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only currents of Sn atoms around the edge of
the island, then p.(R) would drop rapidly with
island size, proportional to 1/R® (17), and
give a v(R) that would increase with decreas-
ing radius as 1/VR. Thus, as long as Dy is
nonzero, diffusion through the islands for
sufficiently large R values should provide the
dominant contribution to their mobility, con-
sistent with our observations.

We can experimentally adjust the speed of
the islands over several orders of magnitude
by changing the temperature slightly around
room temperature. In an Arrhenius plot of the
velocity (Fig. 5B), the linearity suggests that
the processes responsible for the island mo-
tion are activated with an energy of 900 meV.
From the above analysis, this should be half
of the activation energy associated with the
product D,p,B. Because diffusion barriers,
defect formation energies, and exchange en-
ergies are typically on the order of hundreds
of meV, the activation energy we measure is
reasonable within this model. From our mea-
surements at 270 K, we find that the Sn-Cu
exchange rate is roughly one atom per 4000 s.
Assuming a value of € on the order of 100
meV, typical diffusion prefactors on the order
of 10'? s™!, and the experimentally measured
activation energy, we find that (D,p »%eB/
kgT)” yields island velocities of the ob-
served order of magnitude. So the simple
picture of Fig. 4 seems to be consistent with
everything we know at present about this
system. Given the simplicity of the driving
force for the motion of the reactive Sn is-
lands, this mechanism of surface alloying
might be expected to be common when sur-
face diffusion is faster than exchange into the
substrate.

We make three comments about the sur-
face bronze formation: (i) The trajectories
shown in Figs. 1 and 2 do not convey the full
animation of the Sn island motion (9); the Sn
islands often appear to react to their sur-
roundings in a complex way (pausing when
their best path is not obvious, for example)
and are efficient in finding new unalloyed
regions. It is interesting that such complexity
can arise from such a seemingly simple situ-
ation as surface alloying. (ii) Surface free
energy—driven motion of particles on liquid
surfaces (or liquids on solid surfaces) is a
familiar phenomenon (/8-24); the observa-
tion of the similar motion of camphor parti-
cles across water dates to 1686 (23, 24) and
was the subject of much discussion in the
19th century. It allowed Lord Rayleigh to
estimate molecular dimensions and motivated
him to perform an accurate determination of
the surface tension of water (25), for exam-
ple, and now reappears in the context of
solids on the nanoscale. (iii) Control of the
island motion presents the possibility of ma-
nipulation of surface alloy formation to create
useful and novel nanoscale structures.
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High Shear Strain of Olivine
Aggregates: Rheological and

Seismic Consequences
M. Bystricky,* K. Kunze, L. Burlini, J.-P. Burg

High-pressure and high-temperature torsion experiments on olivine aggregates
in dislocation creep show about 15 to 20% strain weakening before steady-
state behavior, characterized by subgrain-rotation recrystallization and a strong
lattice preferred orientation. Such weakening may provide a way to focus flow
in the upper mantle without a change in deformation mechanism. Flow laws
derived from low strain data may not be appropriate for use in modeling high
strain regions. In such areas, seismic wave propagation will be anisotropic with
an axis of approximate rotational symmetry about the shear direction. In
contrast to current thinking, the anisotropy will not indicate the orientation of
the shear plane in highly strained, recrystallized olivine-rich rocks.

Seismic anisotropy in oceanic and continental
lithospheres is commonly attributed to defor-
mation-induced lattice preferred orientations
(LPOs) of olivine and pyroxene (/-6) and is
used to determine flow patterns in the upper
mantle (7, 8). To give weight to this interpre-
tation, we must understand how olivine LPOs
develop and evolve with strain in particular
deformation settings. Flow in the mantle in-
volves high strain and non-coaxial deforma-
tion, but most experimental studies on poly-
crystalline olivine have been performed un-
der uniaxial compression, in which deforma-
tion is coaxial and the total amount of strain
(equivalent strains <0.5) is limited (9-12).
Olivine samples deformed to shear strains up
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to 1.5 using a diagonal-cut assembly (13, /4)
yielded useful microstructural and textural
observations. However, these experiments
may not have produced steady-state deforma-
tion textures. In addition, such an experimen-
tal arrangement does not allow a detailed
rheological study, because combined com-
pressional and simple shear components con-
tribute to the deformation and because the
state of stress is poorly known at high strains
(15). Here we present results on the experi-
mental deformation of olivine aggregates in
torsion yielding bulk shear strains up to y =
5. The aim of this study was to achieve non-
coaxial deformation and to investigate the de-
tailed microstructural, textural, and rheological
evolution of polycrystalline olivine over a larg-
er strain range than previously accessible.
Olivine aggregates were hot-pressed from
San Carlos olivine powders (/6). Deforma-
tion experiments were carried out in a high-
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pressure and high-temperature torsion appa-
ratus (I7), in which any small element of the
sample undergoes deformation at constant
strain rate by simple shear (/8). The shear
stress and shear strain rate at the outer surface
of the cylindrical sample were derived from
the measured torque and twist rate, respec-
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scatter diffraction (EBSD). During deforma-
tion, the texture evolved through a transient
deformation texture (y ~ 0.5) into a recrys-
tallization texture at high strain (Fig. 4). At
v ~ 0.5, the [010] crystallographic axes tend
to align normal to the shear plane and the

[100] axes develop two maxima, one parallel
to the shear direction and one oblique to the
shear direction. This LPO fits with previous
low strain experimental results (/3, 14) and
with numerical simulations (22, 23). At high-
er strains, the texture is much stronger and

tively (19). The experiments were performed

o 200°C 300 NP confining prosre, T, Sheor e v e sy oo
with the oxygen fugacity near the Fe/FeO 300 Mpa at constant nominal shear = o0 /_,_H_I
buffer (107'2 bars). Fourier transform infra-  strain rates of 6 X 10~5 s~' (gray @ i v
red (FTIR) spectroscopy analyses of de- curve) and 1.2 X 107% s~ (black % 160 / '
formed samples indicated that they contained CU(V9)~ Conversion from torque and g 50 :
less than 30 molar parts per million (ppm)  tWist of torsion deformation into shear & i !

stress and strain was performed as in 00_'0 01 02 0 1 5 3 2 5

H/Si (20). Samples were deformed to differ-

ent amounts of bulk shear strain, under two
constant angular displacement rates corre-
sponding to constant shear strain rates of
either 6 X 107357 or 1.2 X 10™* s~ ! at the
outer surface of the sample. For both defor-
mation series, a peak stress occurred at a
shear strain iy ~ 0.1, followed by 15% weak-
ening.up to y ~ 0.5 (Fig. 1). At higher
strains, the flow stress was nearly steady-
state, leading to a total weakening of the
aggregate of about 20% from the peak stress
to the flow stress at y ~ 5. Stress exponents
of n = 3.3 determined after the weakening
suggest dislocation creep as the rate-limiting
mechanism, even at high strains.

Microstructures were analyzed with optical
and electron microscopy. Thin sections were
cut perpendicular to the cylinder radius and
within 200 to 300 wm of the sample outer edge.
In such planes, deformation is nearly simple
shear (18). With increasing strain, the average
grain size reduced by dynamic recrystallization
(Fig. 2). At shear strains y ~ 0.5, a typical
deformation microstructure displays evidence
of incipient recrystallization (Fig. 2, C and D).
At y ~ 2, core-and-mantle structures suggest
recrystallization by subgrain rotation (Fig. 2, E
and F). The matrix wraps around porphyro-
clasts and resembles the mosaic texture de-
scribed in natural peridotites (21). With further
strain, the porphyroclasts become more elon-
gated, with an oblique shape fabric consistent
with the sense and amount of shear. Aty ~ 5,
recrystallization is nearly complete and a flu-
idal mosaic microstructure (27) with a strong
foliation sub-parallel to the shear plane has
developed (Fig. 2, G and H). The ~5% of
remaining porphyroclasts consist of ribbons
with highly stretched tails (blue grains) and
asymmetric porphyroclasts showing sub-
grains and deformation features (white
grains). High-resolution orientation imaging
maps are consistent with the observed micro-
structures (Fig. 3). The spatial distribution of
small-angle misorientations within the clasts
confirms the formation of subgrains with a
size similar to the recrystallized grains, pro-
viding further evidence for recrystallization
by subgrain rotation.

LPOs were measured using electron back-
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“graph in (A) was taken us-

(79). The peak stresses agree well with
dislocation creep flow laws for olivine

Shear strain y

aggregates determined in axial compression experiments (72). Stepping tests performed at high
strains yielded stress exponents n (n = 3.2 at y ~ 1.2 and n = 3.3 at y ~ 3.2) typical of
deformation by dislocation creep. Shaded area (left) shows magnified view of the low strain interval
at right (y = 0.2), up to equivalent strains (~10%) where rheological data are typically obtained
in compression experiments. At these low strains, deformation often appears to be steady-state

because the onset of weakening is rarely reached.

Fig. 2. Optical micro-
graphs in cross-polarized
light [from thin sections
cut as in (78)] of olivine
aggregates deformed at
6 X 1075571 to different
shear strains. Shear sense
is dextral. (A and B) Start-
ing material. Olivine ag-
gregate hot-pressed for
12 hours, showing an
equigranular fabric with
an average grain size of
20 pm. Most grains have
euhedral shapes with low
aspect ratios. Grain bound-
aries are straight to curved.
Few deformation features
such as lamellae and sub-
grains are visible within
the grains. The micro-

ing a gypsum plate. (C
and D) Deformed proto-
lith. Deformation micro-
structure at shear strain
v ~ 0.5. Evidence of dis-
location creep and recov-
ery in the form of defor-
mation lamellae and 3 to
4 pm subgrains. Grain
boundaries are curved to
lobate, with bulges indi-
cating the onset of recrys-
tallization. A weak oblique
shape preferred orientation

is consistent with the sense of shear. (E and F) Protomylonite. Partially recrystallized microstructure
at-y ~ 2. Recrystallized grain size is 3 to 4 um. Elongated porphyroclasts with deformation lamellae
have aspect ratios R from 2 to 6 (R = 5.8 for the finite strain ellipse at y = 2). Core-and-mantle
structures and a subgrain size similar to the recrystallized grain size provide evidence for
recrystallization by subgrain rotation. (G and H) Ultramylonite. Fluidal mosaic microstructure at
v ~ 5. The recrystallized matrix.(~95% volume) is very homogeneous with ~3 wm equant grains.
Two types of porphyroclasts with distinct crystallographic orientations remain. Highly elongated
ribbon grains (blue) are in an orientation for easy slip on (010)[100] and track the bulk strain. Their
aspect ratios (R = 25 to 40) are consistent with the finite strain ellipse at y = 5 (R = 27). A second
type of porphyroclasts (white) with lower aspect ratios (R < 10) are full of subgrains and
deformation features, are strongly asymmetric in shape, and have an oblique lattice orientation.
Both types have average grain areas equal to those of the starting grains (equivalent diameter, ~20
pm), suggesting that their shapes are due entirely to strain without major coalescence.
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more symmetric with respect to the shear
kinematics. It has a sharp [100] maximum
oriented parallel to the shear direction and
girdles of [010] and [001] normal to that
direction. Individual measurements of 50 rib-
bon porphyroclasts indicate that nearly all
have a single preferred orientation, consistent
with “easy slip” on the (010)[100] system.
For the asymmetric porphyroclasts, the [100]
axes are distributed oblique to the shear di-
rection, as in the low strain deformation tex-
ture. The observed high strain texture differs
from numerical simulations with or without
modeling recrystallization (22, 23) by the
[010] and [001] girdle normal to the shear
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direction rather than a-[010] point maximum
perpendicular to the shear plane.

An important goal in studying mantle dy-
namics is to determine the flow direction and
shear plane from seismic observations. Seis-
mic properties of deformed samples (com-
pressional wave velocity Vp, shear wave
splitting dVs, and polarization of fast shear
wave Vsl pol) were calculated from the mea-
sured LPO (Fig. 4). The data for high shear
strains suggest that a large Vp anisotropy
(here half of the single crystal anisotropy) can
develop in highly sheared parts of the mantle.
The Vp maximum and dVs minimum are
parallel to the shear direction, along with an

12 um

Shear direction 20 steps = 12 um Shear plane normal Orientation contrast
010 Fig. 3. Microstructure of olivine aggregate deformed to y ~ 5 showing ribbon

grains within recrystallized matrix. (A and B) High-resolution orientation imag-
ing maps with color key according to inverse pole figures of shear direction and

001 100

shear plane normal, respectively. Thick lines between pixels indicate grain

boundaries (nearest neighbor misorientation angle w > 15°) and thin lines mark
subgrain boundaries (2° < o < 15°). Recrystallized grains in the matrix have sizes of about 3 to 6 pm
and have various orientations with [100] preferably toward the shear direction. A highly elongated
ribbon shows similarly sized subgrains and is in approximate orientation (031)[100]. (C) Scanning
electron microscope orientation contrast image at same magnification of a different region with similar

features.

Fig. 4. Pole figures and
seismic properties of
olivine aggregates de-
formed in dextral shear.
All figures are upper
hemisphere equal area
projections. Pole fig-
ures are scaled in mul-
tiples of random distri-
bution (m.r.d). Texture
indices are indicated
for the overall textures
(J) and each pole figure
separately (J,, J, J.)-
Minima and maxima
are indicated to the left
and right of measured
pole figures, respective-
ly. Seismic properties
were derived from the
LPO data using the
Voigt volume averag-
ing scheme [programs
from (32, 33)].

a[100] b [010]

Measured LPO
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Derived Seismic Properties
c [001] Vp dVs +Vs1 pol

=01

° Vpmin=82 ° dVsmin=0.0
Anisotropy = 3.1%
Y~ 2 LPO Vp dvVs
(m.r.d.) (km/s) (kmv/'s)

J=38 8.0 94 0.45

53 9.2 0.40
3.5 9.0 0.35
23 8.8 0.30
1.5 86 0.25

0.20
0.15

s Vpmax=93 = dVsmax=0.5
° Vpmin=8.0 ¢ dVsmin=0.0
Anisotropy = 14.9%

approximate axial symmetry in all the veloc-
ity distributions about that direction. As Vp is
minimum anywhere along a girdle normal to
the shear direction, it does not indicate the
orientation of the shear plane, by contrast to
previous conclusions based on experiments
conducted to lower strains (I3, /4). These
results imply that seismic investigations of
the mantle (e.g., Vp and Vs deep seismic
sounding, near vertical reflection, and teleseis-
mic shear wave splitting) may indicate the flow
direction, but will not identify the shear plane
in highly recrystallized olivine mylonites.

Experimental deformation to high shear
strain of olivine aggregates produces a stable
LPO and recrystallized microstructure con-
sistent with observations in highly deformed
natural peridotites (21, 24). Although sample
size, grain size, temperature, and strain rate
conditions may be different in the laboratory
than in nature, the correspondence in micro-
structures provides confidence that it is pos-
sible to scale results obtained in experiments
to natural conditions. In addition, the 15 to
20% observed weakening may provide a way
to focus flow in the upper mantle without the
need to invoke a change in deformation mech-
anism (25). In subduction zones, high shear
strains may lead to strain localization where
hot mantle convects past the upper side of
cold slabs. In regions of extensional deforma-
tion, strain weakening may focus on major
detachment zones near the crust-mantle bound-
ary, for example during the development of
passive margins (26, 27). Seismic disconti-
nuities recently identified in the upper mantle
(28, 29) may correspond to such shear zones.
For these regions of localized shear strain, the
application of rheologies derived from low
strain data would be inappropriate.
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Quantitative Imaging of Lateral
ErbB1 Receptor Signal
Propagation in the Plasma
Membrane

Peter J. Verveer,'* Fred S. Wouters,’* Andrew R. Reynolds,?*
Philippe 1. H. Bastiaens™?}

Evidence for a new signaling mechanism consisting of ligand-independent lat-
eral propagation of receptor activation in the plasma membrane is presented.
We visualized the phosphorylation of green fluorescent protein (GFP)-tagged
ErbB1 (ErbB1-GFP) receptors in cells focally stimulated with epidermal growth
factor (EGF) covalently attached to beads. This was achieved by quantitative
imaging of protein reaction states in cells by fluorescence resonance energy
transfer (FRET) with global analysis of fluorescence lifetime imaging micros-
copy (FLIM) data. The rapid and extensive propagation of receptor phospho-
rylation over the entire cell after focal stimulation demonstrates a signaling
wave at the plasma membrane resulting in full activation of all receptors.

Ligand-driven ErbB1 activation is generally
thought to occur through the formation of
stable receptor dimers (/-5). The proximity
of the two ErbBl receptors in the stable
dimer allows subsequent transactivation by
cross-phosphorylation of target tyrosine resi-
dues by the receptor tyrosine kinase domain,
both located in the cytoplasmic tail of the
receptor (6, 7). Signal transduction then pro-
ceeds through recruitment to the receptors of
phosphotyrosine-binding adaptor and effector
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proteins, such as Grb2, SHC, and p85 (8-10).
We provide evidence for a different ErbB1
signaling mechanism of ligand-independent
lateral propagation of receptor activation in
the plasma membrane where the activated
receptor dimer is a transient rather than a
stable feature. To show this, we induced local
activation of ErbB1-GFP by applying EGF
covalently attached to beads (EGF-beads)
and monitored the phosphorylation state of
the receptors across the whole cell. The ex-
tent of ErbB1 receptor phosphorylation was
mapped by measuring FRET between ErbB1-
GFP and a Cy3-labeled antibody to phospho-
tyrosine (Cy3/PY72).

The occurrence of FRET causes the fluo-
rescence lifetime of the phosphorylated re-
ceptor to decrease (1/-13), which is detected
using FLIM (/4-17). Efficient FRET will
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occur only when the Cy3 acceptor is brought
within nanometer range of the GFP donor by
binding of the antibody to the phosphorylated
receptor (11). A global FLIM analysis tech-
nique was developed (/8) that uses the un-
derstanding that the receptor exists in two
states, phosphorylated or unphosphorylated,
each with a unique associated fluorescence
lifetime (Fig. 1A). As a result, quantitative
maps of the populations of each state are
obtained (Fig. 1B). In addition, the lifetime of
each state is determined, from which the true
FRET efficiency in the receptor-antibody
complex can be calculated. This approach
allows quantitative and precise mapping of
the relative concentration of phosphorylated
protein in cells, whereas earlier approaches
were qualitative (12, 19).

To study the lateral propagation of ErbB1-
GFP phosphorylation, the population distri-
bution of phosphorylated receptors in cells
after focal stimulation with 0.8-pum diameter
EGF-beads (20, 21) was compared with the
distribution after exposure to a saturating
dose (0.1 pg/ml) of soluble EGF. Groups of
MCEF?7 cells expressing ErbB1-GFP were mi-
croinjected with Cy3-labeled Fab fragments
(22) of a phosphotyrosine-specific antibody
(Cy3/FabPY72) and stimulated. Average
ErbB1-GFP expression levels in MCF7 cells
(5 X 10°) were half that of A431 cells, as
judged by the fluorescence intensity of recep-
tor-bound Cy3-EGF. Cells treated with solu-
ble EGF showed a homogeneous phosphoryl-
ation pattern at the plasma membrane that
was maximal 15 min after stimulation (Fig.
2A). Cells stimulated with EGF-beads (red
dots, Fig. 2A) also exhibited an extended
phosphorylation pattern, to the same extent as
found after stimulation with soluble EGF,
indicative of extensive lateral spreading of
ErbB1 phosphorylation.

In these experiments, the kinetics of anti-
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