Grounded in Ice:
Getting to the bottom
of Antarctic ice sheet
advance, retreat and
Collapse.
By Linda Welzenbach

Post-Doctoral Fellow Lauren Simkins leads
her first NSF Antarctic cruise, revealing the
finest ever resolved seafloor bathymetry,
in order to unlock the mysteries of ice sheet
behavior.
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or those of us who need vision correction, we are always aware of
the improved quality of “seeing” when that correction is applied.
Without that correction, you might be able to identify broad shapes
and blurred colors, you might even be able to determine that the shape
is something recognizable, such as a tree. But then try to imagine
recognizing the leaves on that tree. In Antarctic marine geosciences,
scientists can “see” inaccessible areas of interest with remote sensing
instruments. More than ten years ago, a new remote method, called
multibeam bathymetry, provided scientists the improved opportunities
to “see” the Antarctic seafloor, but only at the level of the trees. In
2015, scientists employed a new high resolution multibeam system
that has allowed them to finally discern the leaves.
Seeing the leaves has enabled marine
geologist and Rice Post-Doctoral Fellow Dr. Lauren Simkins and Maurice
Ewing Professor of Oceanography John
Anderson to advance our understanding of Antarctic ice sheet behavior
as a function of response to ancient
environmental forces. Simkins arrived
in 2014, just in time to lead the 2015
scientific cruise that allowed them
to see the seafloor with the clarity of
someone who puts on glasses for the
first time.

Multibeam swath bathymetry systems use high-frequency
(12 kHz) sound pulses that bounce off the seafloor to produce
centimeter- to meter-scale resolution maps of water depth that
allow marine geologists to map features on the seafloor. Around
Antarctica, this type of data is used to track ice flow and retreat in
the past using preserved glacial landforms exposed on the seafloor.
Bathymetry data collected with older generation systems (left)
were not capable of resolving smaller-scale landforms that are
now resolvable with new bathymetry systems.

Shelves, Sheets and Wedges
The Antarctic continental shelf exposed in the Ross Sea is one of the few
places accessible to view and sample evidence of hundreds of kilometers of the landward retreat of ice sheets that once flowed
across the seafloor. This history is important for
developing an understanding the future response of modern ice sheets to climate
change. The discovery of Holocene
aged (within the last 5000 years)
rapid, and widespread collapse of
the Ross ice shelf, compounded
by more recent events such as
the collapse of the Larsen B ice
shelf 15 years ago, underscore
the need to understand the
dynamics of what is going
on under the ice shelf so
that experts are better able
to predict future ice sheet
behavior in response to cliWest Antarctica
Ross
mate forces.

surface as well as the lower surface, the Antarctic ice sheets are less susceptible to atmospheric changes, and so therefore are strongly influenced
by processes operating at their base. Without the ability to
systematically “see” down the base of modern ice sheets,
they look to past evidence of ice sheet change.
During the LGM, some 26.5 to 19 thousand
years ago, ice streams (faster moving parts
of ice sheets) from both WAIS and EAIS,
merged and extended out into the Ross
Sea providing a historical record of
glacial patterns now exposed on
the open marine continental shelf.

Simkins along with colleagues
from the University of Stockholm, University of Houston,
East Antarctica
Louisiana State University, and
the Polish Academy of Sciences aboard the 2015 cruise,
gathered evidence of ice sheet
Ice Shelf
retreat in unprecedented detail
from sub-meter scale geomorphic
landforms which marked the complex retreat of the ice sheets during
the Last Glacial Maximum (LGM).
The new high resolution multibeam
bathymetry data helped refine constraints
associated with the historic retreat, but like
many new frontier research efforts, the imagery
generated several new areas of inquiry in the process.

The Ross Sea is home to
the largest ice shelf in the
world, the floating portion
of continental ice sheet that
provides buttressing (impeding
seaward flow) for the two sectors
of the Antarctic Ice Sheet – the East
Antarctic Ice Sheet (EAIS) and West Antarctic Ice Sheet (WAIS) – making it an ideal
natural laboratory for observation of ice sheet behavior. However, the ice is hundreds of meters thick and
leaves direct observation through to the substrate where the ice rests
difficult, which is the key to understanding ice advance and retreat.
Unlike the Greenland Ice Sheet, which melts and erodes from the top
Ice sheet thickness over Antarctica. The maximum known thickness
(in the dark gray area) is 4776 meters. The red quare marks the
location where multibeam bathymetry was collected.

The new multibeam data combined with seismic subsurface datasets,
sediment core properties and paleontology allowed Simkins, Anderson,
and colleagues to characterize materials from those glacial landforms,
and identify processes relevant to understanding of modern ice sheet behavior. They found what they already suspected- that Antarctic ice sheet
stability is largely controlled by what’s happening at the base, where the
ice meets the seafloor, and specifically at the grounding line.
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This cross-section illustrates the processes and landforms associated the interaction
of the ice sheet with the ocean, and sea floor substrate. The grounding zone wedge
(in light brown) marks the grounding line.
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The grounding line is where much of the action is, marking the transition of ice from being
coupled to the seafloor, to floating ice shelf. This is a dynamic environment where a variety
of processes operate between the ice sheet, its base, and water (both fresh glacial meltwater
and ocean water). Simkins is focusing her research on deciphering the complex interaction
of the ice, water, and sediments deposited and eroded from landforms that existed at ancient
grounding line positions preserved on the seafloor. The landform of primary interest is the
grounding zone wedge (GZW). GZW’s were seen many years ago from seismic cross-sections. The seismic profile looks like a broad wedge-shaped feature with an internal architecture of foreset layers which indicate progradation of sediment, and thus local ice sheet
advance across the seafloor.
Grounding zone wedges can range in size from tens to a couple 100 meters thick, but the new
bathymetry data showed other types of landforms that are less than 10 meters thick. These are
small GZWs, and are more comparable in size to those thought to exist at modern grounding
lines of the Antarctic ice sheets. The range in size and extent of these new GZW’s suggest
significant temporal changes in ice behavior- on decadal to hundred(s) year time scales.

Glacial
Melt Water
Channels

Simkins and Anderson also discovered small, parallel to sub-parallel, closely spaced ridges.
The multibeam data allowed them to resolve features ranging from a mere 50 centimeters
in thickness to about five meters high. Unlike the GZWs, the moraines have a symmetrical
hummocky profile and are thought to represent recessional events. They likened them to a
type of moraine called a De Geer moraine, which are thought to form annually in more temperate glacial settings. Other studies suggest they may even represent rapid retreat on time
scales that could be shorter than a year.
Simkins thinks that the moraines were built by sediment transport to the grounding line
through the base of an ice stream, in a manner she described as “push formed”, from sediment that was already there and molded by the grounded ice. These features are determined
to be really important for several reasons. First, because they show where the grounding line
was in the past, but also because of the fine scale they represent, they may hold detailed evidence of processes that control where ice stops, and possibly why the ice retreats at timescales
relevant to society. Recessional moraines can also be seen to crosscut larger features, allowing
temporal and directional arrangement of episodes of ice sheet advance and retreat. The recessional moraines and other finer scale features have also lead Simkins to investigate a new area
of interest- the importance of the role of water, primarily glacial melt water, on grounding
line stability.

Recessional Moraines
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Seismic profile showing back-stepping Grounding Zone Wedges overlying a basal surface
reflection. Ice is flowing from right to left.

also at the base of ice shelves. Simkins and Anderson have started to
collaborate with investigators from other disciplines, such as glaciologists at the University of Kansas and DEEPS volcanologist Dr. Helge
Gonnermann, to look at ice sheet behavior in response to subglacial
and tectonic processes. Gonnermann is helping to evaluate the potential geothermal contribution to ice melt by modelling the effect of heat
sourced from recently discovered volcanic seamounts. The proximity
of these ancient channels to these heat sources could be a supply of
abundant melt water to the grounding line.

Kasten core barrel poised ready to plunge into the floor of the Ross Sea. Cores
are collected by impact of the barrel into the seafloor substrate. Core barrels
can penetrate up to 3 meters into marine and LGM glacial sediments.

Channel Exposé
As mission leader on the 57-day cruise in 2015, (fig of ship) Simkins
directed the efforts of the science teams 24 hours per day, determining
where to collect bathymetric data, drilling as many cores as ice coverage and equipment functionality would allow, and using that to plan
future multibeam track lines--all in real time. The cruise experienced
just two storms, allowing Simkins to target areas where they had seen
poorly resolved features, such as channels, from previous bathymetry.
Of particular interest is the position of the channels relative to grounding lines and associated landforms. Channels are evidence of melt water drainage beneath ice sheets that supplied freshwater to the grounding line and into the ocean. Yet very little is known about the impact
of these water sources on the stability of ice at the grounding line.
According to Simkins, water at the base of the ice is critically important. It controls pressure at the base of the ice (which can influence the
speed of ice flow) and sediment mobility at the base of the ice, both
of which influence how much ‘sliding’ across the bed can take place.
Once friction is reduced and sliding occurs, grounded ice that becomes
completely decoupled from the substrate can flow extremely fast into
the ocean – faster than snow accumulation can replenish the ice sheet.
This is the real risk to sea-level rise. This process can be further enhanced by break up of an ice shelf due to the removal of the buttressing effect, allowing the continental ice sheets to pour, like water from a
spigot, off the continent.
Sub-glacial lakes beneath the ice sheet could be an important supply
of that water. Few observations constrain how they drain; whether
by sheet flow (thin, widely distributed melt-water under the ice), or
as channeled flow, both of which control pressure at the ice base and
alters the speed of ice flow. All of these can ultimately affect the stability of ice at the grounding line. Water coming out from the grounding
line and mixing with the ocean water can create heat through turbulent water mixing, which can melt the ice at the grounding line, and
Seismic profile showing
recessional moraines.
Note the “hummocky”
cross-section and smaller
scale height compared
with the GZWs. Ice flow
direction is from right to
left.

The complexity of this set of questions underscores the need to “see”
the detailed features associated with glacial melt water and their
location relative to the grounding line. Channels are not unknown
from bathymetry data, but only the larger scale channels that couldn’t
be specifically associated with grounding lines, or put into a temporal
or specific geomorphic context. The high resolution multibeam data
revealed finer-scale subglacial meltwater channels that were actually
incised right into the same sediments that feed grounding zone wedges
and recessional moraines. Observations of cross-cutting landforms
such as recessional moraines that form at grounding lines and subglacial channels, suggest episodic meltwater delivery to the retreating
grounding line.
This was also the first observed example of a channel cutting into the
same sediments that were deposited and mobilized during the deglaciation of the continental shelf with clear connections to former grounding line positions. While Simkins is still looking for evidence that links
the features to the source of the meltwater, she is certain that the large
cross-sectional area of the channel suggests the presence of significant
fluid volume which likely altered grounding line sedimentation and
likely contributed to ice retreat during the final phase of deglaciation,
following the LGM, in the Ross Sea.
There are no plans to return to the Ross Sea in the near future, but
Simkins and colleagues will continue to sort through the multibeam
data they have to better understand what the channels are telling them
about the influence of meltwater on ice sheet behavior.
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Rice University crew at McMurdo Station Antarctica. Brian Demet,
Lindsay Prothro, Lauren Simkins, Anna Ruth Halberstadt
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