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Abstract: Formation mechanism of inner moraines was studied in a cold
laboratory near 0°C by simulation of compressing ice flow near the terminus of
glaciers. For this study an apparatus was made to visualize the process of in-
corporation of sands into the ice mass in conjunction with two-dimensional ice
flow. The results indicate the following: When a stagnant ice zone exists near
the terminus, the sands are incorporated into the ice mass in the upstream side
of the zone by shear action. If an obstacle exists on the bottom at this side and
regelation takes place on the downstream side of the obstacle, the sands are in-
corporated into the ice mass immediately on the top of the regelation ice and
further move obliquely upward along the flow line to the upper surface of the
glacier.

1. Introduction

Debris layers called ““inner moraines” (WEERTMAN, 1961) or ‘“‘shear moraines”
(BisHOP, 1957) are often found at the ice surface near the terminus of glaciers, ice sheets
and ice caps. Field observations of the moraines of this kind were extensively carried
out in the Thule area of Greenland (BisHOP, 1957; GOLDTHWAIT, 1960; Swinzow, 1962;
HookE, 1970), Baffin Island (GoLDTHWAIT, 1951; WARD, 1952; HOOKE, 1973), and the
Antarctic ice sheet (HOoLLIN and CAMERON, 1961; SOUCHEZ, 1967).

The main problem on the formation of inner moraines lies in the incorporation of
debris into an ice mass at the bottom of a glacier. BisHOP (1957) proposed a hypothesis
of shear mechanism. He assumed that a narrow zone is stagnant along the terminus,
acting as a stagnant barrier in impeding ice movement from the interior and con-
sequently forming shear, as an active ice mass rides over the stagnant ice zone. He
assumed further that debris from the bedrock can be picked up and transported ulti-
mately to the upper surface along shear planes. Later, SwiNzow (1962) and SOUCHEZ
(1967) supported this shear hypothesis. However, WEERTMAN (1961) and HOOKE
(1968) argued about Bishop’s shear hypothesis on physical grounds. WEERTMAN (1961)
proposed the freezing model of the incorporation of debris into the ice mass by the
freezing of water in the zone near the terminus, where the ice mass ceases to slide and
becomes frozen to the bedrock. However, he did not offer any field evidence to verify
the model. What HOOKE (1968) suggested in his argument is that the upward move-
ment of ice near the margin of Greenland ice sheet was caused by the movement of ice
against a stagnant wind-drift ice wedge and that the boundary between such a wedge
and the active ice mass was marked by a rapid, but not discontinuous decrease in shear
strain downward. Later, HOOKE (1973) confirmed the validity of his suggestion by
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measuring deformation of ice at the margin of Barnes Ice Cap. Furthermore, BouLTON
(1970) suggested from his observation on polar glaciers in Svalbard that the debris are
largely incorporated by basal freezing on the downstream sides of bedrock obstacles.

The present authors carried out simulation experiments near 0°C, using a two-
dimensional model of flow in which a stagnant ice zone was formed near the terminus
and an obstacle which was put at the bottom of the apparatus. The results of experi-
ments on the stagnant ice zone and the obstacle suggested the validity of the hypothesis
of shear mechanism and BOULTON’s suggestion, respectively.

2. Experimental Method

2.1. Experimental apparatus

An apparatus shown in Fig. 1 was made to simulate two-dimensionally compress-
ing flow over the bedrock near the terminus of a glacier. A mould (M) providing the
space of flow, which is shaded in Fig. 1, was made of transparent acrylic acid resin and
it was sandwiched between two 20 mm-thick wall plates (W) made of the same material.
For securing the flow space in which the deformation of ice takes place two-dimension-
ally under continuous compression applied to the body of ice on the upper mouth, a
steel plate (P) of 10 mm in thickness was attached to the exterior of each flat side of
the sandwiched structure and all of them were fastened together tightly with bolts and
nuts. The inner shape of the mould exhibited a modeled ice body near the terminus.
The ice inside the mould was subjected to a constant compressive stress of 30 bar at the
top surface of the upstream part (A-A’). Preparation of the ice will be described in
the next subsection.
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Fig. la. Schematic diagram of the experimental apparatus.
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Fig. 1b. Obstacle used in the experiments which was fixed at the bottom.

For simulating the ablation of ice near the terminus, the upper surface of the ice
in the mould was gradually melted by heating with an electric heater (H-H’) attached
to the lower side of the upper mould. The meltwater was drained through four drain
pipes perforated through the upper mould. By adjusting the supply of heat, the steady
flow of ice was obtained. As the top surface (A-A’) sank under load, wet snow was
supplied to the top of the opening and it turned into ice within half an hour as a result
of compression.

The obstacle was made of an iron block, having a cross section of an isosceles
triangle 80 mm in length of the base and 40 mm in height, as shown in Fig. 1b. The
width of horizontal section of it was a little narrower than that of the mould and tapered
toward the terminus, as also shown in the figure. Gaps between the obstacle and the
side walls are to prevent heat conduction from outside for keeping the obstacle at the
melting point of ice.

2.2. Preparation of the ice and measuring method of deformation of ice

A small amount of sands, which were sieved through a 36-mesh screen and 2.7 x
102 kg/m2 in density, was placed in a layer 2-3 mm thick at the bottom of an ice mass,
as shown in Fig. 1a. Then, the cavity of the mould was filled with snow particles sieved
through a 20-mesh screen and they were soaked with distilled water at 0°C. The ice
was formed in the mould when it was kept in a cold laboratory at about —10°C. The
ice thus prepared contained a small amount of air bubbles and its density was 8.9 x 102
kg/m3. The sands were supplied from time to time at the bottom of the ice mass during
the experiments.

For measuring the velocity of flow and the strain-rate of ice in conjunction with
the movement of sands, markings were put on the one side of the ice mass at regular
grid points, as shown in Figs. 2a and 3a, as follows: After complete freezing of the ice,
the wall plate of the one side was taken out; holes, 1.5 mm in diameter and 10 mm in
depth, were drilled into ice; and sand particles were frozen into these holes as markers.

Before the experiment was started, the apparatus was transferred into a cold labo-
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ratory at 0+0.2°C and kept there for more than 12 hours for annealing. All experi-
ments were carried out at 04+0.2°C with a compressive stress of 30 bar. In the course
of each experiment, photographs were taken intermittently to examine the deformation
of ice and the movement of sands. The steel plates of both sides were taken off for a
short time of taking photographs.

3. Experimental Results

3.1. Movement of sands from the bed
3.1.1. The case of the smooth bed

The case in which experiments are carried out without a triangular obstacle on the
bottom bed of the mould is called “the case of the smooth bed”. As compression
proceeded, the sands moved along the bed near the terminus (Figs. 2b and 2c), from
where the sands moved obliquely upward, incorporating themselves into the ice mass,
and finally reached the upper surface (Fig. 2d). As seen in Fig. 2d, the accumulated
sands had five peaks of undulation, which are likely to have been caused by the four
consecutive additions of sands during the experiment.
3.1.2. The case of the bed with a triangular obstacle

The sands moved along the bed in the same manner as the previous case, and when
the sands encountered the obstacle, they were separated into three directions: to the
front slope and to both the transverse sides of the obstacle (Fig. 3b). Sand particles
which climbed along the slope of the obstacle incorporated themselves into the ice mass
at the top of the obstacle (Fig. 3c), forming a thin layer of sands, moved along the
flow line, and finally reached the upper surface near the terminus (Fig. 3d). The sand
particles which moved through narrow clearances at both sides of the obstacle gradually
climbed through the medium of ice to the upper surface near the terminus (Fig. 3d).

3.2. Flow of ice
To estimate the deformation of ice quantitatively in conjunction with the move-

ment of sands, calculations of flow velocity, principal strain-rates and principal stress
deviators of ice were carried out from the observed movement of markers of grids in the
ice. The velocity of each mark on the side surface of ice was obtained from the dis-
placement vectors of the marks during the first five hours of compression. The results
are shown in Figs. 4a and 5a for the case of the smooth bed and for the case with the
obstacle, respectively. Assuming a two-dimensional homogeneous strain, principal
strain-rates were calculated from the deformation of the grids by using NYE’s formulae
(NYE, 1959). The calculation results are shown in Figs. 4b and 5b for the two cases
as stated above. Principal stress deviators were deduced by using GLEN’s flow law
of ice (GLEN, 1955). In the calculation, it is also assumed that the flow is independent
of a superposed hydrostatic pressure, and that the ice is isotropic and incompressible.

The effective strain-rate ¢ and the effective shear stress = are defined by NYE (1953)
as

2é2=é12+622+é32 (1)
and
2e2 =02+ o+ ¥)
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Fig. 2. Flow of ice and movement of sands in the smooth bed experiment. Longitudinal vertical
section of the ice was marked with grid points to obtain the velocity and the strain rate in ice,
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Fig. 3. Flow of ice and movement of sands in the experiment with the obstacle.
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Fig. 4. The case of the smooth bed. (a) Velocity distribution. (b) Principal strain-rates.
(c¢) Principal stress deviators.

where ¢,, é,, ¢5 are the principal strain-rates, and a,’, 0,’, g3’ are the principal stress devi-
ators. Assuming that the flow of the form é=f(z) exists, NYE (1957) has shown that
the stress deviators have the following relationship:

o/ = ;@, (i=1,2,3). (3)

The flow law given by GLEN’s experiments (GLEN, 1955) for uniaxial compression at
—0.02°C leads to
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Fig. 5. The case of the bed with an obstacle. (a) Velocity distribution. (b) Principal strain-rates.
(¢) Principal stress deviators.

£=4.69x 109 42, (4)

where é is in s7! and < is in bar. Using eqgs. (3) and (4) the principal stress deviators
are obtained by the equation:

0,/ =96.0 ¢707 & (i=1,2, 3). ©)

Tke principal stress deviators calculated using eq. (5) are shown in Figs. 4c and 5Sc.
The calculated results will be described below in detail.
3.2.1. The case of the smooth bed

As shown in Fig. 4a, the velocity of markers in the first five hours is large in the
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upstream, but decreases considerably near the terminus. The velocity vector has an
upward component in the middle stream, particularly near the upper surface. The
velocity vector distribution shown in this figure indicates that the ice mass near the upper
surface moves faster than that at the bottom and consequently the shear displacement
takes place in the ice. Since the apparatus is devised so that the terminus ice does
not melt and stays stagnant, the ice mass from upstream should be blocked by the
stagnant ice zone, and rides over it.

Principal strain-rates shown in Fig. 4b indicate that the flow of ice is compressive.
In the upstream and near the bottom, the principal compression axes are approxi-
mately parallel to the velocity vectors, but not necessarily so near the surface. Principal
strain-rates are large in magnitude near the bed and in the immediate upstream of the
stagnant ice zone, but small in the stagnant ice and near the upper surface in the mid-
stream.

As shown in Fig. 4c, the magnitude of the compressive component of principal
stress deviators is 5-6 bar near the bed and in the immediate upstream of the stagnant
ice zone, but about 4 bar in the upper part and the stagnant zone. The difference
between the maximum and the minimum value of principal strain-rates is due to the
large number of power in the flow law of eq. (4).

3.2.2. The case of the bed with a triangular obstacle

It can be seen from the distribution of velocity vectors shown in Fig. 5a that the
ice moves diagonally upward in the direction of the obstacle. It was observed that the
ice mass was not only deformed, but also melted at the upstream face of the obstacle
because of an excessive pressure on it. Part of meltwater refroze on the downstream
side of the obstacle. Namely, regelation took place. The refrozen ice was free of
air bubbles, having the smaller grain size than that of ice above it. During the de-
formation, a cavity (about S mm wide and 20 mm high) was formed on the down-
stream side of the obstacle because of the deficit of ice which had flowed downstream,
but it was ultimately closed. At the downstream side of the obstacle the flow velocity
is larger near the upper surface than that near the bottom and it is very small near the
terminus. The difference in flow velocity indicates complex shear displacement in
the ice.

The strain-rate pattern is rather complex around the obstacle, as shown in Fig. Sb.
Principal strain-rates are large in magnitude near the top of the obstacle, and are con-
siderably small at the downstream side of the obstacle. Compared with Fig. 4b, it
can be seen that the principal strain-rates are larger in magnitude in the upstream side
of the obstacle and near the upper surface of the downstream than the case of the
smooth bed. This is due to the presence of the obstacle which resists the flow of ice.
The magnitude of the compressive component of the principal stress deviator is about
S bar in the upstream side, about 6 bar near the top, and about 4 bar at the downstream
side of the obstacle, as shown in Fig. Sc.

3.3.  Velocity of flow of the ice due to regelation

As stated above, the ice mass moved over the obstacle by the processes of regelation
and enhanced plastic deformation of the ice mass. As shown in Fig. 3, the sand parti-
cles were incorporated into the ice mass immediately above the portion of regelation
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ice on the downstream side of the obstacle. Therefore, the regelation process seems
to be important in understanding the incorporation mechanism of sand particles.
Before calculating the velocity of ice passing around the obstacle due to regelation, it
is necessary to evaluate the velocity due to the enhanced plastic deformation, Vp,
caused by increased stress on the upstream side of the obstacle. It is approximately
expressed by the following equation:

V=31, (©)

Where ¢ is the average effective strain-rate in the upstream side of the obstacle, and /
is the distance over which the obstacle causes an increase in deformation (PATERSON,
1981). The value of / can be deduced from the distribution of velocity and the magni-
tude of principal strain-rates in comparison with those in the case of the smooth bed.
Substituting e=(4.7+0.3)x 10851 and /=70+8 mm into eq. (6), the velocity due
to the enhanced plastic deformation is obtained as V,=(3.340.6) x 10-?m/s. This
value accounts for about 30% of the observed velocity in the upstream side of the
obstacle. Therefore, the velocity of ice due to regelation accounts for about 70% of
the observed velocity.

The velocity of ice due to regelation depends on a temperature difference, 47T,
between the upstream and the downstream face of an obstacle, thermal conductivity
of the obstacle, k, and the size of the obstacle. The velocity due to regelation in the
normal direction to the upstream face, Vz, is expressed by the following equation:

0

VR= LAp 3 (7)

where O is the heat flow through the obstacle per unit time, L is the latent heat of
fusion of ice, 4 is the area of the upstream face of the obstacle, p is the density of ice.
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Fig. 6. Relationships between the load applied to the ice mass and the temperature at the upstream
face (a) and the downstream face (b) of the obstacle.
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To estimate the velocity of ice due to regelation, measurements were made of tem-
peratures at the upstream and the downstream face of the obstacle as follows: Onto
the upstream and the downstream face of the obstacle thermocouples were attached
at a height of 20 mm above the base as shown in the lower left inset of Fig. 6. Tem-
peratures at the two points (a) and (b) were measured as a function of compressive
stress applied to the ice on the mouth of the mould. The results shown in Fig. 6
indicate that temperatures of both the upstream and the downstream face fall with
increasing load. Since the falling rate of temperature on the upstream face is larger
than that on the downstream face, the temperature difference between (a) and (b)
increases with increasing load.

The velocity due to regelation was deduced by taking the temperature difference
of 0.16°C for the pressure of 30 bar. It is assumed that the temperature is uniform on
the upstream and the downstream face. Temperature distribution in the interior of
the obstacle was then calculated by the iteration method, assuming the steady state of

heat flow. Besides, the heat flow through the obstacle per unit time, Q, was calculated
from the temperature distribution, using the method of KatsutoH (1964). Thus,
Q=kx2.2>< 10-3 J/s, where the thermal conductivity, k, of the iron obstacle is 76
J/m.s.-K. Inserting Q=1.67x10-1 J/s, L=335 kJ/kg, A=8.4x10~*m? and p=2890
kg/m3ineq. (7) led to Ve=6.7x 107 m/s. This value accounts for 95% of the velocity
in the normal direction to the upstream face of the obstacle calculated from the dis-
placements of the marked points. The proportion of the velocity due to regelation
calculated from temperature distribution to the total velocity does not agree with the
proportion calculated from the strain-rates. The reason may be that the temperature
at the face is not uniform. It calls for a need to measure temperature distributions at
both the faces to make accurate calculation of regelation velocity.

4. Discussion and Concluding Remarks

4.1. Shear hypothesis

The present experiments disclosed that debris on the glacier bed are incorporated
into the ice and form debris layers near the terminus, where stagnant ice zone exists.
This suggests that the presence of the stagnant ice zone near the terminus plays an
important role in the formation of inner moraines. Then, the question is whether or
not such a stagnant ice zone exists at the bottom of a real glacier. As an answer, it is
plausible to consider that it is formed at the boundary between the temperate and the
cold ice at the bottom of the ice mass near the terminus where ice ceases to slide. The
results of HOOKE’s observation (HOOKE, 1973) on the stagnant wind-drift ice wedge may
provide another answer.

As shown in Fig. 4, both longitudinal compression and shear displacement exist in
the upstream of the stagnant ice zone, where principal strain-rates are large in magni-
tude. However, no discrete shear displacement was observed in the experiments.
The experimental results suggest that, if there exists any shear displacement in ice due
to the overriding of active ice on the stagnant ice zone, the debris on the bed can be
incorporated into the ice mass without any discrete shear displacement.



288 Masayuki HAsHiMOTO and Gorow WAKAHAMA

4.2. Freezing model

In the experiments with the obstacle at the bottom, the sand particles were in-
corporated into the ice mass immediately above the portion of regelation ice to form
a thin sand layer, and moved along the flow line to the upper surface (Fig. 3). This
fact suggests that in nature, supposing many small bedrock obstacles exist, many
debris layers can be formed from individual obstacle, as long as the materials of debris
last. Probably a large number of slighty dirty ice layers can be formed.

The present experiments showed that a regelation process is important in the
formation of inner moraines, and that the length and the thermal conductivity of obsta-
cles are important in considering the regelation process under real glaciers. Observa-
tions at the base of Blue Glacier by KaMB and LACHAPELLE (1964) reported that the
basal ice layer had smaller grains and contained much more dirt that the ice layers
above it, and that the thickest part of the regelation layer is 3 cm in thickness. The
present experiments showed that the velocity of ice due to regelation accounted for
95% of the velocity calculated from the displacements of the marked points. The iron
obstacle, which was used in the experiments, has a higher thermal conductivity than
rock materials. If the obstacle is made of dunite (k=5.0 J/m.s-K), the velocity of ice
due to regelation will be 1/15 of the velocity obtained by the present experiments,
which is smaller than the velocity due to the enhanced plastic deformation, V,. Con-
sequently, regelation will come to be effective in reality when a natural obstacle is
smaller than 10 cm in length in the direction parallel to the flow line.

To sum up as a conclusion, the results of the present experiments conducted near
0°C suggest that debris can be incorporated into the ice mass by either shear action or
regelation, and then move along the flow line upward to the surface. The results then
support both the hypothesis of incorporation of debris by shear action and BOULTON’s
suggestion of the mechanism of incorporation of debris by basal freezing on the down-
stream side of a bedrock obstacle. Detailed mechanism of formation of inner moraines
in natural glaciers is still to be studied.
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