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this location suggests extensive biodegrada-
tion, and comparison of methane oxidation rates
to CH4/C,H, for all rate measurements reveals a
positive exponential correlation (Fig. 4B). We
interpret this relationship to reflect a slower sub-
strate response and growth rate for methano-
trophs relative to ethane degraders in the plume,
although direct inhibition cannot be excluded.
We suggest that the development of methano-
trophic communities in deep hydrocarbon plumes
is delayed with respect to that of ethane-, propane-,
and butane-consuming communities.

To identify potential propane- and ethane-
consuming bacteria active in the deep plumes,
we collected cells and sequenced bacterial DNA
from five locations containing distinctive pro-
pane and ethane anomalies. A cloning-based sur-
vey of the 165 rRNA gene was dominated by
several sequences related to known hydrocarbon
degraders—Cycloclasticus (21-24), Colwellia (25),
and members of the Oceanospirillaceae (26)—
indicating a low diversity bloom of hydrocarbon-
oxidizing bacteria in the deep plumes. The plume
closest to the wellhead had the highest levels of
hydrocarbons and the least evidence for bio-
degradation and yielded the lowest proportion of
putative hydrocarbon degraders (52%) relative to
typical mesopelagic bacteria. We take this location
to represent an early developmental stage in the
bloom of hydrocarbon-oxidizing bacteria. The
remaining four locations were each dominated by
two clades of putative hydrocarbon degraders
(Fig. 3B) related to Cycloclasticus and Colwellia,
contrasting previous results (/6) that found rel-
atives of the Oceanospirillaceae as the dominant
phylotypes. We suggest that the observed rela-
tives of Cycloclasticus and/or Colwellia are bloom-
ing as a result of their capacity to consume propane,
ethane, and potentially butane, although not at the
exclusion of other bacteria or metabolisms. While
Cycloclasticus is known for its ability to degrade
aromatic compounds, sequences observed here are
90% similar to putative ethane and propane oxidizers
identified by stable isotope probing (27), indicating
the capability in this evolutionary lineage (Fig. 3C).

The extent to which various hydrocarbons may
feed respiration and bacterial blooms depends on
their concentration and bioavailability. Based on
several assumptions (6), we calculate that methane,
ethane, and propane released from the Deepwater
Horizon leak will exert a biological oxygen
demand in the deep plume horizon of up to 8.3 x
10" g O, for methane respiration, 1.3 x 10'' g O,
for ethane, and 1.0 x 10'" g O, for propane. In
comparison, assuming that 968,000 barrels of oil
were dispersed into the subsurface (5, 6), we cal-
culate a maximum biological oxygen demand
for oil of 4.4 x 101 g O,. The sum of these values,
~1.5 x 10" g of O,, provides an estimate of the
maximum integrated deep-water O, anomaly ex-
pected from this event, with roughly 15% of the
oxygen loss occurring in fresh plumes from respi-
ration of propane and ethane. From these estimates,
we predict that roughly two-thirds of the ultimate
microbial productivity in deep plumes will arise

from metabolism of natural gas. We also predict
boom-and-bust cycles of bacterial succession
beginning with propane, ethane, and butane
consumers, followed by the consumers of various
higher hydrocarbons and methane. However, the
plumes’ bacterial population will also respond to
persistent mixing of bacteria, oxygen, and hydro-
carbons with nonplume waters, which could
presumably lead to attenuation in the aging plumes.
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The Dynamics of the Onset of

Frictional Slip

Oded Ben-David, Gil Cohen, Jay Fineberg*

The way in which a frictional interface fails is critical to our fundamental understanding of
failure processes in fields ranging from engineering to the study of earthquakes. Frictional
motion is initiated by rupture fronts that propagate within the thin interface that separates two
sheared bodies. By measuring the shear and normal stresses along the interface, together with
the subsequent rapid real-contact-area dynamics, we find that the ratio of shear stress to
normal stress can locally far exceed the static-friction coefficient without precipitating slip.
Moreover, different modes of rupture selected by the system correspond to distinct regimes of
the local stress ratio. These results indicate the key role of nonuniformity to frictional stability
and dynamics with implications for the prediction, selection, and arrest of different modes

of earthquakes.

under an imposed shear is governed by the

ensemble of discrete contacts composing
their interface (/). Although frictional slip (2, 3)
is initiated by the rapid rupture of these contacts,
understanding of the mechanisms of how inter-
face rupture takes place is limited by our knowl-
edge of the properties, strength, and stability of
this rough interface.

The relative motion of two contacting bodies

Frontlike rupture modes bridge the gap be-
tween the microscopic interactions that define
local frictional resistance and the resulting mac-
roscopic motion imbued in the slip of large bodies
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(2—4). Laboratory experiments reveal three distinct
modes of rupture: (i) slow ruptures, which prop-
agate far below material wave speeds (5-8), (ii)
“sub-Rayleigh” ruptures (5, 6, 9—12) that prop-
agate up to the Rayleigh wave speed, and (iii)
“supershear” rupture modes that surpass the shear
wave speed Cs (3, 10, 12). Sub-Rayleigh ruptures
are related to shear fracture, which is well under-
stood theoretically (2); however, our understand-
ing of the other rupture modes is much less clear.
Supershear modes, which have long been con-
sidered theoretically possible in shear fracture
(13-16), have only recently been observed (12),
whereas our understanding of slow rupture modes
is still very much in its infancy (17, 18). Each of
these rupture modes may occur in earthquakes,
but if, where, and how they are selected are still
open questions. Although sub-Rayleigh modes are
considered the most general mode of earthquake
propagation (2, 4, 15), there is mounting evi-
dence for the importance of both slow (/9-21)
and supershear (22, 23) rupture modes along
natural faults.

To understand how properties of frictional
rupture couple to the profiles of local stresses
along a frictional interface, we conducted experi-
ments with acrylic poly(methyl-methacrylate)
blocks in two qualitatively different loading sys-
tems (fig. S1) (24). At the start of each experiment,
the blocks were pressed together by a normal
force F\ (Fig. 1A). External shear forces, Fs,
were applied to either the trailing edge (x = 0) of

Fig. 1. Inhomogeneous normal and shear stresses
are ubiquitous. (A) The real contact area A(x,1) is
measured by light transmission along the inter-
face, whereas shear and normal stresses are mea-
sured adjacent to the interface (orange squares).
Different loading configurations are used [details
in (24)]. An example of the evolution of c(x) (draw-
ing not to scale) (B) and t(x) (C) profiles for uni-
formly applied shear and normal forces. This loading
configuration led to the rupture event depicted in
Fig. 2C. Stress profiles (dashed lines) measured
during the application of Fy with Fs = 0; subsequent
profiles (solid lines) were measured when Fs was
applied for a fixed Fy = 6250 N. Measurement
points are connected by lines for clarity. Application
of a uniform normal stress with Fs = O creates a

the top-block, uniformly along the bottom block,
or in a mixture of the two. Fs was incremented
quasi-statically, eventually triggering stick-slip slid-
ing. We continuously performed simultaneous mea-
surements of the real contact area, A(x,?), at every
point x at rates of up to 250,000 samples/s (here, ¢
is time). In parallel, shear and normal stress pro-
files adjacent to the interface, 1(x) and 6 (x), respec-
tively, were measured every second. All rupture
events encompassing either partial sections of the
interface (6) or the entire interface were measured.

In nearly all frictional systems, t(x) and o(x)
are highly nonuniform, suggesting that nonuni-
formity is generic. Even in ideal laboratory systems,
large stress nonuniformity can be produced by
minute interface curvature, differences in the mate-
rials and/or geometries of the contacting bodies,
or dynamically, by earlier slip events (6, /7). In
the example presented in Fig. 1, B and C, we show
how geometrically dissimilar blocks generate large
shear stress variations at an optically flat interface
under uniform application of Fy (Fig. 1). Be-
cause the dimensions of the upper and lower
blocks are not identical, differential Poisson ex-
pansion is countered by pinning of the blocks at
the frictional interface (25). This generates shear
stresses even for Fg = 0. Additional large stress
variations result from any torque when Fg > 0 is
applied.

Controlled variations of loading conditions (24)
lead to spatial variations of t(x) and o(x) that
produced the full range of rupture modes (Fig. 2).
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nonuniform antisymmetric t(x) profile, solely as a result of differential Poisson expansion frustrated at the
interface. Application of Fs increases the mean level of t(x) while producing strong nonuniformity of c(x)
near the block edges to compensate for external torque.

These include individual events (Fig. 2, A to C)
where slow, sub-Rayleigh, and supershear rup-
tures or combinations of these modes (Fig. 2A)
took place. Additionally, the dynamics of rupture
can change in successive events within a single
stick-slip sequence (Fig. 2, D to F). All events in
this sequence nucleated at approximately the same
location (x ~ 150 mm) and propagated in both
directions. In the first stick-slip event (Fig. 2D), the
left-traveling front initiated at near-shear velocity,
then continually slowed until ultimately arresting
atx ~ 50 mm. In the second event, the left-traveling
front initiated beyond the shear-wave speed (~1600
m/s), slowed to sub-Rayleigh propagation (250 to
500 m/s) near the sample edge, but did not arrest.
The left-propagating front in the third event ini-
tiated at a super-shear velocity (~2300 m/s) and
traversed the entire interface without slowing down.
The rupture direction need not correspond to the
resulting slip, which is determined by the loading.

Comparison of the rupture velocities to the
local stress ratio, T(x)/c(x), suggests that this quan-
tity is strongly coupled to the local front dynamics
(Fig. 2). The local propagation speeds consistently
increase with 1(x)/c(x), with front arrest occurring
when 1(x)/c(x) falls below ~0.5 (for example,
Fig. 2A at x = 50 mm). This qualitative depen-
dence is both local along the interface and inde-
pendent of how the local stress ratios were imposed.
Supershear fronts can also nucleate under quasi-
static external loading (Fig. 2, C and F). These
ruptures can abruptly initiate (Fig. 2C), even when
preceded by a slow, gradual nucleation process.

The local propagation velocities V(x) of 287
different fronts as a function of t(x)/c(x), mea-
sured before slip initiation, demonstrate the gen-
erality of these observations (Fig. 3). Each front
is part of a system-sized event, with each /(x)
indicating the instantaneous rupture velocity as a
front traverses a specific strain gage. If we con-
sider only fronts traversing locations far from the
system’s loading points or free edges, the data
collapse onto a rough curve whose form indicates
three distinct regimes of rupture dynamics: (i)
slow fronts [t(x)/o(x) < 0.5], (ii) sub-Rayleigh
fronts [0.5<t(x)/c(x) < 0.8], and (iii) supershear
rupture [t(x)/c(x) > 0.8]. The data collapse oc-
curred for widely different external loading
conditions (24), including simple edge-loading, a
combination of uniform shear and edge loading,
and uniform shear loading (compare with Figs.
1 and 2). This suggests that rupture-mode selection
is coupled to 1(x)/o(x), though it is not explicitly
dependent on how loads are applied. The data fail
to collapse in regions (for example, near loading
points) where stress gradients are so large that
stresses at the interface do not mirror those re-
lieved in the local vicinity of the rupture tip.

At loading levels that are even incrementally
below that needed to precipitate each slip event in
Fig. 3, no slip occurred. Thus, the system was
stable for values of 1(x)/c(x) that far exceeded the
static-friction coefficient (26) us = Fs/Fn ~ 0.5.
This is surprising, as it is generally believed (3)
that the value of g is the criterion for stability to

8 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on April 5, 2011


http://www.sciencemag.org/

frictional motion at any point along a frictional
interface. Our experiments demonstrate that this
assumption is not valid; interfaces are locally stable
even for local values of t(x)/c(x) that exceed 4yg
(Fig. 3). Although t(x)/c(x) can locally exceed g,
the integrated values of t(x) and o(x) are consist-
ent with the value of g in each experiment.

When considering a frictional interface, it is
tempting to simplify the problem by considering
uniform stress profiles along the interface (7). Any
geometrical or material mismatch, however, as
well as the existence of edges, will lead to sub-
stantial nonuniformity (see, for example, Fig. 1).
One can approximate uniform stress profiles only
under a limited set of carefully controlled con-
ditions (2, 26). Thus, nonuniform stress profiles
are the rule and are present on nearly any natu-
rally occurring (4) or engineered frictional system.
Along natural faults, heterogeneous profiles of
o(x) or t(x) can have a variety of additional origins.
These include material heterogeneity of either shear
strength or elastic moduli of the host material,
inelastic deformations near fault tips, or spatial gra-
dients of applied stress fields (3). Stress inhomo-
geneity can further evolve dynamically, through the
partial release and transfer of stresses between slip
patches (2, 4, 15) or by finite slip events driven by
inhomogeneous stress application (6, 17).

We can intuitively understand why the local
stress ratio is tightly coupled to the rupture mode
(15). We know that a crack propagates when the
strain energy released in the bulk medium exceeds
its fracture energy (27): the energy needed to create
a new unit surface. At a fiictional interface, this
effective energy cost is proportional to the real area

Fig. 2. Local stress profiles dramatically
influence rupture dynamics. (Top panels)
Changes in A(x,t) normalized by A(x,t =
—1 msec). Hotter (or colder) colors denote
increased (or reduced, respectively) contact
area. Rupture fronts are identified by a sharp
change in color. Dashed lines denote sound
speeds: Cs = 1370 m/s (shear) and C, =
2730 m/s (longitudinal). (Bottom panels)
Corresponding stress profiles before each
event. Normal stress, o(x) (red lines), and
shear stress, t(x) (blue lines), are shown.
Nucleation occurred at ¢ = 0 at locations
denoted by yellow arrowheads. (A to C)
The three different rupture modes: slow
(A), sub-Rayleigh (B), and super-shear (C).
Events were generated in system Il (24)
where (A) the optional stopper was used,
(B) the stopper was not used, or (C) the
loading described in Fig. 1B was used. In
(A) and (B), frustrated Poisson expansion
was minimized by nonuniform application
of o(x). (C) Note how the slow nucleation
phase atx ~ 150 mm rapidly transitions to
super-shear rupture. (D to F) Three succes-
sive slip events within the same stick-slip
sequence as Fs was quasi-statically increased
(loading conditions similar to Fig. 1). Events

Stress (MPa) Time (usec)

>

Time (usec

Stress (MPa)

A 2000

300

150

of contact A(x), which is, in tumn, locally propor-
tional (/) to o(x) at each point x. Here, the effective
fracture energy I is not a material-dependent quan-
tity as in the fracture of bulk materials, but instead
reflects the local strength of the interface, as de-
termined by o(x). On the other hand, t(x) is a
locally measured quantity that mirrors the density
of strain energy stored, before the arrival of a
rupture front, within a region of finite size sur-
rounding the point, x. Thus, at locations suffi-
ciently removed from regions with high stress
gradients, 1(x)/o(x) reflects the balance between
the potential energy available, before rupture, in
the vicinity of each point and the energy needed
to rupture the interface.

REPORTS

The idea of a material-dependent “peak” stress
is frequently used to model material response at the
tip of rapid ruptures (2, 16, 28). The peak stress,
commonly denoted as 1, is often considered to
be determined by the static-friction coefficient t, =
o(x) - Ug (3). t(x) can be considerably greater than
this value (Fig. 3). Thus, if a characteristic T, exists,
our peak results pose a lower limit for the peak
strength and question the relevance of relating pig
to local material strength.

Our results suggest that, once a rupture is
nucleated, it will transition to supershear when a
highly pre-stressed region is encountered. This is
in agreement with numerically observed transi-
tions to supershear rupture (15, 28, 29) in spa-

Fig. 3. Rupture-mode se- 3000
lection depends on ‘I:(X)/G(X): @ o G Sow | Sub. e o]
Local propagation veloc- & Rayleigh ) &
ities V(x) as a function of = b 2o °% %o
w(0)/o(x) for 287 different = 2T w2080 oo 0° RO ® 1
fronts in system-sized slip 2z _ | SReo3% 0 ° i
events for edge-loading 8 1900 < B 8%
(diamonds) and (predomi- & | ~* . re—
nantly) uniformly applied £ 1000 . 8%‘” > 0
shear (circles); see inset. § s00 - % o .- I ol
The rough data collapse &ﬁg -
indicates three regimes in 0 . . L

0 0.5 2 25

which t(x)/c(x) correlates
well with the slow, sub-

1 15
T(x)/ o (x)

Rayleigh, and supershear rupture modes. Note that the local stress ratio t(x)/c(x) may far exceed the
macroscopic static-friction coefficient us ~ 0.5. To avoid the effects of large stress gradients, all mea-
surements were performed at strain-gage rosettes located away from sample edges at x = 108 mm (red),
142 mm (green), 172 mm (blue), 77 mm (magenta), 108 mm (yellow), and 142 mm (light blue). V(x) was
obtained from the contact area measurements surrounding these locations. Dashed lines indicate

longitudinal (C,) and shear (Cs) wave speeds.
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range from front arrest (D) to supershear rupture (F). Note that local stress ratios dramatically affect rupture dynamics: front arrest for t(x)/o(x) < 0.5, slow rupture
for t(x)/c(x) ~ 0.5, sub-Rayleigh propagation for t(x)/c(x) > 0.5, and super-shear rupture propagation where t(x)/c(x) is significantly larger than 0.5.
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tially nonuniform systems when highly stressed
regions are encountered; however, we do not yet
fully understand what causes rupture nucleation
in our system. We find that nucleation locations
are often regions where 1(x)/c(x) is maximal (for
instance, see Fig. 2C). Hence, either low o(x) or
high 1(x) can influence the location and initiation
of rupture fronts. Increased o(x), as at the leading
edge in Fig. 2F, will serve to suppress nucleation.
Likewise, values of t(x) that oppose the applied
shear, such as at the trailing edges of Fig. 2, will
have the same effect. The high values of both
o(x) and 1(x) associated with corners can either
make edges susceptible to rupture nucleation (Fig.
2A) or suppress rupture, depending on the com-
petition between them.

Once a rupture front is nucleated, knowledge
of the local stress profiles along the interface
allows us to predict the rupture mode and could
indicate when a rapid mode will either arrest to
a complete stop (Fig. 2A) or evolve into a slow
front (Fig. 2B). Thus, the initiation/transition lo-
cations of the slow fronts observed in previous
studies (5, 6) become clearer. Such questions of
predictability are important when applied to un-
derstanding earthquake dynamics (3). Although
1(x)/o(x) is an elusive quantity to measure along
natural faults, indirect measurements may be pos-
sible by coupling precise measurements of spatial
variations of V(x) to laboratory measurements of
the t(x)/o(x) dependence on V; as in Fig. 3. This

estimate of this otherwise inaccessible quantity
could provide some measure of predictability of
the eventual size and dynamics of fast earth-
quakes along natural faults.
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Block Copolymer Self-Assembly-
Directed Single-Crystal Homo- and
Heteroepitaxial Nanostructures

Hitesh Arora,"~* Phong Du,*t Kwan W. Tan, Jerome K. Hyun,3t John Grazul,* Huolin L. Xin,?
David A. Muller,>¢ Michael O. Thompson,* Ulrich Wiesner's

Epitaxy is a widely used method to grow high-quality crystals. One of the key challenges in
the field of inorganic solids is the development of epitaxial single-crystal nanostructures. We
describe their formation from block copolymer self-assembly—directed nanoporous templates
on single-crystal Si backfilled with Si or NiSi through a laser-induced transient melt process.
Depending on thickness, template removal leaves either an array of nanopillars or porous
nanostructures behind. For stoichiometric NiSi deposition, the template pores provide
confinement, enabling heteroepitaxial growth. Irradiation through a mask provides access to
hierarchically structured materials. These results on etchable and non-etchable materials
suggest a general strategy for growing epitaxial single-crystal nanostructured thin films for
fundamental studies and a wide variety of applications, including energy conversion

and storage.

ost nanostructured inorganic materials di-
Mrected by organic molecule self-assembly

are either amorphous or polycrystalline
(1-7). One of the key remaining issues in the field
is the development of single-crystal nanostruc-
tured inorganic materials with an epitaxial relation
to an underlying substrate. Such materials may
enable advances in areas such as energy genera-
tion and storage. For example, the charge carrier

mobility in crystalline materials in small dimensions
is substantially reduced by grain boundaries, which
decreases charge collection efficiency in photovoltaic
cells (8). Although large-area patterned inorganic
epitaxial single crystals have been synthesized be-
fore, the patterns have been limited to the micro-
meter scale (9). Several attempts have been made
to achieve smaller-scale structures. Block copolymer
thin films have been used as etching masks to

generate inorganic nanostructures, but the pro-
cess depends on etchable substrates, and the fea-
tures can only be vertically aligned and are always
open from the top (/0-13). Laser-induced melting
of Si and subsequent infiltration into a quartz mold
have been previously described (/4). The process
relies on so-called top-down lithography and
etching to make a mold, however, with a structur-
al period of hundreds of nanometers. Moreover,
the epitaxial relation of the resulting structures to
the substrate was not elucidated, and the heteroepi-
taxy of non-etchable materials was not addressed.
Directional rapid solidification and epitaxy have
been described for semicrystalline block copolymer
films, but without any inorganic materials (/5).
Hierarchically ordered oxide structures have been
demonstrated before, but the oxides were not single-
crystalline (/6). Mesoporous, single-crystalline,
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