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Three-Dimensional Deformation

Measured in an Alaskan Glacier
Joel T. Harper, Neil F. Humphrey, W. Tad Pfeffer

Measurements of movement along 28 boreholes reveal the three-dimensional
flow field in a 6 million cubic meter reach of Worthington Glacier, a temperate
valley glacier located in Alaska. Sliding at the bed accounted for 60 to 70 percent
of the glacier’s surface motion. Strain rates in the ice were low from the surface
to a depth of about 120 meters, but then increased rapidly toward the bed. Ice
deformation was not affected by temporal changes in the sliding rate. The
three-dimensional pattern of motion indicates that plane strain, which is often
assumed by models, is a poor approximation of this viscous flow.

All models for glacier motion, whether their
purpose is to calculate a timeline for an ice core
or to test the stability of the West Antarctic Ice
Sheet, must call on various assumptions about
the relations between the stresses acting on the
ice body and the flow field that results. Yet,
many of these relations have not been well
documented with observation or laboratory
measurements (/). For example, the surface
velocity of glaciers can change over hours,
days, or seasons—sometimes affecting the en-
tire glacier and other times only small reaches
(2). While nonsteady sliding processes at the
bed are typically cited as an explanation for this
variability (3), little is known about the spatial
and temporal structure of internal deformation
of glaciers and ice sheets. We thus measured
the three-dimensional flow field within a large
reach of Worthington Glacier, a temperate val-
ley glacier located in the Chugach Mountains,
Alaska (Fig. 1). Instruments were arranged on
the reach—which has a volume of 6.2 X 10°
m> and extends 230 m in length, 150 m in
width, and 180 to 200 m in depth—to image the
glacier’s short-term three-dimensional velocity
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field. The spacing of the measurement points in
all three dimensions was much less (<10%)
than the ice thickness. These data offer a means
for understanding the details of deformation
and sliding processes.

The measured reach is just below the divid-
ing line between the accumulation and ablation
areas of the glacier. Radio-echo sounding mea-
surements indicate that the area surrounding the
study reach has steep valley walls, a relatively
flat valley floor, and a maximum thickness of
just over 200 m (4). Located about 200 m
up-glacier and 300 m down-glacier from the
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reach are two icefalls, each of which drops
more than 300 m vertically and is extensively
crevassed. The average surface slope is 2° to 3°
in the study reach, closer to 10° when averaged
along the length of the glacier, and 20° to 25°
through the icefalls.

The velocity field was determined by mea-
suring the displacement over time of a network
of surface markers and a vertical array of points
along 28 boreholes drilled to depths of 180 to
200 m. The boreholes were drilled with a hot
water system using instrumentation and meth-
ods designed to create straight holes with uni-
form and smooth walls. The holes were inspect-
ed for smoothness with a video camera (5) and
were not fitted with casing. Most holes were
drilled to about 10 m above the glacier bed so
that no connection was made with the basal
hydrologic system, which would have altered
the drainage system and thermally eroded the
holes. The boreholes were repeatedly measured
with an inclinometer that quantifies both tilt and
azimuth orientation of points along the hole,
thus giving its full three-dimensional trajectory.

The boreholes were spaced about 20 m apart
along the glacier and 30 m apart across the
glacier. Data were collected at 2-m vertical
intervals in each borehole. Markers and bore-
hole trajectories were surveyed four separate

Fig. 1. The location of
Worthington Glacier and
the study reach. Inset in
lower left shows a cross-
sectional profile of the
glacier extending through
the study reach; the lower
line is bed, the upper line
is the ice surface, and the
dark block is the study
reach.
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Fig. 2. Deformation of a borehole in the along-
glacier plane. The borehole is displayed at four
time steps with each trajectory showing the
relative displacement of points along the hole
with respect to the top of the borehole.

times over a period of 60 to 70 days (depending
on the borehole) between May and August. By
the end of the study period the total horizontal
displacements were about half of the initial
horizontal spacings of markers and boreholes.
These data therefore give an image of the flow
field that is averaged over length scales of about
10 to 15 m horizontally and 1 m vertically.

The trajectory of each borehole was mea-
sured at least twice during each time interval
and the measurements were then averaged. We
were able to construct the projection of the
boreholes from unsmoothed inclinometry data.
Such an approach is in contrast to previous
borehole deformation studies (6). Statistical
analysis suggests that measurement errors in the
trajectories increase away from the surface, but
that the bottom of the boreholes can be located
relative to the surface to better than =0.19 m
7).

Because englacial displacements were not
measured parallel to the length of the boreholes,
vertical velocities were calculated as a residual
based on the condition of incompressibility of
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Fig. 3. Three perspective views of the total velocity field. Axes
represent down-glacier, cross-glacier, and vertical coordinates of the
study reach (units in meters); colors show velocity regions. Flow
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Fig. 4. Average values within the study reach of
the octahedral (£,), longitudinal (¢,,), and ver-
tical shear (¢,,) components of the strain rate
tensor (coordinate system is right handed, where
x = down-glacier, y = cross-glacier, z = vertical).

the study reach (8). This technique yields the
complete velocity vector at discrete locations
along the borehole traces. Values at about 5000
such locations were then interpolated to form a
three-dimensional gridded velocity field (9).

Internal ice deformation led to displacements
between the tops and bottoms of the boreholes of
3 to 3.5 m over 60 days (Fig. 2). During the
measurement period we observed the surface
velocity to vary over time scales ranging from
days to months (/0); however, there were no
significant changes in the deformation rate of the
boreholes when sampled at week to month inter-
vals. These data imply that the sliding rate at the
bed of the glacier changes without influencing
the rate of internal deformation of the ice above.
By projecting the borehole deformation profiles
10 to 15 m to the glacier bed, we estimate that the
sliding velocity accounted for 60 to 70% of the
total surface motion. This is in agreement with
one direct measurement of the sliding rate made
with a borehole video camera (/7). Sliding thus
dominated the total velocity field, even though
the surface slope of the glacier across the reach is
low.

5600

corners of the reach.
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Velocities in the reach ranged from about 50
m/year near the bed, to about 86 m/year at the
surface during our study (Fig. 3). The vertical
and cross-glacier components of this motion
were an order of magnitude less than the down-
glacier-directed flow. Most of the flow was
parallel to the bed, with gradients in velocity
greatest within 60 m of the bed. Closer to the
surface, the up-glacier and down-glacier edges
of the reach moved slightly faster than its cen-
tral portion. The regions of higher velocity may
be associated with the icefalls located up-flow
and down-flow from the study reach. Surface
velocities near these icefalls were 30 to 40%
higher than across the reach. Curiously, the
regions of faster flow in the reach were restrict-
ed to the upper 50 to 75 m of the ice thickness.

The six independent components of the sec-
ond rank strain-rate tensor were interpolated at
discrete nodes spaced at 10 m by 15 m by | m
within the reach. The reach-averaged octahedral,
longitudinal, and vertical shear components of
strain rate are displayed as a function of depth in
Fig. 4. All components showed a relatively small
magnitude from the surface down to a depth of
about 120 m, but then increased rapidly toward
the bed. Vertical shear composed only about half
of the octahedral strain rate, indicating that the
sum of the other components of the strain rate
tensor make up as much as half of the total
deformation. Thus, a simple plane strain model
for flow does not fit our data, even though the
study reach is located near the centerline of a
relatively straight valley glacier with a width
equal to four to five times its depth.

Our data indicate that the three-dimensional
velocity field within this viscous flow has a
complex pattern, despite the fact that its bound-
ing geometry is relatively simple. These find-
ings illustrate the shortcomings of many models
in adequately describing the internal deforma-
tion of glaciers and ice sheets, and possibly
many other viscous flows. However, small tem-
poral variations in deformation do not appear to
be present, which significantly reduces the level
of complexity required to model this motion.
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parallel to the bed is visible in each view, as are the near surface
regions of higher velocity along the up-glacier and down-glacier
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A Neoproterozoic Snowball
Earth

Paul F. Hoffman,* Alan J. Kaufman, Galen P. Halverson,
Daniel P. Schrag

Negative carbon isotope anomalies in carbonate rocks bracketing Neoprotero-
zoic glacial deposits in Namibia, combined with estimates of thermal subsi-
dence history, suggest that biological productivity in the surface ocean col-
lapsed for millions of years. This collapse can be explained by a global glaciation
(that is, a snowball Earth), which ended abruptly when subaerial volcanic
outgassing raised atmospheric carbon dioxide to about 350 times the modern
level. The rapid termination would have resulted in a warming of the snowball
Earth to extreme greenhouse conditions. The transfer of atmospheric carbon
dioxide to the ocean would result in the rapid precipitation of calcium carbonate
in warm surface waters, producing the cap carbonate rocks observed globally.

During the 200 million years (My) preceding
the appearance of macroscopic metazoans,
~750 to 550 million years ago (Ma) (/), the
fragmentation of a long-lived supercontinent
(2) was accompanied by intermittent, but wide-
spread, glaciation (3-5). Many of the glacial
deposits contain carbonate debris or are directly
overlain by carbonate rocks (6, 7), including
inorganic sea-floor precipitates, which are nor-
mally limited to warm-water settings (8). Post-
glacial carbonate rocks (cap carbonates) occur
even in terrigenous-dominated sections (6, 7).
Certain glacial units contain large sedimentary
iron formations (9), which reappear after a
1-billion-year hiatus in the stratigraphic record.
The glacial intervals are spanned by decreases
of as much as 14 per mil in the 3!3C value of
the surface ocean (10, /7). These isotopic ex-
cursions are enormous in comparison with any
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excursions in the preceding 1.2 billion years
(12) or in the Phanerozoic eon (13).
Paleomagnetic evidence suggests that the
ice line reached sea level close to the equator
during at least two Neoproterozoic glacial epi-
sodes (/4). The origin of these extreme glacia-
tions has been controversial (/, 15, 16). Kirsch-
vink (/7) proposed a snowball Earth, created
by a runaway albedo feedback, in which the
world ocean was virtually covered by sea ice
but continental ice cover was thin and patchy
because of the virtual elimination of the hydro-
logic cycle. Kirschvink applied this hypothesis
to explain the low-paleolatitude glacial deposits
as well as the occurrence of banded iron for-
mations, suggesting that an ocean sealed by sea
ice would quickly become anoxic and rich in
dissolved ferrous iron (/7). Here, we present
new data on the amplitude, timing, and duration
of inorganic 8'3C variations in Neoproterozoic
rocks of northern Namibia and the relation
between these variations and glaciation.
We show that the snowball Earth hypothe-
sis best explains the geological and geo-
chemical observations, including the 3!3C
excursions and the existence of carbonates
immediately following glaciations.
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We studied the Otavi Group (Fig. 1), a
carbonate platform covering the southern prom-
ontory of the Congo Craton in northern Nami-
bia (15, 18, 19). In the late Neoproterozoic, the
Congo Craton was a Bahama-type sea-level
platform that was about the size of the conter-
minous United States. Paleomagnetic data from
the eastern part of the craton (20) imply that the
Otavi Group was at ~12°S paleolatitude at
743 = 30 Ma and at ~39°S at 547 = 4 Ma. The
Otavi Group contains two discrete glacial units
(Chuos and Ghaub formations) of Sturtian
(~760 to 700.Ma) age (15, 19). Both units are
underlain by thick carbonate successions with
high 8!3C values, and both units are overlain by
distinctive cap carbonates, recording negative
313C excursions (10, 11).

The younger of the two glacial units (the
Ghaub Formation) is represented by unstratified
diamictons, debris flows, and, at the top, varve-
like detrital couplets crowded with ice-rafted
dropstones (/5). Both the onset and the termi-
nation of glaciogenic sedimentation were
abrupt. The glacial deposits are composed pre-
dominantly of dolomite and limestone debris
derived from the underlying Ombaatjie plat-
form (Fig. 1). Clast and matrix lithologic com-
positions covary; thus, we interpreted the ma-
trix as being detrital in origin and not as a
seawater proxy. Glacial deposits on the plat-
form are thin and highly discontinuous (not due
to subsequent erosion). Alternately grounded
and floating sea ice caused large horizontal
plates to be detached from the directly under-
lying bedrock. The subglacial erosion surface
has remarkably little relief on the platform
(~50 m relative to underlying strata over a
distance of 150 km), suggesting that any fall in
relative sea level was limited or short-lived.
Comparatively thick sections (<180 m) of dia-
mictons and debris flows occur on the conti-
nental slope, suggesting that the ice grounding
line remained close to the platform edge (Fig.
1). These observations are consistent with an
abrupt development and a subsequent dissipa-
tion of grounded sea ice on a tropical or sub-
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