Holocene dynamics of the Arctic's largest ice shelf
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Ice shelves in the Arctic lost more than 90% of their total surface
area during the 20th century and are continuing to disintegrate
rapidly. The significance of these changes, however, is obscured
by the poorly constrained ontogeny of Arctic ice shelves. Here we
use the sedimentary record behind the largest remaining ice shelf
in the Arctic, the Ward Hunt Ice Shelf (Ellesmere Island, Canada), to
establish a long-term context in which to evaluate recent ice-shelf
deterioration. Multiproxy analysis of sediment cores revealed pro-
nounced biological and geochemical changes in Disraeli Fiord in
response to the formation of the Ward Hunt Ice Shelf and its
fluctuations through time. Our results show that the ice shelf
was absent during the early Holocene and formed 4,000 years
ago in response to climate cooling. Paleoecological data then in-
dicate that the Ward Hunt Ice Shelf remained stable for almost
three millennia before a major fracturing event that occurred
~1,400 years ago. After reformation ~800 years ago, freshwater
was a constant feature of Disraeli Fiord until the catastrophic
drainage of its epishelf lake in the early 21st century.
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obert Peary’s expedition in 1906 described a “broad glacial
fringe” (i.e., an ice shelf) covering much of the coast of
northwestern Ellesmere Island (1) that may have been as large as
8,900 km? (2). The first maps of the extent of these ice shelves
were made from aerial and ground surveys during the 1950s and
implied significant reductions in ice extent (3, 4). By the end of
the 20th century, melting and calving had reduced this single ice
shelf to six isolated fragments encompassing less than 1,043 km?,
and deterioration over the last decade has eliminated another
~300 km?, including the complete loss of the Ayles and Mark-
ham ice shelves (2, 5) (Fig. 1). The Ward Hunt Ice Shelf (WHISQ
is the largest remaining Arctic ice shelf, with an area of ~400 km
(6). Disintegration of northern ice shelves has paralleled large
reductions in Arctic Ocean ice that have led to the conjecture
that ice-free conditions are possible in the near future (7-9).
Arctic ice shelves are formed mainly from the thickening over
time of landfast sea ice, in contrast to Antarctic ice shelves,
which are typically floating extensions of continental glaciers. In
locations where ice shelves block fiord mouths, they dam
inflowing freshwater and produce density-stratified ecosystems,
known as epishelf lakes, in which a freshwater layer is super-
imposed on denser ocean waters. Because these lakes cannot
form in the absence of ice shelves, their existence provides direct
evidence of intact ice shelves, and their sedimentary records
represent potential continuous archives of past ice-shelf dy-
namics (10). A 4.0-km? epishelf lake was retained within Disraeli
Fiord by the WHIS until its catastrophic drainage in 2001 (11).
Estimates of the age of the WHIS have hitherto been based on
radiocarbon-dated driftwood found behind the ice shelf’s mod-
ern margins. These studies suggested ice-shelf absence after
deglaciation at ~9.5 calibrated (cal) ka BP and produced a range
of WHIS age estimates between 3.0 and 5.5 cal ka BP (12-16).
Although the presence of ice shelves precludes driftwood em-
placement, it is difficult to ascertain whether periods of drift-
wood absence may have been caused by ice shelves or by past
variability in delivery mechanisms such as ocean currents or
ice conditions, changes in terrestrial vegetation, or potential
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disturbance after deposition (17, 18); driftwood-based dates are
consequently recognized as providing only upper limits to ice-
shelf ages (12, 18, 19). The history of the ice shelves of northern
Ellesmere Island and the significance of their recent decline
therefore remains unclear. Here we present a continuous pale-
oenvironmental reconstruction of conditions within the water
column of Disraeli Fiord, where changes directly caused by the
WHIS were recorded by a series of biological and geochemical
proxy indicators.

Results

Obvious shifts in proxy indicators in the Disraeli Fiord sedi-
mentary record during the >8,000 years encompassed by the
cores (Fig. 2) reflect fundamental changes in fiord conditions
caused by the presence or absence of an ice shelf (Figs. 3 and 4).
X-radiographs and Al:Ti ratios indicated that these shifts could
not be attributed to changes in core lithology or sediment
provenance (Fig. S1). One group of proxy indicators, including
magnetic susceptibility, pigment ratios, and foraminiferal con-
centrations, displayed clear and consistent responses to WHIS
presence/absence (Fig. 4). A second group, including Mn:Fe
ratios, total organic carbon (TOC), total inorganic carbon (TIC),
and Sr:Ca ratios were more sensitive to the effects of mid-Ho-
locene sediment reoxygenation; this group consistently tracked
shifts between marine and freshwater conditions in Disraeli
Fiord, but their values varied between early Holocene anoxic and
late-Holocene oxic marine phases (Fig. 3). Diatoms were almost
entirely absent throughout the sedimentary sequence, consistent
with samples taken from the Disraeli Fiord water column during
the last decade, in which they were extremely rare.

Discussion

The sedimentary record indicates three distinct states in Disraeli
Fiord during the Holocene (Figs. 3 and 4): (i) ice-shelf absence,
characterized by marine, strongly ice-covered fiord waters, ex-
tremely low productivity, and anoxic sediments; (if) ice-shelf—
induced epishelf conditions, indicated by freshwater pigment
signatures, greater retention of allochthonous sediment inputs,
and moderately higher biomass and paleoproductivity; and (iii)
open marine conditions indicative of ice-shelf fracturing, char-
acterized by marine pigment signatures, low sediment retention,
and relatively high biomass.

Geochemical data suggest that Disraeli Fiord was an ice-
dominated marine environment during the early Holocene, iso-
lated from the atmosphere by heavy ice cover (Fig. 3). Although
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Fig. 1. The ice shelves of northern Ellesmere Island in 2008 (A and B) and
changes in the margin of the WHIS during the 20th century. The data from
1962 (C) and 1906 (D) are from refs. 51 and 52, respectively. The hatched
white areas represent ice rises, the plus sign in Disraeli Fiord is the coring
location, and the thin lines on the WHIS in B indicate fractures present after
summer 2008. S, Serson Ice Shelf; P, Petersen Ice Shelf; Mi, Milne Ice Shelf; A,
Ayles Ice Shelf; Ma, Markham Ice Shelf; AIC, the northern margin of the
Agassiz Ice Cap; ML, Murray Lake.

the fiord was not occupied by glaciers during the last glaciation,
sea ice that may have exceeded 40-m thickness is thought to have
characterized the region (15, 20). Such thick sea ice would have
placed strong constraints on photosynthesis and exchange with
the atmosphere; over the course of centuries to millennia, such
isolation would be conducive to oxygen depletion. Geochemical
characteristics of the sediment corroborate this hypothesis, with
Mn concentrations in the early to mid-Holocene indicative of
Mn reduction under anoxic bottom water conditions (Fig. 34)
(21). Low Mn:Fe ratios (Fig. 34) also indicate limited ventila-
tion, as reported elsewhere in the Arctic Ocean below glacial ice
(22). The suppression of biological activity in the early Holocene
by thick ice is reflected by sediment pigment concentrations
below detection limits (Fig. 3F) and extremely low TOC content
x = 021%, o = 0.02%; Fig. 3C) Depleted carbon isotope
composition of organic carbon (8"°Corg) values (Fig. 3D) were
typical of phytoplankton in subzero waters and reflect high dis-
solved inorganic CO, (£CO,) caused by low temperatures and
thick ice (23, 24), whereas the early Holocene paucity of fora-
minifera [2-43 tests per gram of dry weight (g.dw.)™] likely
results from bottom anoxia, limited food supply because of low
phytoplankton biomass, or a combination of these factors and
mirrors near-absences observed in the Arctic Ocean under heavy
ice (25).

There was no indication of ice-shelf presence during the early
to mid-Holocene, and multiple lines of evidence suggest gradual
early Holocene ice retreat in Disraeli Fiord in response to the
warm temperatures recorded in nearby ice cores (26, 27).
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Fig. 2. Age-depth model and correlation of Disraeli Fiord to regional
paleomagnetic records. (A) Geomagnetic field model output (46) and
smoothed curve (O). (B) Relative paleointensity (RPI) from Murray Lake,
Ellesmere Island (45) and smoothed curve (<>). (C) RPI of overlapping Disraeli
Fiord core sections (). Symbols along the y axis represent '*C dates (<>) and
paleomagnetic tie points (i.e., inflection points in paleomagnetic data where
our records were tied to published curves; O) used in age-depth model
construction. (/nset) Bayesian age-depth model.

Inferences from the sedimentary record regarding the timing of
deglaciation are limited by a lack of firm age control before ~8.7
cal ka BP; regionally, however, ice recession was surmised to
have begun ~9.5 cal ka BP, and driftwood penetration into
Disraeli Fiord was recorded from ~9.2 cal ka BP onward to the
mid-Holocene (12, 15, 16, 19). The appearance of detectable
pigments in sediments ~6.2 cal ka BP suggests diminishing se-
verity of below-ice conditions, and the absence of epishelf con-
ditions in the photic zone is implied by low chlorophyll (chl)-b:a
ratios characteristic of polar marine environments (28, 29). Low
magnetic susceptibility and Ti content in the early Holocene also
indicate limited retention of allochthonous minerogenic mate-
rial (Figs. 3B and 4A). Altogether, these characteristics suggest
limited summer ice melt and preclude the presence of a fully
formed ice dam, whereas evidence of sea-ice push near the
marine limit confirms that Disraeli Fiord sustained significant ice
cover during this time (15).

Progressive changes in Disraeli Fiord sediments indicate
cooling climates during the mid-Holocene. After ~5.0 ka BP,
thickening coastal sea ice began to retain sediment inputs, as
reflected by increases in magnetic susceptibility and Ti content
(Figs. 3B and 4A4), although chl-b:a ratios imply that the surface
waters remained marine. Sharp shifts in Mn:Fe ratios (Fig. 34)
suggest that entrainment through the water column of this sed-
iment-laden, oxygen-rich meltwater reoxygenated the fiord floor
beginning ~4.8 cal ka BP, and the colonization of these newly
oxic sediments by benthic foraminifera is indicated by signifi-
cantly higher abundances after this time (P < 0.001; Fig. 4D).
The lag between cores in the onset of oxygenation of the sedi-
ments (Fig. 34), resulting from different water depths (i.e., 55 vs.
69 m), is consistent with downward mixing of oxygen through
the fiord.

Profound environmental change in Disraeli Fiord associated
with the transition to an ice-dammed freshwater ecosystem is
marked by shifts in the sedimentary record ~4.0 cal ka BP (Fig.
4). These shifts are coincident with the inception of minimum
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Fig. 3. Holocene profiles of sediment indicators in Disraeli Fiord. (A) Mn:Fe (XRF ratios: curves, upper x axis) and Mn concentration (ICP-AES: ], lower x axis).
(B) Ti (XRF counts-s™" divided by total kilocounts-s~": curves, upper x axis) and ICP-AES concentrations ((J, lower x axis). XRF data: blue lines represent
the upper core section taken at 55-m depth, and purple lines indicate the lower section from 69-m depth. The thin lines represent the raw data measured at
200-um intervals and the thicker, darker lines are locally weighted scatterplot smoothing (LOESS)-smoothed curves. (C) Percentage TOC. (D) 8"3Cogg (vs.
Vienna Pee Dee Belemnite). (E) Percentage TIC. (F) Total pigment concentration, where the shaded area represents a 30x exaggeration to show trends in low
concentration samples. (G) The 2c-calibrated '*C age ranges for driftwood samples from Disraeli Fiord (ref. 16 and refs. therein). (H) Ellesmere Island/
Greenland composite Holocene ice-core temperature record (53). Symbols along the left y axis represent C dates (¢) and paleomagnetic tie points (O) used
in age-depth model construction (Materials and Methods). Comp. depth, composite core depth (in cm) below sea floor.

summer melt in Ellesmere Island ice-cap records (26), the end of
optimum Holocene temperatures in Greenland (27), and records
from northern Greenland that suggest less sea ice than at pres-
ent until at least 4.5 cal ka BP (30). The increasing isolation of
the fiord from the Arctic Ocean is recorded by indicators of
allochthonous retention (i.e., magnetic susceptibility, Ti), where-
as pigment data provide evidence for the establishment of
stratification attributable to the damming of freshwater. Pigment
shifts indicated greater freshwater presence because chl-b:a ra-
tios increased significantly (P < 0.05) from marine values to
those typical for epishelf and polar meromictic lakes, reflecting
the greater importance of chlamydomonads and other Chlor-
ophyta in freshwater communities with dominant ice-cover
regimes (29). Paleoproductivity indicators, including sediment
pigment concentrations and TOC, suggested moderately higher
biomass in Disraeli Fiord in response to the retention of nutrient
inputs behind the ice dam, whereas Sr:Ca ratios, which have
been suggested to record paleoproductivity (31), mirrored these
trends (Fig. 4E). Meanwhile, foraminiferal abundances increased
sharply; their significant correlation with pigment concentrations
(r = 0.76, P < 0.001) suggested that they were responding to
greater phytoplankton food supply. §>Corg also differed sig-
nificantly (P = 0.05) between marine and epishelf stages, with
higher 8'3Corg values after ~4 cal ka BP reflective of the ac-
cumulation of "*C-rich meltwater behind the ice shelf (10). One
Disraeli Fiord driftwood sample had a '*C range that fell after
the sediment-inferred date of ice-shelf formation (12) (Fig. 3G);
if correct, this occurrence may imply a degree of instability in the
nascent ice shelf.

The WHIS was then largely stable for three millennia until it
underwent a period of degradation at ~1.4 cal ka BP, when it was
unable to retain freshwater for several centuries. The fracturing
of the ice shelf and a shift from epishelf to marine conditions was
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recorded by the pronounced reduction of chl-b:a ratios to dis-
tinctly marine values (Fig. 4B). Sharply lower magnetic suscep-
tibility and Ti content further indicated that allochthonous inputs
were no longer retained behind an ice dam, and lower 8BCora
reflected the increasing influence of marine organic matter, as
observed in analogous Antarctic ecosystems (10) (Fig. 3D).
Higher biomass resulting from reduced ice cover and warmer
conditions was indicated by spikes in sediment pigment con-
centrations and Sr:Ca ratios as well as higher TOC concen-
trations (Figs. 3 and 4). Disraeli Fiord changes mirrored trends
in regional paleoclimate records, and together they suggest that
conditions were conducive to loss of ice-shelf integrity at this
time. Winter temperatures recorded in Greenland ice cores from
1.3-0.9 ka BP were comparable to those that caused recent ice-
shelf fracturing (32) (Fig. 4F), and a period of minimum sea-ice
extent at 1.5-0.8 cal ka BP in the central Canadian Arctic
Archipelago was recorded by marine biomarker records (33)
(Fig. 4C). Moreover, driftwood delivery to northern Greenland
marked the removal of landfast sea ice at ~1.2-0.6 ka BP (30).
Although it was suggested that this period occurred during more
than two millennia of “dramatic centennial fluctuations” in
Greenland perennial landfast ice beginning at ~2.5 cal ka BP
(30), our data suggest only a single episode of WHIS instability
between 1.4 and 0.8 cal ka BP.

The WHIS reformed at 0.8 cal ka BP because of cooling
temperatures. Beginning at ~1.0 cal ka BP, shifts in magnetic
susceptibility (Fig. 44) suggest increased retention by thickening
sea ice, paralleling 8'%0 decreases in Greenland ice cores (32)
(Fig. 4F). The establishment of the Disraeli epishelf lake is
recorded by sharp shifts in pigment ratios after ~0.8 cal ka BP
(Fig. 4B), whereas reductions in productivity under increasing ice
cover are reflected by lower pigment concentrations, TOC, and
Sr:Ca ratios (Figs. 3 C and F and 4E). After this time, pigment
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proxies indicate stability of the WHIS and increasing freshwater
influence until 20th century changes, although the presence of
abundant foraminifera throughout this stage implies that the deep
bottom waters of Disraeli Fiord remained marine at all times.

Recent WHIS fragmentation is recorded in the uppermost
sediments. Water column profiles taken from Disraeli Fiord in-
dicate that roughly half of the volume of the epishelf lake was
lost between 1954, when it was first identified, and 1999 (11, 34).
The prominent changes near the sediment surface therefore in-
clude longer-term effects of climate change that predate the
catastrophic drainage of the epishelf lake in 2001-2002. In-
creasing marine influence attributable to the shrinking and
eventual disappearance of the epishelf lake is recorded by lower
chl-b:a ratios (Fig. 4B), whereas higher TOC and pigment con-
centrations reflect greater productivity resulting from 20th
century warming (Fig. 3 C and F). Although sharp shifts in ele-
mentary concentrations were evident at the sediment surface, we
interpret them cautiously given their occurrence in the redox
zone (i.e., above the sharp Mn peaks in Fig. 3). The return to
lower magnetic susceptibility values and, to a lesser extent, Ti
content, again reflects the loss of allochthonous inputs to the
Arctic Ocean in the absence of an intact ice shelf. The sharp shift
toward less depleted 53 Cora at the surface may reflect an in-
crease in the contribution of sea-ice algae that became estab-
lished after the return of marine conditions and that prospered
because relatively thin ice permitted greater penetration of solar
radiation (35).

The Holocene record of Antarctic ice shelves may provide
additional insight into Arctic ice-shelf dynamics. Although their
different origins complicate such comparisons, numerous ice
shelves in both hemispheres have degraded rapidly in response
to recent warming. Studies from the Antarctic Peninsula indicate
asynchronous change during the Holocene and suggest a re-
lationship between ice-shelf size and sensitivity to collapse.
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Larsen B Ice Shelf was present throughout the Holocene (36),
whereas George VI Ice Shelf was absent only during maximum
Holocene warmth at ~9.6-7.9 cal ka BP (37). Other, smaller
systems were absent for longer mid-Holocene periods before
recent collapse, including the Miiller (38), Prince Gustav Chan-
nel (39), and Larsen A (40) ice shelves, suggesting a need for
studies of smaller Arctic ice-shelf systems to determine whether
they too display heightened sensitivity to past climate shifts.

The Disraeli Fiord sediment record indicates a stable WHIS
from 0.8 cal ka BP (i.e., 1150 A.D.) until its recent disintegration.
Although indicators including TOC and 83 Corg reached ex-
treme values at the sediment surface, modern measures of other
proxies were within their Holocene ranges. It is therefore un-
certain whether current environmental conditions exceed natural
variability, and future monitoring of the Disraeli Fiord ecosystem
will be crucial in resolving this question. Our findings imply that
the recent collapse of northern ice shelves cannot be considered
unprecedented, with evidence of at least some fracturing and
break-up of the coastal fringe of thick ice at ~1.4 cal ka BP that
resulted in the drainage of the Disraeli Fiord epishelf lake.
However, the results also indicate that ice-shelf integrity was
subsequently reestablished and that the WHIS has been present
for the majority of the last 4,000 years. The break-up of the
WHIS and associated loss of the epishelf lake at the turn of the
21st century is therefore a significant event at the millennial scale
and suggests that current climates at the northern limit of North
America are at their warmest in nearly 1,000 years.

Materials and Methods

Sediment cores were taken from Disraeli Fiord, located behind the WHIS,
through the ice along a transect from 82° 52’ 21”N, 73° 29’ 18"W to 82° 52’
22"N, 73° 28 54”"W from May 31 to June 7, 2006, with a combined gravity/
percussion corer (Aquatic Research Instruments). Four cores between 17 and
47 cm in length were retrieved in water depths from 48 to 69 m, sealed
immediately, and transported intact, cold, and in the dark to the laboratory.

Antoniades et al.
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The two longest cores (38 and 47 cm), taken in 55 and 69 m of water, re-
spectively, were split lengthwise, with one half used for pigment analysis
and the other for analysis of paleomagnetic properties, elemental geo-
chemistry, Cand N, 8"3Core, and foraminifera (SI Materials and Methods and
Figs. S1 and S2). Both cores were composed of massive silty clay with diffuse
color banding from brownish yellow to greenish gray (S/ Materials and
Methods). Correlation of the overlapping core sections was performed by
using magnetic susceptibility data and refined with the high-resolution Ti
and Al stratigraphy. These analyses indicated an absence of the uppermost
sediments in one core section and an intact sediment-water interface in the
other (Fig. S2).

Pigments were analyzed with reverse-phase HPLC. Extraction, solvent, and
quantification protocols followed those of Zapata et al. (41) and Antoniades
et al. (42) (but also see S/ Materials and Methods), and concentrations are
expressed relative to organic matter content (ng g~' OM~") determined by
loss on ignition at 550 °C. Geochemical sediment characteristics were mea-
sured on an Itrax X-ray fluorescence (XRF) core scanner equipped with a
3-kW Mo tube, using an interval of 200 um and an exposure time of 10 s;
element contents are expressed as counts per second. Four discrete samples
were analyzed for 18 major, minor, and trace elements by inductively cou-
pled plasma/atomic emission spectrometry (ICP-AES) with a Varian Vista AX
CCD Simultaneous ICP-AES, Palo Alto model, to validate results obtained by
the XRF scanner.

C and N were analyzed by high-temperature catalytic combustion with
an NC Instruments 2500 elemental analyzer, with carbonates removed by
acidification before analysis of organic carbon (TOC). Stable isotope analysis
of organic carbon was performed with a Micromass Isoprime isotope ratio
mass spectrometer coupled with a Vario MICRO Cube elemental analyzer;
ratios are expressed in § notation relative to the standard Vienna Pee Dee
Belemnite. Differences in mean §'Corg between sample groups were
evaluated with one-way analysis of variance using the Holm-Sidak method
for multiple pairwise comparisons. Fossil foraminifera samples were
weighed, wet-sieved at 63 ym, and enumerated under a binocular micro-
scope. Magnetic susceptibility was measured with a Bartington MS2E high-
resolution sensor. Stratigraphic zones were determined with the computer
program PSIMPOLL 4.26 (43) using optimal splitting, and only significant
zones are reported. Because of differences in sampling resolution, zones
were calculated separately for XRF data, pigments, and carbon variables and
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