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ABSTRACT. Calculations of the regional variation of net
mass balance around Crary Ice Rise, Antarctica, show
significant rates of thickening up-stream of the ice rise and
significant thinning down-stream (assuming zero basal
melting or freezing). Thickening also is occurring on the
south-west side of the ice rise nearest the Transantarctic
Mountains. These imbalances imply migration of the rise
and help explain its current non-equilibrium shape. The
pattern of a suture line down-stream of the rise indicates a
quasi-periodic mechanism of rift formation.

INTRODUCTION

Recent field studies have identified major changes
occurring in the flow dynamics in the vicinity of Ice
Streams B and C in West Antarctica (Van der Veen and
Oerlemans, 1987; Stephenson and Bindschadler, 1988).
Mass-balance calculations on these ice streams indicate Ice
Stream B is in negative balance by about 40% while Ice
Stream C is in positive balance (Shabtaie and Bentley, 1988,
Shabtaie and others, 1988; Whillans and Bindschadler, 1988).
The discharge of these ice streams into the ice shelf affects
the thickness distribution of the ice shelf and its pattern of
flow (MacAyeal and Lange, 1988). These changes in the ice
shelf, in turn, affect the ice-stream flow by altering the
longitudinal resistance exerted on the ice stream. Thomas
(1979) referred to this effect as "back-pressure". Ice rises
are one of the major sources of this back-pressure and, as
such, are integral parts of the dynamics of the ice-shelf—
ice-stream system.

Crary Ice Rise (CIR) lies directly in the path of Ice
Stream B (Fig. 1). MacAyeal and others (1987) have
caleulated the force exerted on Ice Stream B by CIR. They
also have calculated (see MacAyeal and others, 1989) that
the region around CIR is thickening at a rate of 0:13 £
0.09 m/a. Other authors have identified other features of
CIR which further suggest that CIR is not in equilibrium:
thickness anomalies in the ice shelf down-stream of CIR
(Jezek, 1984); a non-equilibrium transverse surface profile
(MacAyeal and Thomas, 1980); and separation of a large
piece of the ice rise (a "raft") (Bindschadler and others,
1988b). In this paper we calculate the regional pattern of
net mass balance in the vicinity of CIR to identify where
rapid changes are taking place and discuss possible causes of
the changes and their ramifications on ice flow in the area.

METHOD OF CALCULATION

Net mass balance refers to the summation of all gains
and losses in ice volume for a region of space. If this
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Fig. 1. Location map of Crary Ice Rise, Antarctica. Shaded
areas are grounded ice and white areas are floating ice
shelf. Modified from MacAyeal and others (1987 ).

region is enclosed by the curve T, then the net mass
balance, M, can be expressed as

M=- Iaﬂu.?zax ¥ ”Ads (1)
r s

(MacAyeal and others, 1987, equation (15)) where p is the
depth-averaged ice densjty, H is the ice thickness, u is the
horizontal ice velocity, n is the unit vector normal to T, dx
is unit length along T, 4 is the accumulation (surface and
base), and S is the horizontal area contained within T. The
first term in Equation (1) is the mass change due to
advection while the second term is the mass change due to
accumulation or ablation of ice. As in MacAyeal and others
(1987), we calculate the average density as

== 2 it —ofH o
p p'°=+BH(l ) (2)

where H is the ice thickness, p,, is the density of pure ice
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(917 kg/ms), and « and B are parameters used to fit
Equation (2) to firn densities near the surface. For the
measured density profile at J9, « = 608 kg/m® and B =
0.043 m™!; we use these same values.

Application of Equation (1) to actuai data involved
defining T and approximating the first integral of Equation
(1) by a series of summations along line segmsants. The line
segments usually connected occupied field stitions where
accurate geographical coordinates and ice velocity were
known. Ice thickness was measured at intermediate points
along most of the line segments and velocity data were
interpolated to these points to permit calculation of mass
flux across sub-segments.

While similar in concept, the method used in this paper
to approximate Equation (1) differs in a number of ways
from the method applied in MacAyeal and others (1987).
There are four main differences: scale, projection,
interpolation of velocity along line segments, and mass-flux
calculation for sub-segments. The effect of the differences is
often negligible, but not always. Many times the difference
is sensitive to the particular geometry of line azimuth
and/or velocity gradient. It is a general requirement of net
mass-balance calculations that calculation errors of mass flux
be minimized because the net mass balance is usually a
small difference between large, but very nearly equal, mass
fluxes. Therefore, it is worth detailing the differences for
the sake of comparing our results with MacAyeal and others
(1987) and for future calculations of mass balance.

MacAyeal and others (1987) used an Earth radius of
6370997.0 m and a polar-stereographic projection of
geographic coordinates. In this paper, the local surface is
assumed spherical with a radius of 6357020.8 m. This radius
is oderived from the radius of the WGS-72 ellipsoLd at lat.
84 cand corrected for the geoid height at lat. 84°S., long.
171"W. using the Rapp Set A geoid. The difference
between the values of Earth radii is 0.2%: all distances are
different from MacAyeal and others (1987) by this amount,

In MacAyeal and others (1987), the distortion caused
by the polar-stereographic projection was minimized by
choosing the pole of projection near the center of CIR,
but, as with any polar projection, scale distortion increased
with distance from the projection pole. This paper uses no
grid projection. All distances are great-circle distances rather
than straight-line distances on a plane of projection. Quan-
titatively, this effect is small near the pole (only 0.02% at a
distance of 100 km from the pole).

Each line segment is divided into a varying number of
sub-segments to allow an adequate representation of the
ice-thickness variation. Velocity data were then interpolated
to these same points, In this paper, the velocity magnitudes
and azimuths are linearly interpolated along a given line
segment. At each of these interior points, the exact bearing
of the great-circle line segment was used to calculate the
corresponding normal component of velocity. By contrast,
in MacAyeal and others (1987) an average bearing was used
for each line segment, the velocity component normal to
this bearing at each end of the line segment was calculated,
and it was these two end values which were linearly
interpolated to other points on the line segment. The latter
method is not a true linear interpolation of the velocity
field; its non-linear character increases as the angle between
the line segment and velocity azimuth decreases. The use of
a constant average bearing also introduces a non-linearity to
the interpolation which depends on both the rate at which
the true bearing changes along the line segment and the
velocity gradient.

The final difference between methods concerns the
calculation of mass flux for a sub-section of a line segment.
With velocity, line bearing, and ice thickness all specified at
each end of the sub-segment, we assume in this paper that
the velocity, thickness, and density each vary linearly along
the sub-segment,

V; = U;sin 6; (3)
Uiy = Uy + 70U, — 1) )
Bivy = 8 + M6 — &) (3)
Hiy = Hy + Y(H;y, — H) (6)
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IF—’i+}' = p; + NPiy — P (7
Te(i= Sy = &) (8)

where U; is the velocity magnitude, V; is the velocity
component normal to the sub-segment, Bi is the angle
between the velocity azimuth and the bearing of the sub-
segment, and 7y is the fractional distance along the
sub-segment % to X.,. The mass flux due to advection is
then taken from the first integral in Equation (1),

= ~ | -
M, = I pHu-ndx = Z[PiViHi i Pi+1Vi+1Hi+1] *
r

11— _ _
+ E[(Pi t P )Villiyy + VigHy) + oV Hiyy + Pi+1Vi”i]-
9)

MacAyeal and others (1987) used a trapezoidal approxima-
tion which computes the mass flux per unit width at each
end of the sub-segment and multiplied the average by the
sub-segment length. In our notation, that approximation is
written

e e T _
JPHH-ndl - 2‘[PiHiVi + pi+1Hi+1Vi+1]- (10)

T

Equation (10) ignores the cross terms which Equation (9)
contains. The error in using Equation (10) will increase with
the gradients of velocity and ice thickness.

Due to the complexities, and in some cases the
peculiarities, of applying each method to specific data, an
analytical treatment of the differences is not given here.
Rather, because the same line segments used in MacAyeal
and others (1987) appear in this paper, a comparison of the
mass fluxes derived by the two methods appears later in
Table I,

The error in the calculated values of advective mass
flux follows from Equation (9),

- ([5G o

+ [[:le?]z + [821?4]2](50)2 + [[Ziﬂ‘]z + [&:{M

1+1 i+l

o]
(11)

where 8U, 68, and 8H are the errors in velocity magnitude,
velocity azimuth, and ice thickness, respectively. In practice,
there is also an error due to position errors: the position of
some of the flight lines over which ice thicknesses were
measured did not match precisely with the station
coordinates. We incorporate this error in position as an
error in ice thickness.

The net mass balance is then the sum of mass fluxes
across line segments comprising any closed curve plus the
accumulation collected within that curve.

DATA

Figure 2 indicates the area of interest, the station
names and areas over which the net mass balances are
calculated. Detailed features in Figure 2 represent all
crevasses and undulations seen on aerial photography of the
area (Bindschadler and others, 1988b, figs 1 and 2). The
location of the ice rise in the center of this area is evident
from the lack of crevassing or undulations, Line segments
comprising the perimeter of the area are identical with
those used by MacAvyeal and others (1987) and connect sites
occupied by surface field parties. Sub-divisions of this area
are defined by connections to surface stations on the ice
rise.

Table 1 lists the locations, velocities, and ice thicknesses
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Map of crevasses, rifts, station positions, measured velocities, and line segments near Crary Ice

Lines at station L1 show the position of the stake network along which boundary-flow velocities
were measured. Interpolated velocities are represented by dashed arrows. Shaded areas are rifts through
the entire ice shelf. Position of dead ice in the lee of Crary Ice Rise is indicated.

TABLE 1. GEOGRAPHIC POSITION, VELOCITY, AND ICE THICKNESS OF STATIONS ON OR

Station

G2

£
11
J2
13
111
J11
J10
S

K1

LP]
LP10O
LP1*
LPM
5

E4
E40

E4M
Eq™
E3
E30
E3’
E3M
E3;*

T
it

o
*K3”

IR

J10’

*Interpolated velocity is velocity component at indicated azimuth,
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NEAR CRARY ICE RISE
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Coordinates Velocity Thickness
South West
lat. long. Magnitude Azimuth
L < " m/a deg m
35 38 164 23 28 275 & 12 3270 £ 2 648 = 10
347 07 166 02 43 369 .+ 8 304.0 | 696 + 10
58 07 167 46 10 458 + 11 2962 & 1] 734 + 10
35 19 171 37 00 387 2z 9 3100 = 1 618 + 10
18 56 173 @5 32 333 £ 11 3140 + 2 581 + 10
07 12 174 56 21 385+ 6 329.0 =+ ] 583 + 10
34 05 176 31 30 (447 + 30) (341.5 + 4) 502 £ 30
34 12 176 17 30 (468 + 30) (343.6 + 4) 385 £ 20
27 40 172 31 23 388 + 15 319.0 + 2 329 + 20
49 21 171 10 36 239 + 10 3130 =2 399 = 10
56 29 169 58 35 224 + 9 323.0 =2 454 £ 10
10 18 168 09 44 225 = 1P 3260 + 3 519 = 10
00 05 172 59 33 o=+ 7 (313.0° £ 5) 545 £ 10
01 00 173 14 27 0 £ 7) (313.0 = 5) 519 £ 10
01 35 173 23 31 (10 = 7) (30 £ 5) 501 + 10
02 41 173 40 53 (145 £ 7) (316.1 = 5) 498 + 10
03 56 174 01 15 (266 + 7) (3196 = 5) 509 = 10
3 05 20 171 36 40 0+ 8) (3110 = 5) 573 + 10
10 42 171 48 53 0+ 8) (3110 = 5) 549 + 10
11 33 171 56 35 (10 £ 8) LY & 5 523 4 10
13 10 172 11, 17 (145 + 8) D116 = 5) 3BT, 4 L)
15 02 172 28 35 (266 + 8) (3124 = 5) 551 # 10
22 45 169 34 30 0+ 8) (302.0 £ 35) 604 + 10
22 4} 169 34 49 0+ 8) (302.0 = 5) 603 + 10
23 38 169 42 44 (10 £ 8) (302.0 = 5) 590 £ 10
S I5 169 57 53 (145 + 8) (303.2 £ 5) 574 £ 10
27 07 170 15 43 (266 =+ 8) (304.3 = 35) 587 = 10
13 56 168 33 51 (208 + 10) (312.0 = 5) 533 £ 10
18 40 169 06 03 (0 £ 10) (312.0! % .5) 610 £ 10
I 59 171 36 28 (207 £ 10) (324.0 = 5) 372 £ 10
54 02 171 57 09 (0 = 10) (324.0 £ 35) 392 = 10
2 45 40 174 20 00 0+ 0) (3389 = 35) 342 + 20
32 12 174 59 56 (441 + 30) (335.2 + 4) 344 + 20
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at each station. This list includes stations on the ice rise,
around the perimeter of the area, and some additional
stations generated as described below. Positions of most
stations indicated on Figure 2 are from occupation by
satellite-positioning receiver. Velocities are from repeated
geoceiver occupation or, where parenthesized, from interpo-
lated methods described below. Ice thicknesses are from
airborne radar soundings.

Positions and velocities of most of the perimeter
stations were measured sometime between 1983 and 1985
(Bindschadler and others, 1988a). For stations J10, J11, and
111, data were acquired during the Ross Ice Shelf Geo-
physical and Glaciological Survey (RIGGS) (Thomas and
others, 1984)., The velocities of J11 and Il1 were interpo-
lated from adjacent RIGGS station velocities.

The perimeter-line segments avoid crevassed areas
where high velocity gradients can be expected. However,
this is not true of the interior segments which cross on to
the ice rise. On these line segments, additional stations were
introduced to permit a more variable gradient of velocity.
The character of the crevassing is distinctly different on
opposite sides of CIR and a different scheme was used on
each side. Figure 3 shows the velocity profile along each
perimeter-line segment.

For the line segments on the south-west side of CIR
(E3-J1, E4-J2, and LPI-J3). a velocity profile was
constructed which reproduced <he velocity profile measured
at the station L1 stake network (Bindschadler and others,
1988b, fig. 7). This network, also on the south-west side of
CIR, extends from a point on CIR 23 km from the ice-
rise—ice-shelf boundary to stakes on the ice shelf 10km
from the boundary (see Fig. 2). The measured profile of
velocity can be closely approximated by linear interpolation
between four points: zero velocity at the beginning of the
line on the ice rise; l0m/a at the ice-rise—ice-shelf
boundary in a direction parallel to the boundary; 145 m/a at
a point 4.4 km out on the ice shelf; and 266 m/a at a point
9.5 km out on the ice shelf. The velocity azimuths for these
last two points were linearly interpolated between the
azimuth of the boundary and the azimuth of the station
velocity at the ice-shelf end of the line segment. This
profile is assumed at each of the three line segments on
this side of CIR, and Table I and Figure 3 show the inter-
mediate stations which were generated to provide this
approximation of the velocity profile. The errors assigned to
the velocity magnitudes are the wvelocity errors of the
ice-rise  stations and the azimuth errors are  set
conservatively to ¢5°, larger than any measured error.
Motion on the ice rise is so small that satellite positioning
produced velocities which were within one standard
deviation of 0 m/a and azimuths which were unreliable.

On the north-cast side of CIR, the velocity profiles
along the lines E3-K1 and LP1-K3 were defined by adding
two points each: one at the edge of the ice rise, where the
velocity was set to zero, and the other point at the edge of

2y

the intense crevassing (see Fig. 2). The velocities at each of
the latter points was calculated by extrapolating the
component of velocity normal to the line segment using the
appropriate shear strain-rate component from the measured
strain-rate at the corresponding ice-shelf  station
(Bindschadler and others, 1988a). The magnitude error was
set to the error at the ice-shelf station. The azimuths of
these velocities were set normal to the line segment.
Although this method only estimates one component of the
full velocity, it is only this component which is needed for
the mass-balance calculations.

The final line segment extends from the point of the
ice rise farthest down-stream along a "suture line" separating
crevassed ice from rifted ice. This line appears to represent
a natural flow boundary where ice flowing around the ice
rise converges at the down-stream end. The ice-rise point,
IR, was assigned a velocity of zero, while the velocity at
the point J10' (at the intersection of this line segment and
J10-J11) was calculated from the linear interpolation of
velocity and azimuth along J10-J11 and using the larger
errors of J11. The azimuths of the IR-J10' line segment
and the J10' velocity differed by only 4°, indicating that
very little mass flowed across this line segment and that the
interpolation scheme was accurate within the stated errors.

Ice thicknesses at each station and along most line
segments were measured by radar sounding. These data were
kindly provided to us by S. Shabtaie (personal communi-
cation). In 1984, airborne radar profiles were flown along
all segments up-stream of and including K3-LP1-J3. Errors
for these segments were estimated by Shabtaie to be +10 m.
Ice thicknesses at I11, JI10, and J11 were measured during
RIGGS but no radar flights between these stations were
made. The ice-thickness profiles between these stations
(including J3-111 and K3-J10) were supplied by Shabtaie
from a contour map he prepared which included all
available ice-thickness data in this area. His data sources
included some ground-based soundings as well as airborne
measurements from RIGGS and earlier field studies. He
estimated the uncertainty of ice thickness along these
profiles as +20 m.

Accumulation data were collected during RIGGS both
on and around CIR. From dating of stratigraphic layers of
increased radioactivity deposited during 1954 and 1964-65,
Clausen and others (1979) deduced a pattern of accumu-
lation rate over the Ross Ice Shelf. The values around CIR
ranged from 0.09 to 0.12m/a (ice equivalent) with the
single station on CIR somewhat lower (0.07 m/a). In Thomas
and others (1984), measurements on exposed stakes were
analyzed and gave a similar pattern over the ice shelf but
somewhat larger values: 0.09-0.16 m/a (ice equivalent) with
0.10 m/a on the ice rise. The general pattern is of
increasing accumulation to the south-west but there is a
large local variability. The lower value on CIR is likely due
to relatively higher winds on the elevated ice rise. The
relative transport of mass by the wind would cause the

11

1
DISTANCE (KM)

N\ NORTH T

VELOCITY (M/a)

Fig. 3. Profiles of ice thickness (solid line) and velocity component (dashed line) normal to line along
cach line segment. Stations are indicated at the top of each plot. (a) South-west side of box, (b)
north-east side of box, (c) up-stream and down-stream ends of box. and (d) interior lines transverse
to flow.
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stations down-wind to exhibit enhanced accumulation.
Rather than attempt to account for local variability which
probably has not been adequately sampled with the RIGGS
stations, we use a constant accumulation rate of 0.12 m/a
and assign a probable error of $0.03 m/a to cover the range
of values measured by both groups.

MASS FLUXES

Table II lists the results of the mass-flux calculations
over all line segments and compares our calculations with
those of MacAyeal and others (1987). The only difference
which exceeds one standard deviation occurs for line
segment C2-O; most line segments agree to well within one
standard deviation. The difference for the C2-O line
segment is caused by different position coordinates for
station C2 used in this paper and MacAyeal and others
(1987). We feel the coordinates in this paper are more
accurate and are consistent with the satellite-receiver
positions used to derive the velocity used in this paper. The
only other difference worth noting is for line segment
G2-K 1. This difference is also caused by a slight difference
in coordinates for station G2.

As expected, most mass enters through the line between
G2 and C2 (408 842 kg/s) and most departs between J10
and I11 (292901 kg/s). On the sides of the perimeter, the

general flow is outward up-stream of CIR and inward on
the down-stream side. The net results of the flow around
the sides are a loss of 51511 kg/s to the south-west and a
loss of 41 467 kg/s to the north-east.

To ease the comparison of mass flux along line
segments of different length, Table II includes the mass
flux/km. Across the up-stream line segments, the two
largest values occur. Also, there is a strong gradient in mass
flux/km increasing from G2 to C2. The mass flux leaving
the perimeter between the down-stream stations is less than
enters up-stream. This is due to a combination of thinner
ice and lower velocities (see Fig. 3). Along the sides of the
perimeter, the mass flux is considerably less than either the
up-stream or down-stream ends. For the interior lines, the
sharp gradient of flow in the boundary layer around the ice
rise is evident.

NET MASS BALANCE

Table IIT and Figure 4 present the net mass balance
(Equation (1)) for a number of areas defined by various
combinations of line segments. Our calculations agree quite
closely with MacAyeal and others (1989) that the advective
mass fluxes nearly balance for the complete area
(22962 + 24 639 kg/s from Table III; 8800 + 26 98I kg/s in
MacAyeal and others, 1989) but the table makes it clear

TABLE II.  MASS FLUX FOR LINE SEGMENTS IN VICINITY OF CRARY ICE RISE (LAST
COLUMN PRESENTS RESULTS FROM MACAYEAL AND OTHERS (1987))
Segment Length Data points Mass flux/km Mass flux (MacAyeal)
km x 10% kg/s/km kg/s kg/s
JI=2 62.567 37 —=1.30 —81475 + 6236 —82 379
J2-]1 35.584 28 —1. 75 —62 175 & 5397 —61 054
J3-J2 32.500 2] 0.998 +32 424 + 4706 +32 267
111-J3 32.351 2 1.85 +59 715 £ 10280 +56 684
J11=F] 36.913 i/ =2.20 —81375 £ 10678 —-81 508
JI10' —=J11 18.954 4 -4.61 —87 396 + 5322 o
J10-J10’ 36.824 14 -3.37 ~124 130 8771 —210755
K3-J10 44.424 6 1.00 +44 597 + 4053 +43 847
K2-K3 21.126 9 —0.463 9779 + 1496 —9578
KI1-K2 35.280 17 —0.432 —=15240 £ 3977 =14 784
G2-K1 67.202 31 —0.9508 —61045 £ 10922 —05 608
0-G2 29.287 28 6.06 +177 448 = 3642 +178 235*
C2=0 28.810 16 8.03 +231 394 £ 4992 +223 433*
E30-E3"* 2.305 2 0.081 187 + 213 —
E3'-E3M 4.391 4 1.22 5352 + 409 —
E3M-E3"° 5.111 5 3.28 16 753 + 565 —
E3"=]1 22,751 13 5.59 127 103 + 3039 —
E40-E4’ 2.308 2 0.074 172 # 197 —
E4' -E4M 4.391 3 1.16 5096 + 380 -
E4M—-E4 " 5.110 4 3.14 16 061 + 498 =
E4"-)2 10.765 6 4.73 50874 + 1185 —
LPIO-LPI" 2.305 2 0.067 156 £ 177 —
LPI'-LPIM 4.393 -4 1.03 4544 352 -
LPM-LP1 " 5.107 4 2.80 14 308 = 503 —
LP1"=13 13.661 g 5.01 68 503 + 1623 -
KI=K.]* 8.544 5 3.10 26 516 £ 1000 -
KI7=L™ 11.193 6 1.66 18 608 + 1323 =
K3-K3' 7.695 5 2.20 16944 + 646 -
K3 -K3" 6.068 6 1.05 6363 + 462 —
IR=J10’ 26.634 2 0.016 4246 + 4881 -
E3=F4 36.287 2 0.0 0 + 448 —
E3=IC1* 9.705 2 0.0 0+ 1174 -
E4-LPI 25.227 2 0.0 0+ 30 —
LPI-K3" 18.106 2 0.0 0 %+ 1674 —
LPI-IR 32.368 2 0.0 0 + 574 —

*Two MacAvyeal line segments combined.
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TABLE 1l1l. ADVECTIVE MASS BALANCE, NET MASS BALANCE, AND THICK ENING RATE FOR
AREAS IN THE VICINITY OF CRARY ICE RISE

Box Stations Area Advective Net

Mass flux Thickening rate Mass balance Thickening rate

km? kg/s m/a kg/s m/a

1 G2/C2/J1/K 1 3883 +71971 = 14 501 +0.64 = 0.13 +85520 + 14891 +0.76 + 0.13
2 K1/E3/LP1/K3 1840 —3202 + 5081 —0.06 + 0.10 43217 + 5328 +0.06 £ 0.10
3 E3/11/J2/E4 1076 +14 848 + 6398 +0.48 + 0.20 +18 604 + 6466 +0.59 + 0.21
4 E4/312/13/LPI 770 +17118 + 5198 +0.76 + 0.23 +19 806 = 5241 +0.88 + 0.23
5 K3/LP1/J10' /J10 1825 60472 + 10997 -—1.14 £ 0.21 54104 + 11112 -1.02 £ 0.21
6 LP1/J3/111/J10" 1750 —17300 + 16590 —0.33 % 0.32 -11055 + 16663 —0.21 + 0.32
3&4 E3/J1/13/LP1 1847 +31 966 + 8018 +0.60 £ 0.1 +38440 + 8178 +0.72 £ 0.15
5&6 K3/13/111/110 3615 —77772 + 18 651 =0.74 + 0.18 65159 + 18916 —0.62 + 0.18
All  G2/C2/111/110
This paper 11 183 +22962 + 24639  +0.07 = 0.08 +61 984 + 26 500 +0.19 + 0.08
MacAvyeal 10 900 +8800 + 26981  +0.03 £ 0.08 41 800 £ 27640 +0.13 = 0.09
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Fig. 4. Map of Crary Ice Rise showing mass fluxes (kg/s) across each line segment and rate of
thickness change (m/a of ice and in brackets) for each area. Circled numbers indicate area number

from Table Il

that within the complete area there are significant re-
distributions of mass taking place. Mass is being added to
areas 1, 3, and 4 at high rates while mass is being removed
rapidly from areas 5 and 6.

The advective mass fluxes are large enough that adding
the accumulation flux to obtain net mass flux modifies the
pattern only slightly. Data on the basal conditions are not
available so the results of Table III for net mass balance
assume negligible basal melting or freezing. It is possible
that some ice accumulation may be added by freezing of
water exposed to the air within the large rifts which occur
in area 5 down-stream of CIR, but the areal extent of
these rifts is limited and unlikely to alter the strongly
negative net mass balance. Similarly, any gain or loss of
mass at the base of the ice shelf would have to be large to
alter significantly the strong regional differences shown by
Table III and Figure 4.

DISCUSSION

combined areas
not represent a

Although the net mass balance of the
is nearly zero, the regional differences do
redistribution of mass already within the perimeter. This
would require the regions of mass gain to be down-stream
of the regions of mass loss. Instead, the situation is one of
mass being added in the up-stream and south-west areas
from the ice streams and mass being removed at the down-
stream end by the flow of the ice shelf. This gradient will
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encourage CIR to migrate up-stream  as thickening
up-stream promotes grounding and thinning down-stream
promotes ungrounding. From the radar data, the bedrock
underneath the up-stream part of CIR dips up-stream at an
average grade of 2 x 107, Using the average thickening
rate of 0.76m/a for area |1, the predicted rate of
grounding-line movement up-stream is 380 m/a. Jezek (1984)
had an earlier hypothesis of grounding-line retreat based on
deviations of the velocity directions from the trace of
debris tracks but made no estimate of retreat rate.

The retreat of the grounding line down-stream appears
to be more episodic, related to the creation of rifts and the
removal of rafts of ice. This zone of rifts differs markedly
from the adjacent ice across the "suture zone" (line segment
IR-J10'; Fig. 4). Table III shows that there is little, if any,
mass flow across this boundary. The natural boundary
appears to be wave-like and suggests a periodic variation in
rift-formation activity. [Each full cycle measures about
11 km. Using an ice velocity of 444 m/a at J10', a period
of 25 years per cycle results. It is not known what
mechanism would be responsible for driving rift formation
at this period.

There may be a second, much longer cycle of rift- (or
raft-) formation activity. Jezek (1984) noted "dome-hollow"
pairs in the ice-thickness map of the Ross Ice Shelf
down-stream of CIR. From their distance down-stream and
the current velocity field, he estimated their dates since
leaving CIR to be 400 and 550 years. These features may
be evidence for historic activity similar to what is occurring
at present.
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There is also a significant transverse gradient of net
mass balance: net gain of mass on the south-west side of
CIR and net loss on the north-east side. This pattern is
consistent with the calculation that the net force exerted by
the ice shelf on CIR is directed at an azimuth of 0.7° true
(MacAyeal and others, 1987, table IV). This orientation
would promote mass deposition on the southern side of CIR
and mass removal on the northern side. It also would help
to explain the difference in the character of the crevassing
on the two sides of CIR as well as the raft separation and
rift formation in the lee of CIR.

The orientation of the net force is a result of the ice-
thickness distribution on the ice shelf. Bentley and others
(1979) showed that the Ross Ice Shelf was 100-150 m
thicker on the south-west side of CIR than on the north-
east side. This is probably a result of the thicker ice
discharged into the ice shelf by Ice Stream A which flows
in a much deeper channel than Ice Stream B (Shabtaie and
Bentley, 1988).

With this new knowledge of the pattern of net mass
balance around CIR, certain features of CIR can now be
explained. The general surface topography of CIR consists
of a long ridge oriented along the line IR-LP1-E4, a dome
north-east of the ridge roughly centered on the line
segment LP1-K3, and a broad depression between the ridge
and the dome (Shabtaie and Bentley, 1988; Bindschadler and
others, in press). The major peculiarity with this shape is
the absence of any high spots underlying the long ridge, in
contrast to the dome which is underlain by a submarine
rise. The ridge rests on bedrock which dips to the
south-west at a slope of 6 x 1073, The existence of the
ridge can now be explained by the excess mass
accumulating on the south-west side of CIR. Also, the
depressed topography between the ridge and the dome is
the result of the removal of mass in the embayment
between the ridge and the dome.

The fact that the present regional pattern of net mass
balance provides an explanation of the current shape of CIR
implies that this pattern has persisted for a substantial
length of time. At its highest point, the ice thickness
exceeds the flotation thickness by 80m. At the current
maximum rate of thickening given by Table III (0.88 m/a
for area 4), this would take nearly 100 years. This age
estimate should be viewed as a lower bound because local
thickening rates would probably not be sustained at this
maximum rate. On the other hand, measurements of the
temperature profile through CIR indicate that the initiation
of the ice rise occurred within the last few hunded years
(Bindschadler and others, in press). These two techniques,
mass-balance calculation and temperature measurement, may
provide a powerful method to bracket the age of CIR
within narrow limits.
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