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Rapid early Holocene retreat of a Laurentide
outlet glacier through an Arctic fjord
Jason P. Briner1*, Aaron C. Bini1 and Robert S. Anderson2

Ice-sheet behaviour is disproportionately controlled by
the dynamics of outlet glaciers that terminate in the
ocean1,2. However, outlet-glacier dynamics—particularly over
timescales longer than the observational record—are not well
understood3, leading to uncertainties in our models of ice-sheet
response to climate change. Here we use 10Be exposure
ages and radiocarbon dating from the Sam Ford Fjord in the
Canadian Arctic to reconstruct the retreat chronology of an
outlet glacier of the Laurentide ice sheet, following the last
glacial termination. We find that Sam Ford Fjord, which has
a similar morphology to the troughs holding many outlet
glaciers of the Greenland ice sheet, was rapidly deglaciated
about 9,500 years ago, with retreat rates ranging from 5 to
58 m yr−1. The highest rates occurred in the deepest part of
the fjord (900 m), whereas regions beyond the fjord mouth
and up-valley of the head of the fjord experienced the lowest
rates of retreat. We conclude that in such a fjord setting,
there is a strong bathymetric control on the retreat of marine
outlet glaciers: once the terminus of the outlet glacier retreated
into deeper waters, increasing calving rates and basal sliding
speeds caused the glacier to rapidly thin and retreat, stabilizing
only when it reached the shallow inland head of the fjord.

Ice-sheet mass balance is significantly influenced by the
behaviour of outlet glaciers and ice streams, which dominate
overall discharge from ice sheets1,4. Large marine-terminating ice
streams that drain the Greenland ice sheet have recently undergone
significant fluctuations in velocity and terminus position2,5–7, but
the response of ice streams to climate change is complicated
by poorly understood dynamic controls on ice motion7–10. A
significant limitation to our understanding of the dynamics of ice
sheets and their outlets is that direct observations are limited to
the past few decades.

Centennial- and millennial-scale perspectives of ice-sheet
behaviour arise from ice-sheet reconstructions that constrain the
timescale of ice-sheet change. Geological reconstructions of ice
sheets reveal that positive feedbacks lead tomuch faster ice-sheet de-
cay than growth on glacial–interglacial and millennial timescales11.
Ice-thickness reconstructions of the West Antarctic ice sheet based
on cosmogenic exposure dating provide a millennial-scale context
for the rapid changes that are taking place there at present12,13.
In other contexts, palaeodata provide long-term perspectives of
ongoing ice-sheet change based on Quaternary ice-sheet behaviour
in settings analogous to present ice sheets. For example, retreat of
palaeo-ice shelves in Antarctica and marine-based margins of the
Laurentide ice sheet during deglaciation14,15 are potentially analo-
gous to the present deglaciation ofGreenland andWest Antarctica.

Here, we report a detailed chronology of ice-sheet retreat
through Sam Ford Fjord, Arctic Canada (Figs 1 and 2), one of
dozens of fjords that were conduits for the discharge of ice from
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Figure 1 | Sam Ford Fjord drained part of the northeastern Laurentide ice
sheet. The Barnes ice cap is the present ice limit; the Laurentide ice sheet
during the Last Glacial Maximum terminated somewhere on the
continental shelf. The thin black and dashed black lines running through
Sam Ford Fjord are the locations of topographic and bathymetric profiles,
respectively, shown in Fig. 2. (SFF: Sam Ford Fjord; CI: Clyde Inlet.) The
location of Fig. 2 is shown by the black rectangle. The inset shows Baffin
Island (black) and the locations of Sam Ford Fjord and Jakobshavn
Isbræ (JI), Greenland.

the northeastern Laurentide ice sheet during the last glaciation16.
Sam Ford Fjord cross-cuts the glaciated mountains along north-
eastern Baffin Island, spanning∼110 km from central Baffin Island
to the continental shelf of Baffin Bay. The fjord is 4–6 kmwide along
most of its length, until it widens to >10 km at the fjord mouth
(Fig. 1). It is 100–200m deep in its upper ∼30 km, then quickly
deepens to ∼900m for roughly 40 km, after which it shallows to
a sill at ∼200–300m below sea level17. It remains deeper than
400m for ∼70 km as it passes through the highest portion of the
mountain range (Fig. 2).Despite recently improved reconstructions
of the configuration and chronology of the Laurentide ice sheet14,
chronological control fromwithin Arctic fjords remains too poor to
resolve detailed fjord deglaciation histories.

Twelve sites between 110 and 7 km from the fjord head of
Sam Ford Fjord have 10Be ages ranging from 11.5 ± 0.2 to
7.1± 1.1 kyr (Fig. 2, see Supplementary Information). The most
distal 10Be age of 10.3 ± 0.5 kyr (110 km; distances listed as
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Figure 2 | Sample locations, 10Be and 14C ages and the Sam Ford Fjord landscape. a, Sample locations; map location shown in Fig. 1. b, 10Be and 14C ages
(kyr; 1 s.d. uncertainty); ‘i’ indicates isotopic inheritance, ‘r’ indicates reworked bivalve. The dashed grey line represents the time–distance path of the
glacier terminus. The horizontal grey bar represents uncertainty (2 s.d.) in the timing of rapid deglaciation. c, Topography and bathymetry of Sam Ford Fjord
(profiles shown in Fig. 1; modified from ref. 17) with 10Be and 14C ages (kyr). The grey line represents the time–distance path of the glacier terminus, solid
portion from b.

down-fjord from the fjord head) is from a small sculpted-bedrock
island, and constrains the timing of deglaciation at the fjord
mouth. Single 10Be ages from two more sites in the outer fjord
are 9.5 ± 0.2 (85 km) and 11.5 ± 0.2 kyr (90 km). Three 10Be
ages from two bedrock samples at a single site in the steep,
middle reaches of the fjord (70 km) average 9.9 ± 0.2 kyr (see
the Methods section and Supplementary Information). The 10Be
ages from the outermost four sites taken together suggest that the
sample at 90 km is probably influenced by isotopic inheritance
(Fig. 2). Although this sample is from a relatively low elevation
(40m.a.s.l.), glacial erosion at fjord mouths on Baffin Island
has been documented to be minimal because of thinning and
diverging ice flow; the likelihood of significant isotopic inheritance
is therefore relatively high18,19. The 10Be ages from eight sites that
span from 85 to 15 km range from 10.0± 0.2 to 9.1± 0.2 kyr
(Fig. 2). These ages statistically overlap and there is no trend
in the ages, suggesting that the middle, deepest >70 km reach
of the fjord deglaciated rapidly 9.5± 0.6 kyr ago (average 10Be
age from the eight sites at two s.d.). This age for deglaciation
of most of the fjord is consistent with two radiocarbon ages
of 9,310 ± 50 and 9,130 ± 170 cal yr bp from a raised marine
delta at 38 km, providing a minimum age of deglaciation (Fig. 2;

see Supplementary Information for radiocarbon calibration and
reservoir corrections).

Glacier re-advances within the inner fjord resulted in much
slower average retreat following the rapid deglaciation of themiddle
fjord. Radiocarbon ages of 8,330± 30 and 8,210± 190 cal yr bp
from an ice-contact delta at 22.5 km are significantly younger than
the period of rapid deglaciation of the fjord 9.5±0.6 kyr ago, and
indicate the culmination of an advance to 22 km at ∼8.3 kyr bp.
A bivalve fragment reworked into a moraine up-fjord from the
ice-contact delta at 20.4 km is 8,830± 120 cal yr bp, supporting
the notion that the inner fjord was ice-free between deglaciation
9.5 ± 0.6 kyr ago and the subsequent advance that culminated
8.3 kyr ago. 10Be ages of 7.9± 0.8 and 7.7± 1.1 kyr from 8 and
7 km, respectively, indicate that deglaciation resumed following the
brief advance. Finally, three radiocarbon ages from two ice-contact
deltas and one moraine between −2.5 and 5.6 km indicate glacier
advances ∼7,000±50 and 7,050±90 cal yr bp (Fig. 2), after which
final deglaciation of Sam Ford Fjord took place.

We assess the rate of deglaciation within Sam Ford Fjord by
comparing it with the broader pattern of deglaciation between the
Last Glacial Maximum margin on the continental shelf and the
present ice limit at the Barnes ice cap, 200 km inland. Although the
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precise Last Glacial Maximum limit is unknown, ice probably filled
cross-shelf troughs to the shelf break,∼50 km beyond the mouth of
Sam Ford Fjord, on the basis of research in neighbouring fjords19.
Cosmogenic exposure ages of erratics on coastal lowlands south of
SamFord Fjord reveal that ice retreated onto the inter-fjord areas by
∼16 kyr ago from a more extensive ice limit offshore19,20. Thus, the
ice margin probably retreated ∼50 km from the shelf to the mouth
of Sam Ford Fjord between >16 kyr and 10.3±0.5 kyrago, yielding
a maximum average retreat rate of 9m yr−1 (Fig. 2). Although
there is no chronology for deglaciation of the 35-km-long valley
between Sam Ford Fjord and the Barnes ice cap, only 30 km of
the 60-km-long valley between the head of Clyde Inlet and the
southern Barnes ice cap, immediately to the southeast of the head
of San Ford Fjord (Fig. 1), deglaciated between 8 and 4 kyr ago21.
The retreat of the northern Barnes ice cap throughout the middle
and lateHolocenewas equally slow14,22. Thus, ice probably retreated
from the head of Sam Ford Fjord to the Barnes ice cap at an average
rate of ∼5m yr−1. These rates of deglaciation for both the regions
beyond the fjord mouth and up-valley of the fjord head are roughly
an order of magnitude slower than the rate of deglaciation of the
middle of Sam Ford Fjord (Fig. 2), where >70 km was deglaciated
in <1,200 years (two s.d. range of the average age of deglaciation),
yielding aminimum average retreat rate of 58m yr−1.

Themarked retreat of this outlet glacier through Sam Ford Fjord
contrasts with slower average rates of retreat outboard and inboard
of the fjord, and implies a strong role for ice dynamics in the demise
of outlet glaciers. It seems that as soon as ice retreated into the
deeper water inland of the fjord mouth sill, irreversible and rapid
retreat occurred until the outlet glacier reached shallower water at
the fjord head (Fig. 2). The Sam Ford Fjord outlet glacier should
show tidewater glacier cycle behaviour in which the terminus
advances slowly during times of positive mass balance, and retreats
rapidly when climate allows the glacier terminus to thin9. As calving
rates increase with water depth23, retreat of the calving front into
deeper water inboard of a sill promotes acceleration of retreat.
Perhaps more importantly, a dynamic feedback enhances sliding
speed when a glacier terminus is immersed in the ocean. Below
a threshold ice thickness, the dependence of ice discharge on ice
thickness reverses to become negative; as the ice thins, the resisting
traction with the bed declines more rapidly than does the driving
stress, promoting accelerated sliding9. If the geometry of the glacier
is such that this results in a down-valley increase in ice discharge,
then continuity of ice requires the ice to thin, resulting in yet
greater ice discharge. The ongoing retreat of Columbia Glacier in
Alaska and of outlet glaciers on Greenland has been accompanied
by significant dynamic thinning of this sort2,6,9.

Regional climate reconstructions reveal significant summer air
temperature increase between ∼11 and 10 kyr ago24, which would
have increased surface ablation, slightly before rapid deglaciation
of Sam Ford Fjord. In addition, thermophilous marine bivalves
arrived in northwestern Baffin Bay between 10 and 9 kyr ago25,
indicating the incursion of relatively warm Atlantic waters to the
region around the time of rapid deglaciation. Enhanced melting
of the tidewater glacier terminus by warm ocean water, reportedly
associated with current glacier retreat on Greenland26, therefore
may have been involved in triggering retreat∼9.5 kyr ago. Without
more high-resolution climate reconstructions over this interval, the
relative importance of atmospheric, oceanographic and dynamic
forcing mechanisms remains uncertain. However, the rapidity and
irreversibility of the subsequent retreat, once initiated, ismore likely
attributable to tidewater glacier sliding feedbacks.

Combined with rapid retreat of other marine-based portions
of the Laurentide ice sheet14,18, the rapid retreat of the Sam Ford
Fjord outlet glacier provides new insights that have implications
for the future deglaciation of ice sheets. All indications suggest
that twenty-first century warming will continue, and marked

changes at marine ice-sheet margins are already taking place2,7,15,27.
Ice streams draining the Western Antarctic ice sheet and many
of Greenland’s outlet glaciers that lie in deep channels below
sea level might experience retreat on the scale of that which
occurred in Sam Ford Fjord∼9.5 kyr ago. For example, Jakobshavn
Isbræ lies in a channel >1.0 km below sea level that extends
∼100 km inland5. Although rapid evacuation of ice marginal
troughs will not necessarily lead to broader ice-sheet retreat once
the outlet glaciers have become land-terminating7,28, the sectors of
ice sheets that feed large marine-terminating outlet glaciers would
undoubtedly be influenced by steepened surface slopes towards the
new retracted margins.

The future success of ice-sheet models relies on not only better
representation of the dynamic processes involved, but on rigorous
testing against all relevant observations. Geological reconstructions
such as the one reported here constrain the rates of ice-sheet margin
changes for geometries similar to those of today’s ice sheets, on
which our direct observations are limited to a few decades. The
outlet glacier in Sam Ford Fjord retreated ∼40% of the distance
between the Last Glacial Maximum and the present ice limit in only
∼5% of the deglacial interval. The future behaviour of ice sheets
will be strongly influenced by their marine-terminating outlets,
many of which lie in troughs that extend well below sea level and
penetrate ten to hundreds of kilometres inland, and are strikingly
analogous to Sam Ford Fjord before its rapid deglaciation. Thus,
tens to hundreds of kilometres of retreat of present outlet glaciers is
possible in the coming centuries.

Methods
Samples for 10Be surface exposure dating were collected from 15 polished and
striated granite and gneiss bedrock surfaces and one polished erratic cobble perched
on bedrock that span the length of Sam Ford Fjord (Fig. 1; see Supplementary
Table S1). In four locations, an average 10Be age was calculated from 10Be ages of
two bedrock samples at the same general site. At one site, quartz from two different
samples (SF07-01, −02; 70 km from the fjord head) was processed to produce a
third 10Be age; all three 10Be ages were averaged into one 10Be age for this site.
Samples were collected from windswept locations in spring (the time of maximum
seasonal snow cover) to ensure that sample sites remain snow-free year round.
We collected samples from low elevations to reduce the possibility of isotope
inheritance19 and in all cases samples are from above the marine limit, which is
∼60m.a.s.l. in the inner Fjord, and ∼22m.a.s.l. at the outer coast19. Elevation,
latitude and longitude were gathered with a hand-held global positioning system;
topographic shielding measurements were taken using a clinometer. Samples
were prepared at the University at Buffalo, accelerator mass spectrometric ratios
were measured at PRIME Lab (Purdue University) and the Center for Accelerator
Mass Spectrometry (Lawrence Livermore National Laboratory) and 10Be ages
were calculated using the CRONUS online exposure age calculator29 with a locally
calibrated 10Be production rate30 (see Supplementary Information). Three new
radiocarbon ages, combined with five previously published radiocarbon ages, are
used to further constrain the deglaciation of the inner ∼40 km of Sam Ford Fjord
(see Supplementary Table S2).
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