Journal of Glaciology, Vol. 46, No. 152, 2000

Elevation of ice-stream margin scars after stagnation

N. A. NERESON
Geophysics Program, Box 351650, University of Washington, Seattle, Washington 98195-1650, U.S.A.

ABSTRACT. The evolution of an inter-ice-stream ridge flanked by stagnated ice
streams 1s simulated using a finite-difference, continuity ice-flow model. The model tracks
the elevation of small-scale topographic undulations on the ice surface(“scars”) which form
at ice-stream margins, and shows that after ice-stream stagnation these surface features are
lifted onto the flanks of the evolving ridge before they are carried downslope by ice flow. The
model is applied to the stagnant ice streams bounding Siple Dome, West Antarctica: “Siple
Ice Stream” (SIS) on the northeast flank near Ice Stream D, and the “Duckfoot” area (DF)
on the south flank near Ice Stream C. The volume-adjustment time-scale corresponding to
the evolution of Siple Dome and these stagnant ice-stream areas is 1500-2000 years. The
present geometry and elevation of the scar features, in addition to measurements of the pres-
ent mass flux across the ridge, are used to estimate stagnation ages for SIS and DF. These

measurements suggest that both SIS and DF stagnated 200—-500 years ago.

NOTATION

b(x) Mass balance

g Gravitational acceleration

h(z,t) Ice thickness

ho Stagnated ice-stream thickness

h Scaled stagnated ice-stream thickness
ho/ Hy

l Stagnated ice-stream width

! Scaled stagnated ice-stream width I/ Ly

n Flow-law exponent

q(z,t) Ice flux

r(zx) Bed topography

t Time

u(z,y, 2, t) Cross-ridge horizontal ice velocity

v(x,y, z,t) Along-ridge horizontal ice velocity

T Cross-ridge horizontal coordinate

Y Along-ridge horizontal coordinate

z Vertical coordinate

A Flow-law parameter

D Domain length

Hy Initial ice thickness at divide

Ly Initial ice-sheet span

S(z,t) Surface profile

V(¢t) Filled ice volume

W(x) Adjacent flowline separation

p Ice density

T Evolution time-scale

To Fundamental time-scale Hy /b

INTRODUCTION

Several small ice domes and ridges along the Siple Coast of
the West Antarctic ice sheet (WAIS) are bounded by linear
topographic features with widths on the order of the ice
thickness on their flanks (Scambos and others, 1998; Jacobel
and others, 2000). One of these features on the flank of Siple
Dome, the ridge between Ice Streams C and D in West Ant-
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arctica, has been interpreted as a former ice-stream margin
(Jacobel and others, 1996). Several lines of evidence suggest
that other topographic “scar” features flanking Siple Dome
are associated with margins of formerly streaming regions
of Ice Streams C and D. These include (1) disruption of the
internal layering at the boundary marked by scar features
(Jacobel and others, 1996), (2) evidence for water and/or till
at the bed beneath the possible relict streaming areas
(Gades and others, 2000), and (3) low surface slopes asso-
ciated with possible former streaming areas (Nereson, 1998;
Scambos and others, 1998). While similar surface undula-
tions can be caused by bed topography, this paper addresses
only linear features that appear to be associated with former
ice-stream shear margins.

Scar features generally have topographic wavelengths
ranging from one to four ice thicknesses (Scambos and
others, 1998). The standard method of calculating ice flux
from ice thickness and surface slope predicts that surface un-
dulations should diffuse rapidly in time. Why these features
appear to persist over time remains an open question, but
the answer is probably related to their short spatial scale
(Gudmundsson and others, 1998).

New satellite imaging techniques and detailed global po-
sitioning system(GPS) surveys have enabled detailed map-
ping of the spatial pattern and elevation of these scar
features (Scambos and Nereson, 1995; Scambos and others,
1998). Scar features on Siple Dome lie 20—100 m above the
level of active or recently active ice streams (Fig. 1). Scar fea-
tures on the northeast flank of Siple Dome near Ice Stream
D are associated with the stagnant “Siple Ice Stream” (SIS),
and features on the south flank near Ice Stream C are asso-
ciated with the “Duckfoot” (DF), a former streaming area of
Ice Stream C. If these and other scar features on the WAIS
are markers left behind by a former flow regime, then their
present elevation and shape may hold information about the
timing and nature of WAIS ice-stream evolution.

Given the dynamic nature of the WAIS, interpretation of
the elevation of scar features may be complicated. As dis-
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Fig. 1. Advanced Very High Resolution Radiometer (AVHRR) image of Siple Dome and Ice Streams C and D showing linear
topographic scar features on the flanks of Siple Dome. Image is a cumulated composite of six AVHRR scenes (Scambos and others,

in press ).

cussed in Scambos and others (1998), one hypothesis is that
the elevation of scar features relative to surrounding ice
streams indicates recent thinning of the WAIS along the Si-
ple Coast, and these scar features are markers of past ice-
sheet elevation. A second hypothesis, also discussed in
Scambos and others (1998), 1s that following the shut-down
of an ice stream, adjacent inter-ice-stream ridges expand
into former actively streaming regions. Awave of thickening
which travels faster than the ice causes small-scale topo-
graphic features associated with the former margin of the
ice stream to be lifted onto the flank of the ridge.

While both processes may occur simultaneously, this
paper develops the second hypothesis. A continuity model
is used to show that expansion of an inter-ice-stream ridge
into a stagnated ice stream would initially lift small-scale
topographic features onto the flanks of the ridge. As the
ridge reaches a new steady state, ice flow carries the feature
downslope. A zone of localized thickening at the ridge—
stream junction causes uplift of scar features for an initial
period, even if the surrounding area is thinning. A simple
analytic calculation relates the timing of this evolution to
the ridge/ice-stream geometry and the accumulation rate.

This paper does not address the evolution of scar fea-
tures themselves, ice fabric or basal conditions. The scar fea-
tures are assumed to be small enough not to diffuse away
quickly (<100 years) and large enough not to be buried
with snow accumulation. The features remain on the surface
of the ice even after snow accumulation. They are carried
along by ice flow as passive markers on the ice surface, much
like wave ogives (e.g. Nye, 1959; Waddington, 1986). Ice is
assumed isotropic everywhere and frozen to the bed after
ice-stream stagnation.
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SCAR EVOLUTION MODEL

A finite-difference, continuity model (hereafter referred to
as the “FD model”) is used to track the elevation history of
scar features on an evolving ice ridge flanked by stagnated
ice streams. The initial surface shape is assumed to be a
steady-state ridge truncated by flat ice streams which flow
perpendicular to the two-dimensional plane (Fig. 2). Prior
to ice-stream stagnation, all ice flux from the ridge into the
ice-stream margin is incorporated into the ice stream so that
the ridge/stream geometry is steady-state. At time ¢ = 0,
streaming flow ceases, all ice is assumed to be frozen to the
bed and all flow in the domain is parallel to the two-dimen-
sional vertical plane.

Symmetry about the divide is assumed, so there is no

Domain length D

Filled volume V'

Initial profile
h(x,0)

Hy Scar feature

1 N
0 . N
\/ . Y \
L, - — Ice stream

X axis

Fig. 2. Schematic of the initial and final states of simplified
ice-ridge/stagnant-ice-stream system. Stippled area denotes
the total volume added during evolution.
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divide migration during this evolution. The elevation of the
ice-stream margin at the edge of the model domain is a pre-
scribed boundary condition. For the Siple Dome/SIS/Ice
Stream D system, for example, Ice Stream D lies outside the
model domain and remains active so that its elevation (e.g.
the elevation at the boundary of the domain) is fixed at its
initial value after stagnation of SIS. Other boundary condi-
tions include increasing or decreasing the boundary eleva-
tion at a prescribed rate to simulate thickening or thinning
of the region outside the model domain.

After ice-stream shut-down, the ridge is allowed to ex-
pand into the stagnated ice stream and reach a new steady-
state configuration according to continuity relationships. As
ice accumulates on the stagnated ice stream, a slope develops
at the domain boundary. All ice flux past this point is incor-
porated into the still-active ice stream outside the model
domain (e.g. Ice Stream D). The scar feature, initially
located at the boundary between the ice dome and the stag-
nant ice stream at t = 0, is assumed to be a passive marker on
the ice surface and is tracked through this evolution process.

The evolution of the ice thickness h(x) through time ¢ is
described by the continuity relation,

Oih(z,t) = =Vy -q+ b(z,1), (1)

where z is the distance along flow from the divide, y is the
transverse horizontal coordinate and b is the mass balance,
taken to be equivalent to the accumulation rate. The hori-
zontal divergence of'ice flux Vy, - q is

vh qQ = axqz + ayqy ) (2)

where (¢z, ¢qy) are the horizontal components of ice flux.
Assuming that the ice thickness does not vary across the
flowline (0yh = 0) and that the transverse velocity com-
ponent is zero (v = 0), the horizontal flux divergence
Vh - q becomes

Vi - q = 0,(ah) + ho,v. (3)

The variation in depth-averaged velocity perpendicular to
flow (09,v) can be expressed in terms of the variation in
width between adjacent flowlines, W (Paterson, 1994),

_ U
0yv = W@W (4)
The horizontal flux divergence can then be written as
1
Vh - q= WaT(Wﬂh)v (5)

and Equation (1) becomes one-dimensional in z. The depth-
averaged velocity along flow % is derived from the velocity
solution for a parallel-sided slab deforming according to
Glen’s flow law (Paterson, 1994),

24
n+2
where S(z) is the ice-surface profile, A is an effective depth-
averaged flow parameter, ice density p = 917 kgm °, gravi-
tational acceleration g = 9.8ms * and the flow-law expo-
nent n = 3. The parameter A ranges from 1x10 " to
1 x10 '°Pa *a ' depending on the accumulation rate, the
ice temperature and the desired initial ridge/stream config-
uration. For the calculations presented here, S(z) = h(x)
and W =1L

The continuity equation (Equation (1)) is solved on a fi-
nite-difference grid with horizontal spacing of 2km (ap-

(pg)n‘aws‘nthr17 (6)

= -

proximately two ice thicknesses) and the flux is calculated
at the midpoint of each cell. Additional smoothing of the
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surface slope is not needed to prevent numerical instabilities
(Bindschadler, 1982; Waddington, 1982). Ice thickness is
extrapolated one gridpoint beyond the domain to determine
the flux derivative at the boundary points which are held at
a fixed elevation throughout the calculation. The model is
stepped forward at 0.5 year increments using an explicit
method. The ice thickness and slope from time-step ¢ are
used to predict the ice flux at the next time-step ¢ 4 L.

The elevation history of a topographic feature at the ice
surface 1s tracked during the evolution process. Since the
scar feature 1s large enough to remain at the surface during
evolution even as snow accumulates, its vertical motion is

diz(z,t) = usd.h(x, t) + O h(x,t), (7)

where ug is the horizontal velocity at the ice surface. The
first term on the right represents the advection of ice thick-
ness, while the second term represents an increase or
decrease in surface elevation from ice-sheet evolution. The
horizontal motion of the scar feature is

dyzr = . (8)

Equations (7) and (8) are used to track the position of the
scar feature as the ice ridge evolves.

MODEL RESULTS

The ice-flow model is used to simulate an ice-ridge/ice-
stream system with characteristics similar to those found
on the Siple Coast, where ice thickness Hy = 600—1000 m,
span Ly = 20-80 km, accumulation rate b = 0.10-0.20ma '
ice equivalent and relict ice-stream width { = 10-50 km. For
simplicity, a flat bed and spatially constant accumulation
rate are assumed. Figure 3 shows the typical evolution of
the ice-ridge/ice-stream surface profile and the elevation of
the scar feature. The inset panel shows the scar elevation
through time Ah(t) relative to its initial height. Scar fea-
tures are initially lifted onto the flanks of the evolving ridge.
As the ice ridge approaches a new steady state, ice flow car-
ries the scar features downslope (Fig. 3). These events occur
faster for ice sheets with high accumulation rates and nar-
row relict ice streams.

The time-scale for evolution of the ridge/stream system
can be described in terms of a “volume-filling-time”, dis-
cussed by Johannesson and others (1989) for valley glaciers.

g
™
Q
2
s
(5]
)
(5]
2 L B
2 600 =3 ]
< <
] & 200
S
2 400} £
> > 100
2 <
m | 5 9
200 @ 0 1000 2000 3000 4000 5000
Time (a)
0 1 1 1
0 20 40 60 80
Distance from divide (km)

Fig. 3. Ice-surface profiles plotted every 200 years for an ice-
ridge/ice-stream geomelry similar to Siple Dome. The heavy
gray line traces the position of a scar feature initially formed
at the margin of the stagnated ice stream. Inset panel shows the
change in scar elevation through time.
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The volume time-scale 7* for the ridge/stream case is the
time it takes to fill the volume per unit width V, denoted by
the stippled region in Figure 2, given the spatially constant
accumulation rate b over the domain length D:

Vv
- ()

7_*
For the case where the boundary condition at the ice-stream
margin is held at a fixed elevation, an analytical approxima-
tion to V' can be derived using plastic ice-sheet profiles (see
Appendix). This approximation yields values for V' that are
about 25% less than the numerical FD result, which gives
Vialov-type ice-sheet profiles. The approximate time-scale is

. Hy [21+D**—1]—hl
b 1—h2+1 '

T (10)
This characteristic adjustment time is related to the funda-
mental time-scale 1) = Hy/b modified by terms which rep-
resent the scaled width [ = 1/ Lg and height h = ho/Hy of
the stagnated part of the ice stream.

Figure 4 (column A) shows the comparison between the
scaled volume evolution from the FD model (thick curve,
lower panel) and the asymptotic exponential curve,
1 —exp(¢/7) (thin curve, lower panel). The FD volume
evolution is approximately exponential, with a characteris-
tic time-scale close to 7%. The volume growth rate is initially
determined only by the accumulation falling on the dome.
Eventually, a slope develops at the new ice-stream margin
(upper panel), increasing ice flux away from the dome and
slowing the volume growth rate.

The margin of the stagnated ice stream at the edge of the
domain is assumed fixed at its initial thickness as if it were a
new margin of an active ice stream. Another possibility is
that the elevation of this margin is controlled by evolution
of the region outside of the domain. Figure 4 (column B)
shows the surface evolution for the case where the edge of

the domain at the new ice-stream margin is allowed to thin
at five times the accumulation rate (5b) for 1000 years.
Because of the initial rapid thickening at the ridge/stream
margin after stagnation, scar features rise for an initial
period even when the region outside the domain is thinning,
This result suggests that interpretation of scar features as
accurate markers of former ice-sheet surfaces would overes-
timate past ice-sheet elevations. The lower panel shows that
the time-scale given by Equation (9) is a good estimate of
the adjustment time even if the elevation of the ice-stream
boundary is not fixed.

Figure 4 (column C) shows the evolution of a ridge/
stream system assuming an infinitely wide stagnated ice
stream so that the edge of the domain is allowed to thicken
at the accumulation rate following stagnation. In this case,
the scar feature is raised indefinitely as long as the bound-
aries are allowed to elevate. The lower panel shows that the
volume of the domain initially increases at the same rate as
the fixed-boundary case. In both cases, volume growth is in-
itially dominated by accumulation over the domain, with
relatively small ice flux through the boundary into the new
ice stream.

At t = 0, immediately after ice-stream stagnation, flow
from the ridge onto the stagnant ice stream is not carried
away because there is no surface slope to drive ice flow.
Therefore, ice initially piles up at the ridge—stream junction,
producing localized thickening that eventually propagates
over the domain. This thickening wave is shown in Figure 5
for the case shown in Figure 3. The stagnant-ice-stream mar-
gin is located 50 km from the divide. The rate of thickening is
scaled to the accumulation rate (b= 010ma ') and the
curves, drawn in 200 year increments, are labeled in units
of the volume-adjustment time-scale 7 = 7% = 1700 years.
The thickening wave is spread over the domain after about
0.57. Diffusion is almost complete after about 17.
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Fig. 4. The upper panels show the evolution of surface profiles predicted by the finite-difference calculation in 200 year increments
Jor three different ice-stream boundary conditions: (column A) fixed elevation at ice-stream boundary; (column B) decreasing
elevation at ice-stream boundary at a rate 5b for 1000 years; (column C) increasing elevation of ice-stream boundary at 1b. For all
cases, Hy = 1000,b = 0.10m a™", 1 = 30 km and hy = 635 m. Heavy gray lines trace the path of the scar feature. Lower panels
show volume-evolution curves for each case. Thick lines denote the normalized volume change from the finite-difference calculation.

Thin lines denote the approximation [1 — exp(—t/7*)].
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Fig. 5. Propagation and diffusion of the wave of thickening for
the case shown in Figure 3. The initial stagnated-ice-stream
margin is 50 km from the divide. The thickening rate is scaled
to the accumulation rate, and the curves are drawn every 200
years and labeled in units of T = T*. The wave is spread over
the domain after about 0.5T. Diffusion is almost complete
after about IT.

APPLICATION TO SIPLE DOME

The FD model, the time-scale estimate (Equation (10)) and
the observed elevation of scar features can be used to esti-
mate the timing of stagnation of SIS and DF areas which
bound Siple Dome. For the ridge/stream system represented
by Siple Dome and the stagnated ice streams, Hy ~ 1000 m,
b~010ma ', [ ~035and h ~ 06. The volume-adjustment
time-scale is about 1700 years. The scar features are pre-
dicted to reach a maximum height of about 250 m above
the initial ice-stream margin (Fig. 3).

To simulate the evolution of Siple Dome, the generic FD
model is modified to include measurements of bed topog-
raphy r(z) = S(z,0) — h(z,0) from radio-echo sounding
and GPS surveys (Raymond and others, 1995; Scambos
and Nereson, 1995; Jacobel and others, 2000), and a spatial
accumulation pattern b(x) inferred from radar-detected
internal layering in the ice (Fig 6a; Nereson and others,
2000). Since Siple Dome is a dome and not strictly a two-di-
mensional ridge, adjacent flowlines are allowed to diverge
away from the divide so that the width between two flow-
lines in Equation (5) is described by W(z)/W(0) =
(z/A\)? + 1, where A = 50 km (Nereson, 1998). The horizon-
tal velocity is described by Equation (6) as before. An initial
Vialov-type surface profile S(x, 0) is assumed over the Siple
Dome part of the domain. The elevation at the boundaries
of the dome (at = £50km) are prescribed at their modern
value. The FD model is run over the Siple Dome part of the
domain for 5000 years until the surface profile is steady-
state and consistent with the accumulation pattern. Flat sur-
face and bed sections representing the relict ice streams are
added to this steady-state profile, and the model is run again
over the expanded domain for 1000 years to obtain the pre-
dicted Siple Dome evolution profiles. Figure 6b shows the
surface profiles after 0, 200, 400 and 600 years.

The present geometry of Siple Dome is similar to the
profiles shown in Figure 6b during the very early stages of
evolution. Detailed topographic images of Siple Dome show
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Fig. 6. (a) Spatial accumulation pattern inferred from radar
measurements of internal layers across Siple Dome and ex-
trapolated to cover the ice-stream regions ( Nereson and others,
2000). (b) Surface profiles from the FD evolution model for
Siple Dome at 0, 200, 400 and 600 years since synchronous
stagnation of DFand SIS.

that the SIS is generally flat over most of its area, and it ap-
pears that the northeastern part of the dome has expanded
slightly into the former streaming area (Scambos and
others, 1998). The scar feature associated with the former
margin of SIS is presently about 50-100 m above the level
of Ice Stream D, with higher elevations in the northeastern
region where Siple Dome appears to be expanding into the
former ice-stream area. This pattern is consistent with the
FD model for ice-stream shut-down 200-500 years ago
(Fig. 6b). This age range is consistent with the age estimated
from analysis of the internal layer pattern detected by radar
in the vicinity of the lower part of SIS (<650 years; Gades,
1998) and from measurements of the depth of buried cre-
vasses in the upper part of SIS (450-500 years; personal
communication from B. Smith, 1998).

The northernmost scar features which comprise DF on
the south flank of Siple Dome lie about 20—30 m above the
present level of Ice Stream G (Fig. 1). Relative to the active
ice-stream surface, the DF scars are lower than SIS scars
and are consistent with the hypothesis that streaming activ-
ity has ceased at DF more recently than at SIS. However,
part of the difference could be due to the difference in accu-
mulation rate across Siple Dome. Higher accumulation rates
correspond to fast evolution and rates of scar uplift. Given
the accumulation gradient over Siple Dome, with lower ac-
cumulation rates south of the divide (Fig. 6a; Nereson and
others, 2000), DF scars are also consistent with the D model
for shut-down 200-500 years ago. It is possible that DF and
SIS have similar stagnation ages.

An independent estimate of the stagnation age can be
obtained by comparing the spatial pattern of thickening or
thinning Oih(z) inferred from field measurements to the
pattern predicted by the FD model at various times after
ice-stream stagnation. Field measurements made along a
flowline on the south flank of Siple Dome enable calculation
of O;h(x) from the continuity equation,

Oh = b — 70, (Wush), (11)
where b(x) is the accumulation rate, the factor ¥ = 0.8 de-
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scribes the ratio of the depth-averaged horizontal velocity
u(z) to the surface velocity us(x), and W(x) describes the
relative distance between adjacent flowlines. The righthand
side of Equation (II) is determined from: (l) an accumu-
lation pattern b(x) inferred from radar measurements of
internal layers in the ice (Fig. 6a; Nereson and others,
2000); (2) GPS measurements of horizontal velocity ug(x)
of 33 survey poles positioned along a flowline on the south
flank of Siple Dome (Nereson, 1998); (3) field measurements
of ice thickness h(x) from radio-echo sounding (Raymond
and others, 1995; Jacobel and others, 2000); and (4) two
assumed functions for W(z) which bracket a reasonable
range of possible flowline divergence patterns: W(z) = 1
(no divergence), and W (z)/W (0) = (2/))’+1, where A =
35 km (Nereson, 1998). The main contributions to errors in
estimating Oih are uncertainty in the flowline separation
function W(z) and the inferred spatial accumulation
pattern b(zx).

The shaded region in Figure 7 represents O;h inferred
from measurements, and the range includes uncertainties in
the measurements and the function W (z) (Nereson, 1998).
The measurements suggest that the south flank of Siple
Dome is thickening rapidly in a zone about 40-70 km from
the divide. The thickening rates predicted by the FD model
for 100, 300 and 500 years since stagnation of DF are shown
with thin lines. The character of the thickening inferred from
measurements (shaded region) is similar to the thickening
pattern predicted by the FD model for 200-500 years after
stagnation of the DF area, with the maximum thickening
rates occurring at the former junction of Siple Dome and
the ice stream. This comparison also suggests that stagnation
of the DF area occurred 200—500 years ago. Survey poles
measured along the north flank of Siple Dome do not co-
incide with an ice flowline. Therefore, a similar calculation
is not possible for the SIS area given existing data.

DISCUSSION

For the Siple Dome calculations, the ice-stream margin at the
edge of the domain is held fixed at its initial elevation by the
activity of an adjacent actively streaming region outside the
domain. The age of the scar features (SIS and DF) is inferred
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g, 7. Shaded area shows the thickening rate inferred from
Jield measurements using Equation (11). Curves show pre-
dicted thickening-rate pattern from the FD model at 100,
300 and 500 years since stagnation of the DI area.
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from their present elevation relative to the actively streaming
regions. In reality, actively streaming regions thicken and
thin over time, changing the assumed boundary condition
and the reference elevation level. However, if the relict ice
stream is sufficiently wide (I > 10H) small elevation changes
at the boundary of the domain do not initially affect the evo-
lution within the domain. For example, evolution of the ridge/
ice stream at the position of the scar feature is the same for
t < 7" regardless of the prescribed elevation history at the
domain boundary (Fig. 4). Since Siple Dome is qualitatively
in the early stages of dome/stream evolution, the assumption
that the elevation at the new ice-stream boundary is fixed
does not affect the quantitative estimate of the age of the relict
flow features at the edges of Siple Dome.

Even when the area outside the domain is rapidly thin-
ning, scar features are initially elevated for a short period as
a result of accumulation and build-up of ice flow at the
ridge—stream junction. Estimates of past ice-sheet surfaces
from scar-feature elevation alone would overestimate the ele-
vation of the past ice surface. Measurements of spatial pat-
tern of thickening such as those shown in Figure 7 could be
used with the FD model to determine the approximate age of
stagnation. Integration of dih over this time interval would
give the elevation of the scar feature at the time of stagna-
tion. This method would give a more accurate estimate of
ice-sheet elevation at the time of ice-stream stagnation. In
the case of DF, this integration predicts that the relict mar-
gins were 40-80 m below their present level at the time of
stagnation. Since the scar features now lie about 20-30 m
above the present level of Ice Stream G, it is possible that Ice
Stream C was 10-60 m thinner before stagnation of the DF
area 200-500 years ago. Radar measurements of buried cre-
vasses could further constrain the shut-down age and allow
more accurate estimates of pre-stagnation elevation.

The slope discontinuity at the ice-ridge/ice-stream mar-
gin interface in the FD model is not physically realistic. In
the model, ice flow from the dome proceeds as if the ice
stream does not exist, and the ice flux to the ice stream is
determined by the ice thickness and slope at the ice-stream
margin (Hindmarsh, 1993). The model includes no longitu-
dinal coupling between the ice dome and stagnated ice
stream. This assumption is valid for modeling the general
evolution of the ice sheet, but not for modeling the specific
behavior at the ice-ridgefice-stream transition where the
scar feature is formed (Hindmarsh, 1993). On some small
scale (O(H)), there is a transition zone between the ridge
and the ice stream at ¢ = 0. Accurate modeling of this zone
at small ¢ when the surface slope varies abruptly over this
region requires consideration of longitudinal stress gradi-
ents. In addition, the transition zone must be initially con-
cave in profile so that the ridge/stream boundary is smooth.
Exclusion of these effects contributes to errors in the FD pre-
diction of scar elevation at small ¢.

These errors do not affect the main conclusions. The ele-
vation of the scar feature is constrained by the general evo-
lution of the dome. After 100 years, the slope discontinuity is
smoothed out and longitudinal stress gradients (0, Ho)
become small again (compared to pgd,h). The errors affect
the particular evolution of the scar feature, but not the gen-
eral character of thickening. Thus, the order-of-magnitude
estimates for the age of the shut-down of the stagnated ice
streams are unchanged.

Three-dimensional effects will affect the transient beha-
vior of the ice sheet. The transient behavior of a three-di-


https://doi.org/10.3189/172756500781833241

mensional dome is controlled by the local flux into the for-
mer ice-stream area. Areas of the dome with large slopes
and ice thickness will expand more quickly. Therefore, scar
features may not be elevated uniformly. At any given instant
in the early evolution process, the scar feature may exist at
several elevations along its length. Ultimately, the transient
effects diminish and the evolution of the dome is governed
by the volume-response time-scale.

Thermal or crystal-fabric evolution of the ice-stream
margin area is not addressed in this paper. After stagnation,
the ice stream is assumed frozen to its bed and rheologically
indistinguishable from ridge ice. Jacobson and Raymond
(1998) have shown the likelihood for basal heat concentra-
tion at the margin of an active ice stream. Concentrated
heating of the ice at the ice-stream margin and the presence
of water at the bed would affect deformation properties of
the ice stream. However, these effects on the large-scale evo-
lution of the ridge/ice-stream system are second-order and
do not affect the conclusions presented here

The recent shut-down age implied for SIS and DF has
implications for the explanation for the divide migration to-
ward Ice Stream D which has likely persisted for at least the
past 1000 years (Nereson and others, 1998a). In order to
cause the inferred divide migration, changes occurring at
boundaries of Siple Dome must also have persisted for at
least 1000 years (Nereson and others, 1998b). The more
recent shut-down age predicted by this analysis does not
support the hypothesis that the divide migration is caused
by thickening of SIS since its stagnation. The thickening
inferred along the south flank of Siple Dome is also a recent
event (< 500 years) and would tend to move the divide in
the opposite direction to that inferred from the internal
layer pattern (Nereson and others, 1998a). It appears that
the recent stagnation of these flow features is not the cause
of the divide migration. A remaining possibility is past ac-
tivity of the now-relict flow features when they were active.
In particular, gradual (0.01-0.04ma ') thinning of the
south margin of Siple Dome associated with past streaming
activity of Ice Stream C and DF would move the divide in
the observed direction (Nereson and others, 1998b).

CONCLUSIONS

Topographic features left by relict ice-stream margins can be
elevated relative to the former streaming surface by growth
of the adjacent ice-stream ridge. Interpretation of the eleva-
tion of former flow features for the past configuration of ice
streams or ice sheet may therefore be complicated. The time-
scales governing the evolution can be estimated from the
geometry and accumulation rate associated with the ice-
ridge/ice-stream system as in Equation (9).

The modern elevation of scar features and the modern
geometry of a ridge/stream system can be used to estimate
the timing of ice-stream stagnation. For Siple Dome, the
volume-adjustment time-scale relevant to SIS on the north-
east flank 1s about 1700 years. The present geometry and ele-
vation of Siple Dome and its existing scar features suggest
that Siple Dome is in the early stages of evolution where
t < 7*. Based on this analysis, shut-down of SIS probably
occurred in the past 500 years. This age is consistent with
other estimates based on analysis of the internal stratig-
raphy across the feature (Gades, 1998; personal communica-
tion from B. Smith, 1998). The scar features on the south

https://doi.org/10.3189/172756500781833241 Published online by Cambridge University Press

Nereson: Elevation of ice-stream margin scars afler stagnation

flank of Siple Dome could be associated with a flow regime
which shut down nearly synchronously with SIS.

An independent estimate of stagnation age can be
obtained by calculating modern values of 0ih from field
measurements of ice thickness, accumulation rate and sur-
face velocity and comparing the result to values predicted
from the FD evolution model. Integration of 9,k can be used
to estimate ice-stream elevation at the time of stagnation.
These measurements are available for the south flank of Si-
ple Dome and suggest a shut-down age of 200—500 years
and a pre-stagnation elevation of the DF area of 20-60 m
less than its modern value.
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APPENDIX
ADJUSTMENT TIME-SCALE

The volume-filling time-scale for the evolving ridge/stream
system is the time it takes to fill the volume V per unit width,
denoted by the stippled region in Figure 2, given the spatially
constant accumulation rate b over the domain length D:
4
~bD’

For a perfectly plastic ice sheet, V has an exact analytical
solution. Consider a perfectly plastic ice sheet on a flat bed
with thickness h(x) and horizontal coordinate x. Its thick-
ness profile is given by the solution to the force-balance
equation,

*
T

(A1)

oh
= —pgh A2
o1 pghs (A2)

where oy, 1s the basal shear stress. Assuming oy, 1s everywhere
equal to the yield stress oy, the surface profile is given by

hz) = K(Ly — z)?, (A3)

where K = 20¢/pg and Ly is the initial span (Nye, 1952).
Integrating Equation (A3) with respect to x for the initial
(subscript “0”) and final (subscript “f”) profiles yields the

non-truncated volume change:
2
Vi =5 K (L9 = 1), (A4)

The ice-stream volume is
‘/streaxrl = hol, (A5)

where the ice-stream width [ is equivalent to Ly — L. The
volume of interest V' is then

14 :WOt - V@tream (AG)
2 .
:§K(L§”/2 — L3*) — hyD. (A7)

Assuming the ice-stream width [ = ILy is some fraction [ of
the initial span Lo, and its height kg is some fraction hof the
ice-sheet thickness Hpy, then D= Lo(1— h® + lN) and
Ly = Lo(1 + ). Substituting these expressions,
Hy = KL(l)/2 and V into Equation(Al), the characteristic

time required for the ice sheet to evolve to its final state is

. Ho [RA+D*P 1) —hl
T =— = = .
b 1—h%+1

(A8)
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