
Geological Society of America  |  GEOLOGY  |  Volume XX  |  Number XX  |  www.gsapubs.org	 1

Manuscript received 26 August 2019 
Revised manuscript received 23 November 2019 

Manuscript accepted 26 November 2019

https://doi.org/10.1130/G46916.1

© 2019 Geological Society of America. For permission to copy, contact editing@geosociety.org.

CITATION: Bart, P.J., and Tulaczyk, S., 2020, A significant acceleration of ice volume discharge preceded a major retreat of a West Antarctic paleo–ice stream: 
Geology, v. 48, p. XXX–XXX, https://doi.org/10.1130/G46916.1

A significant acceleration of ice volume discharge preceded 
a major retreat of a West Antarctic paleo–ice stream
Philip J. Bart1 and Slawek Tulaczyk2

1�Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA
2�Department of Earth and Planetary Sciences, University of California Santa Cruz, Santa Cruz, California 95064, USA

ABSTRACT
For the period between 14.7 and 11.5 cal. (calibrated) kyr B.P, the sediment flux of Bind-

schadler Ice Stream (BIS; West Antarctica) averaged 1.7 × 108 m3 a−1. This implies that BIS 
velocity averaged 500 ± 120 m a−1. At a finer resolution, the data suggest two stages of ice 
stream flow. During the first 2400 ± 400 years of a grounding-zone stillstand, ice stream flow 
averaged 200 ± 90 m a−1. Following ice-shelf breakup at 12.3 ± 0.2 cal. kyr B.P., flow acceler-
ated to 1350 ± 580 m a−1. The estimated ice volume discharge after breakup exceeds the bal-
ance velocity by a factor of two and implies ice mass imbalance of −40 Gt a−1 just before the 
grounding zone retreated >200 km. We interpret that the paleo-BIS maintained sustainable 
discharge throughout the grounding-zone stillstand first due to the buttressing effect of its 
fringing ice shelf and then later (i.e., after ice-shelf breakup) due to the stabilizing effects of 
grounding-zone wedge aggradation. Major paleo–ice stream retreat, shortly after the ice-shelf 
breakup that triggered the inferred ice flow acceleration, substantiates the current concerns 
about rapid, near-future retreat of major glaciers in the Amundsen Sea sector where Pine 
Island and Thwaites Glaciers are already experiencing ice-shelf instability and grounding-
zone retreat that have triggered upstream-propagating thinning and ice acceleration.

INTRODUCTION
Analyses of modern ice stream systems have 

provided much information about their behavior 
(Alley et al., 1986; Rignot et al., 2004; Vieli 
et al., 2007; Scambos et al., 2009). These stud-
ies have shown that ice streams accelerate when 
buttressing is reduced by either ice shelf thin-
ning and/or collapse. The flow acceleration is of 
concern because models suggest that it may trig-
ger a tipping-point response in which the extent 
of grounded ice abruptly contracts (Alley et al., 
2015; Pattyn, 2018). On the other hand, sedi-
ment transport by ice streams may also result 
in rapid sedimentation at the grounding zone. 
Subglacial and grounding-zone sedimentation 
aggradation may act as a negative feedback that 
counters dynamic thinning of the ice stream and 
stabilizes the ice-stream grounding zones (e.g., 
Alley et al., 2007).

The understanding of modern ice-stream 
sediment flux (e.g., Alley et al., 1986) has been 
highly instrumental in interpreting the glacial 
landforms and deposits on the outer continen-
tal shelves that formed after the Last Glacial 
Maximum (LGM) (Anderson, 1999; Ó Cofaigh 
et al., 2002; Jakobsson et al., 2012; Klages et al. 

2014; Prothro et al., 2018). Detailed analyses of 
the now ice-free areas, where grounding-zone 
wedges (GZWs) are exposed on the seafloor, 
provide records of the dynamic retreat history of 
marine-based ice streams. These retreat records 
are important because they provide insight into 
the processes and rates needed to predict future 
ice retreat in West Antarctica (e.g., Bingham 
et al., 2017).

Here we use published data from the Whales 
Deep Basin (eastern Ross Sea) to quantify 
the evolution of ice and sediment fluxes that 
preceded a >200 km retreat of the paleo–
Bindschadler Ice Stream (paleo-BIS; West 
Antarctica) from the outer continental shelf. 
The Whales Deep Basin contains a large-volume 
overlapping stack of GZWs, which have been 
mapped with seismic and subbottom profiles and 
multibeam bathymetric data (Bart et al., 2017a, 
2017b) and individually cored (McGlannan 
et al., 2017) (Figs. 1A–1C). This stratigraphic 
framework is constrained by radiocarbon ages 
(Bart et al., 2018) and provides evidence indi-
cating that rapid GZW construction delayed the 
retreat of grounded ice for hundreds of years 
after the breakup of its fringing ice shelf.

SEDIMENT AND ICE DISCHARGE 
FROM THE PALEO–BINDSCHADLER 
ICE STREAM

Radiocarbon ages from benthic foramin-
ifera (Bart et al., 2018) (Table 1) indicate that 
the paleo-BIS grounding line had retreated 
70 km from its maximum (LGM) position by 
14.7 ± 0.4 cal. (calibrated) kyr B.P. and stabi-
lized at the Whales Deep Basin GZW with a 
fringing ice shelf in front of it. Shortly after 
12.3 ± 0.6 cal. kyr B.P., this ice shelf collapsed, 
but the grounding line maintained its position 
until 11.5 ± 0.3 cal. kyr B.P. Hence, grounding-
line stillstand at the Whales Deep Basin GZW 
lasted for 3.2 ± 0.7 k.y., with the ice-shelf break-
up dividing it into two distinct phases.

The constraints on the GZW sediment vol-
ume and its depositional time frame (Bart et al., 
2017a, 2017b, 2018; McGlannan et al., 2017) 
provide an opportunity to reconstruct ice dis-
charge history from the paleo-BIS at the time 
of GZW deposition (Table 1). We define the av-
erage sediment flux rate, q, as the ratio of the 
total volume of deposited sediments, V, and 
the duration of deposition, ΔT. We express the 
sediment flux rate across the grounding line as 
a product of the ice stream width, W, the effec-
tive sediment thickness, h, as well as the aver-
age sediment transport velocity, us, which itself 
is expressed as a fraction, f, of the ice stream 
flow velocity, U:

	
q

V

T
u Wh fUWh≡ = =

∆ s .
	

(1)

Here we assume that till-bedded ice streams 
have constant velocity throughout ice thickness 
and width (e.g., Tulaczyk et al., 2000). For basal 
debris transport in ice, f is equal to 1 because 
sediments travel with the same velocity as ice 
itself, and we take h to be the equivalent thick-
ness of a till layer that would form if sediments 
in the debris-laden basal ice would form a till 
layer with porosity of 40% (e.g., 3.5 ± 0.6 m 
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TABLE 1.  ESTIMATES OF SEDIMENT FLUX, YIELD, AND VELOCITY OF THE PALEO-BINDSCHADLER ICE STREAM, WEST ANTARCTICA

Whales 
Deep 
Basin 
grounding

Grounding-
zone wedge 

volume 
(×1011 m3)

Grounding chronologies (cal. kyr B.P.) Grounding 
duration 

(yr)

Paleo-BIS 
sediment  

flux 
(108 m3 a−1)

Paleo- BIS 
drainage 

area 
(×1011 m2)

Estimated 
sediment 

yield 
(mm a−1)

Estimated 
paleo-BIS 
velocity 
(m a−1)

Onset of  
OCS 

grounding

Paleo–ice- 
shelf 

breakup

End of 
OCS 

grounding

Total 5.34 14.7 ± 0.4 12.3 ± 0.2 11.5 ± 0.3 3200 ± 700 1.7 ± 0.77 2.33 0.7 ± 0.21 500 ± 120
Pre-ISBU 1.60 14.7 ± 0.4 12.3 ± 0.2 — 2400 ± 400 0.67 ± 0.2 2.33 0.3 ± 0.1 200 ± 90
Post-ISBU 3.74 — 12.3 ± 0.2 11.5 ± 0.3 800 ± 300 4.7 ± 1.0 2.33 2.0 ± 0.4 1350 ± 580

Note: OCS—outer continental shelf; BIS—Bindschadler Ice Stream; ISBU—ice-shelf breakup. “Total” refers to deposits of grounding-zone wedges (GZWs) GZW1 
through GZW7. Post-glacial sediment drape is not included in the quantification of GZW volume (see the Data Repository [see text footnote 1]). “Pre-ISBU” refers to 
deposits of GZW1 through GZW4. “Post-ISBU” refers to deposits of GZW5 through GZW7.

W
at

er
 d

ep
th

 (m
)

0 5 10 20 30 40 50 km

E

0

500

600

GZW7
U  = 1350 m ab

W
at

er
 d

ep
th

 (m
)

D

0

500

600

GZW4

supraglacial 
melt water lakes

basal crevasses

ice shelf

U  = 200 m ab

VE=150

700

800

900

1000

Tw
o-

w
ay

 tr
av

el
 ti

m
e 

(m
s)

525

562

488

600

637

675

712

750

W
at

er
 d

ep
th

 (m
)

0 5 10 20 30 40 50 km

12

354

6

7

7
7 5

600
C S N

450

Shelf
edge

LGM
unconformity

Bathymetric
saddle

LGM
unconformity

12

54

6

7

7
7 5

160°W6170°W180°8

500

500

60
0

60
0

600

300

20
0

400

70
0

700

80
0

600
1500

2000 2500

3000

55
0

500

500

60
0

600
500

1000

55
0

70
0

500
400

400 350

40
0

50
0

750

55
0

50
0

200

40
0

600

70
0

600

300 400
600

Whales Deep Basin 

Glomar Challenger
Basin 

Little America
Basin 

H
ayes     Bank

H
outz   B ank

   

0

c a l v i n g   f r o n t

70
0

70
0

700

80
0

55
0

500

70
0

750

55
0

50
0

200

600

600
0

c a l v i n g f r o n t

continental shelf edge

embayed paleo–
grounding line

G
ZW

 th
ic

kn
es

s 
(m

)

0
20
40
60
80
100
120
140

seismic

core NBP1502B
core NBP9902

bathymetry
contour

+

100 km

Ross Ice Shelf
Roosevelt 

Island

C

76°S

78°S 78°S

76°S

B

+

+

++

+
+

+

+
++

+
+++

55
00

HHHH

++++++

+++++++++++
++++++++++++

55
000

0

+++++
+++++++++++

+
++

+++++++++++++

5000

+++++++++++++ ++++++++++++++++++++

500

++++++ +++++++++++++++++++++ ++++++++

500

+++ ++++++++

0

++ +++++++++++++

55
00

++++++

+
+

+++++++++

+

55

HHHH
BBB

+++++++++
+++++++++++++++++++++++++++

60°W

150°W150°E

120°E

90°E

60°E

30°E 30°W

5°
7

5°
6

5°
8

CF

GL

Antarctic
Peninsula

Ross Sea
B

East Antarctica

West Antarctica

Atlantic Ocean

shelf edge

B

WM
K

Ma
E

B

WM
K

Ma
E

Byd

D

LEGEND

paleo-BIS
drainage
area

ice streams
and shelves

Ross Sea drainage
dividesRIS

RFIS

0

A

LIS

0 100 km

Whales Deep Basin

180°

Figure 1.  (A) Map of Antarctica showing ice streams and buttressing ice shelves. Dashed lines in continental interiors demarcate drainage areas 
of the East and West Antarctic Ice Sheets that converge into the Ross Sea. Gray shading shows the paleo–Bindschadler Ice Stream (paleo-
BIS) drainage area during the Last Glacial Maximum (LGM). B—Bindschadler Ice Stream; D—David Glacier; Byd—Byrd Glacier; M—Mercer Ice 
Stream; W—Whillans Ice Stream; K—Kamb Ice Stream; Ma—MacAyeal Ice Stream; E—Echelmeyer Ice Stream; CF—calving front; RIS—Ross 
Ice Shelf; GL—grounding line; RFIS—Ronne-Filchner Ice Shelf; LIS—Larsen Ice Shelf. Modern-day shelf edge position is shown as short-dash 
line. (B) Bathymetry of the eastern Ross Sea continental shelf, from Davey and Nitsche (2005). Paleo-BIS was confined to Whales Deep Basin 
between the Hayes and Houtz Banks. Light-gray rectilinear lines are locations of seismic data. Gray squares are cores acquired by Mosola 
and Anderson (2006), and crosses are those described by McGlannan et al. (2017). NBP9902 and NBP1502B refer to R/V Nathaniel B. Palmer 
cruises. Gray shading shows thickness of grounding-zone wedges (GZWs) mapped from the seismic data by Bart et al. (2017b) (C; 1–7 are 
GZWs, VE—vertical exaggeration). (D) Interpretation of paleo-BIS during deposition of GZW4 prior to ice-shelf breakup. Ub is the balance ice 
velocity at the grounding line prior to ice-shelf breakup. (E) Interpretation of paleo-BIS during deposition of GZW7 prior to ice-shelf breakup.
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of till from the observed 2.1 ± 0.4 m of pure 
debris reported by Christoffersen et al. [2010] 
in the basal ice of Kamb Ice Stream, which is 
adjacent to BIS). For subglacial till transport, 
f may vary in space and time (e.g., Alley et al. 
[1987] versus Engelhardt and Kamb [1998]), 
and h is the thickness of the actively deform-
ing till layer, which appears to be on decime-
ter scale (Engelhardt and Kamb, 1998; Hodson 
et al., 2016). Such small h is consistent with the 
contention of Christoffersen et al. (2010) that 
sediment advection in basal ice is the primary 
mode of sediment transport in West Antarctic 
ice streams. Thick and debris-rich basal ice has 
been found in a borehole drilled in Whillans Ice 
Stream (Tulaczyk et al., 2014).

Equation 1 can be rearranged to solve for the 
average ice velocity across the grounding line 
as a function of sediment flux:

	 U q fWh= /( ).	 (2)

Using the sediment flux values from Table 1, 
ice stream width of W = 100 km (the average 
width of the trough at the 500 m contour of the 
paleo-BIS presented by Danielson and Bart 
[2019]), and values of f and h based on Christ-
offersen et al. (2010) (f = 1, h = 3.5 ± 0.6 m; 
see the GSA Data Repository1 for a discussion 
of uncertainties), we estimate the average ice 
velocity for the entire period of GZW depo-
sition to be 500 ± 120 m a−1, whereas for the 
period preceding and after ice-shelf breakup at 

12.3 ± 0.6 cal. kyr B.P., the ice stream velocity 
is estimated to have averaged 200 ± 90 m a−1 and 
1350 ± 580 m a−1, respectively (Fig. 2B). The 
first two values are consistent with the range of 
modern ice stream velocities in this part of West 
Antarctica (e.g., Joughin and Tulaczyk, 2002). 
The post-breakup velocity is considerably high-
er, which seems reasonable given that removal 
of ice shelf buttressing triggers acceleration of 
grounded ice (De Angelis and Skvarca, 2003).

We compare ice velocities estimated from 
sediment flux to the expected balance veloc-
ity of the paleo-BIS at the time of GZW for-
mation. The balance velocity refers to the ice 
stream speed at the grounding zone that makes 
the ice volume discharge equal to the ice vol-
ume accumulation. To make this comparison, 
we take the average accumulation rate for the 
modern BIS from Joughin and Tulaczyk (2002, 
their table 1) (136 kg a−1 m−2). Constraints from 
ice cores indicate that the accumulation rate in 
West Antarctica was comparable to the modern 
one at the time of Whales Deep Basin GZW 
deposition (e.g., Buizert et  al., 2015, their 
figure 3b). Other studies have also shown that 
the paleo–ice accumulation rates in this region 
were comparable to today’s (Waddington et al., 
2005). When applied over the entire drainage 
area (Table 1), this accumulation rate yields a 
balance mass flux of 32 Gt a−1 (Table 2). To 
convert this into ice volume flux, we estimate 
average ice column density based on measured 
pressure in Subglacial Lake Whillans of 7019 
kPa and ice thickness of 802 ± 10 m (Tulaczyk 
et al., 2014). After accounting for acceleration 
due to gravity, this yields a column-averaged 
density of 890 ± 10 kg m−3. Dividing the mass 

flux by the ice column density yields the ice 
volume flux of Q = 35.6 ± 5 km3 a−1 (Table 2), 
which can be converted to the balance ice veloc-
ity at the grounding line, Ub:

	 U Q WHb = /( ),	 (3)

where W, as before, is the width of the ice stream 
at the grounding line, while H is the average ice 
thickness at the grounding line. By inference 
from the modern bathymetry of the paleo-BIS 
GZW, H would have been ∼550 m for ice to 
go afloat at the crest of the wedge. Global sea 
level was 60–80 m lower at the time of GZW 
deposition, but the bathymetry was also glacio-
isostatically depressed following the loading by 
the expanded West Antarctic Ice Sheet during 
the LGM. Moreover, GZW aggradation itself 
would have changed the local water depth at 
the grounding line throughout the period of its 
deposition (Figs. 1D and 1E). Hence, we as-
sume that H was 600 ± 100 m over the period of 
GZW formation, yielding a balance ice velocity 
of 580 ± 100 m a−1 from Equation 3 (Table 2).

Figure 2A shows the ratio of ice velocity 
calculated from sediment flux (Equation 2) to 
the balance velocity. The baseline case of sedi-
ment flux rate averaged over the entire Whales 
Deep Basin GZW duration, 1.7 ± 0.77 × 108 m3 
a−1 (Table 1), is shown in black contour lines and 
black labels. Assuming basal sediment trans-
port parameters (f = 1, h = 3.4 ± 0.6 m; Christ-
offersen et al., 2010), the GZW may have been 
constructed with ice velocities at the grounding 
line being comparable to the balance velocity. 
Observations from seismic profiles indicate that 
the sediment accumulated before the ice-shelf 
breakup represents a relatively small fraction 

1GSA Data Repository item 2020082, supplemen-
tal information and previous data, is available online 
at http://www.geosociety.org/datarepository/2020/, or 
on request from editing@geosociety.org.

Figure 2.  (A) Plot of ice 
velocity calculated from 
sediment fluxes as a 
function of the product of 
sediment flux parameters 
f (fraction of ice-stream 
flow velocity) and h (effec-
tive sediment thickness) 
(see Equation 2 in text) 
for the three sediment 
flux rates correspond-
ing to the entire period 
of Whales Deep Basin 
grounding-zone wedge 
(GZW) deposition (solid 
black line), pre–ice-shelf 
breakup phase (dotted 
black line), and post–
breakup phase (dashed 
black line). Horizontal 
gray rectangle designates 

the range of estimated balance ice velocities for the paleo–Bindschadler Ice Stream drainage basin (580 ± 100 m a−1). Vertical dash-dot gray 
line labeled Ch10 gives our baseline scenario (3.4 m, from Christoffersen et al. [2010]), and the similar line labeled A87 shows f × h = 3 m (Alley 
et al., 1987) for comparison. (B) Calculated paleo-ice-stream velocity as a function of the two sediment flux parameters, h and f. Velocity has 
been non-dimensionalized by dividing it by the estimated balance velocity of the paleo–ice stream, 580 m a−1. Solid contour lines represent 
velocities calculated using the average sediment flux rate, q (1.7 × 108 m3 a−1) over the entire period of GZW deposition (Table 1). Dotted con-
tour lines correspond to ice velocities calculated from the post–ice-shelf breakup sediment flux rate (Table 1). Four labeled stars designate 
four studies that provide the basis for quantifying the two sediment flux parameters, h and f. In this manuscript, we mostly use parameter 
values from Alley et al. (1987) (labeled A87) and Christoffersen et al. (2010) (labeled Ch10) (e.g., see Fig. 1) because using other two options, 
Engelhardt and Kamb (1998) (labeled E98) and Hodson et al. (2016) (labeled H16) would result in implausibly high paleo–ice stream velocities.
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of the total GZW volume (Bart et al., 2017b) 
(Table 1; Figs. 1C and 1D). Based on individ-
ual seismic profiles with well-resolved internal 
boundaries, we estimate that 70% ± 10% of the 
GZW volume accumulated in the relatively brief 
period after the ice-shelf breakup (Table 1). Un-
der our two-phase scenario, the sediment flux 
rate increased nearly sevenfold after the ice-
shelf breakup, and the ice velocity calculated 
from Equation 2 with parameters from Christof-
fersen et al. (2010) is double the balance velocity 
for this period of time.

Importance of Grounding-Zone 
Sedimentation

The data presented in Table 1 indicate the 
importance of incorporating sediment erosion 
and delivery to grounding lines into numerical 
ice stream and ice sheet modeling, because the 
data support the contention that rapid GZW 
growth may help stabilize grounding-zone po-
sition (Alley et al., 2007). In the Whales Deep 
Basin, the overlapping stack of GZWs has a 
maximum thickness of 140 m (Fig. 1B) (Bart 
et al., 2017a). The maximum thickness indi-
cates that sediment aggradation occurred at an 
average rate of ∼40 mm a−1 over 3200 ± 700 
years, during which global sea level rose by 
∼30 m (Peltier and Fairbanks, 2006). The rela-
tively low melt rates at the grounding zone 
of modern Siple Coast ice streams (e.g., Be-
geman et al., 2018) suggest that although an 
ample supply of basal debris arrives at the 
grounding zone, it may not be released fast 
enough to aggrade large GZWs.

A Highly Negative Mass Balance following 
Paleo-BIS Ice-shelf Breakup Preceded 
Major Grounding-Zone Retreat

The long-term average paleo-BIS veloc-
ity of ∼500 ± 120 m a−1 for the entire 3200 yr 
grounding stillstand (Table 1) suggests that 
the average annual discharge of ice from the 
paleo-BIS was 30 ± 7 km3 a−1 (calculated using 
W = 100 km and H = 0.6 km). That estimate 
of ice discharge can be compared with the ice 
accumulation calculated in the previous sec-

tion (35.6 ± 5 km3 a−1; Table 2) to investigate 
ice sheet mass-balance changes prior to and 
after ice-shelf breakup. Prior to breakup, the 
paleo-BIS velocity was 200 m a−1. Ice shelf 
buttressing may have contributed to the slow-
er ice stream velocity and lower ice volume 
discharge. Despite an estimated positive mass 
balance of 23.6 ± 7 km3 a−1 prior to ice-shelf 
breakup (Table 2), the grounding zone did not 
advance, suggesting that the ice stream system 
may have intermittently experienced thicken-
ing. Conversely, after breakup, the paleo-BIS 
appears to have accelerated to 1350 ± 580 m a−1 
(Tables 1 and 2). The faster flow would equate 
to an annual ice volume discharge of 81 ± 34 
km3 a−1 (Table 2). There was no significant 
change in the average ice accumulation rate 
pre– and post–ice-shelf breakup (Buizert et al., 
2015); hence, this high discharge would have 
exceeded the estimated average accumulation 
(35.6 ± 5 km3 a−1) and produced a mass balance 
of − 45.4 ± 34 km3 a−1 (Table 2, after break-
up), equivalent to a basin-wide thinning rate 
of 0.2 ± 0.14 m a−1. This magnitude and dura-
tion of ice volume loss was sufficient to trigger 
grounding-zone retreat to a position >200 km 
upstream of the GZW starting at 11.5 ± 0.3 cal. 
kyr B.P. (Bart et al., 2018).

This mass balance for the paleo-BIS af-
ter ice-shelf breakup (−45.4 ± 34 km3 a−1) is 
comparable to the volume losses currently be-
ing experienced by Pine Island and Thwaites 
drainage basins (68 and 39 km3 a−1, respective-
ly; Rignot et al., 2019). At present, Pine Island 
and Thwaites Glaciers are both buttressed by 
relatively small ice shelves. The comparison of 
those ice volume losses with that of paleo-BIS 
suggests that if such losses are sustained and/or 
accelerated by further destabilization of the ice 
shelf, then the current drainage into the Amund-
sen Sea sector may experience a drawdown of 
the type that preceded the major >200 km retreat 
of the paleo-BIS (McGlannan et al., 2017; King-
slake et al., 2018; Bart et al., 2018). Our analysis 
suggests that future evolution of grounding-line 
positions in the Amundsen Sea region will also 
be affected by the rate of sediment supply to 

grounding zones. For instance, if Pine Island 
and Thwaites Glaciers contain relatively little 
basal debris, or if such debris is not melted out 
near the grounding zone, then the ice streams 
may rapidly recede instead of maintain a rela-
tively stationary grounding position for several 
hundred years after ice shelf loss as was the case 
for the paleo-BIS.

CONCLUSIONS
Our quantitative analysis of the Whales 

Deep Basin GZW indicates that its formation 
over 3200 ± 500 years can be explained by ice 
flow velocities that were comparable to the esti-
mated balance velocity of the paleo-BIS as long 
as sediment flux rates in subglacial deforming 
till and/or basal transport are as high as has been 
suggested by Alley et al. (1987) and/or Christof-
fersen et al. (2010). However, because seismic 
profiles suggest that the majority of the GZW 
volume, ∼70% ± 10%, was deposited in only 
800 ± 300 years after the breakup of the fring-
ing ice shelf, we favor a two-phase scenario for 
the dynamics of the paleo-BIS during GZW 
deposition. During the ice shelf phase, which 
lasted for 2400 ± 400 years, the estimated ice 
stream velocity was well below the balance ve-
locity, 200 ± 90 m a−1 versus 580 ± 100 m a−1. 
We calculate that after ice-shelf breakup, the ice 
stream accelerated to 1350 ± 580 m a−1, which 
far exceeds the balance velocity. This imbal-
ance would have caused basin-averaged thin-
ning of 160 ± 65 m, which may have ultimately 
contributed to the final retreat of the grounding 
zone from the Whales Deep Basin GZW. This 
sequence of events bears resemblance to the re-
cent changes experienced by Pine Island and 
Thwaites Glaciers and substantiates the concern 
that these two modern ice streams, which togeth-
er drain about a third of the marine-based West 
Antarctic Ice Sheet, may experience significant 
and rapid future retreat. Our work also points to 
the need to study the past and present rates of 
grounding-zone deposition for these ice streams 
as part of the larger scientific effort to evaluate 
how much and how fast they will contribute to 
global sea-level rise.

TABLE 2.  INFERRED CHARACTERISTICS OF THE PALEO–BINDSCHADLER ICE STREAM, WEST ANTARCTICA

Average ice accumulation 
rate, modern BIS* 
(kg a−1 m−2)

Paleo-BIS 
drainage area 

(m2)

Balance 
mass flux† 

(1012 kg a−1)

Ice column 
density# 
(kg m−3)

Accumulated ice 
volume flux§ 

(km3 a−1)

Balanced ice 
stream velocity** 

(m a−1)

Discharged ice 
volume 

(km3 a−1)

Paleo-BIS mass balance††

(km3 a−1) (Gt a−1)

136 2.33 × 1011 31.7 890 ± 10 35.6 ± 5 580 ± 100 35.6 ± 5 0 0
Pre-ISBU flow 35.6 ± 5 200 ± 90 12 ± 5 23.6 ± 7 21.0 ± 6

Post-ISBU flow 35.6 ± 5 1350 ± 580 81 ± 34 −45.4 ± 34 −40.4 ± 30

Note: BIS—Bindschadler Ice Stream.
*From Joughin and Tulacyzk (2002).
†i.e., the product of the first two columns; note that 31.7 × 1012 kg a−1 = 31.7 Gt a−1.
#See text for explanation.
§Calculated by dividing balance mass flux by ice column density.
**Row 1 value is from text Equation 3, with W = 105 m and H = 600 m. The lower two rows (shaded in gray) show the ice stream velocities that we estimated from 

sediment flux (see text for explanation) for the times pre– and post–ice-shelf breakup (ISBU—ice-shelf breakup); G) Average discharged ice volume for the entire 
grounding is shown in row 1.

(Note: Rows in gray show the discharge estimated from the velocities in this column.)
††i.e., 35.6 km3 a−1 minus the accumulated ice volume flux value. The paleo-BIS mass balance after ISBU was comparable to that currently being discharged from the 

Pine Island and Thwaites Glaciers.
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