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tion, even at time scales shorter than the vibration
frequency, f. In equilibrium, the mean kinetic
energies associated with the two in-plane trans-
lation degrees of freedom of the particle are
equal, by the equipartition theorem, even if the
particle shape is anisotropic. Figure 3 is a
histogram of the magnitude of particle displace-
ments over a time corresponding to the camera
frame rate [1/300 s, or (2/3)f']. The displace-
ment along and perpendicular to the axis of the
rod are displayed separately, showing that a
particle is about 2.3 times as likely to move
along its length as it is to move transverse to its
length. Because the period of the imposed
vibration (/') sets the scale for the mean free
time of the particles, this shows that the motion of
the rods is anisotropic even at time scales less than
or comparable to the mean free time between
collisions.

We have thus presented an experimental
demonstration of giant, long-lived number fluc-
tuations in a two-dimensional active nematic.
The particles in our driven system do not commu-
nicate except by contact, have no sensing mecha-
nisms, and are not influenced by the spatially
varying pressures and incentives of a biological
environment. This reinforces the view that, in
living matter as well, simple, nonspecific inter-

actions can give rise to large spatial inhomo-
geneity. Equally important, these effects offer a
counterexample to the deeply held notion that
density is a sharply defined quantity for a large
system.
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Trench-Parallel Anisotropy Produced
by Foundering of Arc Lower Crust

Mark D. Behn,™* Greg Hirth,* Peter B. Kelemen?®

Many volcanic arcs display fast seismic shear-wave velocities parallel to the strike of the trench.

This pattern of anisotropy is inconsistent with simple models of corner flow in the mantle wedge.
Although several models, including slab rollback, oblique subduction, and deformation of water-
rich olivine, have been proposed to explain trench-parallel anisotropy, none of these mechanisms
are consistent with all observations. Instead, small-scale convection driven by the foundering of

dense arc lower crust provides an explanation for the trench-parallel anisotropy, even in settings
with orthogonal convergence and no slab rollback.

upper mantle is attributed to the deformation-

induced alignment of olivine crystals. An-
isotropy can be quantified through measurements
of shear-wave splitting, in which the orientation
and strength of the anisotropy are estimated by
measuring the polarization direction of the
fastest-propagating shear wave and the delay
time between the arrivals of the fastest and
slowest shear waves. The relation between an-
isotropy and mantle flow is seen clearly at mid-
ocean ridges, where fast polarization directions
are oriented parallel to the spreading direction

The origin of seismic anisotropy in Earth’s
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(7). This observation is consistent with a model
in which the olivine a axis aligns with the trans-
port direction inferred for corner flow beneath a
ridge (2, 3).

Beneath volcanic arcs, shear-wave splitting
measurements frequently show fast polarization
directions parallel to the strike of the arc (4-6),
which rotate to a trench-normal orientation in
the back-arc (5, 6). Direct comparison of delay
times from teleseismic SKS phases (which
propagate through the entire mantle) (7) and
local S phases generated in the subducting slab
(8) indicates that a substantial fraction of the
trench-parallel anisotropy resides in the mantle
wedge above the slab (Fig. 1). Splitting mea-
surements from local events also show strong
along-arc variability in the orientation of an-
isotropy, with certain regions being character-
ized by trench-parallel anisotropy and other

regions displaying more variable fast polariza-
tion directions (Fig. 1) (§8—70). In contrast, two-
dimensional (2D) models of slab-driven corner
flow, like those invoked to explain the pattern
of anisotropy at mid-ocean ridges, predict trench-
normal anisotropy in the mantle wedge at sub-
duction zones (/7).

Deformation experiments on olivine aggre-
gates show that the lattice preferred orientation
(LPO) changes as a function of water content,
stress, and temperature (/2, /3). Particularly
intriguing is the observation of LPO controlled
by the dominance of slip on the (010)[001] slip
system (i.e., the B-type system). In this regime,
which is predicted to dominate at high water
content and low temperature/high stress, fast
polarization directions are perpendicular to the
flow direction (they are trench-parallel for 2D
slab-driven corner flow). However, although
numerical models (/4) predict B-type fabric in
the fore-arc, it is not predicted beneath the arc or
in the back-arc, where trench-parallel anisotropy
is often observed.

An alternative explanation for trench-parallel
anisotropy is 3D flow in the mantle wedge due to
oblique convergence or slab rollback (71, 15).
Yet, these models do not explain trench-parallel
anisotropy observed in settings with nearly or-
thogonal convergence and little rollback (Fig. 1)
(4, 8). Another potential source of 3D flow in the
mantle wedge is buoyancy-driven flow resulting
from the foundering of high-density mafic and
ultramafic cumulates into the underlying mantle
(16). At conditions appropriate for arc lower crust
(800° to 1000°C and 1 GPa) (17), many crustal
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assemblages are denser than the underlying man-
tle (16, 18, 19). Such high-density layers can
become gravitationally unstable and sink into
the mantle with a characteristic along-arc spacing
of 30 to 50 km on time scales of ~10° years
(fig. S1) (18).

Here we show that 3D flow in the mantle
wedge due to lower-crustal foundering is
capable of producing trench-parallel seismic
anisotropy. We used finite element models to
calculate instantaneous mantle flow beneath
an idealized island arc [Fig. 2A and support-
ing online material (SOM)]. We assumed an
asthenospheric viscosity of 3 x 10'® Pa-s, which
is consistent with the extrapolation of exper-
imental data to mantle wedge conditions in the
presence of water and/or melt (20). To pro-
mote corner flow similar to that produced
with temperature-dependent and/or stress-
dependent viscosity (/7, 21), we imposed zero
coupling between the downgoing slab and the
lithosphere and a shallowing of the lithosphere/
asthenosphere boundary directly beneath the arc
(Fig. 2A).

We analyzed instantaneous flow induced
by a series of spheres 16 km in diameter,
located at a depth of 50 km (~20 km below the
crust/mantle transition) and with an along-arc
spacing of 40 km (Fig. 2A). The size and
spacing of the instabilities were based on the
scaling analysis and geochemical modeling of
the Talkeetna arc section presented in the
SOM. The spheres were 50 kg/m® denser than

35¢ o
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Fig. 1. Shear-wave splitting measurements from
teleseismic SKS (thick bars) and local S phases
(thin bars) along the Ryukyu arc (7, 8). The
orientation of the bars corresponds to the fast
polarization direction, and bar length is scaled by
delay time. Triangles denote the location of F-Net
seismic stations. Splitting values for SKS phases
are plotted at the station; values for local S phases
are shown at the midpoint between the station
and the event. Although the SKS measurements
show relatively uniform trench-parallel fast polar-
ization directions, the local S phases show a more
complex pattern of anisotropy.

the surrounding mantle, which is appropriate
for the “missing” ultramafic cumulates from
the Talkeetna section (/9). The downwelling
instabilities generated small-scale return flow
with a strong arc-parallel component (Fig.
2B). Trench-parallel transport was strongest in
the regions of upwelling return flow, and there
was a sharp transition between arc-normal
flow in the back-arc and trench-parallel flow
directly beneath the arc (Fig. 2B).

As a proxy for the orientation of seismic
anisotropy arising from this flow field, we cal-
culated the maximum elongation direction of
the strain-rate ellipsoid (22). These calculations
showed regions of coherent trench-parallel shear
above zones of upwelling and radial patterns of
shear located over zones of downwelling (Fig.
2C). The back-arc mantle was characterized by
trench-normal shear. These results are consistent
with the spatial pattern of anisotropy observed in
shear-wave splitting measurements on local S
phases from many subduction zones (8§—10).
Furthermore, our numerical results are also con-

REPORTS

sistent with preserved fabrics in residual perid-
otites at the base of the Talkeetna section, which
record trench-parallel flow rather than B-type
olivine fabric (23).

Our model predicts trench-normal shear in
the fore-arc, where some shear-wave splitting
studies show trench-parallel fast polarization
directions (6). There are several possible ex-
planations for this discrepancy. First, in our
model, instabilities are not advected trench-
ward with the corner flow. Thus, their influence
on flow is imposed to be greatest directly be-
low the arc. Second, although the development
of B-type fabric is inconsistent with high tem-
peratures directly below the arc, it is more
likely in the colder fore-arc mantle (/4). Fi-
nally, high-temperature fabrics produced under
the arc could migrate into the fore-arc during
subduction erosion.

To estimate the range of conditions over
which foundering dominates the pattern of
anisotropy, we compared the horizontal shear
strain rate generated by Stokes flow to that from
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Fig. 2. (A) Numerical model setup for 3D calculations of mantle flow. (B) Vertical and (C) planform
sections showing the orientation of the mantle velocities (top) and the long axis of the finite strain-rate
ellipsoid (bottom). Foundering produces 3D flow in the mantle wedge and coherent regions of trench-

parallel shear below the volcanic arc.
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Fig. 3. Ratio of the maximum horizontal shear strain rate generated by Stokes flow, £siokes, t0 the
mean horizontal shear strain rate associated with slab-driven corner flow, €.me,- Calculations are
shown as a function of sphere diameter versus asthenospheric viscosity, n, assuming a slab velocity of
6 cm/year. The density contrasts relative to the surrounding mantle (Ap) shown are appropriate for
(A) ultramafic [(Ap) = 50 kg/m3] and (B) garnet-rich gabbroic (Ap = 200 kg/m3) cumulates from the
Talkeetna section (19). For typical geologic conditions, the horizontal shear strain rates associated
with Stokes flow are larger than those for corner flow, implying that lower-crustal foundering may be
an important mechanism for generating 3D flow in the mantle wedge. The open circle illustrates
conditions used in the 3D flow model shown in Fig. 2.

slab-driven corner flow for a fluid of constant
viscosity. The corner flow strain rate was cal-
culated assuming a 30-km-thick lithosphere at a
distance of 100 km from the trench, corre-
sponding to the typical location of an island arc
for a slab dip of 45°. Our calculations (Fig. 3)
indicate that for a range of geologic conditions
(for example, instability diameters of 10 to 20 km
and wedge viscosities of 10'® to 10'? Pa-s), the
horizontal shear strains will be strongly influ-
enced by foundering (Figs. 2 and 3).

For foundering to affect the time-averaged
flow field in the mantle wedge, the instability
growth rate must be roughly balanced by the rate
of crustal accretion. The rate of magma produc-
tion for arcs is ~50 to 150 km*/km per million
years (My) (24). Assuming that about half of the
magmatic flux forms a dense layer at the base of
the crust (25), ~2 km would be added to a 30-km-
wide arc every ~10° years (Fig. 4). The instability
time for a dense layer 2 to 4 km thick is ~10°
years at conditions appropriate for arc lower crust
(Fig. 4) (18). These rates imply that the dense
layer would grow to a thickness of 2 to 4 km over
several million years before becoming unstable
(intersection of solid and dashed curves in Fig.
4). Thus, we infer that instabilities with diameters
of 16 to 20 km (corresponding to dense-layer
thicknesses of 2 to 4 km) should form every 10°
to 107 years.

Volcanic centers move within arcs on a time
scale of ~10° years. The initiation of instabilities
will probably occur between active volcanoes
where igneous crust cools to <850°C near the
Moho (18). Instability growth in these locations

will in turn drive upwelling in the intervening
regions. Such upwelling has the potential to
induce pressure-release melting, which would
in turn generate additional volcanism. As-
suming 1% melt per kilobar of decompression,
removing a 1- to 2-km cumulate layer over the
source region for the instability will produce a
minimum of ~10 km® of melt per instability.
This process could persist through time,
resulting in alternating periods of magmatic
activity at arc volcanoes. An analogous process
that could produce similar horizontal strains in
the mantle wedge and localization of arc
volcanism is upward transport of low-density
diapirs composed of subducted sediment,
serpentinite, and/or partial melt rising from
the slab (26, 27). In conclusion, the effects of
3D mantle flow induced by foundering can
produce coherent regions of trench-parallel
anisotropy, as well as the more complicated
spatial patterns of anisotropy observed at arcs
where data of higher-density shear-wave
splitting data are available (8—/0). Further-
more, our analysis suggests that using splitting
data solely at island stations biases the inter-
pretation of the flow field in the mantle wedge
beneath the arc.
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Ancient Biomolecules from
Deep Ice Cores Reveal a Forested
Southern Greenland

Eske Willerslev,'* Enrico Cappellini,2 Wouter Boomsma,> Rasmus Nielsen,*
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M. Thomas P. Gilbert,> Antonella Casoli,’® Elisa Campani,*® Matthew J. Collins®

It is difficult to obtain fossil data from the 10% of Earth’s terrestrial surface that is covered by thick
glaciers and ice sheets, and hence, knowledge of the paleoenvironments of these regions has
remained limited. We show that DNA and amino acids from buried organisms can be recovered
from the basal sections of deep ice cores, enabling reconstructions of past flora and fauna. We
show that high-altitude southern Greenland, currently lying below more than 2 kilometers of ice,
was inhabited by a diverse array of conifer trees and insects within the past million years. The
results provide direct evidence in support of a forested southern Greenland and suggest that many

deep ice cores may contain genetic records of paleoenvironments in their basal sections.

regions such as Greenland and Antarctica

are poorly understood because much of
the fossil evidence is hidden below kilometer-
thick ice sheets (/—3). We test the idea that the
basal sections of deep ice cores can act as
archives for ancient biomolecules.

The environmental histories of high-latitude
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The samples studied come from the basal
impurity-rich (silty) ice sections of the 2-km-
long Dye 3 core from south-central Greenland
(4), the 3-km-long Greenland Ice Core Project
(GRIP) core from the summit of the Greenland
ice sheet (5), and the Late Holocene John Evans
Glacier on Ellesmere Island, Nunavut, northern
Canada (Fig. 1). The last-mentioned sample was
included as a control to test for potential exotic
DNA because the glacier has recently overridden
a land surface with a known vegetation cover
(6). As an additional test for long-distance
atmospheric dispersal of DNA, we included
five control samples of debris-free Holocene
and Pleistocene ice taken just above the basal
silty samples from the Dye 3 and GRIP ice
cores (Fig. 1B). Finally, our analyses included
sediment samples from the Kap Kebenhavn
Formation from the northernmost part of
Greenland, dated to 2.4 million years before
the present (Ma yr B.P) (7, 2).

The silty ice yielded only a few pollen grains
and no macrofossils (7). However, the Dye 3
and John Evans Glacier silty ice samples showed
low levels of amino acid racemization (Fig. 1A,
inset), indicating good organic matter preserva-
tion (8). Therefore, after previous success with
permafrost and cave sediments (9-11), we at-
tempted to amplify ancient DNA from the ice.
This was done following strict criteria to secure
authenticity (/2—14), including covering the sur-

face of the frozen cores with plasmid DNA to
control for potential contamination that may
have entered the interior of the samples through
cracks or during the sampling procedure (7).
Polymerase chain reaction (PCR) products of
the plasmid DNA were obtained only from ex-
tracts of the outer ice scrapings but not from the
interior, confirming that sample contamination
had not penetrated the cores.

Using PCR, we could reproducibly amplify
short amplicons [59 to 120 base pairs (bp)] of
the chloroplast DNA (cpDNA) rbcL gene and
trnL intron from ~50 g of the interior ice melts
from the Dye 3 and the John Evans Glacier silty
samples. From Dye 3, we also obtained 97-bp
amplicons of invertebrate cytochrome oxidase
subunit I (COI) mitochondrial DNA (mtDNA).
Attempts to reproducibly amplify DNA from
the GRIP silty ice and from the Kap Kebenhavn
Formation sediments were not successful. These
results are consistent with the amino acid race-
mization data demonstrating superior preser-
vation of biomolecules in the Dye 3 and John
Evans Glacier silty samples, which is likely
because these samples are colder (Dye 3) or
younger (John Evans Glacier) than the GRIP
sample (Fig. 1A, inset). We also failed to amplify
DNA from the five control samples of Holocene
and Pleistocene ice taken just above the silty
samples from the Dye 3 and GRIP ice cores
(volumes: 100 g to 4 kg; Fig. 1B) (7). None of
the samples studied yielded putative sequences
of vertebrate mtDNA.

A previous study has shown that simple com-
parisons of short DNA sequences to GenBank
sequences by means of the Basic Local Align-
ment Search Tool (BLAST) make misidentifica-
tion likely (/5). Therefore, we assigned the
obtained sequences to the taxonomic levels of
order, family, or genus using a new rigorous
statistical approach (7). In brief, this Bayesian
method calculates the probability that each se-
quence belongs to a particular clade by consid-
ering its position in a phylogenetic tree based on
similar GenBank sequences. In the calculation
of these probabilities, uncertainties regarding phy-
logeny, models of evolution, and missing data
are taken into account. Sequences with >90%
posterior probability of membership to a taxo-
nomic group were assigned to that group. Addi-
tionally, a given plant taxon was only considered
genuine if sequences assigned to that taxon were
found to be reproducibly obtained in separate
analyses (by independent laboratories for the
Dye 3 sample and within the laboratory for the
John Evans Glacier control sample). This strict
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