance at the bottom of the ice sheet. The latter is equal
to the basal melting rate, M,=S:

(see details in [8, 9]. As mentioned above,
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where p,, is the density of water, L is the latent heat of
melting, T, is the shear stress vector at the bottom, and
Znerr 1S the upper boundary of a temperate basal layer, which
may eventually develop in the calculations and assumes that
all produced melt water is drained away at the base.

S=

Sensitivity of the basal temperature, basal melting

rate, and basal ice age to G

Fig. 1 shows the modelled present-day Antarctic
basal temperature relative to pressure melting point (pmp)
calculated assuming steady state conditions. The region of
particular interest is located in Dronning Maud Land and
has dimensions 600x400 km (outlined in white in Fig.1).
Apparently, the temperature field is rather complex, and
Kohnen station lies close to the boundary of a large area
at pressure melting. To understand how basal conditions
depend on G we carried out a series of time-dependent
numerical experiments in which G was increased stepwise
by 2 to 30%. In the reference experiment the ice is frozen
to the bed (];)mp=—0.2°C). The same is still true when G
is increased by only 2%. With G increased by 5% above
the reference value, present-day Kohnen ice is already at
pressure melting (Tablel).

Alongside with increases in G, the ice thickness at
Kohnen decreases. To keep ice thickness as close as possible
to the observed one to eliminate unwanted feedbacks on
basal temperature, we reduced the softness of the ice. Glen’s
flow law links stresses to strain rates, T; =2n¢;;, where

ij»

€, is the effective strain rate, and A(7*) is the rate factor,
which is a function of temperature corrected for the pres-
sure melting point:

A(T" )= Eaexp (— Q* ]

(2)
RT

In Equation (2) Q is the thermal activation energy of

creep, R is the universal gas constant, ¢ — is a constant,

and E is the enhancement factor. The enhancement factor

Table 1
Modeled present-day characteristics at EDML using a constant
enhancement factor £=0.78%

Experiment G Sm | Hm Tpmp, °’C|S,, mm yr! S, m
Exp1 Reference | 2884 | 2745 | -0.20 0.00 40
Exp2 +2% 2879 (2736 | -0.10 0.00 162
Exp3 +5% 28312678 | pmp 0.07 289
Exp4 +10% | 2814|2651 pmp 0.46 460
Exp5 +15% | 2787 |2613| pmp 0.70 645
Exp6 +20% | 2771|2590 | pmp 0.98 829
Exp7 +25% | 2751|2563 | pmp 1.22 1011
Exp8 +30% | 2729|2533| pmp 1.47 1196

*G — geothermal heat flux, S — surface elevation in metres
above sea level, H — ice thickness, Tpmp — basal temperature
relative to pressure melting, S, — basal melting rate, S, —

total cumulated loss of ice at the base over 740 kyr.

*
Kohnen

+20%

Kohnen

+25%

*
Kohnen

0011 2 -4 -8 f1?°c
+30%
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Fig. 2. Modelled present-day temperatures of basal ice relative to
pressure melting point (°C) in numerical experiments /with
G.=G._~5...30%, where G._,=56.4 mWm™2 is the value

/ ref ref 8
of the geothermal heat flux in the reference experiment.

The decrease in ice thickness due to basal melting is
compensated by tuning the enhancement factor (E) in the
flow law.

Puc. 2. PaccuntaHHas B MofiesiM coBpeMeHHas basanbHas Temne-
patypa ¢ yueTom nonpasku Ha gasneHue (°C) B uMcneHHbix

3KCnepuMeHTax i, npu G,-=G,ef=5...30%, roe G, ,=56.4

I’TlWI'l’\_2 — CTaHOapPTHOE 3Ha4eHUe NOoTOKa reoTepMmU4HEeCKo-
ro tenna. CHuxeHue TOJILWKHDI NbAa BC/ieaACTBUE 6a3anbHo-
ro TasdHUA KOMNEHCUPYETCA YMEHbLLUEHHUEM MHOXUTENA Es
3aKOHe pacTeKaHUA

is a non-dimensional multiplier describing the increase or
decrease in strain rate caused by (unknown) variations in
crystal size, impurity content and crystal orientation [14].
In this study we tune E in a way that the model produces
thicknesses close to the real ice thickness in the grid point
closest to the EDML coordinates (this node is located
nearly 2.55 km north-west from the position of Kohnen).
Ice-equivalent thickness at Kohnen can be estimated
as 2745.38 m. It is equal to 2774 m (real depth of the bore-
hole close to the bottom where drilling was stopped due to
appearance of meltwater, F. Wilhelms, personal communica-
tion) minus 28.62 m of ice equivalent depth resulting from
compaction of the overlying firn layer. This is considered
to be the lowest possible limit, because drilling did not
reach the bedrock. This value was adopted as a conven-
tional ice thickness and a target value. The purpose was to
tune £ so that H;would not differ from H , by more than
1%, i.e. should lie within the limits ~2718-2773. In the refe-
rence model run £=0.78 yields a realistic ice thickness.
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Fig. 3. Cumulative ice loss (XS, m) at the base of the ice sheet at
Kohnen over 740 kyr of integration in the numerical
experiments

Puc. 3. CymmapHas noteps fibaa (XS, M) Ha HWXHel rpaHuLe
NleHUKOBOro WMTa Ha cTtaHuuu KoHeH B TeueHue
740 Tbic. neT B UMCNEHHbIX 3KcnepuMeHTax. eoTepmu-
UeCKwi NoToK Tenna: 1 — craHgapTHoe 3HadeHue, 2— +2%,
3—+5%, 4—+10%, 5—+15%, 6—+20%, 7— +25%,
8—+30%

The relation between E and present-day H is not straight-
forward, because changes of E influence the dynamical
history of the ice sheet due to feedbacks between ice
thickness, isostasy, accumulation rate, 3-D velocity field,
and ice temperature. Direct inference of the exact value of
E that fits the desired value of H is hardly possible. Table 2
shows a number of model-derived characteristics obtained
with a specific F selected to best approach H.

Shown in Fig. 2 are also the fields of the tempera-
ture relative to the pressure melting point (]})mp). Increas-
ing G by 2% does not result in present-day basal melting
at Kohnen. With increasing G the frozen area decreases
rather fast, and with Gref+5% the melting area already
encompasses Kohnen. When G reaches the maximum
examined value (Gref+30%) the melting area expands over
the whole region with the exception of the northwestern
corner, where the ice is much thinner.

Integration of the basal melting rate through time
yields the total loss of bottom ice from the EDML drill
site (Fig. 3). In the reference experiment, where the pres-
sure melting point is hit intermittently, this loss is lower

Table 2
Modeled present-day characteristics at EDML using £ tuned
to fit the observed ice equivalent Hat Kohnen*

Expe- G E S, H, Tpmp, Sy | IS,
riment m m °C mmyr! m
Exp1 |Reference| 0.78 | 2884 |2745|-0.20| 0.00 | 40
Exp2| +2% 0.70 |2876|2736|-0.21| 0.00 | 159
Exp3| +5% 0.59 |2863|2724| pmp | 0.07 | 307
Exp4| +10% 0.41 | 2892|2757 | pmp | 0.68 | 481
Exp5| +15% 0.22 | 2879|2747 | pmp | 0.77 | 689
Expb | +20% 0.15 |2875|2745| pmp | 1.06 | 882
Exp7 | +25% 0.09 | 2868 |2739| pmp | 1.30 | 1071
Exp8| +30% 0.08 | 2880|2750 | pmp | 1.63 | 1241

*Notations used are the same as in Table 1.
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Fig. 4. Dependence of the relative ice loss .S,/ S, son the relative
geothermal heat flux G/ G, /(2.S;is the loss in experiment /
with geothermal heat flux G, XS, is the loss in the
reference experiment with a reference value G, )

Puc. 4. 3aBUCMMOCTb OTHOCHTENBHOW NOTepH Nbaa 2.S;/ S, . OT
OTHOCHTE/IbHOrO NoTOKa reoTepmuyeckoro TennaG;/ G,
(XS; — noteps Nbaa B 3KCNEPUMEHTE | NPU 3HAYEHHM MOTOKA
reotepmuueckoro Tenna G; 3., B CTaHAapTHOM 3KCMepH-
MEHTe Npu 3Ha4eHHHUM MoTOKa reoTepmmyeckoro Tenna G, )

than 50 m during 740 kyr. The total loss increases almost
linearly with increasing G, with somewhat higher rates
during the transition from Gref to G,,+2% (Fig. 4). In the
case of Gref+30% the total loss over the calculation period
increases to ~1200 m (see Table 2). Tuning of FE results in an
increase of total ice loss by 4-6% compared to experiments
with untuned F (see the last columns in Tables 1 and 2).

The age of the ice in the lower parts of the core is
inevitably affected by basal melting. Fig. 5a shows the
depth-age profiles calculated under different assumptions
for the value of G. Apparently, all curves are very close to
each other beginning from the top down to ~89% of rela-
tive depth. Below this point the depth-age curves start to
diverge. This is illustrated in detail in Fig. 5b, where
depth-age distributions are shown for the lowermost 5%
of the core. With Gref+2% the ice is still frozen to the bot-
tom, and the form of the age curve is similar to the refer-
ence curve. With G,,45%, when the basal ice is melting
also at present day, the ice age reduces from nearly 736
kyr to nearly 390 kyr at 99.8% relative depth. With further
increases of G to G,ef+30% the age at 99.8% relative depth
becomes another 150 kyr ‘younger’. The change of the
rate of age decrease is illustrated in Fig. 6, which shows a
rather abrupt decrease of the bottom ice age with increasing
Gto G,ef+5%, and a more gradual decrease during the tran-
sition from G,ef+5% to G,ef+30%. This abrupt increase is
explained by the geographical expansion of the melting area
to Kohnen, which happens when G increases to G,,+5%.

Concluding remarks

In this study we examined the effect of uncertainties in
G on the model-derived basal temperature conditions and
the ice chronology in the lowermost part of the EDML ice
core. The value of G beneath the Antarctic ice sheet is large-
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Fig. 5. Depth-age distribution in the EDML ice core derived by
Lagrangian back-tracing in the numerical experiments
under different assumptions of G. Down to ~90% of
relative ice equivalent depth all curves are very close to
each other but they start to diverge further below

Puc. 5. Kpuebie pacnpenenenus sospacrta B kepHe EDML, nony-
UeHHbIE C UCMO/b30BaHUEM JlarpaHKeBa MeToaa 0bpaTHOro
OTC/IEXKMBAHUS B UMC/IEHHbIX IKCMIEPUMEHTAX C Pa3/IMiHbIMK
3HaueHusmu G. [lo ropusonta ~90% (a) oTHocKTenbHOM
rNy6uHbl B IEAOBOM 3KBUBAJIEHTE BCE KPMBbIE JIEXAT OYEHb
6NM3KO pYr K APYry, @ HWXKe HauWHaloT pacxoautbes (6):
reoTepMUUECKWi NOTOK Tenna: 1 — cTaHAapTHOE 3HadYeHue,
2—+2%, 3— +5%, 4— +10%, 5— +15%, 6 — +20%,
7—+25%, 8—+30%

ly unknown and can only be estimated indirectly. None of
the indirect methods provides an accuracy better than
approximately one-third of the characteristic value of G. An
additional complication is the location of Kohnen station in
a region where two geologic units meet. These units, Pro-
terozoic and Archean, have a different characteristic G. In
addition, local variations of G in Dronning Maud Land are
possibly high at a spatial scale of tens of kilometres.

Relative age of the bottom ice

1 11 12 13
Relative geothermal heat flux

Fig. 6. Dependence of the relative age at 99.8% of relative ice
equivalent depth (A;/A, ., where A__.is age of the ice in
the reference experiment) on the relative geothermal
heat flux (G,/ G, -

Puc. 6. 3aBMcHMMOCTb OTHOCHTENbBHOTrO BO3pacTa /JbAaa
(99,8% oTHOCHTENbHOM rNYyOUHbI B I6JOBOM 3KBUBA-
nente) A;/A, ., TAe A, — BO3pacT B CTaHAAPTHOM
3KCNepHUMeEHTe, OT OTHOCUTE/IbHOTO MOTOKa reoTepMu-
yeckoro Tenna (G;/ G,,,0603HaueHns cM. Ha puc. 2)

The exact knowledge of G is not crucial for glacio-
logical dating of the upper ~89% of the EDML ice core.
Below this depth G becomes the most important factor
determining basal temperature, basal melting rate, and
hence vertical velocity of the ice. Increasing G by only 5%
with respect to the reference value of 54.6 mWm-2 for
Antarctica results in present-day basal melting. The
threshold between melting and non-melting conditions at
the ice sheet/ bedrock interface below Kohnen lies within
the limits of 57.6 and 59.2 mWm2.

For the range of values of G tested in this paper, the
ice age at 99.8% relative depth varies between 736 kyr and
240 kyr. It is our strategy to compare these modeling sce-
narios with fixed points (terminations) derived from syn-
chronization with other ice core or marine records to
assess the likelihood of specific dating possibilities. In the
current research we outlined only the contours of these
future activities. The latter will consist in the application
of a higher-order and higher-resolution nested model to
produce the most accurate version of the ice core chro-
nology for the lower part of the EDML ice core.
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YYBCTBUTEJIIbBHOCTb XPOHOJIOT' KEPHA

EDML K TEOTEPMUYECKOMY IIOTOKY

B 2001-2006 rr. B pamkax mnpoekrta EPICA
(European Project for Ice Coring in Antarctica) Ha
cranuun Kouen (75°007.104 10.m., 0°04’.07 B.o) Ha
3emiue KoponeBsl Moa B AHTapKTHUIE OBLIO BEIIIOJIHEHO
rryookoe Oypenue. KirroueBass mmpo0ieMa MHTepIIpeTa-
IIMM JaHHBIX JTI0OOOTO JIEASHOTO KepHa COCTOMUT B
MMOCTPOCHUM peaTuCcTUYHOM XpoHoioruu. K HacTosIe-
MY BpeMEHU BBITIOJHEHO JaTupoBaHue okoio 9/10
kepHa EDML ¢ ucnonbp3oBaHMeM MeTOdAa CMHXPOHM3A-
1IMU C APYTUMU KepHAMU M TJISIIMOJIOTMYeCKOTO METO/a.
Hwke yka3zaHHOTO TOPU30HTA Pe3yJIbTaThl JaTUPOBAHMS C
TTOMOIIBIO METO/A TJISIIIMOJIOTMIECKOTO MOICIMPOBAHUS B
3HAUUTEJILHON CTEIEHM 3aBUCAT OT MPUHSITOTO 3HAYEHUS
MOTOKa reoTepMuyeckoro temia (G). O0HapyxeHHas: B
Xolle OypeHUs B CJIOSIX JibAa BOJM3UW TOACTUIAIOIINAX
MOpOJI Tajasi BoJa CBUAETEILCTBYET O MPUIOHHOM Tasi-
HUU, T.€. TPUHSITOE B YMCICHHBIX 9KCTICPUMEHTAX CTaH-
napTHOe 3HaueHue G=54,6 mWm™2 aisi OKpecTHoCTei
cranun KoHeH 3aHmxeHo. CylIecTBYIOIIME METOIbI
KOCBEHHOW OIIEHKW BEJIWUYMHBI G TOJ JeTHUKOBBIM
IATOM AHTapKTUABI HE IMO3BOJISIOT ONPEACIUTh €€ C
omm6koit meHee 30%. B To Xe BpeMs maxke HeOOJbIIOE
yBeJIUYeHWEe 3HAYeHUs G MPUBOAUT K 3HAUMTEIbHBIM
M3MEHEeHUsIM 0a3ajibHBIX yCIOoBUIA. YTOOBI BHISICHUTH
YyBCTBUTEJILHOCTb MPUIOHHOTO pacrpeaeieHnus] BO3-
pacra Jpla B KepHe K BapualusM ITOTOKa reoTepMHuye-
CKOTO TeTula, Mbl BBIMIOJHWIN CEPUIO UYMCIEHHBIX JKC-
MMepUMEHTOB, B KOTOPBIX 3HaUeHUEe G OBbLIO BBIIIE CTaH-
nmaptHoro Ha 2-30%.
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