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ABSTRACT

The Greenland ice sheet (GrIS) covers a complex network of canyons thought to be pre-
glacial and fluvial in origin, implying that these features have influenced the ice sheet since
its inception. The largest of these canyons terminates in northwest Greenland at the outlet
of the Petermann Glacier. Yet, the genesis of this canyon, and similar features in northern
Greenland, remains unknown. Here, we present numerical model simulations of early GrIS
history and show that interactions among climate, the growing ice sheet, and preexisting
topography may have contributed to the excavation of the canyon via repeated catastrophic
outburst floods. Our results have implications for interpreting sedimentary and geomorphic
features beneath the GrIS and around its marine margins, and they document a novel mecha-

nism for landscape erosion in Greenland.

INTRODUCTION

Subglacial topography is a primary control
on ice-sheet dynamics, and it is an important
boundary condition for ice-sheet simulations
(Morlighem et al., 2014). The subglacial land-
scape in Greenland contains complex canyon
networks, which are thought to have a fluvial
origin (Bamber et al., 2013; Cooper et al., 2016;
Livingstone et al., 2017). The Northeast Green-
land Ice Stream (NEGIS) is characterized by fast
flow that is not constrained to bedrock canyons
upstream but instead is thought to overlie de-
formable sediments (Christianson et al., 2014).
In northwest Greenland, a prominent bedrock
trough extends ~750 km inland from the ter-
minus of Petermann Glacier (Fig. 1; Bamber
et al., 2013), affecting subglacial water routing
at the bed.

The morphology of this V-shaped canyon
suggests it was formed by running water prior
to extensive glaciation (Bamber et al., 2013;
Cooper et al., 2016). While offshore sediment
records show that the extent and duration of ice
cover in the Northern Hemisphere increased
~2.7 m.y. ago, it is possible that Greenland

hosted land-based ice as early as the late Eo-
cene (DeConto et al., 2008), and persistent ice
cover over the past 7 m.y. (Bierman et al., 2016).
Yet, basal material from below the Greenland
ice sheet (GrIS) summit suggests episodic ice-
free conditions in most of Greenland throughout
the Pleistocene (Schaefer et al., 2016). Overall,
the temporal and spatial history of ice cover re-
mains controversial, including how it relates to
the timing and mechanism(s) of megacanyon
formation.

Here, based on ice-sheet model simulations
of early GrIS history, we show that climate
and bedrock topography exerted strong con-
trols on GrlS inception. As a consequence of
this coupling, GrlS inception may have been
accompanied by repeated, catastrophic drain-
age of large proglacial meltwater lakes, present-
ing a new mechanism for the formation of the
megacanyon.

METHODS

We set up a numerical model simulation of
ice-sheet evolution in Greenland, starting from
a preglacial configuration with ice-free condi-

tions in Greenland. Our simulations included
interactions among climate, the ice sheet, and
bedrock topography, using a regional climate
model (RCM) in a one-way coupling with an
ice-sheet flow model that included an Earth de-
formation model. Ice-sheet model output was
used to calculate water-routing pathways and
estimate the erosional potential of predicted
paleolakes.

Climate Forcing

To generate climate forcing for the ice-sheet
model, we used the GENESIS general circula-
tion model (GCM; Alder et al., 2011), run in
a slab ocean configuration using an ice-free
Northern Hemisphere topography and the mod-
ern orbit. The GCM was run for 60 model years
(=30 yr beyond equilibrium), saving 6 hourly
output data sets to drive an RCM (Pal et al.,
2007) run at 40 km resolution. We used deglaci-
ated boundary conditions to run the RCM, i.e.,
isostatically equilibrated bedrock with small gla-
ciers restricted to the eastern mountains (see the
Supplemental Material'). The RCM climatology
was based on a 10 year average of the deglacial
temperature and precipitation fields.

To force the ice-sheet model through glacial-
interglacial cycles, we generated synthetic tem-
perature anomalies from sinusoids with a period
of 41 k.y. that varied from warm interglacial-like
temperatures to cool glacial-like temperatures
and applied this as a spatially uniform tempera-
ture offset to the ice-free RCM climatology at
each time step (Fig. 2). Our approximation of
glacial-interglacial climate change took into ac-
count three fundamental characteristics of global
climate evolution over the period during which
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Figure 1. Map of Green-
land, where gray shows
ocean bathymetry, and
colors show modern
bed elevation beneath
the Greenland ice sheet
(GriS). Red and purple
outlines indicate extent of
proglacial lakes in Figure
3.Ice-core and Ocean Drill-
ing Program (ODP) sites
are labeled, along with
other features, including
major glaciers (Bjork et al.,
2015). Orange line shows
estimate of Last Glacial
Maximum (LGM) ice-sheet
: extent (Funder et al., 2011).
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the GrIS became a persistent continental-scale
ice sheet (Lisiecki and Raymo, 2007): Glacial
periods became increasingly colder, glacials were
more variable than interglacial periods, and ran-
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domly occurring “super-interglacials” caused en-
hanced warming. This ice-sheet forcing approach
mimics the effects of orbital cyclicity on GrIS sur-
face mass balance (SMB) over 1.2 m.y. (Fig. 2).
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Ice-Sheet Model

We used the Parallel Ice Sheet Model (PISM,
pism-docs.org; Bueler and Brown, 2009), a
three-dimensional thermomechanically coupled
ice-sheet model. The model includes a widely
used Earth deformation model with an elastic
lithosphere and a relaxing asthenosphere (Greve,
2001). The model was run at 10 km resolution,
with the climate forcing described above, which
followed the approach in the SeaRISE assess-
ment (adding anomaly fields using a positive
degree-day [PDD] scheme for SMB; e.g., Greve
etal.,2011; Nowicki et al.,2013). The PDDis a
computationally efficient scheme that calculates
SMB from the applied temperature field. The
PDD scheme used coefficients of 3 and 8 mm
°C-! d! for melting of snow and ice, respec-
tively, and surface temperature was adjusted to
the ice-sheet geometry using a lapse rate of 5
°C km™'. We used a fixed calving margin set
at the mapped Last Glacial Maximum (LGM)
moraine; i.e., the ice sheet was not allowed to
advance into the ocean beyond its LGM extent
(Funder et al., 2011). The discharge was calcu-
lated as the calving flux over the fixed calving
margin, so there was no additional ocean forc-
ing included in this simplified model setup. The
modeled discharge rates varied over time as a
result of inland ice dynamics and SMB, and not
from direct oceanic forcing. These choices en-
abled us to run multiple realizations of ice-sheet
inception on time scales of millions of years.

Water Routing and Erosion

To reconstruct high-resolution paleotopogra-
phies, we calculated lithospheric deflection by
subtracting the bedrock elevation simulated at
each time step from its modern value. This field
was downscaled to the resolution of available
interpolated bed products (150 m; Morlighem
et al., 2017) to calculate hydrologic flow paths
based on local topographic gradients (Schwang-
hart and Scherler, 2014; TopoToolbox, at https://
topotoolbox.wordpress.com/). We calculated all
of the marine-terminating stream networks for

Figure 2. Temperature
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Figure 3. Development

and evolution of pro-
glacial lakes following
Greenland ice sheet (GrIS)
retreat. Colors (same as in
Fig. 1) indicate isostati-
cally adjusted topography,
where white transparent
shading shows extent of
ice sheet, and turquoise
lines/polygons show
meltwater routing and
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deglaciated topographies to define proglacial
lake catchments. Then, starting from the marine
terminus of the stream network, we defined a sill
as the highest landward topographic maximum
above sea level, including topographic features
beneath any remnant ice caps that could block
outflow. This sill elevation defined the maxi-
mum depth and volume of a proglacial lake at
each time step instantaneously. Uncertainties
in both the Earth model and mapped bed eleva-
tions would affect the exact location of the sill;
however, our goal was to highlight a potential
mechanism governed by ice-sheet—climate—
solid-earth feedbacks rather than to precisely
identify past sill locations.

We used two approaches to estimate ero-
sion from ice-sheet model output. First, we
used modern studies of bedrock erosion caused
by catastrophic floods to constrain the magni-
tude of landscape change we would expect from
our modeled flood volumes. Second, we used a
parameterization that predicts spillway erosion
rate (Garcia-Castellanos and O’Connor, 2018).

We considered the range of possible values for
uncertain parameters to provide a rough estimate
of erosion rates for our modeled flood volumes
(see the Supplemental Material).

RESULTS

In our simulations, the oscillating climate led
to fluctuations in ice-sheet volume, but the gen-
eral cooling trend contributed to the progressive
establishment of the GrIS (Fig. 2). After ~600
k.y. of simulation, the GrIS volume oscillated
between modern (6—8 m sea-level equivalent
[s.l.e.]) during interglacial periods and larger
(12-14 m s.l.e.) during glacial periods. For the
largest glacial ice sheets, a warmer-than-average
interglacial period was necessary to trigger a
deglaciation, and the GrIS was able continue
to grow through multiple glacial-interglacial
cycles (Fig. 2). During these skipped intergla-
cial periods, the bedrock continued its isostatic
adjustment to the increased ice load, leading to
the development of an overdeepened basin in
central Greenland with subglacial outlets in both
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the northwest (via Petermann) and the northeast
(via NEGIS; Fig. 1). This basin had the largest
volume following a skipped interglacial, but it
was observed throughout our simulations during
deglaciations (Fig. 3).

When a warm interglacial occurs after a
period of prolonged stability, the GrIS rapidly
disintegrates due to the positive SMB-elevation
feedback (Weertman, 1961), and the ice retreats
into regions with submarine bed elevations.
Large parts of western Greenland, i.e., within
the modern-day ablation zone, begin to melt
due to surface imbalance. As mass loss con-
tinues, the GrIS retreats along troughs in the
northwest and northeast, creating a saddle that
rapidly ablates, revealing a large subaerial ba-
sin with direct access to the ocean blocked by
small remnant ice caps (i.e., ice dams; Fig. 3).
Variations in the thickness of ice in northeast and
northwest Greenland prior to deglaciation deter-
mine whether the first ice-free route is observed
through the Petermann canyon or the outlets of
NEGIS (Fig. 3).

Based on the outcropping lithified sedimen-
tary rocks mapped in ice-free regions of North
Greenland (Dawes, 2004), we assume that the
erodibility of the bedrock in North Greenland is
low (Garcia-Castellanos and O’Connor, 2018).
Taking the isostatically compensated channel
slope (0.3 x 10-*; Bamber et al., 2013) and esti-
mating 100 m water elevation above sill height
prior to an outburst flood (Figs. 3B and 3E), we
predict spillway erosion rates ranging from 0.5
to 5 m yr! in response to outburst flooding (see
the Supplemental Material).

DISCUSSION

Though PISM is a complex model capable of
realistically simulating the dynamics of modern
ice sheets (i.e., Aschwanden et al., 2016), we
used it here not to depict reality but as a tool to
explore feedbacks in the climate—ice sheet—bed-
rock system following glaciation. Our simula-
tions point to an erosive mechanism that has
been recognized for the formation of other large
proglacial canyon networks in North America
(Larsen and Lamb, 2016) but not yet consid-
ered for the landscape beneath the GrIS. Thus,
although we cannot date canyon formation, our
results provide a framework for understanding
Greenland’s landscape evolution via linked geo-
morphologic, climatic, and glaciologic process-
es, and they provide a new hypothesis that can
be tested by additional modeling and targeted
field studies.

Megacanyon Formation via Repeated
Proglacial Lake Outburst Floods

Following the LGM, meltwater lakes left
by retreating Northern Hemisphere ice sheets
caused catastrophic floods that altered surround-
ing landscapes (Larsen and Lamb, 2016; Teller
et al., 2002; Clarke et al., 2004). During the Ho-
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locene, erosive glacial outburst floods have esti-
mated minimum discharge rates of 10°-1072 Sv
(10° m¥/s), or ~10x lower than those estimated
for LGM floods (Grinsted et al., 2017; Walder
and Costa, 1996). Our simulations predict that
during periods of rapid GrIS retreat follow-
ing glacial maxima, subaerial meltwater lakes
formed in northern Greenland with a similar
volume to erosive, and climatically disruptive,
proglacial lakes in North America following the
LGM (Teller et al., 2002).

According to our calculations, erosion rates
in response to these outburst floods would be
0.5-5 m yr' (see the Supplemental Material).
The maximum depth of the Petermann canyon
is ~800 m, requiring 160—-1600 yr of flood-style
erosion, which could be accomplished over
more than one interglacial and up to tens of in-
terglacials. Observations of modern catastrophic
floods provide another constraint on the total
erosion by this mechanism. The estimated dis-
charge for the floods we propose (0.6 Sv) is two
orders of magnitude higher than catastrophic
floods in the historical record that caused tens of
meters of vertical erosion over kilometers (Lamb
and Fonstad, 2010; Wilson et al., 2019). If we
assume that the higher discharge of the floods
we reconstructed had a similar erosive poten-
tial over a larger spatial scale, with 1-20 m of
vertical erosion per flood event, our mechanism
requires 40—-800 jokulhlaup-like floods, consis-
tent with the physically motivated estimate of
canyon incision occurring over multiple inter-
glacials (see the Supplemental Material).

Comparison with Marine Sedimentary
Records

Marine sediments are a potential source of
information about past outburst floods. Seis-
mic studies have mapped Pliocene—Pleistocene
sediment packages north of Greenland that may
reflect periods of enhanced terrestrial erosion.
In northern Baffin Bay, high-resolution seismic
surveys revealed thick Pliocene- and Pleisto-
cene-age deposits, dated by regional correlation
of seismic reflectors to Ocean Drilling Program
(ODP) Site 645 (Knutz et al., 2015). Off north-
east Greenland, in the Boreas (77°N-79°N)
and Molloy (79°N-80°N) Basins, sedimenta-
tion rates tripled from 3.4 to 10.3 cm k.y.”! dur-
ing the Pliocene, falling to 7.3 cm k.y.™" during
the late Pliocene and Pleistocene (Berger and
Jokat, 2009). One explanation for this change
in sedimentation rate is provided by early, suc-
cessive, and erosive glaciations in Greenland,
consistent with the periodic outburst mechanism
proposed here.

Ice-rafted debris (IRD) can reflect iceberg
discharge, and IRD layers are often associated
with high meltwater discharge volumes that
promote iceberg transport (Teller et al., 2002).
Thus, although equivocal, IRD may also carry
the signature of past outburst floods originating
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from Greenland. At ODP Site 645, IRD is present
throughout the Pliocene—Pleistocene. In the early
Pliocene, 10% of the sediments consist of up to
1-m-thick beds attributed to rapid emplacement
of poorly sorted sandy sediment (Hiscott et al.,
1989b), interpreted as debris-flow or iceberg
discharge events. Because the provenance of
some IRD in the Pleistocene section of the core
points directly to a source in northern Greenland,
Thule Basin (Hiscott et al., 1989a), we suggest
these beds may also be linked to outburst flood
events originating in North Greenland (Fig. 3).

CONCLUSIONS

We used a numerical model to simulate the
initiation of the GrIS and show the potential
for interactions among climate, ice sheets, and
bedrock topography to cause erosive outburst
floods. Based on inferred proglacial lake vol-
umes and realistic discharge rates, we hypoth-
esize that Petermann canyon may have been
formed by tens to hundreds of Pleistocene flood
events similar to those documented for other
ice sheets during previous deglaciations. These
floods present a plausible scenario for the for-
mation of the largest mapped subglacial feature
in Greenland. Future work on marine sediment
cores from around Greenland can directly test
this hypothesis. If the occurrence of outburst
floods can be confirmed with physical evidence,
it will alter our understanding of linkages be-
tween landscape denudation and GrIS evolution.
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