persion curve of the high-temperature $-phase of zirconium at
ambient pressure, which has been related to the § — w and § — «
phase transitions™. It is therefore possible that these phonon mode
softenings may play a key role in the formation of zirconium
metallic glass. Inelastic scattering at elevated pressure and tempera-
ture is needed to investigate the driving mechanisms for the present
observations.

Liquid-liquid phase separation or decomposition of deeply
undercooled metallic liquids is at present a major problem faced
in the fundamental study and technological processing of bulk
metallic glasses, even for extremely good glass-formers like Vitl
(Zr415Ti13.8Cu15.5NijoBeys 5) and Vit105 (Zrs, s TisCuy7.9Niy 4 6Al10)
(refs 5-8). Similarly, decomposition happens when amorphous
alloys are annealed at temperatures above the glass transition
temperature’, T,. Experiments have revealed that such decompo-
sition is responsible for the embrittlement of some bulk metallic
glasses"”. For mechanical applications, it is important to find
metallic glasses that have higher thermal stability (that is, a smaller
difference between the critical temperature', T, and Tg) and thus a
lower probability of decomposition. As T'. — T', reduces, however,
the amorphous alloys, such as derivatives of Vitl and Vit105, tend to
have a somewhat diminished GFA. We consider that the extraordi-
nary GFA of pure zirconium metal, combined with its superior
thermal stability, will overcome the problems that exist in amor-
phous alloys. In addition, the glass formed within a solid state may
represent a distinct state of matter that may have other distinct
properties yet to be explored, which may open new opportunities
for research and development in the area of metallic glasses. I

Methods

Synchrotron X-ray experiments at high pressure and temperature were conducted on
bulk, polycrystalline zirconium specimens of 1.0 mm diameter and 0.5 mm thickness, with
the diffraction volume defined by 0.1 X 0.1 mm collimators. After observing the
formation of amorphous zirconium, particular care was taken in our experiments, in that
the formation of glassy zirconium was confirmed by collecting data at several different
locations in the sample. The incident X-ray beam, however, is still too small compared to
the bulk sample studied. In this regard, the GFA of bulk zirconium metal needs to be
further studied by neutron diffraction.

In our high P-T neutron diffraction experiments, the cross-section of the incident
neutron beam has a diameter of 5 mm, which is defined by cadmium and B,C collimators.
The time-of-flight neutron diffraction patterns were collected by eight detector banks that
are available for TAP-98, at a fixed Bragg angle of 260 = 90°. The experiments were
performed on the polycrystalline zirconium specimens of ~100 mm?® sample volume. This
sample size, along with the current design of high-pressure cell, limits the experimental
pressure to 5 GPa at high temperatures. So, unlike our X-ray diffraction experiments, our
neutron diffraction experiments did not reach the P-T conditions needed for the glassy
zirconium to form. These results are mainly used to constrain the a—f phase boundary,
and will be published elsewhere.
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Seafloor hydrothermal systems are known to respond to seismic
and magmatic activity along mid-ocean ridges, often resulting in
locally positive changes in hydrothermal discharge rate, tem-
perature and microbial activity, and shifts in composition occur-
ring at the time of earthquake swarms and axial crustal dike
injections'™'’. Corresponding regional effects have also been
observed''. Here we present observations of a hydrological
response to seafloor spreading activity, which resulted in a
negative formation-fluid pressure transient during and after an
earthquake swarm in the sediment-sealed igneous crust of the
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Middle Valley rift of the northernmost Juan de Fuca ridge. The
observations were made with a borehole seal and hydrologic
observatory originally established in 1991 to study the steady-
state pressure and temperature conditions in this hydrothermally
active area'>”. The magnitude of the co-seismic response is
consistent with the elastic strain that would be expected from
the associated earthquakes, but the prolonged negative pressure
transient after the swarm is surprising and suggests net co-
seismic dilatation of the upper, permeable igneous crust. The
rift valley was visited four weeks after the onset of the seismic
activity, but no signature of increased hydrothermal activity was
detected in the water column. It appears that water, not magma,
filled the void left by this spreading episode.

A large seismic swarm began on 7 September 2001 in the north-
ern part of the Middle Valley rift (Fig. 1). Initial activity was
concentrated roughly 30km north of the instrumented Ocean
Drilling Program (ODP) Hole 857D, where the pressure obser-
vations presented here were made (Fig. 2). The area of activity

49° 00" N+

48°50"N

48°40"N

48°30"N

48°20"N

129° 00’ W

128° 50’ W

128°40'W 128°30' W

Figure 1 Locations of events of the September 2001 seismic swarm in Middle Valley,
northern Juan de Fuca Ridge, determined from offshore SoSUS hydroacoustic array
tertiary-phase data (error less than 4 km)?2, along with earthquake locations determined
using Western Canadian Seismic Network data (http://www.pgc.nrcan.gc.ca/seismo) and
mechanisms (compressional quadrants shown solid) constrained by moment tensor
solutions (J. Risteau, personal communication). Earthquakes that produced the discrete
pressure steps seen in Fig. 2 are shown in red. ODP Hole 857D, located at the southern
limit of the seismicity, was drilled and instrumented with a CORK borehole observatory in
September 1991 to allow natural formation temperatures and pressures to be determined
after drilling perturbations had dissipated''2. The hole is lined with solid steel casing
through unconsolidated sediments of the rift to a depth of 574 m below the seafloor
(m.b.s.f.), and extends as an open hole in permeable basement to a total depth of

936 m.b.s.f.
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expanded to the south along the eastern side of the valley towards
the borehole site over a period of roughly ten days (Fig. 3a), then
continued for a period totalling about 20 days. The total slip energy,
expressed in Fig. 3b as the cumulative seismic moment, is domi-
nated by the largest events of the swarm and is concentrated in a
four-day period of time beginning five days after the swarm onset.
The mechanisms for the larger events indicate a range of motion
from normal to strike—slip (Fig. 1), but all are consistent with the
least-compressive stress in the valley being aligned with the direc-
tion of spreading.

Changes in formation pressure observed in the borehole display a
clear correlation with the seismic activity (Fig. 3b). Pressure begins
to decline gradually by a few tenths of a kilopascal over the initial
five days of the swarm, then drops in three discrete steps at the times
of the largest earthquakes. These stepwise decreases in pressure
probably reflect the elastic response of the formation in the
immediate vicinity of the borehole to distant fault slip, with the
size of each step (1.0, 0.8 and 2.7kPa) being controlled by a
combination of the magnitude (M,, = 6.0, 5.5 and 5.7, respectively)
and proximity to the borehole (28, 18 and 14 km, respectively) of
the corresponding earthquake. The magnitudes of local elastic
strain estimated from the pressure steps are 0.3 X 10~ °,
0.2% 107 and 0.8 X 10, respectively (see Methods section).
Given the uncertainties in the earthquake locations and the position
of the borehole relative to the nodal planes (where strain gradients
are large), it is difficult to put these observations properly into the
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Figure 2 Formation pressure measured hourly in ODP Hole 857D before and after the
September 2001 seismic swarm. Pressures measured at the sea floor (not shown) reflect
the variable load applied to the formation by the water column and atmosphere; those
measured below the CORK seal at the top of the casing string reflect the average
formation pressure over the open-hole interval. The total formation pressure is shownin a,
and the anomalous pressure transient with the effects of seafloor loading removed is
shown in b.
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context of a predicted co-seismic elastic strain field, as has been
done in other instances of co-seismic observations'"', but they do
fall well within the range predicted at the site for the corresponding
earthquakes using simple elastic dislocation theory".

Following the co-seismic elastic response, pressure continued to
decrease for 30 days, reaching a minimum 14.3 kPa below the pre-
swarm level (9.7 kPa below the level observed immediately after the
greatest moment release; Fig. 2b), before beginning a year-long
recovery towards an unperturbed state (Fig. 2a). The decrease
following the swarm may reflect continuing dilatational elastic
strain at the borehole site, although given the relatively large size
of that portion of the anomaly and the very small seismic
moment accumulated after the largest events (Fig. 3b), this would
require virtually all of any later strain to have occurred without
earthquakes. A more likely explanation is that the continued decline
reflects lateral hydraulic diffusion through the sediment-sealed
igneous crust (basement) from the earthquake source area to the
borehole.
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Figure 3 Simultaneous seismic and hydrologic records of the 2001 Middle Valley
earthquake swarm. Hydroacoustic (solid points) and seismic (open squares) event
locations (given as distance north of ODP Hole 857D) are plotted as a function of time in a.
The line showing the cumulative number of hydroacoustic events (totalling over 1,000
over the course of the swarm) reveals an increase and subsequent decay of the frequency
of events after each large earthquake. The cumulative seismic moment (b, line with
points) is calculated from moment magnitudes for the largest events and from body-wave
magnitudes converted to moment magnitudes for intermediate events. An approximate
relationship between acoustic amplitude and seismic magnitude suggests that inclusion
of hydroacoustic events might add 10-20% to the total cumulative moment. Formation
pressure (descending line in b) is shown as an anomaly relative to the average
background pressure before the seismic swarm. Effects of oceanographic and
atmospheric loading (see Fig. 2a) have been removed; the residual diurnal/semi-diurnal
signal seen in b and in Fig. 2b reflects the contribution of earth tides or a diffusive
(non-zero phase) ocean tidal loading component.
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A simple model is considered here to explore the cause of the
post-seismic pressure transient and to place a crude constraint on
the hydraulic properties of the formation. The earthquake swarm is
treated as a concentrated source of dilatancy located 30 km from the
observation hole, with diffusion occurring axisymmetrically about a
vertical line source in a fully confined permeable layer. This is
directly analogous to a hydrologic ‘slug test’’® in which a sudden
fluid injection or withdrawal in one borehole is monitored in an
observation hole some distance away. Characteristic curves for the
propagation of a pressure pulse past an observation point are shown
in Fig. 4. Predicted pressures at a given range reach minima at times
that depend on the hydraulic diffusivity n; given the geometry
assumed, the observed 30-day transit time (Fig. 2b) suggests
n ~90m>s~'. Given reasonable formation and fluid physical
properties (see Methods section), this lateral formation-scale diffu-
sivity corresponds to a permeability of 3 X 10~ ' m?. This value is
generally consistent with borehole pumping test results completed
at the time of drilling in the valley'’, and with results of numerical
convection simulations'® which require high basement permeability
to yield the degree of uniformity of upper basement temperatures
inferred from seafloor heat flux and seismic reflection data”. A
crude estimate for the ‘effective dilatation’ associated with the
source of the transient can be estimated with this same model by
considering the volume of the slug of water that would need to be
withdrawn at the source location to produce the magnitude of the
observed pressure transient (that is, by comparing the predicted
transient in Fig. 4 with the observed transient in Fig. 2). With the
hydraulic diffusivity—and thus permeability and transmissivity—
constrained by the diffusion time, and the maximum pressure
anomaly of roughly 10kPa (relative to the co-seismic elastic
pressure anomaly) observed at a range of 30km, a value for the
ratio of the withdrawal volume (or in this application, the new pore
volume created) to the layer thickness is estimated to be
V/b =2 X 10*m>m™". If this withdrawal volume is generated by
dilatation along the 30-km-long portion of the axis where seismic
activity is concentrated (Fig. 3), an effective ‘opening’ of 0.6 m is
suggested. Although the numbers are not directly related,
this amount of opening is comparable to the magnitude of fault
slip implied by the swarm’s cumulative moment, ~3 X 10"* N m. A

Line source solution, R = 30 km

Head x (4nT/V) (107 s71)

Hydraulic diffusivity = 150 m2 s

50 100
Time (days)

150

Figure 4 Head resulting from an impulse propagating axisymmetrically in a uniform
porous medium, calculated at a range of 30 km using a line-source approximation for a
hydrologic slug test'®, which is valid at large distances from the source well. In the plot,
head, H= Plpg, is scaled by the hydraulic transmissivity, T= bkog/p (where biis layer
thickness, kis permeability, o is fluid density, and w is viscosity) and by the slug volume, V
(see Methods for a summary of properties).
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value of roughly 1 m is suggested if the area of rupture extended
over the 3-km thickness of the crust that has been observed to
host microseismicity®’, and along the 30-km length of the axis
defined by the concentration of seismicity seen in Figs 1 and 3. A
value of 0.5 m is suggested if rupture penetrated the full thickness of
the crust.

Although the general character of the predicted ‘slug-test’ tran-
sient (Fig. 4) is remarkably similar to that of the observed transient
(Fig. 2), the results must be considered with appropriate caution,
because there are large uncertainties in applying such a simple
model. For example, (1) the model considers only lateral diffusion.
Ventilation through the sediment section or through faults and
permeable basement outcrops (as reflected by the year-long recov-
ery to the normal formation state, established by the thermal and
hydrologic structure of the valley") will ‘dilute’ the magnitude of
the initial transient, and vertical diffusion from any extension of the
dilatant volume below the transmissive uppermost crust will add to
and stretch the source signal. (2) Considering the dilatation to be
concentrated as a vertical line-source ‘implosion’ is unquestionably
to oversimplify. Distributed dilatancy along the axis of the valley will
create diffusional directivity (enhancing propagation across strike),
and reduce the effective range between the source and the obser-
vation site along axis. (3) Perhaps the greatest shortcoming of the
slug-test analogue is that it does not consider the initial distribution
of elastic strain associated with the spreading event, in which
quadrants of contraction (and hence volumes of positive anomalous
pressure) lie next to quadrants of dilatation. Diffusion between
these quadrants will produce an ‘annihilation’ effect near nodal
planes and complicate any pressure transient generated by net
dilatation. Despite these uncertainties, however, the simple
concentrated-source model provides a useful first-order tool for
estimating net dilatation and the hydraulic transmission properties
of the formation, and for guiding a more complete analysis that will
take distributed co-seismic deformation and three-dimensional
diffusion into account.

We note that the co- and post-seismic pressure transients observed
in ODP Hole 857D represent a significant fraction (totalling nearly
20%) of the deep-seated buoyancy that drives hydrothermal dis-
charge at a nearby vent field. A pressure differential of +80 kPa was
measured across the sediment section in ODP Hole 858G, which was
drilled 1.6 km to the north into a sediment-buried permeable base-
ment edifice beneath the vent field, sealed, and instrumented at the
same time as ODP Hole 857D'>". Unfortunately, the seals at this
high-temperature site failed long before the earthquake swarm, but it
is reasonable to conclude that basement there experienced a similar
co- and post-seismic reduction in pressure. The lack of any signs of
augmented hydrothermal discharge searched for during a water-
column investigation of the valley carried out shortly after the swarm
ended is consistent with this conclusion, as well as with our primary
conclusion that the permeable crust at this site suffered net dilatancy
at the time of the seismic activity. O

Methods

An outline of the relationships among strain, total stress, and pore fluid pressure in a
poroelastic medium is provided in refs 11 and 21. The elastic properties involved are either
established by laboratory data (at conditions corresponding to the formation temperature
and pressure of 280 °C and 30 MPa, respectively), by observations of cored material, or by
observed formation-fluid pressure response to tidal loading. These include: fluid
compressibility, B¢ = 1.3 X 10~ Pa~'; solid constituent compressibility,

B, =2.0% 10 " Pa"'; one-dimensional tidal loading efficiency, y = 0.14; matrix frame
compressibility, 8, = 6.8 X 10~ ! Pa~'; porosity, n = 0.15; and Poisson’s ratio, » = 0.25.
The resulting linear coefficient relating strain and fluid pressure is 0.29 X 10~°Pa™". The
relationship between permeability k and hydraulic diffusivity n involves a subset of these
properties plus viscosity u = 10~ *Pas (appropriate for the formation temperature):

k = p&n, where &, the storage compressibility, is a function of 1, 8, 8 and 3, as outlined
in ref. 21.
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Morphological diversity tends to increase within evolving
lineages over time"?, but the relative roles of gradual evolution-
ary change (anagenesis)® and abrupt shifts associated with
speciation events (cladogenesis, or ‘punctuated equilibrium’)*
have not been resolved for most groups of organisms’. However,
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