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Abstract. Variations in properties controlling ice flow (e.g.,
topography, accumulation rate, basal friction) are recorded
by structures in glacial stratigraphy. When anomalies that
disturb the stratigraphy are fixed in space, the structures they
produce advect away from the source and can be used to
trace flow pathways and reconstruct ice-flow patterns of the
past. Here we provide an example of one of these persistent
tracers: a prominent unconformity in the glacial layering that
originates at Mt. Resnik, part of a subglacial volcanic com-
plex near Kamb Ice Stream in central West Antarctica. The
unconformity records a change in the regional thinning be-
havior seemingly coincident (∼ 3440±117 a) with stabiliza-
tion of grounding-line retreat in the Ross Sea Embayment.
We argue that this feature records both the flow and thin-
ning history far upstream of the Ross Sea grounding line,
indicating a limited influence of observed ice-stream stag-
nation cycles on large-scale ice-sheet routing over the last
∼ 5700 years.

1 Introduction

New constraints on paleo-ice-dynamics are increasingly im-
portant in glaciology. They form the basis for validating
model hindcasts, which act as a test of model performance,
add to our understanding of past ice-sheet and climate inter-
actions, and improve the reliability of future ice-sheet pro-
jections (Pollard et al., 2015). But current proxies for past
ice-sheet behavior are not well distributed in time and space,
limiting our ability to validate model behavior for critical re-
gions of Antarctica and Greenland. Improving the temporal

and spatial coverage for proxies in the ice-sheet interior is
especially important in regions where significant flow reor-
ganization is currently occurring, such as the Siple Coast,
where centennial-scale internal variability (Catania et al.,
2012) could easily be misinterpreted as externally forced,
multi-millennial trends.

Past ice-sheet behavior is primarily inferred from three
types of data: sea-level proxies (e.g., Galeotti et al., 2016;
Raymo and Mitrovica, 2012), indicators of paleomorphology
in currently deglaciated regions (e.g., the RAISED Consor-
tium et al., 2014), and local or in situ ice-sheet data. Each
of these proxies has limitations. Sea-level data are power-
ful constraints on large-scale ice-mass changes but are lim-
ited in their ability to spatially resolve ice-dynamic changes.
Deglaciated landscapes can spatially and temporally resolve
ice-sheet states (Anderson et al., 2017; Brook et al., 1995;
Levy et al., 2017; Stone et al., 2003) but are limited to re-
constructions of behavior outside the margins of the modern
ice sheets. Studies using local or in situ ice-sheet data are our
only method for constraining changes in ice-sheet morphol-
ogy and behavior in the continental interior, but these rely on
ice-core and borehole data that are logistically challenging to
collect and spatially limited (Delmotte et al., 1999; Siddall et
al., 2012; Waddington et al., 2005). In this study, we advance
the use of radar data as an ice-dynamic proxy, highlighting a
class of englacial structures that record past ice-flow behav-
ior in the continental interior.

Thermal, frictional, accumulation, and subglacial topo-
graphic anomalies all drive englacial structure formation
(Holschuh et al., 2017). The resulting disturbances in the
glacial stratigraphy have been used to infer ice-flow reorga-
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Figure 1. (a) Region map showing the modern flow field (Joughin and Tulaczyk, 2002) of Bindschadler (BIS), Kamb (KIS), Whillans
(WIS), and Mercer (MIS) ice streams. Mt. Resnik, a subglacial volcanic complex (plotted as a black triangle), sits adjacent to a tributary
of the stagnating Kamb Ice Stream, near the catchment divide between Kamb and Bindschadler ice streams. (b) Map of the subglacial
topography at Mt. Resnik (Morse et al., 2002). Two ground-based radar surveys are plotted in black: (i) 1 MHz data collected by the University
of Washington in 2004 and (ii) 3 MHz data collected by St. Olaf College in 2002. (c) Map of modern flow speeds and flow pathways
over Mt. Resnik (dashed lines) (Joughin and Tulaczyk, 2002), indicating a dominant flow direction orthogonal to the primary radar survey
orientation. (d) Contoured (20 m) surface elevation (Helm et al., 2014), plotted with the coverage region for high-resolution DEMs produced
as part of this study (blue) calibrated using ICESat altimetry (ground tracks in orange, data version 34, GLAH12).

nization in the Ross Sea sector in the past (Conway et al.,
2002; Jacobel et al., 1996; Siegert et al., 2004), but interpret-
ing them can be challenging. With uncertainty in both their
formation mechanism and subsequent evolution, many of the
englacial structures observed in Antarctica and Greenland do
not provide sufficient information to infer paleo-velocities.
However, temporally persistent thermal, frictional, and topo-
graphic anomalies (i.e., geologic controls) produce structures
with unambiguous source locations, and, like hotspot tracks
on the ocean floor, the structures they produce can be used
to infer the dynamics of the ice sheet through time. We call
these structures “persistent tracers”.

In this study, we focus on a persistent tracer in the
catchment region of Kamb Ice Stream, West Antarctica
(Fig. 1a) – a stratigraphic unconformity forming in re-
sponse to Mt. Resnik, a high-relief, subglacial volcanic sys-
tem upstream (Behrendt et al., 2006). This feature pene-
trates through over 1000 m of ice, recording its formation and
transport history for at least the last 6000 years. The flow his-
tory derived from this structure fills a gap in the proxy record
for the Siple Coast, where flow stripes in the Ross Ice Shelf
record the most recent history (∼ 1000 a; Hulbe and Fahne-
stock, 2007) but records of the region’s more distant past are
limited in space and time (Conway et al., 1999; Kingslake et
al., 2018; Spector et al., 2017).

Outstanding questions exist regarding the role of individ-
ual ice streams in the overall mass budget of the Siple Coast
from the Last Glacial Maximum (LGM) to today. The ice

streams feeding the Ross Ice Shelf exhibit significant in-
ternal variability, with tidal forcing and frictional mechan-
ics dictating velocity on hourly timescales (Anandakrish-
nan et al., 2003; Winberry et al., 2014) and thermodynamic
changes resulting in significant local mass-balance variabil-
ity on centennial timescales (Catania et al., 2012). During
the observational era, this variability has occurred primar-
ily within the ice plains of Whillans and Kamb ice streams
(Martín-Español et al., 2016), where low-relief, subglacial
topography and weak driving stresses allow subtle changes in
the subglacial hydrologic system to significantly impact ice
fluxes through individual ice streams (Siegfried et al., 2016).
But the role of these ice-stream stagnation cycles in the re-
gion’s overall ice-flow behavior is unknown. Previous studies
have compared the Siple Coast to a braided stream, which
can maintain a constant discharge despite rapidly changing
flow pathways (Fahnestock et al., 2000; Hulbe and Fahne-
stock, 2007; Parizek et al., 2002). In this study, we evaluate
whether centennial-scale changes at the coast manifest in the
ice reservoirs of the ice-sheet interior over the last several
thousand years.

To do this, we use the 3-D geometry of the Mt. Resnik un-
conformity to diagnose changes in ice flow and ice thickness.
Mt. Resnik sits at the boundary between ice-stream catch-
ments – structures forming here are well poised to capture
substantial changes in relative flow between the ice streams
to the south (Kamb, Whillans, and Mercer) and those dis-
charging into the Ross Ice Shelf to the north (Bindschadler
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Figure 2. (a) Fence diagram, indicating the positions of the upstream radar survey (b), the Byrd ice core (c), and an example downstream line
containing the unconformity of interest (d). (b) The radar profile immediately upstream of Mt. Resnik, highlighting conformable layering.
(c) Dated reflectors and their associated uncertainties, plotted as a function of depth at the Byrd ice-core site. Grey bars indicate dated slope
breaks in the unconformity, potential indications of historic ice-dynamic changes (discussed in Sect. 3.2). (d) Dated reflectors traced on the
3 MHz ITASE radargram, with ages (in years before 2000 AD) labeled. Dotted lines indicate reflectors dated by amplitude and waveform
correlation across the unconformity; solid lines are traced continuously from the ice-core site.

and MacAyeal). Like other persistent tracers seen elsewhere
in Antarctica (Ross et al., 2011; Woodward and King, 2009),
these data provide multi-millennial context for the ice-flow
reorganization observed during the satellite era. We highlight
this feature as one example of a larger class of structures that
should be targeted in future radar studies of the Siple Coast
ice streams.

2 Data

2.1 Radar surveys

Data from two ground-based radar campaigns were used in
this study, conducted from Byrd camp in 2002 and 2004
(Holschuh et al., 2018). The first was performed as part
of the US International Trans-Antarctic Scientific Expedi-
tion (ITASE) using the St. Olaf College 3 MHz radar system
(Welch and Jacobel, 2003), while the second was part of the
West Antarctic Ice Sheet (WAIS) Divide Ice Core project us-
ing the University of Washington deep sounding 1 MHz radar
system (Fig. 1b, I and II). Radar data processing follows the
workflow presented by Christianson et al. (2012). The ITASE
data reveal a prominent unconformity within englacial layers
in the top 1000 m of the ice column (Fig. 2d). The subsequent

University of Washington survey shows the unconformity ex-
tends to Mt. Resnik but is absent upstream of the topographic
high (Fig. 2b). System noise prevents interpretation of layers
shallower than ∼ 250 m depth.

2.2 Byrd core and reflector chronology

Radar data from the ITASE traverse connect to the deep ice
core retrieved at Byrd station in 1968. Damaged or missing
sections of the core precluded the counting of annual layers,
but a shallow depth–age scale was established using the elec-
trical conductivity method (Hammer et al., 1994). This over-
laps with a chronology starting at 870 m depth, which maps
ages from the well-dated Greenland ice cores to Byrd via
methane correlation (Blunier and Brook, 2001). Following
the methods of Cavitte et al. (2016), we date radar reflectors
where they intersect the Byrd ice core, taking into account
both published uncertainty values and the magnitude of dis-
agreement between conductivity and methane-inferred ages
where they overlap. The age and uncertainties of radar lay-
ers (presented as years before 2000 AD) are given in Fig. 2c.
Note the presence of an unconformity, a gently dipping fea-
ture with two breaks in slope that crosscuts otherwise contin-
uous internal layers. We refer to its geometry using the dated
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Figure 3. (a) MODIS imagery for the region (Haran et al., 2014), showing high reflectivity at the source of the unconformity over Mt. Resnik.
Traces of slope-breaks in the unconformity are plotted in yellow. (b) False-color Landsat 8 imagery collected over Mt. Resnik, using the near
infrared (band 5), green (band 3), and blue (band 2). (c) Contoured basal topography, with blue-ice areas (inferred from blue to near-infrared
reflection intensity ratios > 2) highlighted.

layers that truncate nearest to the slope breaks, one near the
1648± 92 a reflector, and one between the 3011± 115 a and
3440± 117 a reflectors.

Dating reflectors across the unconformity is challenging,
as no radar lines can tie reflectors on the far side of the
unconformity through the undisturbed layering upstream of
Mt. Resnik. Common reflections were correlated based on
their absolute amplitude and their amplitude and waveform
characteristics relative to the adjacent reflectors in the stratig-
raphy. While we have high confidence in the layer correla-
tion, we mark the reflectors not directly linked to the ice core
with dotted lines (Fig. 2d).

2.3 Satellite imagery

Englacial unconformities are typically associated with wind
scour and sublimation (Das et al., 2013), often the re-
sult of steep surface gradients. Two different methods have
been used to identify surface scour in satellite data over
Mt. Resnik. Bright reflectivity in Moderate Resolution Imag-
ing Spectroradiometer (MODIS) imagery (like that seen in
Fig. 3a) indicates local grain-size reduction (Scambos et al.,
2007), consistent with unconformity generation elsewhere
(Welch and Jacobel, 2005). Additionally, calibrated studies
of surface spectral properties show that blue ice with bub-
bles and snow have comparable reflectance in the visible
spectrum, but blue ice is a substantially weaker reflector in
the near infrared (Boresjö Bronge and Bronge, 1999). Us-
ing bands 2 (452–512 nm) and 5 (851–579 nm) of Landsat 8
data collected over Mt. Resnik (path 224, row 119, acquired
21 January 2018), we examine the relative surface reflectivi-
ties at the location of high MODIS reflectivity (Fig. 3b, c).
With a threshold reflectivity ratio of 2, we identify likely
blue-ice areas, plotted in Fig. 3c. These correspond with
peak elevations in the subglacial topography and fall along a

roughly linear ridge orthogonal to flow. Based on the modern
flow field, the downstream unconformity position is roughly
consistent with formation at the edge of the blue-ice patch
observed over Mt. Resnik (Fig. 3a).

3 Results and discussion

Unconformities manifest at the boundary between deposi-
tional regimes at the ice-sheet surface. They can be defined
by substantial missing time, due to erosion/ablation or non-
deposition in blue-ice areas, or can represent the transition
from pristine to mechanically reworked snow surfaces, as in
the case of the megadunes of East Antarctica (Frezzotti et al.,
2002). For an unconformity to appear in radar imagery, sur-
face processes must modify the depth–conductivity profile –
snow from one regime must sit on top of snow from another
regime.

Downstream of a blue-ice area, radar data collected along
flow should capture an unconformity that dips away from the
zone of surface ablation. This would mark the transition be-
tween snow that predates and postdates the missing time in
the column. But there may be no indication of an unconfor-
mity in radar data collected orthogonal to flow, as the miss-
ing time would appear like any other isochrone in the layer-
ing. This highlights an important feature of the unconformity
seen in radar data downstream from Mt. Resnik: its geom-
etry is quite complex in the cross-flow direction. If it were
forming in a simple flow field, from a single blue-ice area,
we would not expect a sloping feature like the one observed.
But under certain temporally stable ice-flow conditions, or in
the presence of certain dynamic flow changes, the observed
geometry can be explained. Here we analyze the structure in
detail, focused on two primary components: (1) its trace, as
it advects away from Mt. Resnik, and (2) its cross-sectional
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(b) - Mechanism 2(a) - Mechanism 1 (c) - Mechanism 3

Figure 4. Schematic detailing end-member mechanisms for unconformity formation with the distinctive kinked geometry observed in the
radar data: (1) a stationary surface feature orthogonal to flow that mirrors the shape of the unconformity in the subsurface, advecting away
and buried with constant velocities; (2) a stationary surface feature orthogonal to flow that is advected and buried in a spatially variable
velocity field, with velocity gradients that mirror depth gradients of the structure; or (3) a feature whose boundaries drift with time, with the
slope of the unconformity varying as a function of the rate of drift. We believe that mechanism (3) is most consistent with the unconformity
geometry, with kink positions corresponding to the dates of ice-dynamic changes in the region.

geometry, which has the potential to constrain more subtle
changes in ice dynamics around Mt. Resnik through time.

3.1 Propagation pathway from Mt. Resnik

The formation of the unconformity is unambiguously con-
nected to Mt. Resnik. This is evident from the radar data;
the unconformity is absent in data collected upstream of
Mt. Resnik and is visible in all downstream lines (see Fig. 2b
and Fig. S1 in the Supplement). Enhanced driving stress is
required to drive ice flow around and over the mountain (in
the < 400 m of ice that flows over its summit; Morse et al.,
2002), resulting in steep surface gradients observed in the al-
timetry data (discussed in Sect. 3.3) and driving surface scour
observed in the imagery.

Despite significant variability in the configuration of the
modern Siple Coast ice streams, there is very little evi-
dence in the trace of the Mt. Resnik unconformity that ice-
flow direction here has changed significantly in the last
∼ 5700 years. Its current propagation direction is roughly co-
incident with the flow paths predicted from the modern ve-
locity field, shown in Fig. 1c. This is surprising given the re-
cent shutdown of Kamb Ice Stream (Anandakrishnan and Al-
ley, 1997), whose tributary dominates ice flow immediately
south of Mt. Resnik. The trace of the unconformity indicates
that transitions between stagnant and active flow of the Kamb
Ice Stream must not have significantly modified the direction
of driving stresses in the ice-sheet interior, as ice flowing off
Mt. Resnik has not been diverted into or out of the neighbor-
ing tributaries.

3.2 Formation mechanisms and geometry
interpretation

This unconformity is a time-transgressive structure; it is
present across a range of depths (and therefore a range of
ages) within a single cross section. There are a limited num-
ber of scenarios that are consistent with this structure – spe-

cial configurations of the erosive anomaly and the velocity
field can form a time-transgressive unconformity in steady
state, or the erosion area and/or flow field can change with
time. We describe the steady-state and transient mechanisms
in Fig. 4 and discuss our favored mechanism and how it
can further inform our understanding of ice dynamics near
Mt. Resnik.

The first steady-state mechanism that could generate the
observed unconformity (Fig. 4a) relies on an erosive anomaly
at the surface that mirrors the kinked shape of the unconfor-
mity in the subsurface. Assuming that ice flows away from
the source region and is buried at a constant rate, the deeper
components of the unconformity must have formed further
away than the shallowest limb. Based on the data presented
in Fig. 2, we know that the formation period of the uncon-
formity spans at least 3000 years. Given surface velocities of
∼ 5 m a−1 (consistent with InSAR-derived velocities for the
region), this mechanism would require a formation area that
extends 15 km in the along-flow direction to span 3000 years
of stratigraphy. Because the blue-ice fields seen in Landsat
imagery (Fig. 3c) appear along a roughly linear trace, orthog-
onal to flow, this formation mechanism is unlikely.

The alternative steady-state mechanism produces the
observed unconformity through lateral velocity gradients
(Fig. 4b), as variations in the velocity field are the only re-
maining characteristic of the system capable of producing
the range of transit times (and associated burial depths) re-
quired for a sloping structure. The unconformity is shallower
to the true south (grid north), indicative of a shorter tran-
sit time since formation. This would be consistent with the
faster flow observed in the active Kamb tributary that bounds
Mt. Resnik to the south. The variation in unconformity depth
within the profile is also reasonable given the range of ob-
served surface velocities, with ice flowing a factor of ∼ 3
faster within the Kamb tributary. However, to reproduce the
exact geometry of the unconformity, the lateral acceleration
in flow speed must be localized in a narrow (∼ 5 km) shear
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margin, with two breaks in slope in the velocity gradients
corresponding with kinks in the unconformity. These features
are not present in the modern velocity field.

Transient formation mechanisms could take several forms,
but the simplest mechanism for the observed geometry
(Fig. 4c) relies on an erosive area that changes shape through
time. The sloping, kinked unconformity would form if the
boundary defining the southern edge of the Mt. Resnik blue-
ice area (and, as a result, the area downstream of the blue ice,
where deposition is perturbed) migrated southward in time,
with punctuated changes in the migration rate corresponding
to the breaks in slope the unconformity. This way, as the ero-
sive area expands, the boundary between modified deposits
downstream of the blue-ice field and snow deposited under
more quiescent conditions would slope up toward the surface
in the direction of blue-ice expansion. The northern bound-
ary, however, must stay fixed, leading to no unconformity
visible in the flow-orthogonal radar data on that side.

In the case of Mt. Resnik, if the ice sheet were to pro-
gressively thin, the subglacial topography would exert more
local control on the surface gradients, and the blue-ice area
would expand. Steep slopes and smooth surfaces over blue
ice enhance katabatic winds and can ultimately drive tur-
bulence that reworks snow in the depositional areas down-
stream. This process has been seen elsewhere in Antarctica,
and it was highlighted in Fig. 4 of Bintanja (1999), who show
that changing ice thickness in the vicinity of rugged sub-
glacial topography will induce changes in the local deposi-
tional regime.

The kink locations within the unconformity provide addi-
tional information about ice dynamics in the region. The kink
can be explained either by the spatial characteristics of the
formation mechanism (as in mechanisms 1 and 2) or by the
temporal characteristics of formation (as in mechanism 3).
Without any evidence for a kinked structure in either the ve-
locity field or the blue-ice patches observed, we use the dated
reflectors to estimate what ages would be associated with the
kinks, should they be the result of temporal variability in for-
mation. The deeper of two kinks in the unconformity falls
between reflectors dated at ∼ 3.4 and 3.0 ka. This is contem-
poraneous with the activation (Conway et al., 1999) and mi-
gration of divide flow in the region (Nereson and Raymond,
2001), rapid grounding-line retreat to its present position in
the southwestern Ross Embayment (Spector et al., 2017),
and a change in the thinning behavior in western Marie Byrd
Land (Stone et al., 2003). Interior thinning at Mt. Resnik is
likely to occur with grounding-line retreat, consistent with a
southward migration of the edge of the erosional zone driven
by changes in local ice thickness over Mt. Resnik.

Under our preferred interpretation, that the kinks repre-
sent temporal changes in ice-flow behavior, it is possible
to interpret the other geometric features of the unconfor-
mity. Between 3.2 and 1.1 ka, there is a limited record of
dynamic change in the region from other paleo-flow prox-
ies. This means that the second transition, corresponding

to a slope break at ∼ 1.65 ka, would represent a previ-
ously undocumented transition in thinning rates upstream of
the Siple Coast. This may simply be the temporal lag be-
tween grounding-line stabilization around 3 ka and the re-
sulting equilibration in the ice-sheet interior, but it high-
lights the possibility of ice-dynamics changes that have not
yet been described. Other records of ice-sheet behavior post-
dating 1.65 ka are consistent with continued southward mi-
gration of the scour surface at Mt. Resnik, as thinning of the
southern Siple Coast ice streams continued through the past
∼ 1000 years (Nereson and Raymond, 2001).

3.3 Implications for unconformities elsewhere in
Antarctica and Greenland

Unconformities are rare in West Antarctica, facilitated here
by the extreme subglacial relief of Mt. Resnik and its in-
fluence on local surface gradients. Previous studies have re-
lated observed wind scour to two basic surface parameters:
the ratio of the surface mass balance to the average wind
speed (A/W : [kg m−2 a−1] / [m s−1]), and the mean surface
slope in the wind direction (MSWD) (Das et al., 2015).
This empirical framework predicts wind scour in regions
where A/W < 9.12 and MSWD > 0.002, with thresholds es-
tablished using observations from Dome A in East Antarc-
tica. However, the Dome A training data span a relatively
narrow range of surface slopes and accumulation rates, not
sampling the values expected over Mt. Resnik. The presence
of blue ice at Mt. Resnik indicates an expanded range of con-
ditions that allow scour, which we can identify using mod-
eled accumulation rates, wind speed, and observed surface
elevation co-located with our radar data.

We compute the A/W ratio and the MSWD over
Mt. Resnik using output from a regional climate model at
∼ 30 km resolution (RACMO; Noël et al., 2015) and 8 m
resolution digital elevation models (DEMs – produced from
orthoimagery collected by the DigitalGlobe constellation of
satellites, using the SETSM algorithm; Noh and Howat,
2015). Ice, Clouds, and Land Elevation Satellite (ICESat)
data (Zwally et al., 2014) were used to remove errors in re-
gional slope in the DEMs. While there is a temporal gap be-
tween the DigitalGlobe (January 2015–December 2016) and
ICESat data acquisitions (February 2003–October 2009), we
do not expect significant changes in regional slope over this
time period, given small observed dh/dt signals here (Helm
et al., 2014). The coverage of these regional DEMs is pro-
vided in Fig. 3a.

The A/W ratio for this region is significantly higher than
the values reported for scour regions around Dome A. An-
nual running averages from 2000 to 2009 show A/W ra-
tios oscillating around 20.2, more than a factor of 2 higher
than the threshold. However, high surface slopes are also
found over Mt. Resnik, with MSWD values in both published
DEMs from Cryosat (MSWD= 0.018; Helm et al., 2014)
and the regional DEMs produced for this study (MSWD=
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0.0192±0.002) exceeding 4 times those at Dome A. Because
the resolution mismatch between the atmospheric forcing
and the DEM likely results in underestimates of the MSWD
(as topographic focusing strengthens surface winds locally),
these values provide a lower bound on wind speeds capable
of producing unconformities in high-accumulation regions of
Antarctica and Greenland.

4 Conclusions

Mt. Resnik produces an unconformity in the glacial stratig-
raphy of central West Antarctica that acts as a persistent
tracer for ice flow through the Kamb and Bindschadler Ice
Stream systems. The trace of the unconformity indicates no
gross changes in ice-flow direction in the Kamb Ice Stream
catchment over the last ∼ 5700 years, despite the dramatic
changes in coastal flow regime observed over the satellite era
and inferred from flow striping on the Ross Ice Shelf. Thus,
we believe that the response time for the ice-sheet interior
exceeds the stagnation–activation timescales for the Kamb
Ice Stream system, resulting in damped coastal forcing at
Mt. Resnik and a record of only long-term average behavior.
This could imply a limited effect of ice-stream stagnation–
reactivation cycles on the total ice flux to the ocean.

If our preferred mechanism for unconformity formation is
correct, the structure records a thinning trend in the ice-sheet
interior, with punctuated accelerations in thinning at two dis-
tinct events. The first (between∼ 3.4 and 3.0 ka) corresponds
with a known change in ground-line behavior, but the second
(1648± 92 a) is a previously undocumented event in the ice-
dynamic history of the Siple Coast. Further data collection is
required to identify the source of the more recent change in
behavior.

This study provides historical context for modern changes
observed at Kamb Ice Stream, identifies a new range of envi-
ronmental conditions that permit surface erosion in Antarc-
tica and Greenland, and highlights the utility of persistent
tracers in paleo-ice-flow reconstruction. Persistent tracers
like the one described at Mt. Resnik are actively forming
where there are spatially locked boundary forcing anoma-
lies, and their locations can be predicted from surface obser-
vations, bed topographies, and model-parameter inversions.
We provide a single example but encourage future studies to
seek these structures out explicitly. For regions where other
paleo-ice-dynamic proxies are difficult to collect, persistent
tracers might fill both the spatial and temporal gaps that limit
our ability to constrain hindcasts of ice-sheet behavior.

Data availability. Radar data are accessible through the Univer-
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/tc-12-2821-2018-supplement.

Author contributions. This study was designed by NH, with data
processing, interpretation, and writing conducted by all authors.
ITASE data collection was led by RJ and BW, with WAIS Divide
data collection led by HC.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. This work has been substantially improved
through comments from our editor and reviewers, including several
anonymous reviewers and Neil Ross. The Polar Geospatial Center
at the University of Minnesota provided support through their
DigitalGlobe-derived Antarctic DEMs. We thank the US Antarctic
Program, Raytheon Polar Services, and 109th Airlift Wing of
the NY Air National Guard for logistic support in collecting
the radar data. This work was funded as a part of NASA grant
NNX16AM01G and NSF grants OPP-9814574 and OPP-0087345.

Edited by: Nanna Bjørnholt Karlsson
Reviewed by: two anonymous referees

References

Anandakrishnan, S. and Alley, R. B.: Stagnation of Ice Stream C,
West Antarctica by water piracy, Geophys. Res. Lett., 24, 265,
https://doi.org/10.1029/96GL04016, 1997.

Anandakrishnan, S., Voigt, D. E., Alley, R. B., and King, M.
A.: Ice stream D flow speed is strongly modulated by the
tide beneath the Ross Ice Shelf, Geophys. Res. Lett., 30, 1–4,
https://doi.org/10.1029/2002GL016329, 2003.

Anderson, J. T. H., Wilson, G. S., Fink, D., Lilly, K., Levy,
R. H., and Townsend, D.: Reconciling marine and terres-
trial evidence for post LGM ice sheet retreat in southern
McMurdo Sound, Antarctica, Quat. Sci. Rev., 157, 1–13,
https://doi.org/10.1016/j.quascirev.2016.12.007, 2017.

Behrendt, J. C., Finn, C., Morse, D. L., and Blankenship, D.
D.: Negative magnetic anomaly over Mt. Resnik, a subaerially
erupted volcanic peak beneath the West Antarctic Ice Sheet,
Terra Antarct. Reports, 12, 203–212, 2006.

Bintanja, R.: On the glaciological, meteorological, and climatolog-
ical significance of Antarctic Blue Ice Areas, Rev. Geophys., 37,
337–359, 1999.

Blunier, T. and Brook, E. J.: Timing of Millennial-Scale
Climate Change in Antartica and Greenland Dur-
ing the Last Glacial Period, Science, 291, 109–112,
https://doi.org/10.1126/science.291.5501.109, 2001.

Boresjö Bronge, L. and Bronge, C.: Ice and snow-type classification
in the Vestfold Hills, East Antarctica, using Landsat-TM data and
ground radiometer measurements, Int. J. Remote Sens., 20, 225–
240, https://doi.org/10.1080/014311699213415, 1999.

Brook, E. J., Kurz, M. D., Ackert, R. P., Raisbeck, G., and Yiou,
F.: Cosmogenic nuclide exposure ages and glacial history of

www.the-cryosphere.net/12/2821/2018/ The Cryosphere, 12, 2821–2829, 2018

http://hdl.handle.net/1773/42567
http://hdl.handle.net/1773/42567
https://doi.org/10.5194/tc-12-2821-2018-supplement
https://doi.org/10.1029/96GL04016
https://doi.org/10.1029/2002GL016329
https://doi.org/10.1016/j.quascirev.2016.12.007
https://doi.org/10.1126/science.291.5501.109
https://doi.org/10.1080/014311699213415


2828 N. Holschuh et al.: Persistent Tracers of Historic Ice Flow

late Quaternary Ross Sea drift in McMurdo Sound, Antarctica,
Earth Planet. Sc. Lett., 131, 41–56, https://doi.org/10.1016/0012-
821X(95)00006-X, 1995.

Catania, G., Hulbe, C., Conway, H., Scambos, T. A., and Raymond,
C. F.: Variability in the mass flux of the Ross ice streams, West
Antarctica, over the last millennium, J. Glaciol., 58, 741–752,
https://doi.org/10.3189/2012JoG11J219, 2012.

Cavitte, M. G. P., Blankenship, D. D., Young, D. A., Schroeder, D.
M., Parrenin, F., Lemeur, E., MacGregor, J. A., and Siegert, M. J.:
Deep radiostratigraphy of the East Antarctic plateau: Connecting
the Dome C and Vostok ice core sites, J. Glaciol., 62, 323–334,
https://doi.org/10.1017/jog.2016.11, 2016.

Christianson, K., Jacobel, R. W., Horgan, H. J., Anandakrishnan,
S., and Alley, R. B.: Subglacial Lake Whillans – Ice-penetrating
radar and GPS observations of a shallow active reservoir beneath
a West Antarctic ice stream, Earth Planet. Sc. Lett., 331–332,
237–245, https://doi.org/10.1016/j.epsl.2012.03.013, 2012.

Conway, H., Hall, B. L., Denton, G. H., Gades, A. M., and
Waddington, E. D.: Past and Future Grounding-Line Retreat
of the West Antarctic Ice Sheet, Science, 286, 280–283,
https://doi.org/10.1126/science.286.5438.280, 1999.

Conway, H., Catania, G., Raymond, C. F., Gades, A. M.,
Scambos, T. A., and Engelhardt, H.: Switch of flow di-
rection in an Antarctic ice stream, Nature, 419, 465–467,
https://doi.org/10.1038/nature01081, 2002.

Das, I., Bell, R. E., Scambos, T. A., Wolovick, M., Creyts, T. T.,
Studinger, M., Frearson, N., Nicolas, J. P., Lenaerts, J. T. M., and
van den Broeke, M. R.: Influence of persistent wind scour on the
surface mass balance of Antarctica, Nat. Geosci., 6, 367–371,
https://doi.org/10.1038/ngeo1766, 2013.

Das, I., Scambos, T. A., Koenig, L. S., van den Broeke, M. R., and
Lenaerts, J. T. M.: Extreme wind-ice interaction over Recovery
Ice Stream, East Antarctica, Geophys. Res. Lett., 42, 8064–8071,
https://doi.org/10.1002/2015GL065544, 2015.

Delmotte, M., Raynaud, D., Morgan, V., and Jouzel, J.: Climatic
and glaciological information inferred from air-content measure-
ments of a Law Dome (East Antarctica) ice core, J. Glaciol., 45,
255–263, 1999.

Fahnestock, M. A., Scambos, T. A., Bindschadler, R. A., and
Kvaran, G.: A millennium of variable ice flow recorded
by the ross ice shelf, Antarctica, J. Glaciol., 46, 652–664,
https://doi.org/10.3189/172756500781832693, 2000.

Frezzotti, M., Gandolfi, S., and Urbini, S.: Snow megadunes
in Antarctica: Sedimentary structure and genesis, J. Geophys.
Res.-Atmos., 107, 1–12, https://doi.org/10.1029/2001JD000673,
2002.

Galeotti, S., DeConto, R., Naish, T., Stocchi, P., Florindo,
F., Pagani, M., Barrett, P., Bohaty, S. M., Lanci, L.,
Pollard, D., Sandroni, S., Talarico, F. M., and Zachos,
J. C.: Antarctic Ice Sheet variability across the Eocene-
Oligocene boundary climate transition, Science, 353, 76–80,
https://doi.org/10.1126/science.aab0669, 2016.

Hammer, C. U., Clausen, H. B., and Langway, C. C.: Elec-
trical conductivity method (ECM) stratigraphic dating of the
Byrd Station ice core, Antarctica, Ann. Glaciol., 20, 115–120,
https://doi.org/10.3189/172756494794587555, 1994.

Haran, T., Bohlander, J., Scambos, T., and Fahnestock, M.: MODIS
Mosaic of Antarctica 2008–2009 (MOA2009) Image Map, Na-
tional Snow and Ice Data Center, Boulder, Colorado USA, 2014.

Helm, V., Humbert, A., and Miller, H.: Elevation and elevation
change of Greenland and Antarctica derived from CryoSat-
2, The Cryosphere, 8, 1539–1559, https://doi.org/10.5194/tc-8-
1539-2014, 2014.

Holschuh, N., Parizek, B. R., Alley, R. B., and Anandakr-
ishnan, S.: Decoding ice sheet behavior using englacial
layer slopes, Geophys. Res. Lett., 44, 5561–5570,
https://doi.org/10.1002/2017GL073417, 2017.

Holschuh, N., Christianson, K., Conway, H., Jacobel, R. W., and
Welch, B. C.: Persistent Tracers of Historic Ice Flow in Glacial
Stratigraphy near Kamb Ice Stream, West Antarctica – Sup-
porting Data. University of Washington ResearchWorks Archive,
http://hdl.handle.net/1773/42567, 2018.

Hulbe, C. and Fahnestock, M.: Century-scale discharge
stagnation and reactivation of the Ross ice streams,
West Antarctica, J. Geophys. Res.-Earth, 112, 1–11,
https://doi.org/10.1029/2006JF000603, 2007.

Jacobel, R. W., Scambos, T. A., Raymond, C. F., and Gades, A. M.:
Changes in the configuration of ice stream flow from the West
Antarctic Ice Sheet, J. Geophys. Res., 101, 5499–5504, 1996.

Joughin, I. and Tulaczyk, S.: Positive Mass Balance of the
Ross Ice Streams, West Antarctica, Science, 295, 476–480,
https://doi.org/10.1126/science.1066875, 2002.

Kingslake, J., Scherer, R. P., Albrecht, T., Coenen, J., Powell, R.
D., Reese, R., Stansell, N. D., Tulaczyk, S., Wearing, M. G., and
Whitehouse, P. L.: Extensive retreat and re-advance of the West
Antarctic Ice Sheet during the Holocene, Nature, 558, 430–434,
https://doi.org/10.1038/s41586-018-0208-x, 2018.

Levy, J. S., Rittenour, T. M., Fountain, A. G., and O’Connor, J. E.:
Luminescence dating of paleolake deltas and glacial deposits in
Garwood Valley, Antarctica: Implications for climate, Ross ice
sheet dynamics, and paleolake duration, Geol. Soc. Am. Bull.,
129, 1071–1084, https://doi.org/10.1130/B31539.1, 2017.

Martín-Español, A., Zammit-Mangion, A., Clarke, P. J., Flament,
T., Helm, V., King, M. A., Luthcke, S. B., Petrie, E., Rémy, F.,
Schön, N., Wouters, B. and Bamber, J. L.: Spatial and tempo-
ral Antarctic Ice Sheet mass trends, glacio-isostatic adjustment,
and surface processes from a joint inversion of satellite altimeter,
gravity, and GPS data, J. Geophys. Res.-Earth, 121, 182–200,
https://doi.org/10.1002/2015JF003550, 2016.

Morse, D. L., Blankenship, D. D., Waddington, E. D., and
Neumann, T. A.: A site for deep ice coring in West
Antarctica: Results from aerogeophysical surveys and
thermo-kinematic modeling, Ann. Glaciol., 35, 36–44,
https://doi.org/10.3189/172756402781816636, 2002.

Nereson, N. A. and Raymond, C. F.: The elevation history of ice
streams and the spatial accumulation pattern along the Siple
Coast of West Antarctica inferred from ground-based radar data
from three inter-ice-stream ridges, J. Glaciol., 47, 303–313,
https://doi.org/10.3189/172756501781832197, 2001.

Noël, B., van de Berg, W. J., van Meijgaard, E., Kuipers Munneke,
P., van de Wal, R. S. W., and van den Broeke, M. R.: Evalua-
tion of the updated regional climate model RACMO2.3: summer
snowfall impact on the Greenland Ice Sheet, The Cryosphere, 9,
1831–1844, https://doi.org/10.5194/tc-9-1831-2015, 2015.

Noh, M.-J. and Howat, I. M.: Automated stereo-photogrammetric
DEM generation at high latitudes: Surface Extraction with
TIN-based Search-space Minimization (SETSM) validation and
demonstration over glaciated regions, GIScience Remote Sens.,

The Cryosphere, 12, 2821–2829, 2018 www.the-cryosphere.net/12/2821/2018/

https://doi.org/10.1016/0012-821X(95)00006-X
https://doi.org/10.1016/0012-821X(95)00006-X
https://doi.org/10.3189/2012JoG11J219
https://doi.org/10.1017/jog.2016.11
https://doi.org/10.1016/j.epsl.2012.03.013
https://doi.org/10.1126/science.286.5438.280
https://doi.org/10.1038/nature01081
https://doi.org/10.1038/ngeo1766
https://doi.org/10.1002/2015GL065544
https://doi.org/10.3189/172756500781832693
https://doi.org/10.1029/2001JD000673
https://doi.org/10.1126/science.aab0669
https://doi.org/10.3189/172756494794587555
https://doi.org/10.5194/tc-8-1539-2014
https://doi.org/10.5194/tc-8-1539-2014
https://doi.org/10.1002/2017GL073417
http://hdl.handle.net/1773/42567
https://doi.org/10.1029/2006JF000603
https://doi.org/10.1126/science.1066875
https://doi.org/10.1038/s41586-018-0208-x
https://doi.org/10.1130/B31539.1
https://doi.org/10.1002/2015JF003550
https://doi.org/10.3189/172756402781816636
https://doi.org/10.3189/172756501781832197
https://doi.org/10.5194/tc-9-1831-2015


N. Holschuh et al.: Persistent Tracers of Historic Ice Flow 2829

1603, 1–20, https://doi.org/10.1080/15481603.2015.1008621,
2015.

Parizek, B. R., Alley, R. B., and Conway, H.: Sub-catchment melt
and long-term stability of ice stream D, West Antarctica, Geo-
phys. Res. Lett., 29, 1–4, 2002.

Pollard, D., Deconto, R. M., and Alley, R. B.: Potential
Antarctic Ice Sheet retreat driven by hydrofracturing and
ice cliff failure, Earth Planet. Sc. Lett., 412, 112–121,
https://doi.org/10.1016/j.epsl.2014.12.035, 2015.

Raymo, M. E. and Mitrovica, J. X.: Collapse of polar ice
sheets during the stage 11 interglacial, Nature, 483, 453–456,
https://doi.org/10.1038/nature10891, 2012.

Ross, N., Siegert, M. J., Woodward, J., Smith, A. M., Corr,
H. F. J., Bentley, M. J., Hindmarsh, R. C. A., King, E.
C., and Rivera, A.: Holocene stability of the Amundsen-
Weddell ice divide, West Antarctica, Geology, 39, 935–938,
https://doi.org/10.1130/G31920.1, 2011.

Scambos, T. A., Haran, T. M., Fahnestock, M. A., Painter,
T. H., and Bohlander, J.: MODIS-based Mosaic of Antarc-
tica (MOA) data sets: Continent-wide surface morphology
and snow grain size, Remote Sens. Environ., 111, 242–257,
https://doi.org/10.1016/j.rse.2006.12.020, 2007.

Siddall, M., Milne, G. A., and Masson-Delmotte, V.: Un-
certainties in elevation changes and their impact on
Antarctic temperature records since the end of the last
glacial period, Earth Planet. Sc. Lett., 315–316, 12–23,
https://doi.org/10.1016/j.epsl.2011.04.032, 2012.

Siegert, M. M. J., Welch, B., Morse, D., Vieli, A., Blanken-
ship, D. D., Joughin, I., King, E. C., Leysinger Vieli, G. J.-
M. C., Payne, A. J., and Jacobel, R.: Ice Flow Direction
Change in Interior West Antarctica, Science, 305, 1948–1951,
https://doi.org/10.1126/science.1101072, 2004.

Siegfried, M. R., Fricker, H. A., Carter, S. P., and Tulaczyk,
S.: Episodic ice velocity fluctuations triggered by a subglacial
flood in West Antarctica, Geophys. Res. Lett., 43, 2640–2648,
https://doi.org/10.1002/2016GL067758, 2016.

Spector, P., Stone, J., Cowdery, S. G., Hall, B., Conway,
H., and Bromley, G.: Rapid early-Holocene deglaciation
in the Ross Sea, Antarctica, Geophys. Res. Lett., 1–15,
https://doi.org/10.1002/2017GL074216, 2017.

Stone, J. O., Balco, G. A., Sugden, D. E., Caffee, M. W., Sass,
L. C., Cowdery, S. G., and Siddoway, C.: Holocene Deglacia-
tion of Marie Byrd Land, West Antarctica, Science, 299, 99–102,
https://doi.org/10.1126/science.1077998, 2003.

The RAISED Consortium, Bentley, M. J., Ó Cofaigh, C., Ander-
son, J. B., Conway, H., Davies, B., Graham, A. G. C., Hillen-
brand, C. D., Hodgson, D. A., Jamieson, S. S. R., Larter, R.
D., Mackintosh, A., Smith, J. A., Verleyen, E., Ackert, R. P.,
Bart, P. J., Berg, S., Brunstein, D., Canals, M., Colhoun, E. A.,
Crosta, X., Dickens, W. A., Domack, E., Dowdeswell, J. A., Dun-
bar, R., Ehrmann, W., Evans, J., Favier, V., Fink, D., Fogwill,
C. J., Glasser, N. F., Gohl, K., Golledge, N. R., Goodwin, I.,
Gore, D. B., Greenwood, S. L., Hall, B. L., Hall, K., Hedding,
D. W., Hein, A. S., Hocking, E. P., Jakobsson, M., Johnson, J. S.,
Jomelli, V., Jones, R. S., Klages, J. P., Kristoffersen, Y., Kuhn, G.,
Leventer, A., Licht, K., Lilly, K., Lindow, J., Livingstone, S. J.,
Massé, G., McGlone, M. S., McKay, R. M., Melles, M., Miura,
H., Mulvaney, R., Nel, W., Nitsche, F. O., O’Brien, P. E., Post,
A. L., Roberts, S. J., Saunders, K. M., Selkirk, P. M., Simms,
A. R., Spiegel, C., Stolldorf, T. D., Sugden, D. E., van der Put-
ten, N., van Ommen, T., Verfaillie, D., Vyverman, W., Wagner,
B., White, D. A., Witus, A. E., and Zwartz, D.: A community-
based geological reconstruction of Antarctic Ice Sheet deglacia-
tion since the Last Glacial Maximum, Quat. Sci. Rev., 100, 1–9,
https://doi.org/10.1016/j.quascirev.2014.06.025, 2014.

Waddington, E. D., Conway, H., Steig, E. J., Alley, R. B.,
Brook, E. J., Taylor, K. C., and White, J. W. C.: Decod-
ing the dipstick: Thickness of Siple Dome, West Antarc-
tica, at the Last Glacial Maximum, Geology, 33, 281–284,
https://doi.org/10.1130/G21165.1, 2005.

Welch, B. C. and Jacobel, R. W.: Analysis of deep-penetrating radar
surveys of West Antarctica, US-ITASE 2001, Geophys. Res.
Lett., 30, 1444, https://doi.org/10.1029/2003GL017210, 2003.

Welch, B. C. and Jacobel, R. W.: Bedrock topography and
wind erosion sites in East Antarctica: observations from
the 2002 US-ITASE traverse, Ann. Glaciol., 41, 92–96,
https://doi.org/10.3189/172756405781813258, 2005.

Winberry, J. P., Anandakrishnan, S., Alley, R. B., Wiens, D. A.,
and Pratt, M. J.: Tidal pacing, skipped slips and the slowdown
of Whillans Ice Stream, Antarctica, J. Glaciol., 60, 795–807,
https://doi.org/10.3189/2014JoG14J038, 2014.

Woodward, J. and King, E. C.: Radar surveys of the Rut-
ford Ice Stream onset zone, West Antarctica: Indica-
tions of flow (in)stability?, Ann. Glaciol., 50, 57–62,
https://doi.org/10.3189/172756409789097469, 2009.

Zwally, H. J., R. Schutz, D. Hancock, and J. Dimarzio:
GLAS/ICESat L2 Antarctic and Greenland Ice Sheet Altimetry
Data (HDF5), Version 34, Boulder, Colorado USA, NASA Na-
tional Snow and Ice Data Center Distributed Active Archive Cen-
ter, https://doi.org/10.5067/ICESAT/GLAS/DATA209, 2014.

www.the-cryosphere.net/12/2821/2018/ The Cryosphere, 12, 2821–2829, 2018

https://doi.org/10.1080/15481603.2015.1008621
https://doi.org/10.1016/j.epsl.2014.12.035
https://doi.org/10.1038/nature10891
https://doi.org/10.1130/G31920.1
https://doi.org/10.1016/j.rse.2006.12.020
https://doi.org/10.1016/j.epsl.2011.04.032
https://doi.org/10.1126/science.1101072
https://doi.org/10.1002/2016GL067758
https://doi.org/10.1002/2017GL074216
https://doi.org/10.1126/science.1077998
https://doi.org/10.1016/j.quascirev.2014.06.025
https://doi.org/10.1130/G21165.1
https://doi.org/10.1029/2003GL017210
https://doi.org/10.3189/172756405781813258
https://doi.org/10.3189/2014JoG14J038
https://doi.org/10.3189/172756409789097469
https://doi.org/10.5067/ICESAT/GLAS/DATA209

	Abstract
	Introduction
	Data
	Radar surveys
	Byrd core and reflector chronology
	Satellite imagery

	Results and discussion
	Propagation pathway from Mt. Resnik
	Formation mechanisms and geometry interpretation
	Implications for unconformities elsewhere in Antarctica and Greenland

	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	References

