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PINE ISLAND-THWAITES ICE-STREAM SYSTEM

Fig. 3. Marine-geophysical data from the middle to outer shelf of Pine Island Trough. (a) OS09/ 10 (RV Oden) multibeam dataset from the centre of Pine Island
Trough (Acquisition system Kongsberg EM122. Frequency 12 kHz. Grid-cell size 20 m; see Jakobsson et al. 2012), highlighting three major grounding-zone wedges
(GZWs). (b) Hill-shaded multibeam-bathymetric data for the two largest GZWs, illustrating streamlined (and corrugated) lineations on top of GZW4 and irregular
cross-cut ploughmarks on top of GZWS. Lobate debris-flows characterize the foot of GZWS5. Note the restriction of GZWs to the narrow trough in this location.

(¢) Hill-shaded image of corrugation ridges (CR) overprinting ice-ploughed furrows seaward of GZW3-5. (d) Map of corrugation ridges digitized from multibeam-
bathymetric data showing extensive seafloor coverage. (e) Ice-keel ploughmarks terminating in crescentic push ridges at the shoaling edge of Pine Island Trough.

(f) Two further GZWs in the outer parts of Pine Island Trough East, with crudely parallel lineations or ice-keel ploughmarks on their backslopes (Acquisition

system Kongsberg EM120. Frequency 12 kHz. Grid-cell size 50 m; see Graham et al. 2010). These wedges mark the outermost signature of ice grounding on the
continental shelf.
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Fig. 4. (a) Summary diagram of the distribution pattern of submarine landforms in the Pine Island—Thwaites system, West Antarctica (synthesized from Lowe &
Anderson 2002; Graham et al. 2010; Jakobsson et al. 2011, 2012; Nitsche et al. 2013). Note that the depiction of the landforms is much simplified from reality.
(b) Schematic landform-assemblage model for the grounding-line-to-slope landform system in the eastern Amundsen Sea Embayment. GZWs numbered 1-5. The
model includes a representative stratigraphy for the West Antarctic continental shelf based on the interpretation of seismic profiles (Gohl et al. 2013). Legend for
landforms in (a) is also applicable to the schematic model in (b).
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basins. In contrast, the sediment-floored middle-to-outer shelf
parts of the trough record the maximum extent of the last glaciation
and subsequent retreat stillstands of the ice sheet, dominated
by events related to the dynamics of the grounding line and ice
shelf during deglaciation. To add to the temporal complexity
of the landscape, such a transition in substrate and topography
probably also influenced the dynamics of the overlying ice stream
(e.g. promoting fast flow over sediment basins during full-glacial
conditions) and its deglaciation (e.g. by providing pinning points
and through changes in bed geometry along flow), which we sug-
gest has further influenced the resulting ice-stream geomorpholog-
ical signature.

A further important control on ice-stream dynamics relates to
the width of the trough which the glacier occupies, which serves
to restrict ice discharge at the grounding line (Jamieson et al.
2012). The Pine Island—Thwaites ice stream is a good example
of a system affected by a convergent bottleneck in trough geometry
at ¢. 73° S which, through regulating discharge and increasing
lateral drag, has led to grounding-line ‘stability’ and hence the con-
struction of large sediment wedges at the grounding line on the
middle shelf. We postulate that some of the pauses are not con-
trolled simply by trough geometry and may instead relate to ice-
shelf pinning and buttressing, as well as to pronounced changes
in seafloor gradient along the trough axis. In either case, the result-
ing landsystem reflects episodic retreat of an ice stream, with steps
of fast retreat punctuated by pauses in deglaciation.

An aspect of our landform interpretation not captured in
previous landsystem models for marine palaeo-ice streams is the
importance of floating ice as a major geomorphic agent on the con-
tinental shelf. This is manifest in the model in three ways: (1) in
suites of furrowed bedforms and plough ridges interpreted as the
result of iceberg breakouts from ice shelves; (2) in corrugation
ridges that reflect ice-keel grounding behind iceberg armadas or
under intact ice shelves; and (3) in cross-cutting iceberg plough-
marks that formed during ancient and recent iceberg grounding
events. Evidence for interaction of floating ice with the seafloor
occurs extensively across the trough model, from the shelf edge
to locations beneath the floating ice tongue, and is here recognized
as a key component that may yet prove important in landform
systems of other Antarctic palaeo-ice streams.

Surprisingly for a cold polar margin, meltwater features are also
well developed in the landsystem. To generate substantial amounts
of erosion from surface melt would require periods of landscape
evolution during substantially warmer Antarctic climate conditions
than today, which may be implausible even for warm interglacials.
Alternatively, several of the mapped basins in inner Pine Island
Bay are interpreted to have captured, stored and discharged water
periodically (Nitsche et al. 2013) as reported for modern subglacial
lakes in Antarctica. It is therefore more likely that episodic dis-
charges of subglacial water played a dominant role in generating
the meltwater-carved landforms we have mapped.

Finally, by comparison with some Antarctic Peninsula palaeo-
ice streams (Livingstone et al. 2012), the ice-flow landform
indicators and bedform patterns on the outer shelf are poorly
developed for such a major palaeo-ice stream. Some MSGLs do
occur in the axis of PITE, but outside the deepest parts they are
obliterated by repeated erosion via iceberg activity; the distribu-
tion of streaming ice on the outer shelf therefore remains difficult
to quantify. However, a flattening in trough profile beyond the
mid-shelf and the existence of multiple outer-shelf troughs,
including new landform evidence of streaming ice within Abbot
Trough (Fig. 1b; Klages et al. 2015), raises the possibility that
outer parts of the ice sheet were configured in widespread distrib-
uted fast ice flow or even as divergent fast-flowing trunks during
glacial maxima (Graham et al. 2010). Although we cannot con-
strain the precise glaciological regime, it is evident from recent
mapping that the geomorphological character of the outer shelf
is as complex as the inner-shelf counterpart, and not a relatively
simple imprint of full-glacial conditions (cf. Marguerite Trough).
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