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The permanent ice covers of liquid water based lakes in the McMurdo Dry
Valleys are thermodynamically active and display a well defined but transitory
stratigraphy. We discuss the annual development of the physical structure of the ice
based on field measurements, data gathered during the austral winter and spring of
1994 and 1995, laboratory experiments, and quantitative analysis. In general, the
ice growth takes place on the bottom of the ice cover with ablation trom the top.
Sediment deposited on the ice surface by aeolian processes migrates downward
through the ice. The migration is driven by a combination of solar absorption and
seasonal warming, leaving a liquid melt trail in its path. The sediment collects in
discrete pockets forming a layer with clean ice above and below. Attenuation of
solar energy coupled with the brief duration of the relatively warmer portion of the
summer season limit the sediment’s level of descent. During the austral summer an
aquifer is created in the ice, with its lower boundary marked by the sediment layer.
The aquifer is connected to the lake water through conduits and the lower ice
remains essentially dry. A complex ice stratigraphy is produced as the result of top
down freezing of the liquid water in the ice during fall and winter. Inverted tear-
drop shaped bubbles with diameter generally under Smm are produced in the upper
meter of the ice. Arching plume-like bubbles and umbrella shaped waves ot small
spherical bubbles develop as the liquid freezes in the vicinity immediately above
the sediment pockets. These patterns are governed by the shape of the freezing
front. Liquid filled cavities in the ice induce local curvature of the freezing front,
the shape of which is determined by differences in thermal conductivity of the water
phases. Hoar frost, produced by temperature gradients, is apparent on the upper
surfaces of many bubbles. Just below the sediment, a cluster of circular honzont_al
fractures develop when expansion due to the phase change of liquid entrapped in
cylindrical bubbles causes failure. Fracture occurs on the basa[ plane of the Si
(c-axis vertical) ice. The lower region of the ice cover is characterized by vertically
oriented cylindrical gas bubbles that develop when water freezes to the bottom of
the ice cover. The bubbles, fractures, and sediment configuration influence light
transmission/absorption, heat flux, and mass transport, all of which are important

to the biogeochemical processes in the lake.
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INTRODUCTION

In the Amtarctic environment, the lake ice cover s a
dynamic but permanent geologic structure. The ice’is an
essential feature influencing biologic activity in the liquid
water beneath the ice cover and within a sediment layer in
the ice itself [Wing and Priscu, 1993, Priscu, 1995; Lizotte
et al, 1995, Fritsen et al., this issue]. An understanding
of the physics of the ice on temporal and spatial scales
will provide new information on the influence of the phys-
ical environment on the microbial populations both with-
in the ice and in the liquid water column beneath the ice.
Most of the lakes in the McMurdo Dry Valleys of Antarc-
tica are unique in that they maintain a perennial ice cover
overlying liquid water. The geomorphology and complex
stratigraphy of the ice on these lakes determines the trans-
mission, scattering and absorption of infrared and visible
radiation [Lizotte and Priscu, 1993: Howard-Williams et
al., this volume]. In addition, ice shields the underlying
liquid from wind induced mixing [Spigel and Priscu, this
volume]. Ice thickness, which varies among the lakes, rang-
es from 3 to 6 m and is maintained by accretion on the
bottom, at the liquid-ice interface. New ice formation is
balanced by sublimation [Clow et al., 1988] at the upper
surface and melt on the bottom during the summer. The
jake water is replenished by glacial melt {Chinn, 1993].

As early as 1966, Henderson et al [1966] noted that a
liquid “water table” developed within the ice cover during
summer, however little research has examined the influ-
ence of the liquid water on the ice bubble morphology.
Squvres et al. [1991] encountered liquid water 2.1 m be-
low the surface while constructing sampling holes in Lake
Hoare during November. The ice was sufficiently perme-
able so that the hole could not be pumped dry. They also
noted that the depth at which liquid water was encoun-
tered was coincident with the bottom of in-ice sediment.
Squyres et al. [1991] described bubble morphology with-
in the ice hole. Some of the structure they observed has
similarities to that observed in second year arctic lake ice
[Swinzow, 1966). Adams et al. [1996] noted that in a core
extracted November 17, 1994 liquid was present near a
sand inclusion 250 cm below the ice surface in otherwise
dry ice. Within days, liquid saturated ice was encountered
approximately 100 cm below the surface in the same vi-
cinity. Liquid water ascended to the hydrostatic level of
the lake after the in-ice aquifer was penetrated. Liquid
water was not present at the surface so downward infil-
tration did not contribute to the aquifer at this time.

Ice grows in the direction of the temperature gradients
that must exist at the solid-liquid interface for active freez-
ing to occur. Vapor bubbles in, the ice are the product of
gas exsolution and occlusion duting freezing and are ori-
ented relative to the direction of ice growth [Carte, 1961,
Bari and Hallet, 1974]. As the ice front advances down-
ward, the solid phase rejects dissolved gases thereby in-

creasing the supersaturation level of the liquid at the inter-
face until, in the presence of a nucleate, a critical value for
bubble formation is reached. A consequence of bubble
formation is that the supersaturation of the adjacent liquid
is lowered. Size, number, and shape of bubbles are to a
large degree a function of ice growth rate. As the growth
rate increases, the number of bubbles also increases, but
the size decreases. If the growth rate of the ice and of the
supersaturation of the liquid are “balanced,” cylindrical
bubbles will form. Waves of bubbles will form cduring
steady freezing when the formation reduces supersatura-
tion sufficiently to constrict the bubble; continued {reez

ing again increases the supersaturation level causivig e
process to repeat.

This paper presents a physical description 0 the si-
lient characteristics of the morphology of the ice srructur
in the permanent ice covers of lakes in the McMurds fo
Valleys. In addition laboratory experiments that corrobe
rate the observed morphology of in situ lake 1cc are
described.

FIELD SITE DESCRIPTION

The McMurdo Dry Valleys of Antarctica are locatod
160°-164°E, 76°30'—78°20" S. These valleys receive pro-
cipitation on the order of 10 mm- y-!, [Bromley, 1986} mist
of which is lost to sublimation. This low precipitation cou-
pled with the continental ice sheet barrier formed by the
Transantarctic Mountains produce the dry valley envire:
ment [Chinn, 1993]. The lakes, situated on the valiey flo
are surrounded by a barren rocky/sandy mountainous Lind -
scape with alpine and continental glaciers enterin.r o
the mountainsides and along the valley floor.

We observed considerable variation of the 1ce coaers
among lakes in the McMurdo Dry Valleys with respect
sediment content, internal structure, and surface topog: -
phy. Lake Vanda for example is virtually free of sedimer!
and has a smooth surface while the ice cover at Lake Mie:s
has large sand deposits over a meter high and a very rough
ice topography. To offer a concise presentation, the dis-
cussion presented here will focus on Lake Bonney, which
is intermediate among lakes with respect to sediment dep-
osition and surface topography.

METHODS
Field

Ice cover morphology was determined largely by field
studies performed during the austral spring 1994 and late
winter 1995. The 1995 late winter (August-September)
study provided an opportunity to examine the stratigraphy
of the ice before being altered by seasonal warming.

Ice cores were obtained using a 3 inch SIPRE ice cor-
ing tool. Cores extracted during winter extended from the
surface of the ice to within 50 cm of the ice-liquid inter-



ADAMS ET AL.: LAKE ICE METAMORPHISM 283

face (total ice thickness 4 m). The remainder of the ice
was then penetrated using an ice auger and the ice thick-
ness measured by lowering a weighted tape measure, con-
structed so that it hooked onto the bottom of the ice.

Immediately upon extraction, ice cores were placed in
tlexible polyethylene tubing and labeled for position and
orientation. A number of the samples were examined in a
field laboratory on Lake Bonney where a photographic
record of the morphology was made. The morphology of
the ice was exposed using a warm aluminum plate to melt
slightly the surface of the ice core in order to eliminate
scratches left by the corer.

A second method used to examine internal structure of
the ice on Lake Bonney in situ during the 1995 winter
study was a 3.4 m deep pit excavated using an oil free
chain saw. A hot air blower was used to melt slightly or
“polish” the exposed pit wall so that the internal structure
of the ice cover could be readily examined. This early
season pit proved to be particularly valuable for obtaining
large scale information on the ice stratigraphy. Large
biocks of ice were also removed from the pit for examina-
fion.

Year round air and ice temperature data at Lake Bonney
were recorded using thermocouples on a Campbell 21X
ata logger. They were placed intheiceat0.5m, I m,2m
and 3.5 m below the upper surface of the ice [Fritsen et
al., this volume].

Laboratory

Ice was grown in a cold laboratory to examine bubble
morphology resulting from downward freezing of an ad-
vancing ice front. The ice was grown in a nominal 60 cm
diameter by 22 cm deep cylindrical vessel. Sides and bot-
tom of the open container were well insulated. The vessel
was placed on the floor of a -20°C cold room and tmmedi-
ately filled with 21°C distilled water. The ice structure for
the laboratory and some of the lake ice was ascertained
1ising cross polarized light on thin cross sections, in con-
junction with polyvinyl formal crystal etching [Higuchi
and Muguruma, 1958]. ‘

In another process, crystallographic orientated clear ice
samples, used for subsequent experiments, were produced
using the following laboratory procedure. Distilled water
was partially degassed by boiling for 3 to 5 hours, then
placed in sealed containers and cooled to approximately
1°C. The insulated container described above, which had
been maintained at 21°C, was placed in the freezer and
filled with the prepared water. The water was kept in still
air conditions to minimize mixing from air currents, an'd
allowed to freeze. This process produced a vertical c-axis
oriented crystal structure in the ice. An average a-axis
length of about 2 cm resulted. Inother samples, a chﬂlqd
insulated cover placed over the vessel increased the a-axis
to 9 cm. The upper 15 cm of the sample ylt?lded the bub-
ble free ice. Samples of the clearice approximately 20 cm

long, 13 cm wide, and [0 cm deep were extracted from the
top center of the larger unit.

Experiments to determine the cause of horizontal frac-
tures observed in the lake ice were conducted using these
clear oriented samples. Three 1.3 cm diameter holes were
drilled to a depth of 8.5 cm into each biock. The holes
were used as a model of vapor cylinders observed in the
Antarctic ice. Holes were drilled in the ice blocks at three
different orientations: paralle! with the c-axis, perpendic-
ular to the c-axis, and oriented at 45° to the c-axis. The
cylinders were filled with water using a large syringe to
avoid trapping air: the sample was then frozen. Top down
freezing of the liquid-filled cylinders was achieved by float-
ing the blocks in an ice-water bath in the middle of the
same insulated vessel used to grow the primary ice sam-
ple. The ensemble was then frozen in ~10°C laboratory
over the course of several days.

Ice specimens for studying bubble morphologies above
the sediment pockets were developed by freezing water in
vertically oriented. transparent polycarbonate cylinders
placed on an insulated platform in a cold laboratory. Di-
mensions of the polycarbonate freezing containers were
§.2 cm inside diameter, 0.3 cm wall thickness, and 30 cm
in height. A 9 cm PVC couple securely positioned a sheet
of latex rubber on the container bottom to allow for ex-
pansion of the ice. Thermal conductivities of the polycar-
bonate, liquid water, and ice are 0.17 W-(m°K)-1, 0.58
W-(m°K)-t, and 2.17 W-(m°K)-! respectively.

FIELD OBSERVATIONS

A description of bubble structure, the sediment layer
within the ice cover, internal fracturing, internal melting,
and other features are presented in this section. This nar-
ration describes the structure from the bottom of the ice
sheet upward.

In the bottom 1.5-2 m of the ice cover, vertically ori-
entated vapor cylinders up to 20 cm long are the predom-
inant feature. The ice in this region varies from relatively
clear sections to discrete zones with a high concentration
of cylindrical bubbles of varying diameter, some in excess
of a centimeter (Figure 1). Larger diameter cylinders ap-
pear in conjunction with a lower concentration of bubbles.

A feature first observed during August and September
1995 is a zone of horizontal fractures. This zone is locat-
ed at about 1.5 m from the bottom of the ice and consists
of horizontal fractures up to 10 cm in diameter. In cross
section these appear as thin horizontal planes with a string
of fine vertical bubbles located near the projected center
(Figure 2a). When viewed from an oblique angle the bub-
ble strings pass through or end at the nominal centroid of
a circular crack. Several of these fracture disks may be
apparent along a bubble string (Figure 2b). Freguently,
this line of bubbles extends upward to the longitudinal axis
at the bottom of a vertical vapor cylinder (Figure 2a). lce
on the bottom of the cylinder bulges upward into the tube
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to form a convex ice surface. When viewed fron: above
the fractures appear as circular white disks.

Located at about 1.6 to 2 m from the bottom of the jee
cover, there is a zone of sediment composed of sand and
gravel sized particles (Figure 3a). A number of former
vapor cylinders have been filled with sediment in the jow
er region of the layer. Above the sediment Hifled oy iind
laveris a zone where sediments form larger pockers v
al centimeters across. A lower concentration ar! :
smaller clusters of sediment composed of coly & Fov g
grains occurs in the upper portion of thix region

A striking change n the structure of G bt
sursat the sediment layer. A few of the mers e
eral patterns are presented in Figures 3hond 50
clongated but not strictly vertical and tend v e i
ltke pattern frem the sediment pocket. Ancin, -
gy consists of waves of small spherical buitl
mumbrefla patterns over the sediment pock. 1
Plumes have been observed in excess of 30
extent (Freure 3d). Other tapering tubuis- »ohys
along the surface of the sediment Chanme
erally vertical, mverted teardrop shuped b0
seen above the center of some of the pochot i
(Color unages of figures 3a through 3wt ‘
detail. are inciuded in the CDROM cccompiey
volume )

In the region above the sediment Jayer anl it
ated bubbles, the bubbles are generally smalls o
an inverted teardrop shape (Figure 4y, Thes.
with vertically oriented tubes. In the region a1,
the sediment [ayer to the top of the ice sheer b,
distinetly frosted on the upper surface (Higone -

Figure 5 shows a sample of an1ce core ok
above the sediment layer on Lake Bonne. b
hquid was first encountered in the ice (Nowvor o

ANALYSIS AND LABORATORY RE&EH ]

Ice Growth and Gas Supersaturation

Thermocouple data from the east lobe ol Taky 12
during 1993 indicates that active ice growth will vake o
at the liquid-ice interface betvreen August and Meover b
for a period o1 about 100 days per year (Figure 6 11
ratc of growth of the ice, dX/dt. is calculated from e
energy equation (Figure 7) in the form

a o
l— = (hk— - k—)
Pl = g Ry ()

Fig. 1 Section of “3 inch” ice core (10cm diameter) showing
the vertical cylindrical bubble structure. (The horizontal cylin-
der apparent near the scale is an artifact of sampling.)
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Figure 2a

% Horizontal fractures and thin bubble train which occur in
~nts of the vertical cylindrical vapor bubbles Fractures are
sesult of stresses produced by trapped liquid water expansion

i freezing. Note also the concave lower surface of the

=aining portion of the vapor cylinder (a). A series in of frac-

- e produced due to stress relief as a result of the ice failure

“awed by continued freezing (b).

v ore the subscripts 7 and / represent ice and liquid, ¢ is

i1e, & is the thermal conductivity, T is temperature, p is
i1 density, and L is the heat of phase change. Assuming a
remperature gradient in the liquid of 0.5°C-m-? and an ice
“ickness of 3.9 m at the start of the growth period, this
model predicts ice growth of about 3.5 mm d-! (Figure 7)
tetween August and November.

As the ice surface advances during freezing and re-
rects vapor into the liquid at the ice surface, a gas concen-
tration gradient normal to the ice surface develops. The
zoverning equation describing the ratio of gas concentra-
"ion to some initial value as a function of time, ¢. and posi-
tion, v, in the fluid ahead of the moving ice front is given
a5 [Carte, 1961]

Figure 2b

Cx,H) _ 1-& Rx .
= [+ e
C. E {exp( > )
el -%(1—&><x+§Rt)]: @)

where C is the solute concentration. C,, is the initial solute
concentration, D is the diffusivity of air 1n water, x is the
distribution coefficient (ratio of solute air in the solid and
liquid), and R is the freezing rate of the interface. To illus-
trate the development of air supersaturaticn in water at the
interface we examine a constant ice growth rate of 3.5
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Figure 3b

Figure 3¢

Fig 3. Sediment layer which is located about 1.5t0 2 rutron i
bottom of the 4 cm ice cover on Lake Bonney. Itis comipase
predominantly sand sized particles (a). Complicaied vap.s
bubble morphology such as these bubble chains and plum
bubbles develop directly above sediment pockets in the lake ‘ce
(b). Arching wave of umbrella shaped bubbles (c).

mm-d-! (based on results shown in Figure 6). The concen-
tration ratio would increase 12 fold, as shown for 30 cm of
ice growth (Figure 8), owing largely to the slow diffusion
through the liquid. This increase does not account for the
development of bubbles which would lower the calculated
values. It should also be noted that the lake water is in an
initial state of supersaturation. In addition, even slight con-
vection with respect to oxygen and nitrogen that may oc-
cur in the lake would lower the concentration at the inter-
face.
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Laboratory Bubble Formation

Insulative properties of the polycarbonate cylinders
used to examine the sediment related bubble morphology
caused the top of the water exposed to the air to freeze
first. The combined components of vertical and horizon-
tal heat flux then produce a curved freezing front. Alter-
ation of thermal properties as the result of the phase change
further influences the heat flux. contributing to the devel-
opment of a concave downward. circular paraboloid as the
freezing front. Figure 9 illustrates a progression of the
freezing front in a vessel held at an ambient room temper-
ature of —7°C. Note the parabolic freezing front that pro-
duces the arching bubble shapes, the vertical linear front
that develops horizontal cylindrical morphologies. and the
bubble chains that develop near the top center The devel-
opment of a circular paraboloid at the freezing front was
common to all samples which were frozen in the 8 x 30
cm polycarbonate containers at temperatures of 0°C, ~7°C.
and -23°C.

The plume-like bubble patterns developed in these ex-
periments for ambient laboratory temperatures of 0°C and
=7°C but not at --27°C. The plume shape was observed to
develop normal to the curved path of the advancing ice
front. Nearly horizental cylindrical bubbles developed on
the sides at depth following the nearly vertical orientation
of the freezing front in this region. This pattern is similar
10 the vertically oriented cylindrical bubbles that develop
at the flat horizontal freezing front in the lake ice and in
the large laboratory vessel. Some of the large arching
cylindrical bubbles exhibit ridges on the top surface, a char-
acteristic similar to that observed in some of the lake ice.
The largest cylindrical and plume like bubbles developed
when the ambient laboratory temperature was near 0°C,
inducing a slow growth rate.

Bubble chains in the laboratory ice were located near
the top center of the sample cylinder (Figure 10a) interior
to the arching and horizontal cylindrical bubbles, and were
most pronounced at the slower freezing rates. Bubble
chains develop when the ice front is encroaching on the
center and the gas concentration increases accordingly. The
mechanism of formation is presumably similar to that
described by Carte [1961] for the waves of bubbles. Bub-
bles forming near the bottom of the test cylinder were
observed to detach and buoyantly ascend to the vertex of
the parabaloid during laboratory experiments, contribut-
ing to bubble formation at that location.

A cloud of small spherical bubbles developed when
the freezing rate was increased in the presence of lower
ambient laboratory temperature (~27°C). These clouds
appear similar to those observed just above the sediment
in in the lake ice (Figure 3¢). Like bubble chains, cloud
bursts appear in the center of the frozen sample. The higher
freezing rate results in the large number of small bubbles.

Figure 3d




288 ECOSYSTEM DYNAMICS iN A POLAR DESERT: THE MCMURDO DRY VALLEYS, ANTARCTICA

Figure 4a

{mbrella shaped bubble waves (Figure 10b) formed in
the laboratory when the vertical walls of the polycarbon-
ate cylinder were wrapped with additional insulation. re-
ducing the horizomnal component of freezing. As the curved
{reezing front advanced, a layer of small spherical bubbles
formed, following the contour of the freezing [ront. The
formation of smail bubbles presumably lowered gas su-
persaturation and clearer ice followed until the liquid wa-
ter again became supersaturated with gas resulting in an-
other wave of bubbles.

These laboratory results are essentially qoalitative and
were conducted to gain insight into probable physical con-
straints that would cause the formation of the complex bub-
ble structure observed in the lake ice. In this regard, the
experimental results were successtul. Morphologies sim-
llar to those observed in the lake ice have been reproduced
and potential mechanisms that would lead to appropriate
boundary conditions are identified in the following sec-
tion.

Figure 4b

Fig. 4 Inverted teardrop and tine tube-like bubbles prociviv
in the upper regions of the ice cover . The targest hublie
figure is about 2 mm (a). Frost on the top surfaces 1 cou
The result of sublimation and condensation across the
driven by a strong temperature gradient (b).

Horizontal Fractures

Water frozen in the large vessels, as describea i1+
laboratory methods above, initially forms a cap of ice cvre
the top, trapping dissolved gasses in the liquid beloy. |
cross section, the top 15 c¢m of the laboratory ice is ¢l
but transitions below to predominantly vertical cylindi:-
cal bubbles. Interspersed among the cylinders were occa
stonal chains of teardrop shaped bubbles with the tapered
end pointing downward.

Several methods of freezing the liquid which filled the
holes drilled in the clear crystal oriented ice samples were
investigated to examine the consequence of the manner of
freezing. Water injected into the holes of a block which
had come to thermal equilibrium with the -10°C cold room
froze within seconds. A large number of very small scat-
tered bubbles developed in the ice filled hole, but no crack-
ing occurred. Three other samples were brought to approx-
imately 0°C, and the holes filled with water. The tops of
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© S An ice core taken when liquid water was present in the
I'his appears to be a remnant of plume-like bubble. Water
. irained from the sample.

Temperature {7}
g o

1 61 121 181 241 301 361
Days from January 11993

Fig. 6 Temperature profile for Lake Bonney. 1993.

w

Ice Growth mm/day
- ~

o
|

1 61 121 181 241 301 361
Days from January 1, 1993

Fig. 7 Calculated ice growth to the bottom of the ice sheet based
on thermocoule data for Lake Bonney. 1993.

6000 9.000

Concentration Ratio

3000

Fig. 8 Anexample of the supersaturation increase in the liquid
at the freezing front for ice to grow 30 cm (about 86 days) at a
rate of 3.5 mm-d-1.

the holes of two were sealed by freezing with a —10°C alu-
minum plate. Individual samples placed ina —10°C anda
_2°C environment produced cracking in each but no ori-
entation was apparent. The third block was placed in the
_2°C environment without sealing the top. No cracking
was induced in this case.

In each laboratory specimen subjected to the predom-
inant top down freezing process described above, a well
defined circular fracture occurred on the basal plane. The
basal plane is orthogonal to the c-axis of the ice crystal.
This was consistent for the samples composed of large and
small crystals and in the case where a hole was placed ina
single crystal. regardless of the orientation of the crystal
axis relative to the direction of freezing. The basal plane
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17 hours 20 hours

lem {

yey 24.5 howurs
22.5 hours

i Fig. 9 Time iapse images of ice growing ar —
‘ parabolic shape of the freezing front as the ice
oriented normat to the freezing front.

7’Cinan8x30cm polycarbonate cylinder. Note the
advances downward and inward. Bubble structure is
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Figure 10a

“aiiure for the vertically oriented crystal structure is simi-

‘a1 1o that observed in the lake ice (see Figures Sa and 5h),
.¢.. a thin line of bubbles developed on the central vertical
s of each refrozen cylinder.

Horizontal fractures in the essentially vertically oriented
< axis lake ice are hypothesized to be the result of hydro-
-tatic pressure induced by the volumetric increase from
hase change during top down freezing. An analysis de-
~-1ibing the influence on fracturing due to volumetric ex-
ansion during solidification is presented. Water expands
upon solidification, therefore downward freezing in the
vlindrical hole causes compression of the fluid trapped
helow, producing a rise in the hydrostatic pressure. This
sressure then induces a stress field in the surrounding 1ce
which may lead to failure. ‘

Ice with a crystallographic orientation exhibits
orthotropic behavior, governed by its crystal structure,
whereby ({depending on loading conditions) it will tend to
fail along its basal plane due to shearing stress [Michel,
1978]. Michel [1978] found that a specimen of ice loaded
1n uniaxial tension or compression, regardless of the load-
ing orientation with respect to the basal plane, always failed

Fig 10 Laborators xi

Figure Jth

v bubble cham and plume ke starcture

(@}, Labaratory groswi saves of umbreila patierned small spher-
ical bubbies (h)

along the basal plane ot 81 wce in shear. except at the ex-
tremes when the hasal plane 15 parallel or normal to the
direction of a uniaxial load. 4shron [1986] reported arange
of 0.2 to 4.0 MPa tor shear strength of ice.

In the case of downward freezing of the hqud filled
cvlinder, the increased pressure in the entrapped fluid 15
examined by considering the equation for the bulk modu-
lus, k. of a tluid at constant temperature, T.

S

K= - -
[V i {3

where p is pressure and F is volume. The negative sign
indicates that as pressure increases \olume decreases. Re-
arranging this equation and expressing it in terms of finite
values yields,

Al
AP = r(——ﬁ— (4)

where ¥, is the initial fluid volume. For the sake of our
discussion, if we consider 4.5 cm of the onginal 8.5 cm
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long (1.27 cm diameter) hole used for the laboratory study
to have frozen, an unconfined expansion of 0.47 cm3
would result (assuming the density ratio of ice to water as
0.917). Neglecting visco-elastic deformation of the ice this
gives AV = - 0.47 cm3 and an unconfined initial volume,
Vo =5.54 cm3. Using K = 1964 MPa for water at 0°C, the
increase in pressure is calculated to be A P = 178 MPa.
By similar analysis, if 2.5 cm in this example had frozen
then the pressure would be 70 MPa; freezing 6.5 cm would
yield 443 MPa.

This increase in pressure in the fluid induces stress in
the surrounding ice. Principal stresses in a thick walled
pressure vessel may be calculated in cylindrical coordi-

nates [e.g., Boresi and Sidebottom, 1993] using the set of
equations,

2 2 4
P -p.b a*b*
rr= 2 - 2 2 (p _p)
b -a P(b*—db) P
P -ppb’ %
1 2 a
Gpg= — + . (p,-py
% b -d* rz(b'—az) P
2 2
a-p.b
o= 2EFD )
b -a

where ¢ indicates normal stress and the subscripts imply
cylindrical coordinate directions (radial, angular, vertical),
a and b are, respectively, the inner and outer diameters of
the cylinder, p; and p; are the internal and external pres-
sures and r is the radial distance to the point of interest. To
calculate the increase in stress, AP is used for p), and p; is
taken as 0, a = (1.27/2) cm, b = 30 cm (the radius of the
container in which the sample is centered). Values are
calculated at r = a where the ice stress will be a maximum.
Using the values discussed above, this yields values for
stress of O ,, =-p =-178 MPa (compression), Ggg= p=
178 MPa (tension), and ¢ ,, = 2.0 MPa (tension). The
maximum shearing stress will occur on a plane oriented at
45° to the maximum and minimum normal stresses. In
this case Ogg and © ,, are the maximum and minimum
values so the maximum shearing stress is oriented on a
plane at 45° to the p—0 axes. The maximum shear stress,
Tmax, 18 found from
0 —

max Gmin

T =" 6
max 2 ( )

which yields of Ty, = 178 MPa for the example under
discussion.

In the ideal case of perfectly vertical c-axis crystals
and perfectly vestical cylindrical holes, no shear stress
would be generated on the basal plane. However if a crys-
tal orientation is rotated about the  coordinate relative to
the vertical by an amount ¢, the shear stress may be com-
puted on this plane using the equation,

1,,= % sin (29)+71, gos (2¢) N

It would require that a slight off vertical orientation of
less than 1 degree of the crystal c-axis would be sufficient
to induce shear stress failure in the range reported in the
literature [Ashton, 1986]. Results from our laboratory ex-
periments and analysis support the contention that hori-
zontal fractures observed in the lake ice are the result of
expansion caused by downward freezing of liquid water
that has infiltrated cylindrical bubbles.

DISCUSSION AND CONCLUSIONS

Figure 11 presents the spatial and temporal interactios:
of the processes inherent to the ice covers of the McMur-
do Dry Valley lakes. The relationship between mecha-
nisms in the atmosphere, the ice cover and the liquid lake
water are shown as seasonal transition between the we
summer months and the dry winter months.

The near surface bubble morphology within the ice in:
the ridge and troughs differ. Ice in the ridges is more po-
rous than the ice at the trough surface that results from:
freezing of summer surface melt ponding in depressions.
The topology of the ridges provides more surface expo-
sure to the atmosphere, which coupled with its higher po-
rosity ice will likely cause a higher ablation rate of the
ridge ice.

During the summer months, sediments absorb solar ra-
diation forming liquid water pockets. Although most o!
the vertical elongate bubbles remain dry, liquid water in
filtrates those just below the sediment layer. Liquid Jake
water is connected to the sediment layer via vertical crack:.
in the ice cover. As winter approaches, top down freeziny
produces teardrop shaped bubbles in the upper region and
plume shaped bubbles, umbrella waves, and bubble cloud:
above the sediment pockets. Temperature gradients across
the bubbles produce hoar frost in the teardrop shaped
bubbles, which greatly increases light attenuation throagh
the ice. The liquid water that drains into and partially fills
the elongate bubbles freezes, producing disk shaped hori-
zontal fractures. The deeper elongate bubbles remain dry
and unaffected by the summerwinter transition. Sediment
is presumably lost from the ice cover through the vertical
cracks in the ice cover. This contention is supported by
large discrete sediment piles that have been observed on
the bottom of the lakes [Squyres et al., 1991].

It is likely that the liquid water in the summer aquifer
eventually saturates the ice from the sediment layer up to
the hydrostatic lake level. The morphology in the core
sample in Figure 5 indicates that the liquid is penetrating a
plume-like vapor inclusion characteristic of those above
the sediment. Penetration of this sort increases the liquid
water permeability of the ice as the in-ice aquifer devel-
ops.
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Craig et al. [1992] contend that gas bubbles are a
mechanism for the transfer of gas from lake water to the
atmosphere. Craig et al. [1992] assumed that gas in
bubbles formed at the bottom of the ice cover is carried
with the ice as it gradually works upward to the ablating
surface. This process has also been considered by Priscu
[1997] and Priscu et ai. [1996] as a mechanism for the
transport of gas from lake water to the atmosphere. Our
data show that the Craig et al. [1992] scenario is valid for
the portion of the ice only below the sediment layer i.e.,
where the cylindrical bubbles exist, but would not account
for the gas transported through the liquid water conduits,
or in the region above the sediment. It 1s likely that when
the summer ice is liquid saturated this water is in commu-
nication with the atmosphere and presumably will have
equilibrium values of the dissolved gases.

Minerals, nutrients, and microbes associated with
aeolean sediments migrate through the ice where a por-
tion may enter the water column and the lake bottom.
Calculations by Simmons et al. [1987], in an examination
of the warming of subsurface ice to the melting point, in-
dicate that solar absortion would be ineffective to cause
melt for —-1°C ice unless the sand particles were very large.
However when we consider that in the warmer months the
ice becomes isothermal at 0°C (see Figure 6), the amount
of energy required to facilitate this process is much lower.
The equation used by Simmons et al. {1987] indicates that,
if all other variables are held constant, the radius of the
particle varies linearly with the temperature difference
between the sediment particle and the ice, with the parti-
cle size going to zero as the temperature difference ap-
proaches zero.

The continuity of the bubbles in the lake ice just above
the sediment zone implies a previous equivalent continu-
ity of the liquid phase in the ice. We believe that a situa-
tion exists in which the large volume of liquid water in the
aquifer above the sediment layer occurs in pockets formed
by the downward sediment migration moving through the
liquid-saturated ice, assisted in its descent by absorbing
solar radiation. Melt paths result with the sediment pock-
ets at the bottom. We demonstrated in the laboratory that
neither sediment nor microbes need be present to form the
over sediment bubble morphology, but a mechanism is nec-
essary for controlling the direction of the freezing front.
If a liquid filled cavity above the sediment is produced
then a situation similar to the laboratory experiments we
described would exist, whereby the higher conductivity of
the ice would cause a curved freezing front leading to the
shapes observed in the lake jce.

In addition to exsolution of gases due to freezing, mi-
crobes active when liquid water is available at the sedi-
ment layer [Wing and Priscu, 1993] produce gas as the
byproduct of biologic processes. Although these biologi-
cally generated gasses are not required for the develop-
ment of bubbles in the ice, they can contribute to the su-
persaturation level and thus modify the bubble morpholo-

gy in their immediate proximity. Since the presence of the
bubbles strongly influences the manner in which light is
scattered the microorganisms can contribute to the physi-
cal structure of their niche in the ice. Although additional
investigation is warranted, the bubble structure will influ-
ence the manner in which the light energy will be made
available to the absorptive sediment and the microbes,
many of which are photoautotrophs [Wing and Priscu,
1993]. This concept is particularly intriguing when cou-
pled with the reflection from the horizontal fractures, in
that it offers the possibility of additional energy for melt
and photosynthesis. Hence a situation may exist where
the physical structure of the ice can benefit microorgan-
isms that have been observed to grow in association with
the lake ice sediment layer.
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