Here, 453M(C) is a mobility, w is the so-called gradient energy coefficient, and the
gradients are taken with respect to arc length. The first term on the right-hand side
describes the chemical effect leading to phase separation within the spinodal; the second
term describes the effect that damps short-wavelength fluctuations. The mobility is
proportional to the surface diffusivity Ds and is given by M(C) = (Ds/ksT)c(1—c). The
mobility is peaked for ¢ = 0.5, and is zero for ¢ = 0 and ¢ = 1 (atoms do not diffuse in pure
phases because there are no vacancies in our model). The normal velocity is given by
v,(C) = V(O)[1 — (yQ/kyT)k], where v is the surface free energy and V(C) is called the
interface response function, equal to the velocity of a flat surface covered with a
concentration C of gold. We find in both simulation and experiment that the interface
response is fitted well by the functional form V(C) = V,(¢)exp(—C/C*), where ¢ is the
overpotential and C* is a constant. Experimentally, the gold accumulation can be inferred
by integrating the dissolution current versus time at fixed overpotential; it is necessary to
use an overpotential that is low enough to ensure that the surface remains planar (that is,
porosity does not form) and also to catch the short initial transient rise in current as silver
atoms are pulled from the first few monolayers. This particular form for the interface
response function is quite curious. Naively, one might expect that the local interface
velocity would be proportional to the local concentration of silver exposed to the
electrolyte, that is, V(C) « (1 —c). However, the decaying exponential form suggests that
there is an evolving distribution of holes opening and closing within the interfacial region,
controlling the accumulation rate.

Physically, the mass conservation condition (equation (1)) is the statement that the
total number CbAs of gold atoms in a length As of interface with lateral width b can
change as a result of three distinct effects that correspond to the three terms on the
right-hand-side of equation (1): the accumulation of gold atoms into the interfacial
layer from the solid being dissolved; the local stretching of the interface (dAs/9t = v,k
As), which can either increase or decrease C depending on whether the solid is concave
(k > 0) or convex (k < 0); and the motion of atoms along the interface driven by the
surface diffusion flux Js.
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It has been proposed that during Pleistocene glaciations, an ice
cap of 1 kilometre or greater thickness covered the Arctic
Ocean'™. This notion contrasts with the prevailing view that the
Arctic Ocean was covered only by perennial sea ice with scattered
icebergs*®. Detailed mapping of the ocean floor is the best means
to resolve this issue. Although sea-floor imagery has been used to
reconstruct the glacial history of the Antarctic shelf’", little data
have been collected in the Arctic Ocean because of operational
constraints'®'"". The use of a geophysical mapping system during
the submarine SCICEX expedition in 1999'* provided the oppor-
tunity to perform such an investigation over a large portion of the
Arctic Ocean. Here we analyse backscatter images and sub-bottom
profiler records obtained during this expedition from depths as
great as 1 kilometre. These records show multiple bedforms
indicative of glacial scouring and moulding of sea floor, combined
with large-scale erosion of submarine ridge crests. These distinct
glaciogenic features demonstrate that immense, Antarctic-type
ice shelves up to 1 kilometre thick and hundreds of kilometres
long existed in the Arctic Ocean during Pleistocene glaciations.

The central Arctic Ocean contains relatively shallow areas (water
depths <1,000 m; see Fig. 1) on Yermak plateau, Lomonosov ridge
and Chukchi borderland—which includes Chukchi plateau, Chuk-
chi rise and Northwind ridge. During the SCICEX-99 expedition,
conducted on the nuclear-powered submarine USS Hawkbill,
shallow sea-floor areas were targeted for mapping to detect glacio-
genic bedforms. Sea-floor images (collected using a submarine-
mounted 12-kHz swath bathymetry and sidescan sonar'?) from the
Chukchi borderland and the Lomonosov ridge show a variety of
bedforms, including random or subparallel scours, parallel linea-
tions, and transverse ridges. On the records from the chirp sub-
bottom profiler, these bedforms are associated with planed ridge
crests with rough microrelief and obvious angular unconformities
cut into the stratified sediments.

Randomly oriented furrows, typically <100-m wide and up to
30-m deep, densely cover the shallowest, <400-m-deep portions of
sea floor on the Chukchi borderland and adjacent continental
margin (Fig. 2a). Isolated larger scours up to 700-m wide and
over 10-km long occur as deep as 500 m. Even greater depths,
exceeding 900 m, are attained by closely spaced, subparallel scours
on the Lomonosov ridge. Sea-floor scours are known to be formed
by the drift of icebergs and pack-ice ridges". At present, icebergs in
the Arctic Ocean have at most 50-m draughts'*, whereas icebergs off
Antarctica and Greenland reach depths of 500-550 m (refs 15, 16).
The largest depths of gouged sea floor, extending to 850 m, have
been reported from the Yermak plateau'’, matching the depth of
sours on the Lomonosov ridge.

Below the depth range of dense scouring, the sea floor exhibits

|l Present address: Center for Coastal Mapping, University of New Hampshire, Durham, New Hampshire
03824, USA.
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coherent sets of evenly spaced, parallel, streamlined, low-relief
lineations extending to 700-m depth on Chukchi borderland and
to 1,000m on Lomonosov ridge (Figs 2—4). At their shallow
termination, these features are cross-cut and obscured by iceberg
scours. The lineations have crest-to-crest spacing from <50 to
200 m and maximum lengths in excess of 15km. These parallel,
streamlined bedforms, or flutes, have not been observed previously
in the central Arctic basin, but have been reported from surround-
ing glaciated shelves™""" and around the Antarctic where they
extend to 1,200-m depth’~. Flutes on Arctic shelves are relatively
small, mostly under 30-m wide and 1-km long; whereas at the deep

Antarctic margin, the lineations are even larger than those discov-
ered by SCICEX in the deep Arctic Ocean. The formation of such
lineations has been explained by moulding of the soft bed by ice
streams—the only known mechanisms for producing the sustained
linear bedform fabric over large distances. Some fluted sites on
Chukchi borderland include drumlin-like features that help to
identify the direction of ice flow. Several large, almost 100-m-
diameter blocks of sediment or rock with high acoustic return
occur in the fluted area at the northern slope of Chukchi plateau
(Fig. 2b); low-return ‘tails’ aligned with flutes indicate that these
blocks were squeezed into sediment and dragged by ice.

-4,000 -2,000 -1,000 -250 75 25 0

Figure 1 Map of the Arctic Ocean®. Red arrows, reconstructed directions of ice-shelf
flows; orange line, prevailing orientation of iceberg scours on Lomonosov ridge (this
study, direction unresolved) and on Yermak plateau'®. Numbered boxes show locations of
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Figure 2 Swath sonar images from Chukchi plateau with overlain depth contour lines.
Spatial resolution of gridded data is 16 m. a, Southern slope of the plateau with back-
stepping ice-marginal ridges, northwest-trending flutes, and chaotic iceberg scours.
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Figs 2—4. CP, Chukchi plateau; CR, Chukehi rise; NR, Northwind ridge; YP, Yermak
plateau.
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b, Northern slope of the plateau with northwest-trending flutes and scattered blocks of
sediment/rock.
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In several areas on Chukchi borderland, the fluted sea-floor
pattern is complicated by nested sets of transverse, slightly sinuous
or arcuate ridges reaching in excess of 100 m in width (Fig. 2a).
These ridges parallel bathymetric contours, indicating that their
formation was controlled by sea level. Such ridges are common for
glaciated shelves, and have been interpreted to be formed by
retreating ice-sheet margins (grounding lines)”*'7~".

Identified bedforms from various sites can be tentatively corre-
lated using their bathymetric position, orientation and preserva-
tion. Streamlined lineations are the best indicators of grounded ice
flow”*"""°. On Chukchi plateau, Northwind ridge, and the eastern
slope of Chukchi rise, flutes consistently trend southeast—northwest
(Fig. 1), with minor deviations on local topographic highs (Fig. 3).
This orientation points at eastern Alaska and/or the western part of
the Canadian Arctic archipelago as an ice-flow source. We suggest
that the broad straits of the archipelago were the most likely outlets
for major ice streams, consistent with glaciogenic features observed
along the strait flanks®*'. To the west, the Chukchi rise is covered by
flutes that have a different orientation, indicative of ice movement
from the Chukchi shelf (Figs 1, 3). These flutes do not extend to
water depths >420m, indicating thinner ice. From the overall
regional pattern, we infer that a major ice shelf was propelled
westwards by Alaskan/Canadian ice streams, but was deflected by
the steep continental slope and/or by the Chukchi ice sheet and thus
overran the Chukchi plateau in a northwest-trending direction. The
general pattern of this ice movement over the Amerasian basin
matches the distribution of ice-rafted debris deposited on the sea
floor during glacial periods™.

The direction of ice flow across the fluted area on Lomonosov
ridge is revealed in the chirp-sonar records (Figs 1, 4). Here, the crest
is planed by erosion at a depth of almost 1,000 m; this planing
occurs over a stretch at least 50-km wide, and a 20-m-thick lens of
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acoustically transparent sediment descends from the eroded surface
>100m down the Amerasian flank of the ridge. The lens volume
approximately matches the amount of sediment, with a maximum
thickness of >50 m missing on top of the ridge as estimated by the
projection of truncated strata. These features give a vivid picture of
erosion of the crest by a single ice massif, moving north from the
shelf of the Barents and Kara seas, with a debris lobe of reworked
material pushed downslope on the lee side (Figs 1, 4). The dipping
of the eroded surface towards the Eurasian side further shows that
the ridge was a barrier to the passage of ice. The configuration of the
eroded crest and the debris lobe, combined with the evenly fluted
surface, indicate the sustained direction and strength of ice motion.
The backstress of this motion had to be very high, at least equivalent
to the ~600 kPa estimated for ice erosion on Yermak plateau’. These
features suggest that the erosion on Lomonosov ridge was produced
by a growing ice shelf rather than a random, abnormally large
tabular iceberg, especially since the general Pleistocene iceberg drift
in the Arctic Ocean was in the opposite direction”>. Moreover, the
fluted sea bed indicates an active grounded ice flow, not a ‘bull-
dozing’ action of icebergs. Similar large-scale erosional features
occur on 500—550-m deep topographic highs on Northwind ridge,
which have ~30-m thick, moraine-like, stacked lobes of acoustically
transparent sediment on top. Orientation of these lobes attests to
the motion of ice from the Alaskan/Canadian margin, consistent
with the spatial distribution of flutes in the Chukchi region (Fig. 1).

The small ridges that are transverse to glacial lineations on
Chukchi borderland probably mark the back-stepping of the ice-
shelf grounding line with rising sea level during deglaciation
(Fig. 2a)®". These ridges do not occur at maximal water depths
reached by flutes, which may indicate fast changes in ice-shelf profile
during the initial stages of deglaciation. Iceberg scouring, which has
obliterated the shallower bedforms reflecting the coherent ice

L74° 16"

F74°12'
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-161° 30'

Figure 3 Swath sonar images from the eastern part of Chukchi rise with overlain depth
contour lines. Spatial resolution of gridded data is 16 m. Two major sets of flutes point
at the Chukchi shelf and at the Alaskan/Canadian margin as source areas. A local high
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in the northeastern corner has a different orientation of flutes, presumably of younger
age.
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movement, represents conditions after the major ice-shelf disinte-
gration. Subparallel scours at shallowest depths on Lomonosov
ridge (750-950 m) indicate a flow of megabergs, possibly driven by
asustained current and/or jammed in an ice-bound Arctic Ocean, as
suggested for similar features on Yermak plateau'®”. Random
scouring at yet shallower depths of <350-400 m in the Chukchi
area reflects unrestricted movement of minor icebergs driven by
winds and/or currents.

The stratigraphic boundary formed by glacial erosion on Lomo-
nosov ridge (Fig. 4) has been recovered by coring. This erosion was
interpreted to occur at the end of marine isotopic stage (MIS) 6,
approximately 150 kyr ago. According to another, more conven-
tional, age model for the Arctic Ocean sediments®, this stratigraphic
level has a much older age of >600kyr (MIS 16). The latter
interpretation is consistent with an estimate of ~660 kyr ago for
the timing of glacial grounding on Yermak plateau® and with the
period of maximal glacial erosion of the Barents Sea between about
1,000 and 440 kyr ago®.

In the absence of stratigraphic control for glaciogenic features on
Chukchi borderland, we cannot conclude whether or not they were
coeval with ice grounding on Lomonosov ridge. Moreover, the
multitude of glaciogenic bedforms may represent a composite of
several glacial events with a similar pattern of ice flow over Chukchi

a [

Figure 4 Swath sonar and chirp images from Lomonosov ridge. Spatial resolution of
gridded sidescan data (a) is 21 m; vertical resolution of the chirp data (b) is tens of
centimetres. The planed, eroded top surface of the crest is covered with ESE-trending
low-relief flutes. The acoustically transparent debris lens drapes the lee (Amerasian) slope
of the ridge.
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borderland. Deviation of flutes on local shallows from the general
orientation (Fig. 3) indicates the likelihood of multiple ice advances.
However, we may be able to find direct evidence for only the thickest
ice shelves; this is because thin ice would not reach the deep sea
floor, and ice-flow markings in the shallowest areas would be
obliterated by chaotic iceberg scouring.

An unfossiliferous, overcompacted sediment deposited before
13 kyr ago at ~400-m depth on Chukchi rise”” possibly indicates ice
grounding during the Last Glacial Maximum. The existence of an
extensive ice shelf is corroborated by extremely low sedimentation
rates (possibly a hiatus) and the absence of biogenic remains in
sediments throughout the Amerasian basin during 13-20kyr
ago””*®. We presume that the removal of this ice shelf facilitated
large-scale surges upstream, such as a catastrophic discharge of
80,000 km> of ice from the northwestern part of the Canadian
archipelago before 10kyr ago*. Understanding this and older
events associated with growth and disintegration of Arctic ice
shelves will help explain the behaviour of the West Antarctic Ice
Sheet” and, in broader perspective, the stability of glacial climates.
Ice shelves in the Arctic have large potential effects on climate by
affecting the albedo and ocean—atmosphere heat exchange; this
highlights a significant unresolved question—was the entire Arctic
Ocean covered by a continuous ice shelf at some time during the
Pleistocene? To answer this question further mapping of glaciogenic
bedforms and their stratigraphic investigation are required; this
could establish whether ice-shelf advances were synchronous in
various parts of the Arctic basin. O
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The Earth’s convecting upper mantle can be viewed as comprising
three main reservoirs, beneath the Pacific, Atlantic and Indian
oceans. Because of the uneven global distribution and migration
of ridges and subduction zones, the surface area of the Pacific
reservoir is at present contracting at about 0.6 km”yr ', while the
Atlantic and Indian reservoirs are growing at about 0.45 km’yr '
and 0.15 km’yr™', respectively’. Garfunkel' and others have
argued that there must accordingly be net mantle flow from the
Pacific to the Atlantic and Indian reservoirs (in order to maintain
mass balance), and Alvarez’ further predicted that this flow
should be restricted to the few parts of the Pacific rim (here
termed ‘gateways’) where there are no continental roots or sub-
duction zones that might act as barriers to shallow mantle flow.
The main Pacific gateways are, according to Alvarez*’, the south-
east Indian Ocean, the Caribbean Sea and the Drake passage. Here
we report geochemical data which confirm that there has been
some outflow of Pacific mantle into the Drake passage—but
probably in response to regional tectonic constraints, rather
than global mass-balance requirements. We also show that a
mantle domain boundary, equivalent to the Australian—Antarctic
discordance, must lie between the Drake passage and the east
Scotia Sea.

Figure 1b and ¢ shows the distribution of the ~10°km?” of new
oceanic crust created between South America and Antarctica since
sea-floor spreading began in the Drake passage (gateway d in Fig. 1a)
about 30 Myr ago®’. Most oceanic crustal accretion took place in the
Drake passage itself (about 30—10 Myr ago), the central Scotia Sea
(about 20—10 Myr ago), and the east Scotia Sea (= 10 Myr ago). The
adjacent Antarctic—Phoenix ridge was also active over much of this
period (> 30 Myr ago to about 4 Myr ago). This whole 30-Myr
period is thought to have been marked by westward subduction of
Atlantic oceanic crust and eastward roll-back of the subducting slab.
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A central question has been whether or not this roll-back is a
consequence of eastward Pacific mantle flow.

Figure 1c gives the locations of samples that we have analysed.
Dredges DR.62 and 63 recovered old crust from the Drake passage,
and DR.7 recovered the youngest crust. DR.12 recovered old crust
from the east Scotia Sea, and DR.20, 23, 107 and 118 the youngest
crust. DR.3 recovered the youngest crust from the Antarctic—
Phoenix ridge®. Our geochemical data are listed in Table 1. To
assess which crust was generated from Pacific mantle, and which
from Atlantic mantle, we adopt the method of isotope fingerprint-
ing of basalts that has been used successfully to study the southeast
Indian gateway (that is, the Australian—Antarctic discordance or
AAD; see, for example, refs 7-9).

Figure 2a and b show two of the most effective projections for
discriminating between mantle domains: plots of ***Pb/***Pb ratios
versus **Pb/*"Pb ratios, and "’Nd/"**Nd versus **°Pb/***Pb. The
Pacific domain, which extends beneath much of the Pacific Ocean, is
defined here just by data from the southeast Pacific—namely, the
East Pacific Rise south of the Equator'®', the Pacific—Antarctic
ridge'*™", and the Chile ridge''¢, excluding anomalous values at the
ridge—trench intersection. We have divided the South Atlantic
mantle into three domains, according to geochemical coherence
and proximity to hotspots. The Bouvet domain extends from
Bouvet Island along the southwest Indian ridge to the west, along
the South-America—Antarctic ridge to the east, and for a short
distance up the Mid-Atlantic Ridge'”""”.The Shona and Discovery
domains encompass the Mid-Atlantic Ridge” further north
(Fig. 1b). It is apparent that the Pacific domain is distinct from
the three Atlantic domains in its high "*Nd/"*Nd and low
2%ph/**pPb for a given **Pb/**Pb, combined with its negative
trend on the Nd—Pb plot and positive trend on the Pb—Pb plot.
The Bouvet and Shona domains give trends similar to, but displaced
from, the Pacific domain. The Discovery domain extends slightly
into the Pacific domain, but forms a trend orthogonal to it.

Of our new data, the samples from the east Scotia Sea plot in the
Atlantic (Bouvet) field on both diagrams (Fig. 2c, d). They have
lower **Pb/***Pb ratios than the samples from the South-America—
Antarctic ridge, which reflects their greater distance from the Bouvet
plume. By contrast, sample DR.7 from the Drake passage ridge plots

Table 1 Analyses from the Drake f and surrounding region

Sample Location  ¥Sr/®Sr  Nd/““Nd  2®Pb/%Pb  27Pb/Pb  2%Pb/*%Ph
(DR,

628  DPM 0.70421  0.51286 18.992 15.621 39.028
62.153 DPM 0.70469  0.51317 18.303 15,512 37.875
632  DPM 0.70312  0.51294 18.850 15.584 38.465
6320 DPM 0.70312  0.51295 18.632 15.594 38.456
3.2 APR 0.70283  0.51307 18.592 15.544 38.040
3.7 APR 0.70263  0.51310 18.371 15.526 37.888
3.4 APR 0.70350  0.51305 18.611 15.535 38.187
7.3 DPR 0.70274 051316 18.227 15.514 37.723
1219 ESM 0.70309  0.51303 18.716 15.602 38.535
WX2  ESR2 0.70289  0.51306 18.223 15.528 37.938
20.36  ESR3 0.70285  0.51308 18.115 15.493 37.733
23.1 ESR9 0.70297  0.51304 18.024 15.496 37.726
107.1  ESR1 0.70805  0.51310 17.905 15.482 37.580
118.3  ESR1 0.70325  0.51304 18.211 15.551 37.874

Isotope analyses of basic volcanic rocks from the Drake passage margin (DPM), Antarctic—Phoenix
ridge (APR), Drake passage ridge (DPR), east Scotia Sea margin (ESM) and east Scotia ridge (ESRn
where n is the segment number®). Ages are 28 Myr for the DPM samples, 10 Myr for the DPR and
ESM samples, and <1 Myr for the ESR samples. Samples from the APR, DPR and DR.62.153 are
MORBS, other samples from the DPM are tholeiitic (DR.63.20) and alkalic (DR.62.B and DR.63.2)
ocean island basalts, samples from the ESR are MORBs with negligible to small subduction
components, and the sample from the ESM is a MORB with a more significant subduction
component. All analyses are new and on dredge (DR.) samples except for that from the wax-
core glass (WX.20) which is published?® and included for comparison. Isotope ratios are by thermal
ionization mass spectrometer®. Over the period of this work, three analyses of NBS987 gave Sr
isotope ratios of 0.710198 + 0.000022 (2¢) and the data were normalized to 0.710240. Five
analyses of the La Jolla standard gave Nd isotope ratios of 0.511900 + 0.000022 (2¢) and the data
were normalized to 0.511864. Pb isotope ratios were corrected for fractionation using the replicate
analyses of the NBS981 standard. Srand Nd isotope ratios have internal precisions (1 s.e.) of + (3—
4)x 10 and + (6-8) x 107 respectively, and Pb isotope ratios have internal precisions of + (1-2) x
107%(6/4 and 7/4) and * (2—-4) x 107°(8/4). See Table 1 in Supplementary Information for dredge
depths and locations, and for the X-ray fluorescence major-element and inductively-coupled
plasma mass spectrometer trace-element analyses.
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