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Methods

The growth experiments were carried out in a Philips CM300 FEG TEM equipped with an
in situ cell’. This system provides images with a resolution better than 0.14 nm of samples
exposed to reactive gases and elevated temperatures. A Tietz FastScan-F114 CCD was used
for recording TEM images. The image acquisition time was adjusted to suit the reshaping
of the Ni nanocrystals and ranged from 2 to 10 framess™'. A total of 16 video sequences
(each consisting of 300-1,200 consecutive high-resolution images) showing the coupling
of graphene growth to Ni step-edge dynamics were recorded in six different growth
experiments. The electron beam intensity was kept in the interval 0.2-2 A cm %, which was
sufficiently low to avoid any influence of the electron beam on the growth. Growth
experiments with the electron beam switched off resulted in the same carbon nanofibre
structures as in the low-dose in situ experiments.

The self-consistent DFT calculations were performed using the LDA™ or the GGA-
RPBE approximation'® for exchange and correlation. The interaction of the graphene
overlayer with the Ni(111) surface was dominated by van der Waals forces. The LDA for
the exchange and correlation term is known to give the best description of such weak
interactions**. We have therefore used LDA for calculating the adsorption energy and
diffusion energy barrier for C and Ni adatoms on the clean Ni(111) surface and the
graphene-Ni(111) interface. The adsorption energies and diffusion energy barriers on the
clean Ni(111) surface calculated by the GGA-RPBE approximation were found to be
essentially the same. However, within the GGA-RPBE approximation we found no
adhesion of the graphene overlayer to the Ni(111) surface.

The ionic cores are described by ultrasoft pseudopotentials® and the one-electron
valence states were expanded in a basis of plane waves with kinetic energy below 25 Ry.
The electron density was determined self-consistently by iterative diagonalization of the
Kohn—Sham hamiltonian, Pulay mixing® of the resulting electronic density and Fermi
occupation of the Kohn—-Sham states (kgT = 0.1 eV). All total energy calculations were
extrapolated to zero electronic temperature and performed with the magnetic moment of
the nickel surface taken into account.

The Ni(111) surface was modelled by a periodic repetition of a three-layer slab, whereas
a slab thickness of nine layers was used in the [211] direction to create a stepped surface
and a thickness comparable to the Ni(111) surface. In both cases, the slabs were separated
by ~10 A of vacuum. In the Ni(111) model, the top layer was allowed to fully relax,
whereas in the Ni(211) model, the uppermost close-packed (111) layer was relaxed fully.
The remaining layers were kept fixed in the bulk geometry with a calculated equilibrium
lattice constant of 3.52 A. For all calculations on Ni(111), a p(2 X 2) lateral unit cell was
used, giving C and Ni adsorbate coverages of 0.25 ML, whereas the C/Ni ratio for the
graphene overlayer was 2. For the Ni(211) surface, a (1 X 2) unit cell was used in the
calculations with a one-to-one coverage of adsorbate to Ni step edge atoms. A sampling of
4 X 4 X 1 Monkhorst-Pack special k-points was used, resulting in 8 k-points in the
irreducible Brillouin zone.
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Large proglacial lakes cool regional summer climate because of
their large heat capacity, and have been shown to modify
precipitation through mesoscale atmospheric feedbacks, as in
the case of Lake Agassiz'. Several large ice-dammed lakes, with a
combined area twice that of the Caspian Sea, were formed in
northern Eurasia about 90,000 years ago, during the last glacial
period when an ice sheet centred over the Barents and Kara seas’
blocked the large northbound Russian rivers®. Here we present
high-resolution simulations with an atmospheric general circu-
lation model that explicitly simulates the surface mass balance of
the ice sheet. We show that the main influence of the Eurasian
proglacial lakes was a significant reduction of ice sheet melting at
the southern margin of the Barents—Kara ice sheet through
strong regional summer cooling over large parts of Russia. In
our simulations, the summer melt reduction clearly outweighs
lake-induced decreases in moisture and hence snowfall, such as
has been reported earlier for Lake Agassiz'. We conclude that the
summer cooling mechanism from proglacial lakes accelerated ice
sheet growth and delayed ice sheet decay in Eurasia and probably
also in North America.

We used the LMDZ3 (Laboratoire de Météorologie Dynamique,
CNRS Paris) stretched-grid atmosphere general circulation model
(AGCM). In addition to a present-day reference simulation (called
‘PD’), two simulations for 90 kyr before present (Bp) were carried
out. Both were constrained by appropriate ice sheet reconstructions,
sea surface conditions, greenhouse gas concentrations and insola-
tion as boundary conditions (Fig. 1; see Methods for details). They
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differ by the fact that experiment ‘L’ (for ‘lakes’) includes Russian
ice-dammed lakes® and the Baltic lake*, while these are replaced by
normal continental surface in simulation ‘NL (for ‘no lakes’). The
grid-stretching capability of LMDZ3 allows high resolution
(100km) over the Barents—Kara region. Compared with observed
present-day surface air temperature® and precipitation®, the mean
absolute annual temperature error in simulation PD over the region
of interest is fairly low (1.0 °C), but annual precipitation is over-
estimated by about 60%, mainly because of a wet bias in winter. On
the other hand, LMDZ3 quite adequately captures the present
surface mass balance patterns and quantities over the present ice
sheets”®.

Analysis of the upper soil temperatures in the region in simu-
lation L, based on a normalized surface frost index’, shows that the
Russian proglacial lakes were mostly situated within the limit of
continuous permafrost, only the southernmost part of the West
Siberian Lake (Fig. 1) extending into a region with extensive
discontinuous permafrost. This is in agreement with ice wedge
casts found on palaeo-beaches™. In both L and NL, simulated
precipitation 90kyr ago is less than 50% of PD over large parts
of Russia. Simulated inflow of ice sheet melt water is substantial in
L, corresponding to more than 1myr ' lake level rise. This is
supported by findings of ice marginal deltas formed in the lakes'".
Simulated lake summer surface temperatures exceed 4 °C only near
the southern shore. In their northern parts, the proglacial lakes are
cold monomictic (one vertical mixing per year, in summer; bottom
temperature below 4 °C). They remain ice-covered from 7 months
per year on the southern shore to 11 months per year near the ice
sheet in spite of high meltwater input rates. The Baltic Lake,
situated at lower latitudes, is somewhat warmer, and the ice
cover lasts between 6 months on the southern shore and 9 months
near the ice sheet. During all seasons, surface winds over the ice
sheet in L and NL show a typical katabatic pattern, the air masses
flowing down the slope of the ice sheet, deviated to the right
because of the Earth’s rotation, with maximum speeds near the ice
sheet margin.

The primary atmospheric effect of the lakes is a strong summer
cooling due to their large heat capacity. Summer surface air
temperature anomalies (L-NL) exceed —10°C above the lakes.
The impact over the southern margin of the Barents—Kara ice
sheet is substantial up to an altitude of about 2,000 m (Fig. 2a).
This cooling effect extends horizontally about 1,000 km away from
the lakes. The accumulation of cool air off and above the ice sheet

120°E

70°N

50°N | | 60° N

Figure 1 Maximum ice sheet and lake extent in northern Russia during the early
Weichselian, about 90,000 yr ago. Abbreviations denote the West Siberian Lake (WS),
Lake Komi (LK), the White Sea Basin Lake (WSB), and the Baltic Lake (B).
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margin decreases the horizontal air density gradient, and therefore
induces a weakening of the katabatic circulation in summer. Above
the lakes, the summer cooling is associated with a substantial surface
pressure increase (4-4 mbar). The summer cooling, and, to a lesser
degree, the reduced surface wind speed on the ice sheet slope
(leading to lower downward turbulent surface heat fluxes), strongly
reduce summer melt along the southern margin of the Barents—Kara
ice sheet and the southeastern margin of the Scandinavian ice sheet.
On the lakeward parts of the ice sheet, runoff is reduced by
8mmd ™" in July, and by more than 500 mmyr~" (50%) in the
annual mean, when the lakes are taken into account (refreezing of
melt water is accounted for in calculating runoff from snow and ice
melt'?). Sensitivity tests showed that both the sign and the absolute
value of the annual mean precipitation change are dependent on the
prescribed sea-surface boundary conditions, but the precipitation
change always remains far smaller than the ablation decrease. The
latter coherently dominates the simulated surface mass balance
change (Fig. 2b).

The Barents—Kara and the Scandinavian ice sheets were linked by
a relatively small ice bridge at about 35 °E. Their surface mass
balances (SMB, Fig. 3) are therefore analysed separately. The
integrated SMB of the Barents—Kara ice sheet, defined as precipi-
tation minus evaporation/sublimation and minus runoff, is
+0.18 m of water equivalent per year (m,yr~') in L, and
—0.43m,,yr~ ' in NL. According to a paired Student’s ¢-test with
nine degrees of freedom, the confidence in the SMB increase in L
with respect to NL exceeds 99%, which excludes our result from
being an artefact of interannual variability. Furthermore, the
southern ablation zone of the Barents—Kara ice sheet extends over
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Figure 2 Lake-induced climate anomalies between simulation L and simulation NL.

a, JJA (June, July, August) air temperature anomalies: vertical cut through the lower
atmosphere at 70° E. The pattern is representative for all longitudes where proglacial
lakes are adjacent to the Barents—Kara ice sheet. b, Monthly mean anomalies of surface
mass balance (SMB) components precipitation (black), runoff (red) and evaporation/
sublimation (green) on the Scandinavian/Barents—Kara ice sheet grid points that belong to
the lakes’ drainage basin.
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several grid points towards the interior in simulation NL, and
significant melt (in excess of 0.2 mwyr_l) occurs in both simu-
lations at least two grid points from the ice limit. Hence, the
resolution is sufficient to capture melt processes, such that the
sensitivity of the SMB can be better trusted than in most AGCMs
that hardly represent the ablation zone. Concerning the Scandina-
vian ice sheet, the Russian proglacial lakes and the Baltic Lake
induce a substantial increase (4+1.7 m,, yrfl) of the simulated SMB
owing to reduced melt rates. Note that the prescribed western
margin of the Scandinavian ice sheet does not reach the Atlantic
coastline, and that outlet glaciers in fjords and valleys are not
prescribed, owing to insufficient resolution. The westernmost
ice sheet grid points are therefore at altitudes (more than
1,000 m, mostly more than 1,500 m) where significant ablation
does not occur, which explains the high surface mass balance
obtained here. High melt rates and therefore negative surface
mass balances are simulated on a few low-altitude grid points
near Franz Josef Land. Given the high latitude, the great distance
to the Atlantic, the vicinity of the glacial Arctic Ocean, the ice
sheet to the south, and low CO, concentrations, this result seems
unlikely.

Although it focused on a different climatic and regional context,
it is interesting to note that a study of the North American climate at
11,000 yr BP (ref. 1) suggested that the presence of proglacial Lake
Agassiz caused a reduction of precipitation rates on the adjacent
Laurentide ice sheet (the magnitude of which is similar to the
precipitation changes induced by the Russian proglacial lakes, and
much weaker than the ablation reduction reported here). The
authors concluded that this precipitation reduction led to a
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Figure 3 Simulated ice sheet surface mass balance and lake-induced surface mass
balance anomaly. a, Simulated surface mass balance in simulation L; b, lake-induced
anomaly (L—NL). Units are metres of water equivalent per year. Bold lines, ice sheets and
lakes (grid-scale fraction > 20%) for 90 kyr ago; thin line, present-day coastline.
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decreased surface mass balance of the Laurentide ice sheet. However,
assessing the surface mass balance precisely was not possible in that
study as ice melt was not explicitly calculated (S. W. Hostetler,
personal communication). Because the same study suggested that
Lake Agassiz induced a significant regional cooling in summer,
similar to the cooling induced by the Russian lakes reported here, we
postulate that the lake-induced reduction in melting on the
southern margin of the Laurentide ice sheet was larger than the
reduction of precipitation. Furthermore, we see no reason why the
feed-back mechanism reported here should not have operated
during earlier growth and decay phases of the Laurentide ice
sheet, during which large ice-dammed lakes are known to have
existed".

The main conclusion of this study is that the Russian proglacial
lakes, through their effect on the surface mass balance of the
Barents—Kara ice sheet, repeatedly played an important role in the
regional climate dynamics. Inception of the Barents—Kara ice
sheet was probably caused by insolation changes and positive
feedbacks involving snow albedo, ocean circulation", veg-
etation'>'® and greenhouse gas concentration changes'. As soon
as the ice sheet was big enough to dam the northward flowing
Russian rivers, thereby creating the proglacial lakes, this initial
growth of the Barents—Kara ice sheet was notably enhanced.
Optical stimulated luminescence dates indicate that the ice
sheet attained its maximum extent between 90 and 80Xkyr
ago>'’. On the other hand, June insolation at 65 °N, which is
close to the southern limit of the Barents—Kara ice sheet,
increased by ~12% between 95 and 85kyr ago'®. The most
coherent scenario is therefore that the ice sheet attained its maxi-
mum extent at about 90kyr ago, and that a subsequent retreat
(delayed, but not stopped by the lake-induced melt reduction)
began around 85kyr ago owing to increased summer insolation.
Once the Barents—Kara ice sheet had shrunk sufficiently, rapid
subglacial drainage of the lakes occurred. This further accelerated
the deglaciation by leading to higher summer melt rates along the
southern ice sheet margin.

Note that rapid drainage of proglacial lakes along the southern
margin of the Laurentide ice sheet is thought to have caused abrupt
widespread cooling by interrupting the oceanic thermohaline cir-
culation'; it has been suggested that a similar cooling, possibly
compensating for the regional warming caused by the drainage of
the lakes, might have occurred following lake drainage in northern
Eurasia''. During later stages of the last glacial, in particular the Last
Glacial Maximum (about 20,000 yr ago), the Barents—Kara ice sheet
did not grow big enough to create large proglacial lakes'" (possibly
because the larger Scandinavian ice sheet blocked moisture delivery
from the Atlantic), and the growth acceleration due to these lakes
therefore did not take place. Finally, we note that the coupled lake—
ice sheet system could be self-sustaining to a certain degree: a small
ice sheet decay leads to an increased lake size, thereby cooling the
climate and thus reducing the meltwater production. This negative
feedback will break down if the ice sheet decay is sufficiently
pronounced to allow drainage of the lake through previously
blocked passages.

Methods

Model

The LMDZ3 model has been run with 96 X 72 (longitude X latitude) grid points. The
chosen nominal horizontal resolution is irregular, varying from 100 km at the centre of the
region of interest (between 0° and 120 E and between 55° and 85° N) to about 550 km
roughly at the antipodes of this region. The model has 19 vertical layers in the atmosphere.
LMDZ3 has been adapted for the simulation of cold climates® and includes a thermal lake
module?'.

Boundary conditions

The prescribed boundary conditions (Fig. 1) for the AGCM include orbital parameters for
90 kyr ago'®; an atmospheric CO, concentration of 205 p.p.m.v. (ref. 22); reconstructed
dimensions of the Barents—Kara and the Scandinavian ice sheet based on geological
evidence” and glaciological modelling” with some modifications to fit the latest results
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obtained within the ESF-QUEEN project; ice sheet thicknesses for the rest of the Northern
Hemisphere obtained using the climatic index method** applied to an ice sheet model and
AGCM outputs®; modelled global sea surface temperatures and sea-ice extent®, surface
albedo and roughness over ice-free surfaces derived from modelled glacial maximum
palaeovegetation®’; a large lake in the part of the Baltic Sea depression not covered by the
Scandinavian ice sheet*; and reconstructed proglacial lakes in European Russia and in West
Siberia®.

Initial conditions and spin-up

The simulations were started from an initial state with present-day soil temperatures.
From the 15 yr of each simulation, the first five years were discarded as spin-up. Lake
temperatures at the bottom level (between 15 and 30 m) were in equilibrium at the end of
the 5 spin-up years. At the end of each of the first three spin-up years for the 90-kyr-ago
simulations, soil temperature, being the slowest simulated component of the climate
system simulated here, was separately spun up for 1,000 yr using the year’s modelled
monthly surface temperatures.
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Tectonic plate motion is thought to cause solid-state plastic flow
within the underlying upper mantle and accordingly lead to the
development of a lattice preferred orientation of the constituent
olivine crystals'. The mechanical anisotropy that results from
such preferred orientation typically produces a direction of
maximum seismic wave velocity parallel to the plate motion
direction*’. This has been explained by the existence of an olivine
preferred orientation with an ‘a-axis’ maximum parallel to the
induced mantle flow direction®>>%®. In subduction zones, how-
ever, the olivine a axes have been inferred to be arranged roughly
perpendicular to plate motion®"’, which has usually been
ascribed to localized complex mantle flow patterns'®"'®. Recent
experimental work'* suggests an alternative explanation: under
conditions of high water activity, a ‘B-type’ olivine preferred
orientation may form, with the ag-axis maximum perpendicular
to the flow direction. Natural examples of such B-type preferred
orientation are, however, almost entirely unknown. Here we
document widespread B-type olivine preferred orientation pat-
terns from a subduction-type metamorphic belt in southwest
Japan and show that these patterns developed in the presence of
water. Our discovery implies that mantle flow above subduction
zones may be much simpler than has generally been thought.

The Higashi-akaishi peridotite body of southwest Japan is the
only kilometre-scale garnet peridotite body yet found in a subduc-
tion-type metamorphic belt'. This body offers an unrivalled
opportunity to study subduction zone mantle directly. Here we
focus on the olivine lattice preferred orientation (LPO) patterns of
this body. The Higashi-akaishi body is tabular with an area of
10 km? and a thickness of 500 m (ref. 16) and occurs as an integral
part of the Cretaceous Sanbagawa high-pressure, low-temperature
metamorphic belt'”""’. Dunite, a rock type of more than 90%
olivine, is the main constituent of the body with minor amounts
of wehrlite, pyroxenite, garnet pyroxenite, chromitite and garnet
peridotite'>'**, Serpentinized equivalents of these rock types devel-
oped in the periphery of the body" during exhumation, but the
earlier olivine-rich microstructures and associated petrological
information are well preserved in the inner part (Figs 1, 2).

Field observations and microstructural analyses allow two gen-
erations of tectonic fabrics to be distinguished in the dunite. The
earliest D, fabric is defined by the crystal-shape preferred orien-
tation of coarse clear olivine grains (~0.6 mm) (Fig. 1a). A second
D, fabric is widespread throughout the Higashi-akaishi body and
consists of coarse dusty olivine porphyroclasts (~0.5 mm) and fine
clear olivine neoblasts (~0.1 mm) (Fig. 1c), which formed by
dynamic recrystallization of the D, coarse-grained fabric (Fig. 1d).
The preferred alignment of olivine crystals defines planar and linear
fabrics for both D; (Fig. 1a) and D, (Fig. 1c). The olivine grain
shape lineations are interpreted to be parallel to the maximum
extension direction. This interpretation is supported by the com-
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