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Bubbly-ice densification in ice sheets: II. Applications
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ABSTRACT. A mathematical model for simulating the densification of bubbly glacier
ice is used to interpret the following experimental data from the Vostok (central Antare-
tica) ice core: two ice-porosity profiles obtained by independent methods and a bubble-
pressure profile obtained by direct measurements of air pressure within individual bub-
bles. The rheological properties of pure polyerystalline ice are deduced from the solution
of the inverse problem. The model and the inferred ice-flow law are then validated, using
porosity profiles from seven other ice cores drilled in Antarctica and Greenland, in the
temperature range from -55" to - 207C. The following expression is adopted for the con-

stitutive law:
2 = (71 + ™ /juz) explQ(1 /T, — 1/T)/ R

where € and 7 are the effective strain rate and stress, respectively, v is the creep exponent
taken as 3.5, R, is the gas constant and T'(TY) is the temperature (standard temperature).
The numerical values obtained for the “lincar™ and “non-linear” viscosities are:
p1 = 2.9+ 1.3 MPayear and pa = 0.051 £ 0.019 MPa® year, and the apparent activat-
ion energy @ is confirmed to be 60 kJ mole . The corresponding flow law is in good
agreement with results of both mechanical tests and independent estimations based on
the analysis of different natural phenomena associated with glacier-ice deformation.
When the model is constrained by the porosity and bubble-pressure profiles from Vostok,
the mean air content in Holocene ice is inferred to be about 0,088 cm™ g . The corres-
ponding mean air pressure in bubbles at the end of pore closure is ahout 0.083 MPa,
whereas the atmospheric pressure at this depth level would be 0063 MPa. The influence
of the climatic change on the ice-porosity profile is discussed. It resulted in an increased
air content in ice at Vostok during the Last Glacial Maximum: 0.096 cm” g

1. INTRODUCTION

densification processes is needed to clear up existing uncer-
tainties in data interpretation. In the companion theoretical
pe . . . 3 v \ ] - A1)« spe 007 sk Frars wnfasma A
I'he bubbly-ice layer in ice sheets may be considered as an paper (Salamatin and others, 1997, h_““‘““ ”[‘“_(d toas
unique natural laboratory where long-term experiments on paper I we 11;.1\1' developed a generalized model of bubble-
ice rheology at relatively low stresses are conducted. The ice densification which takes account of the difference

porosity and bubble-pressure profiles provide diagnostic between the rheologies of pure and bubbly ices, the change

results of these compression tests of the heterogencous air—
ice medium. On the other hand, the density profiles in ice
sheets may reflect changes in the initial porosity and the
mean bubble pressure at the pore close-off depth (i.e. in the
boundary conditions of a bubbly-ice densification model).
Indeed, these characteristics control the amount of air
trapped in ice (air content) which has been found to be in-
fluenced by firn temperature, atmospheric pressure and,
probably, wind conditions (Raynaud, 1983; Martinerie and
others, 1992, 1994).

A number of experimental density profiles have been
obtained from different drilling sites located in Antarctica
and Greenland. Earlier attempts to simulate bubble-ice

densification and to infer in-situ rheological properties of

pure ice from ice porosity (density) measurements have been
undertaken by Bader (1963), Salamatin and others (1983) and

by Pimienta and Duval (1989). The potential significance of

density profiles for the reconstruction of palacoclimatic
conditions at close-oft has heen discussed by Lipenkov and
others (1989). Despite the important and encouraging

results obtained by these studies, a better understanding of

https://doi.org/10.3189/50022143000034973 Published online by Cambridge University Press

in rheological behavior of ice with stress, the difference
between absolute load pressure and pressure in the ice
matrix and the contribution of the global deviatoric defor-
mations of the ice-sheet body to the densification process.

In paper I, we also showed that a stationary model could
be sufficient to study ice densification and to interpret the ex-
perimental data. However, both ice-porosity and bubble-pres-
sure profiles are necessary to obtain a comprehensive solution
to the inverse problem of inferring the rheological parameters
ofice. With this aim, a special experimental program has been
applied to the Vostok ice core. The results include:

Two density (porosity) profiles measured by two indep-
endent methods: by hydrostatic weighing and through
bubble measurements in thin sections (the latter method
avoids the influence of eracks in the brittle zone of the ice
core).

A bubble-pressure profile obtained by direct measure-
ments of pressure within individual inclusions.

New air-content data in the upper part of the Vostok ice
core,
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Experimental data from seven other sites in Antarctica
and Greenland are also used to validate the model and the
inferred polynomial rheological law over a wide range of
temperatures from —53" to ~20°C. On the other hand, from
our interpetation of the Vostok porosity profile (within the
bubbly-ice stratum to a depth of 500 m), we deduce addit-
ional information on the mean values of the air content of
Holocene ice and in the ice formed during the Last Glacial
Maximum (LGM). The latter value is of special interest
because the LGM corresponds to the brittle zone of the
Vostok core, where direct air-content measurements are
restricted because of ice-core fracturation.

2. EXPERIMENTAL TECHNIQUES AND DATA

Most of the Vostok ice cores used in this study were retrieved
in 1980-93 by the drilling group from the St. Petershurg
Mining Institute (Russia). Experimental data were also
obtained on three additional cores recovered in Antarctica
at Komsomolskaya Station and at the sites situated at dis-
tances of 60 and 105 km from Mirny. All measurements des-
cribed in this section were performed on unrelaxed ice, that
is to say, either on the fresh ice core soon after drilling or on
ice samples stored at a temperature of =535° + 1.5°C, which
is low enough to prevent (at least during the first 5 years
after drilling) significant changes in the ice properties con-
sidered in this study (Lipenkov and Salamatin, 1989,

Published experimental data from Byrd Station,
Pionerskaya, Vostok | (in Antarctica), as well as from Site 2
(in Greenland) are also used to validate the densification
model. The climatic and glaciological conditions at the dril-
ling sites used in this study are given in'lable 1.

Density (porosity) measurements

From the surface to the pore close-oft depth, densities of
snow and firn were determined on the Vostok ice-core
samples by volume and weight measurements (volumetric
method). These data are shown in Figure | by dots. For the
ice below the close-ofllevel, two experimental density (por-
osity) profiles were obtained independently with two differ-
ent experimental techniques. The first profile (hercafter
referred to as profile 1) was measured by hydrostatic weigh-
ing. This experimental procedure is essentially the same as
that described by Butkovich (1953) and employed by Lang-

way (1958) for precise density measurements on the ice core
recovered at Site 2. The experimental density profile I cor-
rected for the effect of cut bubbles (see Martinerie and
others, 1990) is shown in Figure | by small crosses. The den-
sities in Figure 1 are converted to in-situ conditions in the ice
sheet as suggested by Bader (1964). The bounds between the
main stages of densification in the Vostok region are marked
in Figure | (horizontal dotted lines) according to Salamatin
and others (19853). The maximal density of ice was estimated
experimentally as a mean value of densities measured on 50
ice samples collected from a depth interval 1300-2540 m,
which corresponds to bubble-free ice. The resulting value is
0.91664 Mgm * at 0°C with a standard deviation of =+
7 x 10 °Mgm *. The correction for the effect of enclosed
air-hydrate crystals would give a pure ice density of
091657 Mg m °, which is very close to the 09165 Mgm *
value established by Butkovich (1955) for commercial air-
free polycrystalline ice. Therefore, both overall absolute
error and reproducibility of the measuring procedure used
for the Vostok ice core are found to be within +10 *. The
largest uncertainties on density results are linked to the pre-
sence of fractures in the brittle zone between 250 and 750 m
in the Vostok ice core (see Fig. 1). The mean value of the fis-
sure effect on the density data obtained with the hydrostatic
method is estimated tobe 1-2 x 10 * Mgm * for the Vostok
ice core. The most badly fractured samples may give an
underestimate of up to 5 x 10 I\ng’:‘ which leads to a
significant overestimation of the porosity. These samples
(indicated in Figure 1 by circles) have not been used in our
study.

The porosity profile I (shown in Figure | by small open
circles) was established from the data on the bubble size vs
number distribution obtained by measuring the bubbles on
thin sections using a binocular microscope. The air-volume
concentration (ice porosity) was then calculated on the
basis of a log-normal distribution (Barkov and Lipenkov,
1984). The accuracy of this method is considered to be less
than half that of the first method but the obvious advantage
of this technique is that the results are free from the influ-
ence of fractures.

Bubble-pressure measurements

Direct measurements of gas pressure within individual air
inclusions were performed using the experimental proced-

Table 1. Ice=formation conditions for the eight drilling sites in Antaretica and Greenland

Drilling site Location Ty b Pt he P e Vv B M A
¢ gem year ' MPa m MPa em’g ! MPa Mgm *  miceeq
60 km East Antarctica 20 47 0088 55 0452 0.105 0.126 0.093 0919 560
105 km East Antarctica 24 36 0.083 65 0.528 0.098 0.119 0.093 0.920 1330
Site 2! Greenland 25 a9 0.078 71.5 0.545 0.091 0.110° 0.003" 0.920 2000
B_\'rdj West Antarctica 28 16 0.081 64 0.499 0.095 0.112 0.091 0.920 2150
Pionerskaya® East Antarctica 385 12.5 0.070 90 0.680 0.083 0.096 0.085 0.922 2000
Vostok I* East Antarctica 7 76 0.065 110 0.803 0.085 0.100" 0.083" 0923 5250
Komsomolskaya Central Antarctica =53 6.5 0063 120 0.847 0.074 0.079" 0.074 0.923 3515
Vostok Central Antarctica  —56 292 0.063 105 0.746 0.073 0.086 0.081 0.920 3690
0.088" 0.083"

| - -y O . - D . - 5 7l
Langway, 1958, 1967; © Gow, 1968a, b: * Smirnov, 1983; Petrov and others, 1989; ¥ Salamatin and others, 1985.

* - - . . . -~ . . . .y 0
These values were inferred through identification of the model with experimental data on bubbly-ice densification.
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Fig. 1. Vostok ice-core density profiles oblained using different experimental techniques. From the surface to the close-off depth-
density, measurements were performed using a volumetric method, and below the close-off depth, by hydrostatic weighing. An
independent density profile below the close-off was obtained from air-bubble number-size distributions of the air bubbles which
were measured on thin sections al different depth levels. The solid line represents a maximal density of glacier ice when all air
bubbles are transformed into air-hydrate crystals. Horizonlal dotted lines refesent the bounds between the main stages of densifi-
cation of ice sediments.

ure suggested by Scholander and Nutt (1960) and further absolute load pressure (MPa)
developed by Gow and Williamson (1975). The measuring 0 1 2 3 4 5 & T B

technique is based on a pressure chamber with an attached 10 =1 T Tr T 1 1
binocular microscope for observation of the bubble. The 08 |} .
chamber containing the ice sample is filled with cthylene Gk L
glycal; this results in an cutectic melting of ice at a temper- )
0.4

ature of about =8 C. When the bubbles open due to ice melt-

ing, the meniscus either collapses or expands, depending on 0.2

¥

the relation between pressure in the chamber and that in the
00 ez L g I SR

bubble. Pressure in the chamber, measured by high-precis-

bubble-pressure lag (MPa)

ion pressure gauges and regulated through an hydraulic -0.2
pump, can be matched to the bubble pressure by adjusting

the air meniscus to be flat at the moment of bubble opening;
- 100

b

4 80
observed variability 4

1 60

pressure in the bubble at this time is equal to the pressure

recorded in the chamber. The pressure of about 100 air
inclusions was measured for cach depth level, allowing us
to calculate the mean pressure as well as its dispersion at a
given depth.

The experimental data for the Vostok ice core are pre-
sented in Figure 2a as a difference between bubble pressure
and pressure in the ice matrix (bubble-pressure lag) vs

variability orerror (%)

Bl 7 - experimental error
depth. These seem to be the first direct measurements per-

formed on an unrelaxed ice core shortly after its recovery.

't

Actually, Langway (1958) evaluated bubble pressure in the
ice core at Site 2 (Greenland) from air-content and density 100 300 500 700 900
(porosity) measurements, while direct studies by Gow and depth (m)

Williamson (1975) on diffferent ice cores from Antarctica

(Byrd and old Byrd Stations) and Greenland (Site 2 and Fig. 2. Bubble pressure in the Vostok ice cove. (a) Bubble-pres-
Camp Century) were all conducted after at least 3 years of sure lag vs absolute load pressure ( and depth in melers of ice
ice relaxation The bubble-pressure lag is found to be signifi- equivalent ). Vertical bars indicate a variabilily of the pressure
cant for two depth intervals: first, from the close-off level to measured in the individual inclusions at the same depth level.
about 250 m (i.c. within the relaxation phase of the ice den- (b) Comparison of bubble-pressure variability and experi-
sification according to paper I), and secondly, below 600 m, mental error on pressure measurements along the Vostok ice
where the highly pressurized bubbles may relax even during core.
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https://doi.org/10.3189/50022143000034973 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000034973

Journal of Glaciology

the time of the experiment being carried out at a relatively
warm temperature, At the same time, the bubble pressure in
a depth interval of 250-600 m (asymptotic phase of the den-
sification in paper I) is very close to the pressure in the ice
matrix, which supports the fact that this ice has undergone
no significant relaxation after drilling. Moreover, a slight
overestimation of the mean bubble pressure can be sug-
gested if we take into account several points between 250
and 600 m with very low or even negative values of bubble-
pressure lag.

The total bubble-pressure variability observed in the
experiment may originate from experimental error as well
as from a natural variability of the bubble pressure caused
by the relatively wide depth interval (10-15m at Vostok
Station) over which the pore-closure process takes place.
The comparison between the observed variability and the
estimated experimental error along the Vostok ice core is
shown in Figure 2b. The natural variability of bubble pres-
sure decreases with depth and becomes negligible (does not
exceed £10% ) below 300 m, i.c. at the asymptotic phase of
the densification process. This is consistent with theoretical
predictions and supports the reliability of both the
experimental data and our estimates of their accuracy.
Finally, we may conclude that the obtained bubble-pressure
profile is valid down to a depth of 600 m within uncertain-
ties indicated by the error bars.

Air content in the Vostok ice core

The published air-content profile in the Vostok ice core
down to a depth of 2546 m (Lipenkov and others, 1993; Mar-
tinerie and others, 1994) includes only a few measurements
in its upper part. These measurements were considered as
imprecise due to ice-core fracture. The deeper part of the
record (below the end of the brittle zone, from a depth of
about 750-800 m) is of high resolution and is well documen-
ted. Additional measurements were performed on unfrac-
tured samples from mechanically drilled ice cores, using a
new barometric method (Lipenkov and others, 1995). Both
old and new experimental profiles corrected for the cut-
bubble effect are shown in Figure 3 down to a depth of
280m. The air content is expressed here as a volume
(em” STP) of dry air in lg of ice (STP: Tz = 273K,
P, = 01013 MPa). In the lower part of the bubbly-ice stratum
from 280 to 500 m there are several single measurements
performed on fractured ice but they are not considered at
this stage. Comparison of the two data sets in Figure 3 does
not reveal any systematic difference between them. The new
data show significant variations of the air content within the
Holocene-age ice in the Vostok ice core, although compar-
able with the typical fluctuations of about +10% in the
deeper part of the air-content record around a mean value
of 009 em g . Two levels of air content in the Holocene can
be distinguished here. The lower one (hereafter we call it
present-day air-content level: 0.0818 + 00015 cm® g ') was
determined from 19 ice samples that continuously covered
the ice-core increment 122.19 12275 m. Such continuous
testing is used to avoid a possible stratigraphic effect on the
mean value. The higher level (indicated in Figure 3 as a Ho-
locene level) with an air content of 0.0862 + 0.025 cm® g .
was obtained in the same way on 22 samples cut from the
ice-core depth range 182.39-183.00 m. When comparing the
two air-content levels observed in the recent ice down to
280 m depth with a full profile of the 2546 m long ice core
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Fug. 3. dircontent vs depth for Holocene ice at Vistok Station.
Present-day level of air content (0.0818 em™ g ') and Holocene
level (0.0862cm” g ') are determined as the mean values of
air conlent in the two ice-core increments (122.19-122.75 m
and 162.39-183.00 m, respectively ) which were continuously
lested in every 2.5-5.0 cm layer.

(see  Martinerie and others, 1994), one can conclude that
the present-day level depicted in Figure 3 corresponds to
one of the lowest air-content values ever measured in Vostok
ice. Thus, it seems likely that this event, occurring now just
below pore close-off, may be considered as a typical
example of the rapid variations frequently observed in the
high-resolution air-content record from the Vostok ice core.
These events are thought to be caused by relatively short-
term variations in wind and weather conditions which afTect
the initial properties of surface snow, and thus the resultant
porous volume in ice at the air-isolation level (Martinerie
and others, 1994). However, this low air content in the vici-
nity of close-off may also be partly attributed to a possible
underestimation of the cut-bubble effect, since at these
depths (down to 170 m) bubbles have essentially elongated
shapes and the process of their disintegration is not com-
pleted. The higher level of the air content designated in Fig-
ure 3 as a Holocene level is probably the best estimate for
the mean air content in Holocene ice from available experi-
mental data.

3. MODEL PRESENTATION AND CONCRETIZATION

Theoretical paper I gives a general mathematical model for
simulating the depth profiles of air-volume concentration or
ice porosity (¢) and bubble pressure (£,) below the close-off
depth (h.) inanice sheet, provided that rheological proper-
ties of ice and close-off conditions are determined. Numeri-
cal calculations are based on finite—difference and iterative
methods. In this section, we introduce the main parameters
ol the model and present a brief deseription of its basic rela-
tions which must be known to understand the model valida-
tion as well as for further interpretation of the experimental
data which is considered as the primary goal of this study.

The form of the constitutive relation

In the model, the rheological relationship between the cffec-
tive stresses 7 = (0.5 : 7)? and strain rates ¢ = (0.5é : €)% in
pure polycrystalline ice (7 and €) are the stress and strain-
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rate tensors) is written in the polynomial form as proposed
by Budd (1969) and Shumskiy (1969):

2e=71/M + 7/ M>. (3.1)
Here, «v is the exponent (creep index) and M, and M, are

the rheological coefficients, which are depndent on tem-
perature 7" (in K),

M; = pjexp [R?;'l (LT]H =132 @33
where () and s are constant factors, (27 and (s are the ap-
parent activation energies, K. is the gas constant:
R, = 8314] (mole - K) " and T, is the standard temper-
ature: 7= 27315 K.

Equations (3.1) and (3.2) contain five parameters ev, p,
. € and Qs which identify ice rheology. This set is con-
sidered to be suflicient to provide a good approximation of
any experimental flow law in limited ranges of stresses and
temperatures.

Space- and time-scales of bubbly-ice densification

Let us further distinguish as B the load pressure in the ice
and as P, and b the present-day conditions: the mean Ho-
locene atmospheric pressure at pore close-ofl and ice-accu-
mulation rate, respectively. The maximal pressure drop
between air in bubbles and ice is of the order of P. — Pai
(subscript “¢” hereafier designates the values related to the
close-off depth) and, in accordance with paper I, the char-
acteristic depth (h%)
densification process are determined as

h,” ~ (.Ph = P;mu)/ﬂf’i)-

where g 1s the gravity acceleration and pj is the density of

and time (") scales of the bubbly-ice
P b (3.3)

pure ice (the mean value in the temperature range prevail-
ing in the bubbly-ice stratum of the ice sheet). Actually, k" is
the close-oft depth expressed in ice equivalent. For example,
at Vostok Station [or the present-day conditions (see Table 1),

h' = 76m , t' ~ 3.2 kyear.

Consequently, even for central Antarctica with extreme-
ly low snow accumulation, the high-rate densification phase,
which (sce paper I) does not exceed 3hY with respect to
depth or 3¢ with respect to age, covers only a 150 m depth
interval (or 6.5 kyear period in time) below pore close-off.
Therefore, this phase of the densification process always
ends within the Holocene-age ice thickness which has heen
formed at relatively stable climatic conditions. Deeper in ice
sheets, the so-called asymptotic phase of densification takes
place and the bubble-pressure profile no longer depends on
the past climatic changes at bubble closure. Thus, the
stationary mathematical description of the densification
process with invariable mean-Holocene conditions at the
close-off depth is suflicient for computational predictions.

Dimensionless parameters of the model

The normalized bubble pressure B, can be evaluated as a
function of the model parameters in the following dimen-
stonless form:

B, = ¢(h; a, K1, K3, 5, Pum ;s €1, €y &) (3.4)

https://doi.org/10.3189/50022143000034973 Published online by Cambridge University Press
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where
/
‘Ph = B) y ;: ’L“ 3 [:,;mn = RHI—“ i
Pll' o I)a\tm n PI(- - P:-ll]ll
€6 =6lt, €,=e¢ f_“_ K :M
3(3(- = lelm)z

. gpib Mo i Tt IR Y. -
Ky ———— | ) o= ; R
x- {P’l = PiI.lIIl)“ g (\/g ‘ L = Ce (3 0)

Some new denotations are used in Equations (3.4) and
(3.5): according to paper I, & is the tuning parameter of the
bubbly-ice rheological model (Salamatin and Duval, 1997)
assumed hereafter equal to 0.7; € is the thinning rate in the
vertical direction and €, is the apparent strain rate in the
upper part of the ice sheet induced by overall glacier flow;
h' is the depth measured in the equivalent of pure ice related
to the real depth A by the equation

~h
K= h+ / (1 —e)dh, > fie (3.6)
Jh,

Hence, the reduced dimensionless depth /i is the normalized
load pressure
h = (I)l == I)illlu)/(]j](' — Pmm) E

The air-volume concentration is straightforwardly ex-

pressed as a function of P;:
c=%/(F + B). (3.7)

The dimensionless complex 4. can be considered as a char-
acteristic value of the bubbly-ice porosity and is propor-
tional to the air content V' in the ice
(I)l(‘ o -pmm)T:«‘ =
_ e

0Pl
where P, is the standard pressure: I, = 0.1013 MPa.

The relationship (34) is the solution of a non-linear

V = (3.8)

mtegral-differential equation derived in paper L. Finite-
difference and iterative methods are used to calculate £,
and ¢ in Equations (34)-(3.7) vs depth h (or k). “Lincar”
and “non-linear” viscosities My and M in Equations (3.1)
and (3.2) (criteria K, K5 in Equations (3.5)) are estimated
al the mean close-ofl temperature 7.

4. MODEL APPLICATION TO THE VOSTOK ICE-
CORE DATA

The ice-densification model can be used to calculate
directly porosity and bubble-pressure profiles for given
parameters ol the densification process listed in Equations
(3.4 and (3.5). We also developed an inverse method in order
to infer the air content V' and the rheological parameters
My and M; of pure ice (L.e. . and K}, Ks) [rom porosity
and (or) bubble-pressure experimental profiles. This section
describes our approach and its application o the Vostok ice-
core data.

The inverse problem

It has been shown in paper I that porosity and bubble-pres-
sure profiles in the bubbly-ice thickness are selectively sens-
itive to the main parameters of the model: bubble pressure
can be used to distinguish between K and Ks but does not
reveal changes 7., while the porosity profile, on the con-
trary, is equally influenced by K and K5 but is very sens-
itive to ¥.. Hence, we need both data sets to determine fully
all these values.
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Let ¢ and P,"Y) be the porosity and mean pressure in
the air bubbles measured at the depth levels hy,, k= 1,2, ...,
m and h;, j= 1,2, ..., n, respectively. The two comparable
normalized mean-square (standard) deviations can be in-
troduced as

Bs =8/ :;- i(cm — c:(h.;.))g/'m.

e | i

|

and

n 5
5= 50/ B) = 77 | S0 (A9 = Ay /m
J=1
where (F) = 0.5(P¢ + Fi(hy)) is the mean load pressure;
c(hi) and B,(h;) are the corresponding simulated values
determined by Equations (3.4)—(3.7).
So, we formulate the inverse problem ol inferring para-
meters /Xy, K5 and 7. as the best-fit procedure of minimiz-
ing the target function

=2

F=ws +(1— ?1))(5,,)2. (4.1)

which is the weighted average of 5. and s, with the weight
0 < w < 1 usually taken as w = 0.5.

The gradient method of steepest descent is applied to
perform the computations, A number of numerical tests
have been carried out using Vostok ice-core data. The main
results of the tests are presented below.

Preliminary tests

It should be noted that the process of bubbly-ice densificat-
ion occurs at relatively low stresses: 7 < (P — Pa ), which
corresponds to the transition of the rheological law in Equa-
tion (3.1) of pure ice from asymptotic power creep to lincar-
viscous flow (see paper I). Within this range, the original re-
lationship between € and 7 can be equally well approxi-
mated by Equation (3.1) at different ¢, provided that the
parameters M, and M, are properly adjusted. This has been
confirmed by preliminary tests: practically the same rheo-
logical curve within the transition zone is obtained for var-
ious values of the exponent in the interval 2 < o < 5.
Finally, the exponent has been fixed in accordance with
Budd (1969) and Shumskiy (1969) at o = 3.5 to represent
the high-stress branch of the ice-flow law.

Since ¢; and €, in central Antarctica at Vostok Station
are expected to be small and do not significantly influence
the model prediction of B, and ¢ (see paper I), a simple
two-dimensional flow of the glacier along a flow tube of
constant width is assumed below to estimate €, and €, in
Equations (3.4) and (3.5). Hence,

& = & = bt /A = (B — Patm)/(g0:)

where A is the thickness of the ice sheet in the equivalent of
pure ice.

Initial data on the ice-formation conditions and densific-
ation process at Vostok Station are given in'Table L

It is clear that only My, M, (i.e. K, Ky and, if neces-
sary, Pp.(5. or B.) need to be found to constrain the model
in Equations (34)—(3.7). To do this, the best fit to experimen-
tal data is determined within fixed depth limits:
1 < h < 3.5, that include a complete high-rate phase of the
densification as well as the beginning of the asymptotic
phase. At Vostok Station, this corresponds to a depth inter-
val 105 < h < 300 m, which covers the entire Holocene
period with respect to entrapped air age (Barnola and

102
https://doi.org/10.3189/50022143000034973 Published online by Cambridge University Press

others, 1991). The recent change of the air-content level (5%
increase) observed within Holocene ice at Vostok at a depth
of about 150 m (see Fig. 3) does not imply any significant dis-
turbances, neither in the bubble-pressure profile, because
the latter is not sensitive to 7., nor in the porosity, which is
determined mainly by the air content in ice below 170 m
(when ¢, is fixed as the measured present-day value). This
allows us to compute the bubbly-ice densification as a stat-
ionary process at a mean effective value of ~., which is
expected to be close to the higher (Holocene) level of air
content depicted in Figure 3.

Rheological parameters and air content in Holo-
cene ice at Vostok inferred from experimental por-
osity and bubble-pressure profiles

To infer the rheological parameters of purc ice and to estim-
ate the mean bubble pressure at pore-isolation level in the
Vostok region, we first try to identify the model on full init-
ial datasets consisting of two porosity profiles (I .and II) and
the bubble-pressure profile obtained through direct press-
SUre Measurements.

Minimization of the s function (41 at w = 0.5 gives
K, =~ 0.61, Ky = 0.41 for both porosity profiles but results
in different estimations of the characteristic porosity:
Ye = 0.01( P = 0.086 MPa) in case I and 4. = 0.0096
(P = 0.084 MPa) in case II. As described in section 2,
the difference between profiles L and 11 1s due to ice fracture:
the ice porosity determined by hvdrostatic weighing (profile
I) is systematically higher than that calculated from direct
measurements of the size and number of air bubbles in the
ice (profile 11). Thus, the first profile represents the upper
estimation of porosity, while the second, being less precise,
seems to slightly underestimate this quantity. This is the
rcason for the apparent difference between the deduced
values of 9. and B,. Furthermore, we consider
B, = 0085 MPa (5. =0.0098) as an improved upper
bound of the bubble pressure prevailing at the close-off
depth at Vostok Station during the Holocene period. The
best fits for porosity and bubble-pressure profiles obtained
through conditional minimizing of the standard deviation
in Equation (41) as a function of K; and K at fixed
Fe = 0.0098 (P, =0.085 MPa) are depicted by curves | in
Figure 4a and b, respectively.

It should also be emphasized that, as long as the exper-
imental pressure profile remains unchanged, the inferrable
rheological parameters appear to be very stable with respect
to changes of 5. (i.e. F,) or to substitutions of porosity
profiles I and II. The variations do not exceed 1% for
Ki and + 5% for Ks, when 7, is forced to skip from 5, =
0.01 (P, = 0,086 MPa) to . = 00094 (P, = 0.082 MPa).
The relative mean-square deviation is § &= 2.8 x 10 * and
31 x 10 ? (that corresponds, respectively, to the standard
deviation of porosity s. = 2.1 x 10 5 and 27 x 10 ? for
profiles I and Il and to the deviation of pressure s, =
3.8 x 10 > MPa).

The air content in the young Vostok ice from the closc-off
depth to about 150 m is found to be rather low (see Fig. 3).
This may be a possible explanation for the fact that all the
points of the experimental porosity profile T in this depth
interval lie below the simulated curve (Fig. 4a). Another
candidate to account for the above-mentioned discrepancy
in Figure 4a is the process of bubble disintegration, which is
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Fig. 4. Bestfil ice porosity (a) and bubble-pressure (b )
curves simulated through model fitting to the Vistok ice-core
data. Experimental data are shown with symbols as indic-
ated in the figures. Curves 1in both figures correspond to a best
Sit between the model and the full original data set consisting
of the experimental bubble-pressure profile and both of the
porosity profiles: Iand 1L Curves 2 are related (o the porosity
profile Land to the bubble pressure calculated from porosity
profile I The dotted line 3 in (b) represents the bubble-pres-
sure profile giving the middle values of the pressure as com-
pared to curves | and 2. The dashed line in (b) is the
absolute-load pressure.

observed at Vostok down to a depth of 170 m and is not taken
into account by the model.

The next step is to estimate the possible influence of the
crrors in the bubble-pressure measurements on the ice-
rheology predictions. As the depth increases, the mean pres-
sure in air bubbles becomes very close to the absolute load
pressure (dashed line in Figure 4b) and, thus, is thought to
be not less than the real mean bubble pressure, On the other
hand, the lower bound of the bubble pressure is determined
by the lower marks of the error bars, which indicate the
variability of the gas pressure measured in individual bub-

bles at the same depth level. Note also that overestimation ol

the porosity ¢ in Equation (3.7) would lead to an under-
estimation of the magnitudes of P, and, what is most impor-
tant, the larger 7. is, the larger the values of P, are.
Therefore, in order to determine a lower estimate for ¥
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and, hence for B, we should relate, in accordance with
Equation (3.7), the experimental porosity profile I (i.c. over-
estimated porosity) to the lower marks of the error bars in
the bubble-pressure measurements. This vields v, = 0.0094
and therefore B, & 0.082 MPa. We believe that this value
represents the lower bound of the bubble pressure prevailing
at the close-of depth in the Vostok region during the Holo-
cene period. The bubble-pressure profile recalculated from
porosity-data set I is shown by small crosses in Figure 4b,
while curves 2 in Figure 4a and b represent the correspong-
ing best fits (5=21 x 107, 5. =17 x 10%, s, =29 x
1g* MPa) of the model in Equations (3.1)—(3.7) at w = 0.5
in Equation 4.1 The inferred values of the rheological
parameters are Ky & 2.9 and Ky 2~ 0.033 and globally, at
this stage, we have

.61 < K £ 2.9
0.0094 < 4. £ 0.01

0.053 < K5 < 0.41;
(0.082 < B, < 0.085MPa).

Thus, A, = 00835 MPa (3, = 0.0096) may be regarded
as a reliable estimate which, according to Equation (3.8)
and data fromTable 1, gives a mean Holocene air content at
Vostok of V' == 0,088 + 0.0016 em” g . This value appears to
be in good agreement with the Holocene level, ie.
V = 0.0862 + 0.0025 cm” o ! determined as the mean air
content in the ice-core depth range 182.39-183.00m (see
Fig. 3).

As for the ice-flow law in Equation (3.1), the deduced
limits of the main similarity criteria K| and K are yet too
uncertain and additional investigations are needed. Since
we cannot give preference to any of the bubble-pressure
profiles, either directly measured in the laboratory or de-
rived from the air-volume concentration data, the middle
curve 3 (dotted line) has heen drawn in Figure 4b between
the best pressure fits previously found (curves | and 2). The
model simulation of the porosity profile: I at F =
0.0835 MPa results in practically the same depth distribut-
ion of the bubble pressure, as shown by curve 3 in Figure
4b with Ky = 1.36 and K> = 0.076. These values might be
considered as most plausible. It is remarkable that they
reveal obvious shifts from the mid points of the above-deter-
mined intervals. The observed asymmetry implies that the
influence of K| and K5 on the bubble-pressure profile is
essentially non-linear with maximal sensitivity within the
bands given by the least distances from the latter values of
K| and K to their bounds. This, in turn, suggests that the
upper and lower estimates are somewhat exaggerated and
have been overtuned by the best-fit procedure. Special com-
putational tests fully confirm this conclusion. Actually,
simulated porosity and bubble-pressure profiles cover the
range between the two upper and lower limiting cases as
Ky amd K cover the [ollowing narrower ranges:

Ky = 1A+0.8, Ky =0.092 + 0.04.

Using Table 1 and Equations (3.5), we can easily trans-
form these estimates into dimensional in-situ rheological
properties of Vostok ice:

M; = (2.3 £+ 1.3) x 10* MPa vear,
My = (41 £ 18) MPa“ year.

In order to extend this result to other conditions and to
compare with other available data, further validation of the
model and, in particular, validation of the flow law is neces-
sary, since we still need activation energies Q1 and Qs to
evaluate the factors g and g in Equation (3.2).
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5. VALIDATION OF THE INFERRED ICE RHEOL-
OGY AND TESTING THE MODEL ON THE OTHER
ICE CORES

Now, to verify the theory and to extend the flow law in
Equations (3.1) and (3.2) of polycrystalline ice from the ex-
treme Vostok temperature —55°C to warmer situations, we
use in the model in Equations (3.4)-(37) to simulate the
air-volume-concentration profiles in bubbly ice at other
Antarctic and Greenland sites.

According to carlier reviews by Budd (1969) and Shumskiy
(1969) as well as to findings by Homer and Glen (1978) and
Lliboutry’s (1981) review, we assume Q) ~ Q2 & 60 k] mole .
In this framework, [rom the above estimates of the rheolog-
ical parameters M; and Mo for Vostok ice, we straight-
forwardly get i1 and o in Equation (32) at o« = 3.5.

= 2.9 £ 1.3MPayear, pp = 0.051 £0.019 MPa“ year.

(5.1)

In order to validate the latter result, the predicted poros-
ity variations vs depth for gy = 29 MPayear and fi» =
0.051 MPa® year are compared in Figure 5a—g (solid lines)
with the experimental profiles (small crosses) measured in
Antarctica: at Komsomolskaya, Vostok 1 (Salamatin and
others, 1985), Pionerskaya (Smirnov, 1983), Byrd Station
(Gow, 1968a, b) and along the Mirny Vostok route, at 60
and 105 km from Mirny, and in Greenland at site 3 (Lang-
way, 1958, 1967). All the data needed for the computations
are presented inTable 1. Additional information on present-
day geographic variations of the air content V' in recent ice
(Martineric and others. 1992) has been employed to estim-
ate the bubble pressure B, at close-off depth. Actually, we
used the error envelope established by Martinerie and
others (1992) for the air contentelevation linear relation-
ship as a limiting band when adjusting P (V) for stations
Site 2, Vostok T and Komsomolskaya for which experimental
data on V were not available.

All simulated curves in Figure 5 are in good agreement
with the experimental porosity profiles. This result is re-
markable, when considering the fact that the temperature
range from —55°C at Vostok to —20°C at 60 km corresponds
to a change in the rheological parameters M; and M» by
more than a factor of 50 (Equations (3.1) and (3.2)). Even a
10% variation of the activation energies ¢ and (@2 would
change the coefficients p1 and pip by more than a factor of 2.
This could noticeably enlarge the discrepancy between
theoretical predictions and experimental data. As an
example, the two corresponding porosity profiles simulated
for Site 2 conditions with the parameters j1; and pa equal to
those given by Equation (5.1) multiplied or divided by a
factor of 2 are shown by the dashed curves in Figure 5g.
Thus, the developed densification model and the deduced
in-situ rheology of pure ice are well confirmed and can be
compared now with independent data, including laboratory
tests conducted on various ice samples within the same stress
l'ﬂngt‘.s_

Figure 6 illustrates the compatibility of the rheological
properites of pure ice for low stresses and/or stresses indep-
endently derived from other experimental data fromVostok.
All measurements and relations are reduced to a temper-
ature of —10°C according to Equation (32) at Q; =
(2> =60 k] mole 'and are expressed in terms of the effective
stresses 7 and effective strain rates ¢ introduced in section 3.
The flow law in Equations (3.1), (3.2) and (5.1) is depicted by
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Fig. 5. Comparison of model and experimental ice-porosity
profiles for seven siles in Antarctica (af) and Greenland
(g). Solid lines are the porosity curves computed with
Q1 = Q2 = 60kF mole ! for the site conditions as indicated
in Table 1. The dashed lines in (g ) are the porosity profiles
simulated with activation energies changed by +10% from
the original values.

a thick solid line extended by the dashed line beyond the
stress interval of model validation. The dotted lines are the
hounds of its probable uncertainty within the stress range
typical for bubbly-ice densification. The three thin lines in
Figure 6 represent the earlier findings of the authors on in-
ferring ice rheology (in the framework of a power-creep
law) through an inverse procedure by modelling different
natural processes in glacial ice: ice-sheet flow in East Ant-
arctica (Salamatin and others, 1982), hubbly-ice densifica-
tion at Vostok Station (Salamatin and others, 19853), the
closure of the deep dry borehole at Vostok (Salamatin and
others, 1981). Although the slopes of the power approx-
imations (thin lines) in logarithmic scales differ from the
slope of the flow law in Equation (3.1) deduced in this work
(thick line), the average magnitudes of the strain rates with-
in the corresponding ranges of stresses are almost the same.

Special mechanical tests have recently been carried out
at -10°C by Duval and Castelnau (1995) on isotropic ice-
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Fig. 6. Iee<flow law at —10° C. The thick curve is the flow law
obtained in this study { the ¢ffective strain rale ¢ is expressed
as a polynomial function of the effective stress 7). The dashed
part of the thick curve represents extrapolation beyond the
stress range of model validation; the envelope between the
dolled lines characterizes the uncertainties of the deduced
rheological law. The thin curves represent the power-creep
law of ice within different stress ranges as revealed from anal-
_vses of natural process: ice-sheet flow in East Antarctica, ice
densification ( for the power-creep law ), closure of the deep
dry borehole at Vostok Station. The small squares are the data
JSrom mechanical tests on ice-core samples in a lowo-stress
range.

core samples at comparatively low stresses within the range
not covered by other investigators. These data are shown in
Figure 6 as small solid squares. The principal result of the
comparison is that the developed theory of bubbly-ice den-
sification (paper I) and the deduced flow law of pure poly-
crystalline ice are close to reality and can be used for various
applications,

6. DISCUSSION OF THE CLIMATIC EFFECT ON
THE POROSITY PROFILE

Another characteristic feature of the densification process
will be employed 1o obtain information about climatically
induced variations of the air content in Vostok ice in the
past. Actually, it has been shown in paper [ that below the
level corresponding 1o the normalized depth i = 3.0 bub-
bly-ice densification passes into the asymptotic phase. At
this stage, the rate of compression is mainly determined by
the current accumulation rate (i.e. by the present-day rate
ofice loading and sinking) and, what is most important, the
bubble pressure for h = 3.0 does not depend on the air con-
tent, provided that the process of ice formation was station-
ary during the Holocene period. The latter fact means that
the profile of the bubble pressure in the deeper part of the ice
sheet can be simulated at contemporary climatic conditions
as an extension of the model predictions accordingly to
Equations (3.4)—(3.7). Then, if the experimental data on ice
porosity for the depths i > 3.0 are available, the air content
V' (or 4) of the deep ice can be simply evaluated from
Equations (3.7) and (3.8) on the basis of the porosity profile.
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For small values of ¢ = 2-3 x 10 * (h > 3.0), we have (see
paper 1)

Yo = ch, V =cRAL/(FT.p)- (6.1)

On the other hand, the bubble pressures reconstructed from
porosity measurements at constant mean Holocene air con-
tent would deviate from the simulated ones if the real values
of V' were different.

With this in mind, the profile of the bubble pressure
simulated for the Vostok ice core in accordance with the
results of section 4 has been extended down to 500 m, i.e.
until the beginning of the transition zone of air-hydrate
formation (Lipenkov, 1989; Uchida and others, 1994). Tt is
compared in Figure 7 with bubble pressure (small crosses)
calculated from porosity profile I (the data from badly frac-
tured ice samples are omitted here). The bubble pressurce has
been derived from Equation (37) under the assumption that
Fe(V') is constant and equal to its mean Holocene value
Y = 0.0096 (V = 0.088 cmlsg Y. As could be expected, the
theoretical curve is well fitted to these data for i < 3.0.
Deeper, all crosses lie below both predicted values and
direct measurements (crossed squares) of bubble pressure.
This deviation is statistically significant and is thought to
be an effect of climatic and/or ice-sheet elevation changes
which influence the air content through close-off conditions:
ey Phoe. Te. From Figure 7, it is obvious that the air content
in LGM ice is higher than the value of 0.088 cm® ¢ ' for Ho-
locene ice.

Actually, we are interested in distinguishing the variat-
ions of the air content, which do not exceed + 10% with re-
spect to the mean value V& 009em®g ' (Lipenkov and
others, 1993; Martinerie and others, 1994). The accuracy of
the hydrostatic method which has been used for measuring
profile L is estimated to be of the order of +1-2 x 10 ' within
the brittle zone. Therefore, in order to guarantee an error
level not worse than 4+ 5 7%, we should initially stop Equat-
ions (6.1) at a depth of 450-500 m, where ¢ &= 1.5-20 x 10

4 T T
relaxation

T Y T
asymplotic pha.se/

bubble pressure (MPa)

o E o
i g
4
B direct measurements i
+ from porosity profile I
0 1 1 " 1 "
100 200 300 400 500
depth (m)

Fig. 7. Comparison of the computed bubble-pressure Jrafile
and experimental data down to the lower boundary of bubbly
ice al Vostok Station. The solid curve is the theoretical profile
computed for present-day close-off conditions and for the resul-
tant rheological parameters and air content obtained for Holo-
cene tee al Vostok. The symbols are the experimental data as
indicated in the figure and explained in the text. The dashed
line is the absolute load pressure.
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From this point of view, porosity profile I provides an
opportunity to evaluate air-content variation in the ice
down as far as at least 450 m. Profile II is not suitahle for
these reconstructions, since it is approximately twice as in-
accurate. In accordance with the estimates of the gas age in
the Vostok ice core (Barnola and others, 1991), climatically
induced variations of the air content up to 22 kyear BE i.e.
including Last Glacial Maximum, may be discovered. This
is of special interest because LGM ice at Vostok Station s
entirely enclosed in the brittle zone (see Fig. 1), where direct
air-content measurements are extremely restricted due to
the pure quality of the ice core. Tt should be added here that
the observed fluctuations in the experimental porosity
profile I cannot be explained only by probable fracturing
of the ice core (even if the normal-level fissure effect on por-
osity is estimated to be as high as 12 x 10 . The main rea-
son for this is that the systematic error of the hydrostatic
method caused by the incvitable existence of micro-fissures
in the deep bubbly-ice cores has already been (at least
partly) eliminated by fitting the theoretical pressure and
porosity profiles to the experimental data within the upper
300 m of the ice core. Although the Vostok ice core becomes
more brittle as the depth increases, its maximal fracturing
still develops within the depth interval of 400-600 m, where
the energy of the compressed air in the bubbles is high, while
the distance between bubbles remains short. Furthermore,
the variance of the main part of the porosity record down
to a depth of 500 m remains within 3-5%.

Thus, the porosity data from the interval 300-500 m are
straight-forwardly transformed, according to Equations
(6.1), into an air content to match the predicted bubble-pres-
sure profile. The inferred variations of the air content in the
Vostok ice core with gas age (Barnola and others, 1991) are
shown in Figure 8 by crosses connected by thin lines. The
dashed lines correspond to the inferred mean levels of air
content during the Holocene (V' = 0088 £ 0.0016 em’g )

depth (m)
200 300 400 500
0.11 — —— i
L o e e e -
LGM level —_

0.09 .
f Holocene level

air content (cm3g 1)

0.08 °

© measurements
+ reconstruction

0_07....L..L.|....1....|
0 5 10 15 20

age (kyear)

Fig. 8. Comparison of the reconstructed air-content and ex-
perimental data available for the Vostok ice core down lo a
depth of 500 m. Dashed lines show the mean levels of ar con-
tent in Holocene and LGM ices as deduced from interpretation
of the porosity profile. Envelopes of uncertainties are shown by
the dotted lines.
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and at the Last Glacial Maximum (V =0.096 +
0.004cm” g ). The dotted lines outline the envelope of un-
certainties in these values, Direct measurements of air con-
tent (fragment of composite profile from Martinerie and
others (1994) and data obtained in this study) are also
plotted in Figure 8 for the objective of comparison.

Additional information on LGM air-content level in the
Vostok ice core is especially desirable, because the few ex-
perimental data available for LGM ice appear to be even
less precise than in the upper (Holocene) part of the Vostok
air-content profile (Martinerie and others, 1994). The de-
duced air content in LGM is consistent, within the limits of
declared uncertainties, with the scarce experimental points
obtained for these depths. The new V data inferred from
analysis of the porosity profile in the Vostok ice core confirm
the higher air content in glacial age ice than that in inter-
glacial age ice. The amplitude of the V' variation associated
with the climatic transition from LGM to Holocene is found
to be about 9%, which is very similar to the amplitude of
the air-content change observed in the Vostok ice between
1900 and 2000 m and corresponding to the penultimate de-
glaciation (Martinerie and others, 1994). This change in air
content may be interpreted in terms of thermal variations of
the close-off porosity (Raynaud, 1983), climatically induced
changes in atmospheric pressure (Gates, 1976) and thicken-
ing of the ice sheet in the Vostok region during the last degla-
ciation (Salamatin and Ritz, 1996).

Note that the above estimates of the air-content variat-
ions are based on the simulated bubble-pressure profile
which lies systematically below the direct-pressure measure-
ments in bubbles (see Fig. 7) within glacial age ice (ie.
deeper than 250m where ice age exceeds 11 12 kyear
(Lorius and others, 1983)) and entrapped air is 5-6 kyear
younger (Barnola and others, 1991). Hence, this difference
between predicted and measured pressures could be at least
partly due to the “softer” rheological properties of ice during
LGM (Paterson, 1991). If so, then the air-content change
might be even larger.

7. CONCLUSION

A new model of bubbly-ice densification and new experi-
mental data have been used jointly with the aim of both
identifying the model and interpreting various points con-
cerning this process. The ice-creep law at low stresses (in
the polynomial form) has been deduced and verified for a
wide range of temperatures. Climatically induced air-con-
tent variations in bubbly ice at Vostok (central Antarctica)
have been estimated on the basis of inverse methods and
compared with direct measurements. Compatibility and
good agreement between model predictions and a vast ser-
ies of different data demonstrate the validity of the con-
ducted research. At the same time, this work provides a
necessary basis for deeper investigations of the air-hydrate
formation process in polar ice sheets.
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