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Abstract: A shallow ice core, 30 m long, was collected at the Yamato bare ice
field in East Queen Maud Land, Antarctica. From the uniaxial compression tests
with the core, the flow law of the ice was obtained, which was different considerably
from that obtained for the artificial polycrystalline ice with the random orientation
fabric. Additional structural analyses (fabric, stratigraphy, etc.) of the core al-
lowed estimation of the stress configuration and the flow field around the nunataks.
As a result, a longitudinal stress of 0.15 MPa was obtained at the drilling site.
Also, the variation of surface velocities, internal flow lines and isochrones upstream
of Massif A were calculated. The results showed that the origin of the ice emerg-
ing near the nunataks is not far from its present position and the catchment area is
rather small. The ice is considered nearly stagnant in the adjacent region of the
nunataks.

1. Introduction

In East Queen Maud Land, flow of the ice sheet is partly obstructed by a chain
of mountains lying along the edge of the continent. In order to clarify the influence
of the presence of mountains on the stability of the ice sheet, it is important to study
the dynamical behavior of the ice sheet near the mountains. For the development
of a numerical model, the longitudinal stress which is considered to increase near
mountains has to be taken into account. It is required, therefore, to assess the mag-
nitude of the longitudinal stress based upon observations in the field.

NARUSE and HasHiMOTO (1982), and WHILLANS and CassipDy (1983) calculated
the internal flow lines of an ice sheet in the upstream area of the Yamato Mountains
and the Allan Hills, respectively. Their calculations were performed on the basis of
the continuity equation with some unrealistic assumptions, and no estimates were
given on the longitudinal stress near the mountains. For the estimates, we have to
know both the strain rate of the ice near a mountain and the flow law of the ice. The
strain rate can be relatively easily obtained by field observations. The flow law to
be used must be different from the generally accepted one obtained with artificial ice
of random orientations of c-axes (BARNES et al., 1971), because the fabric of ice near
the mountains generally shows strong preferred orientations (NISHIO ef al., 1982). It
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is necessary, therefore, to use a flow law obtained experimentally by the use of ice
samples taken at the site in question.

In 1982, a 30 m long ice core was retrieved by a drilling performed by the 23rd
Japanese Antarctic Research Expedition (JARE-23) upstream of Massif A in the
Yamato bare ice field. In this paper, we tried to obtain a flow law for the core ice,
based on mechanical tests of the core as well as its structural analysis. The surface
flow line was also determined from the core analyses, which showed a trend that the
ice flows down around the nunatak. Moreover, the internal flow lines and the iso-
chrons near Massif A were calculated.

2. Flow Field at the Boring Site

The boring site (YM179) is shown in a partial relief map of the Yamato nunatak
(Fig. 1). Suppose the origin at the surface of the boring site and the Cartesian co-
ordinates are taken as shown in Fig. 2, the x-axis is on the horizontal plane, positive
in the direction of flow, the y-axis is horizontal and perpendicular to the x-axis, and
the z-axis is vertical, positive downward.
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Fig. 1. The location of the boring site YMI179. Fig. 2. Stress configuration at the boring site.
Arrows show the flow direction. (1)
Nunatak, (2) snow-covered area, (3)
moraine.

At the Yamato bare ice field, the ice tends to emerge out of the bottom and flows
down around each nunatak, as the flow is dammed by the mountains. Downstream
of the boring site, as shown in Fig. 1, there exist nunataks, which seem to hinder the
ice flow through the site. Since many cracks are observed to run parallel to the flow
direction, it would be reasonable to assume that the stress is compressive parallel to
the direction of flow (x-axis), and tensile along y-axis. Surface cracks should open
up in the direction of tensile stress, which can be one of three principal stresses (NYE,
1952). The three principal stresses, o, 09, g3, at the boring site, therefore, would
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be equal to the following three normal stresses, o4, o4, g5, respectively, as shown in
Fig. 2: ¢, and ¢, are compressive (negative sign), while ¢, is tensile (positive).
The normal strain rates can be expressed as:

éz=Art"la,, 0]
¢y=Art" g, (2
n=3,
where
= J% [(ay—0'5)2"'(0':_"O'm)2+(0w"’0'ﬂ)2]%3 3)
and
g,'z—;’-(zam—ay—a,), ay'z-%—@ay—az—ax). )

Factors A;, and Ar are constants for a given temperature at the site. The values of
A and Ay would be obtainable through uniaxial compression tests of ice samples
with compression axis along x and y directions, respectively. With additional in-
formation on the values of ¢y, g., é, and &,, we can determine the longitudinal stress
o, at the boring site.

The fabric diagrams of the YM179 ice core are shown in Fig. 3. The center of
each diagram coincides with the vertical axis. Almost all fabric diagrams exhibit
the great circle with a strong single maximum. The great circle plane of c-axes is
nearly parallel to the planes of cracks in the ice core drawn by broken lines in the dia-
grams. The orientation of the single maximum of c-axes is parallel to the crack plane
and inclined about 30° from the vertical. No cracks were found in the ice core below
the depth of 20 m. Since the core was obtained without a mark for its orientation,
when drilled, we estimated the flow direction as for the samples as follows: 1) The
crack plane is parallel to the flow direction as observed in the field. 2) The strong
concentration of c-axes would be inclined downglacier, since the ice would be the
emergence flow toward a nunatak, being subjected mainly to the shear deformation
on the basal plane of crystals. As for the diagram of 0.9 m deep in Fig. 3, for example,
the flow direction was considered from right to left.

For obtaining the values of 4y and A, two kinds of specimens were prepared
from the core. They would be subjected to the uniaxial compression along the direc-
tions parallel to the flow direction (x direction) as well as orthogonal to it (y direction)
in a horizontal plane. For the latter test, from which we would obtain the value for
Ar, a specimen of 20 x 20 x 60 mm?3 was cut out from a depth of 30 m with its long
axis perpendicular to the great circle plane on the fabric diagram (specimen T). A
preparation of a sample for the former test, i.e. with long axis parallel to the flow direc-
tion (specimen L), however, was not successful because of the limited size of the availa-
ble core. Instead, a vertical specimen with the same size as specimen T was cut out
from the core at the same depth (specimen V). By the uniaxial compression test with
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Fig. 3. Fabric diagrams for YM179 core. Center of the diagram coincides with the core axis. The
number on the top left of each diagram indicates the depth in meters. The number of measured
c-axes is shown on the bottom right.

this sample, a reasonable value for 4, would be obtainable because of the reasons
mentioned below, although the compression axis is not parallel to the flow direction.

As can be seen in Fig. 3, the c-axes of crystals of the core were concentrated in
orientation, forming a single maximum which inclined 60° from the horizontal plane
and lay on the x-z plane. The ice would behave, hence, like a single crystal. Since
a single crystal of ice easily glides on its basal plane, the deformation of the core ice
would be attributed mainly to the shear deformation on the plane normal to the ori-
entation of c-axis concentration. Let ¢ be the angle between the compression axis
(flow direction) for specimen L and the preferred orientation of c-axes. For specimen
V, on the other hand, the angle between the compressive axis (vertical direction) and
the mean direction of c-axes is z/2—6@. Therefore, the relationships between the axial
stress ¢ and the shear stress = on the “mean basal plane” defined as the plane normal
to the mean direction of c¢-axes are given by the following equations for specimens
L and V, respectively:
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71, =¢C0s#sing,

rv=ocos(—§— — 0>sin(—g— - 0) =gcosfsing.
The suffix indicates the respective specimens of L or V. The relationships between
the axial strain rate ¢ and the shear strain rate y on the “mean basal plane” are given

by

&
"L =" Coshsing

b

é é

J"'Vz - . ’
T . T cosésing
cos(vz—— — 0>sm<—2— - 0)

and hence
TL=Tvy, fL=fv.

Namely, a uniaxial test with a specimen V would be equivalent with a test using a
specimen L.

Uniaxial compression tests with specimens T and V were carried out with a con-
stant crosshead speed, which resulted in constant strain rate test: approximately
5x 10-7s~1 for specimen V and approximately 5Sx 10~8s—! for specimen T. The uni-
axial stress was measured by a wire strain gauge load cell attached to the crosshead
of a test machine. The temperature in the vicinity of the specimen was monitored
with a thermocouple, and kept at —20.0+0.5°C for specimen V and at —10.0+0.5°C
for specimen T. When the crosshead started to move, the stress increased with
increasing strain and finally reached a saturated value. In each test, when the stress
reached a saturated value, the crosshead was stopped, and the specimen started to relax.
We obtained the stress-strain rate relationships of the specimens from the relaxation
curves. The details and the validity of this method will be published elsewhere.

The obtained relations are shown in Fig. 4, where dotted line indicates the results
obtained by BARNES et al. (1971) for the artificial polycrystalline ice with the random
orientation fabric. Their results as well as ours at —20°C and —10°C for specimens
V and T respectively were all converted into the relationships at —30°C for comparison.
From egs. (1), (2), (3) and (4), the relationship between the axial strain rate é, and
the axial stress ¢, can be given by

éxZ%Aazs ) (5)

A :Aoexp( - ?Qj,—> ,

where A4, is a constant, Q is the activation energy for creep (60 kJemol~!, WEERTMAN,
1973), K is Boltzman constant and 7 is absolute temperature. From experimental
results shown in Fig. 4 and eq. (5), we have thus obtained the value of 4 for each spec-
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Fig. 4. Log-log plot of strain rate vs. stress relationship obtained from the mechanical tests. L:
specimen L; T: specimen T; BTW : BARNES et al. (1971).
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Fig. 5. Principal strain rates éx and éy vs. principal stress ox at the boring site.
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imen at —30°C, which is the average temperature at the boring site: Ay is 2.8 x 10~7
MPa-3s-1, which would be equivalent with Ay, and Ar is 3.6 x 10-°MPa-3-1, They
differ enormously from a value for the artificial polycrystalline ice (3.8 x 10-8MPa—3
s~1), presumably owing to the large difference in fabric.

Let us estimate the stresses at the boring site. Since cracks were closed at the
depth of 20 m, we can consider the tensile stress ¢, normal to the crack plane would
become zero at the depth. Three principal stresses would hence be given at z=20 m,

0z="1 0y=0, 0,=—(P+pgz), (6)

where P is atmospheric pressure, p is density of ice, and g is acceleration due to gravity.
Substituting ¢, and ¢, from eq. (6) and the values of AL and Ar into egs. (1), (2), (3)
and (4), we obtain relationships between strain rate é, and ¢, and stress ¢, at the boring
site as shown in Fig. 5. The results indicate that é, strongly depends on ¢,, while
éy is almost a constant of 3 x 10~%a~1. No data are available on surface velocity and
surface strain rate at the boring site, near Massif A, but the surface principal strain
rate é, of the order of 10—%a-! was measured by NARUSE (1978) at 2-3 km upstream
from the Motoi Nunatak. Since the boring site is located also about 2 km upstream
of Massif A, the strain rate é, would be of the order of 10-%a-! at the boring site as
well. The longitudinal stress o, can be estimated, then, being about 0.15 MPa from
Fig. 5.

3. Surface Flow Line and Surface Velocity

Co-ordinate axis x is taken parallel to the flow direction but positive upstream,
and z-axis vertical but positive upward this time. The axis y is taken, so as to become
right-handed, perpendicular to the flow direction. The origin is taken on the sea
level at the glacier snout in contact with Massif A in the Yamato Mountains (see Fig.
1).

The distance between the given two adjacent flow lines in the vicinity of x-axis
would increase gradually with approach to the nunatak. It would be reasonable,
therefore, to assume that the width, W can be given by the following exponential
function of x

W=ae*+c, @)
and
Ina
b=="3000"

where a and ¢ are constants. We would further assume that the width W to be in-
dependent on depth as a first approximation. The mass flux at x through a vertical
cross section between two flow lines, as shown in Fig. 6, is expressed as

0= WHi, (8)

where H is ice thickness and # is the x component of mean ice velocity through the
vertical cross section at x. They are given by
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Fig. 6. Surface flow line near Massif A.

H=ZS—ZB, (9)
i L[z
= F7i LBu(z)dz s (10)

where Zs and Zz are the surface elevation of the ice sheet and the bed rock elevation,
respectively. On the basis of the data obtained from the Data Compilation of ‘““Nan-
kyoku no Kagaku” (Kokuritsu KyokucHr Kenky(Ojo, 1985), Zs and Zz are ap-
proximated by

Zs=0.179x%716 42140 (m), (11)
and
Z3=1140e-3:3x10"5% 1 1000 (m), (12)

at various distances from the snout. Assuming the flow is laminar, the x component
of the ice velocity at a given depth z is expressed by

u(z)=us(1 —( B >"+1> , (13)

where u;, is the x component of the surface velocity, and n is a constant which we as-
sume being 3. Substitution of eqs. (9) and (13) into eq. (10) gives

a:Mus, (14)
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where
M=4/S for n=3.

Surface velocity us is assumed zero at the snout (x=0). With the steady state con-
dition the mass flux through the vertical cross section has to be equivalent with the
mass balance at the surface. Hence,

Q:SEBW dx, (15)
0

where B is the surface balance assumed to be independent on time and given by
B=—-0.05 m/a (0= x<30 km),
B=0.015x—0.5 m/a (30=< x<40 km),
B=0.1 m/a (x=40 km),
which are based upon the data by YAMADA et al. (1978). From egs. (8), (14) and
(15)

5 z

us——WSOBW dx . (16)

When the width W is known, i.e., the values of a and ¢ are given (eq. (7)), the x

component of the surface velocity, #s, can be obtained for a given x. The surface
strain rate é,s and é,s also can be obtained by the following equations:

Ezs= , 17

b= o - (18)
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Fig. 7. Calculated results of the horizontal component of surface velocity upstream of Massif A.
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We selected the values of a and c, therefore, so that the calculated values of &,
and ¢, at the boring site (x =2000 m) become of the order of —10-%a~!and 3 x 104,
respectively, as described in the previous section. The values of about 1.8 and 0.4
were thus obtained for a and c, respectively. The x component of surface velocity,
us, calculated from eq. (16) with the values of @ and ¢ are shown in Fig. 7.

4. Internal Flow Lines and Isochrones

Using the surface velocity and the surface strain rate obtained in the previous
section, we estimated the internal flow lines and isochrones of ice upstream of the
nunatak. Since the x component of ice velocity, u«, at a given position (x,z) is ex-
pressed by eq. (13), we can calculate the period 4¢ which is the time required to travel
for a short distance 4x at the position.

The mean vertical strain rate ¢, from the surface to the bedrock at x may be written
as follows (WHILLANS, 1977):

§,=Mi,, (19)
where,
M:—4— for n=3,
5
and
drs=—(8as+éys) . (20)

The vertical travel distance 4z is, hence, given by

dz=¢,-At-(z—1zg) . (21

3000 ‘
| Massif A

4
E 2000 - 5000years
N -~ 10000vyears
.é - ——~ 20000years
g =~~~ 30000years
@
W 1000

O 1 a Y 1 e, A " A i i
0 50 100

Distance ( km )

Fig. 8. Internal flow line and isochrones upstream of Massif A.
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By using the values of é.s, éys and us obtained in the previous section, the vertical travel
distance 4z was estimated for 4x. The calculations were made with a 100 m interval,
i.e. 4x=100 m. The particle trajectories and isochrones for ice upstream of the nun-
atak were thus obtained as shown in Fig. 8. The results indicate that the ice found
in the vicinity of the nunatak is originated at around 60 km upstream of the nunatak
in an extream case, and the age of the ice is about several tens thousand years.

5. Concluding Remarks

A longitudinal stress at the boring site was estimated at 0.15 MPa and the surface
flow line in the vicinity of the nunataks was determined from the analyses of the struc-
tures and the mechanical properties of the shallow ice core. A flow model developed
in this paper revealed that the origin of the ice emerging in the Yamato bare ice field
is not far from the nunataks and its catchment area is rather small. In the model,
however, the ice sheet was assumed to be in a steady state. Further we used the laminer
flow approximation in which the longitudinal stress is not taken into account. In
order to develop more realistic models, it is desirable to know the horizontal and the
vertical distribution of the longitudinal stress in a wide region upstream of a nunatak
from the structural studies and the mechanical tests of the multiple ice cores in the
bare ice field.
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