
40 K, high-resolution measurements with an energy resolution of
several meV are required. The larger value of a (0.46–0.48) strongly
indicates that the long-range Coulomb interaction plays an import-
ant role in SWNTs. A

Methods
Sample preparation
In photoemission measurements, a relatively large sampling area is generally needed to
obtain reliable data. According to theoretical band structure calculations18, the electronic
structure shows drastic changes depending on the diameter and helical arrangement of the
SWNTs. It is very important to prepare a large sample consisting of SWNTs with uniform
diameters. At present, however, no methods have been found that make diameters
completely uniform. In this study, the SWNT samples were prepared by the laser
vaporization method, in which the diameters of SWNTs can be controlled to some extent
by the temperature of the furnace22. The SWNT-A (A1and A2) and SWNT-B samples in
this work were prepared using a NiCo catalyst at 1,200 8C and 1,050 8C, respectively, in the
furnace. The raw soot containing SWNTs was heated to 650 8C in a dynamic vacuum to
remove the fullerenes, and then refluxed in 15% H2O2/water solution at 100 8C for 3 h. In
the reflux process, active oxygen can burn out amorphous-carbon particles at 100 8C. After
washing out the brownish by-products by careful filtration, the purified SWNTs were
formed into thin black paper. Finally, the remaining metal particles were vaporized in a
high vacuum at 1,250 8C. The obtained ‘bucky paper’ had a thickness of about 0.03 mm.
The lengths of the SWNTs were several micrometres. The purity of the SWNTsamples was
estimated by electron-energy-loss spectroscopy to be higher than 90% (ref. 30). The mean
diameters of the SWNTs in the SWNT-A and SWNT-B samples were estimated to be
1.37 nm and 1.25 nm, respectively, from the A1g breathing mode frequencies in the Raman
spectra. The resistivity of ,18 mQ cm at 300 K increased with decreasing temperature, and
amounted to ,65 mQ cm at 8 K. The temperature dependence was consistent with the
results of ref. 31.

Measurements
The photoemission spectra were measured using a SIENTA SES200 analyser at beamlines
BL-11D of the Photon Factory, High Energy Accelerator Research Organization (KEK-PF)
and BL-1 of the Hiroshima Synchrotron Radiation Center (HiSOR), Hiroshima
University. The total energy resolution was set to 50 meV at KEK-PF, and 13 meV or
15 meV at HiSOR. The SWNT samples were placed on a Cu substrate, because the
photoemission spectra were similar as a whole to those measured using an Au substrate.
The SWNT samples were cooled to 10 K. The surfaces of the samples were cleaned by
heating them up to 220 8C in an ultrahigh vacuum of about 2 £ 10210 torr. The cleanliness
of the sample surface was checked by the signal from the O 2p level. The zero of the binding
energy was calibrated for the Fermi edge of the evaporated Au thin film. The optical
absorption spectrum was measured using a HITACHI U-3500 spectrophotometer for thin
films of SWNTs prepared by a splay method on a glass substrate23. The Raman spectra were
measured using a 1 m double monochromator, JOBON YVON U-100023. In the TEM
observation, a JEOL JEM-2010F with an acceleration voltage of 120 kV was used.

Fitting procedure
The spectrum was calculated by smearing out the density of states D(E) with a gaussian
curve (2j ¼ 50 meV) as the energy resolution function and with a lorentzian curve as the
spectral lifetime broadening. In the calculation, Gd, G and E S were taken as adjustable
parameters, in which the deviation was adjusted by reference to Gd ¼ 0.13 nm obtained in
an optical measurement24, and Gd ¼ 0.06 nm obtained in X-ray diffraction
measurement32.
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The time-varying deformation field within a fault zone, particu-
larly at depths where earthquakes occur, is important for under-
standing fault behaviour and its relation to earthquake
occurrence1–3. But detection of this temporal variation has been
extremely difficult, although laboratory studies have long
suggested that certain structural changes, such as the properties
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of crustal fractures, should be seismically detectable4. Here we
present evidence that such structural changes are indeed obser-
vable. In particular, we find a systematic temporal variation in
the seismograms of repeat microearthquakes that occurred on
the Parkfield segment of the San Andreas fault over the decade
1987–97. Our analysis reveals a change of the order of 10 m in
the location of scatterers which plausibly lie within the fault
zone at a depth of ,3 km. The motion of the scatterers is
coincident, in space and time, with the onset of a well docu-
mented aseismic transient (deformation event). We speculate
that this structural change is the result of a stress-induced
redistribution of fluids in fluid-filled fractures caused by the
transient event.

The Parkfield region of the San Andreas fault system is an ideal
natural laboratory for studying structural changes in faults5. For
more than a decade (1987–present), this region has been heavily
instrumented, containing a variety of geodetic instruments as well
as a network of ultrasensitive borehole seismometers. Of particular
importance to the present study is the occurrence of a remarkable
aseismic transient beginning in early 1993 (Fig. 1)6–8 that rep-
resented a 30% increase in the slip rate along the San Andreas
Fault. The transient was observed by essentially all types of available
geodetic instruments, by temporal variations in seismicity rate as
recorded by the borehole seismometers (the High Resolution
Seismic Network, HRSN)9, and was accompanied by the occurrence

of four earthquakes of magnitude M ¼ 4þ (that is, slightly more
than four but less than five) from late 1992 to late 1994 (Fig. 1). The
data suggest a complex aseismic/seismic episode, involving accel-
erated slip starting from the vicinity of the 1966 Parkfield earth-
quake, and migrating to the southeast, giving rise to geodetically
observed surface slip8. It is, to our knowledge, the best-documented
aseismic transient thus far observed.

This transient thus provides a well constrained environment to
test for possible tectonically induced structural changes in the
seismogenic crust. To perform this test, we have utilized tight
clusters of repeating microearthquakes (magnitude M < 1) that
have nearly the same location and mechanism. Recent dramatic
improvements in the relative locations of small seismic events have
revealed that a large fraction of seismicity occurs in these tight
clusters10,11. The repeating events produce nearly identical seismo-
grams when recorded at the same station, so that temporal changes
in the medium can be more easily isolated from changes in the
source. Clusters have been shown to be valuable in detecting post-
seismic changes in the part of the seismogram known as S-wave
coda, which represents scattered S-wave energy. For example, a
study of the Loma Prieta earthquake of 1989 provided strong
evidence, based primarily on travel times12 and the decorrelation
of the S-wave coda13 that temporal variations in the wavefield
could be observed from these events. Although promising, the
interpretation of these post-seismic studies is complicated by the

Figure 1 The Parkfield study area and geodetic results. a, Map view; b, cross-section;

c, decorrelation index and geodetic recordings. a, b, The three-component borehole

HRSN stations are shown as triangles. The red squares show the location of

microearthquake clusters used in this study, denoted as K1, K2, K3 and K14. The black

line shows the surface trace of the San Andreas fault. The thick grey line indicates the

cross-section location shown in b. The large star is the epicentre of the 1966 M ¼ 6

Parkfield earthquake, and the smaller stars denote the locations of the four M ¼ 4þ

events that occurred from 1992 to 1994. The dashed rectangle denotes the

approximate location of the onset of the Parkfield aseismic transient in 1993, from

recurrence intervals of event clusters9. The red section of fault denotes region of

increased slip from inversion of geodetic data8. The locations of the EDM, creepmeter and

strainmeter data shown in c are denoted by a black line and squares, respectively. c,

Average temporal change in decorrelation index. D (t ), recorded by the HRSN stations

from cluster K3 in this study (see Fig. 3 and text), along with representative geodetic

recordings of the Parkfield aseismic transient (EDM measurements, creepmeter, tensor

strainmeters), accumulated seismic moment release, and slip rate inferred from the

repeat interval of clusters of events10. The grey bar denotes the roughly six-month time

interval over which the observed change in seismic structure must have occurred, based

on the analysis of all clusters.
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possibility that the temporal variations are due to shallow coseis-
mic crack formation and subsequent healing near the stations, and
may be unrelated to post-seismic tectonic deformation12. In this
study, we have made use of an aseismic transient to minimize the
influence of coseismic crack formation. Also, the borehole HRSN
has a greatly reduced environmental influence, compared to sur-
face instruments, and thus provides an improved detection capa-
bility for subtle changes in the seismic wavefield, compared to
previous studies.

We have examined a suite of candidate clusters that occurred
near the M ¼ 6, 1966 Parkfield earthquake (Fig. 1). The cluster

with the greatest similarity between seismograms is referred to as
K3, which is at 4 km depth; the events from this cluster produce
virtually identical seismograms at a given station (Fig. 2a). Yet
there are subtle differences in these records, and we seek to
quantify these changes and then assess their cause. We have defined
two parameters, the lag t(t) and the decorrelation index D(t) (see
Methods), to quantify the difference between two seismograms.
We found an obvious change that begins with the seismogram
from the event occurring on 7 November 1993 (Fig. 2b, c). Of
particular interest is the ‘spike’ of 4 ms in t(t) about 2 s into the
seismogram, which provides an important diagnostic for isolating
the cause of this change. These waveform changes are clearly and
systematically observed at all stations during the same time period
(Fig. 3a).

We analysed a total of nine clusters located in nearly the same area
as K3, so as to maintain a similar source–scatterer–receiver geome-
try. Among the nine clusters, we are able to confirm the observed
change from the four clusters with the highest source similarity. The
source similarity of a cluster is estimated by the average value, kDl, of
D(t), for all pairs of seismograms in a cluster. Lower kDl corre-
sponds to higher source similarity. The kDl values are 0.03–0.07 for
the four clusters where the signal is observed, and 0.10–0.18 for the
remaining five clusters. In each of the four clusters, the subtle
change is relatively easy to identify from the two best stations, VCA
and RMN (based on a comparison of station-specific source
similarity). By combining the observations of different clusters,
we can confine the time interval over which the medium change
could have occurred to ,6 months (between 14 July 1992 and 5
February 1993; Fig. 1c).

A subtle but systematic difference in the waveforms in a cluster

Figure 2 Cluster K3. Waveforms (a) and the calculated t (t ) (b) and D (t ) (c) of the

components of cluster K317 recorded at station VCA. Data are aligned to the direct P

wave. Note the high waveform similarity throughout the entire seismogram. Depth of

the cluster is 4 km. To quantify the difference between seismograms, we compute the

cross-correlation between the first seismogram (1988) and each subsequent

seismogram within a 0.5-s moving time window. The lag time t (t ) is obtained when

the maximum cross-correlation, C m(t ), is reached, and a decorrelation index D (t ) is

defined as 1 2 C m(t ). Examples of t (t ) (b) and D (t ) (c) observed at station VCA. Note

that there is a large spike in t (t ) at t ¼ 1.8 s and large changes in D (t ), but only after

1993.

Figure 3 Temporal change in average D (t ) and relative distances of events with respect to

the first event. a, Note the remarkable increase in D (t ) (averages calculated over 6 s of

elapsed time) between 1992 and 1993 for all stations. The step-function increase in D (t )

suggests a temporal change in the medium at this time. b, Temporal changes of t (t ) and

D(t ) could be due to systematic differences in earthquake location, if, for example, the

pre- and post-1993 events are located in two separate subclusters. To test this, we

measured the S–P travel times of each event–station pair and relocated all subsequent

events relative to the first event. If the observed change in D (t ) is due to systematic

variations in event location, these plots should have the same form as a. We see no such

pattern, and conclude that the temporal variations in earthquake location did not produce

the systematic variation in D (t ).
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is most probably due to a change in the medium, or a slight
difference of source parameters, or both. Numerical experiments,
however, suggest that both background-velocity and earthquake-
location models produce only long-period changes (Fig. 4)
instead of the ‘spike’ variation shown in Fig. 2. On the other
hand, a change in the location of a single scatterer results in a
high-frequency and isolated ‘spike’ in t(t) and D(t) (Fig. 4). The
same result could be caused by a localized reduction in velocity
near the scatterer. The striking similarity between this synthetic
and the lag time series in Fig. 2b and c for VCA strongly suggests
that we are observing a change in the location of a single scatterer,
or possibly a localized change in velocity in the vicinity of the
scatterer.

In addition, if earthquake location were the cause of the systema-
tic pattern in Figs 2 and 3a, the pre- and post-1993 events would
have to be grouped into two separate subclusters. This is unlikely for
two reasons. First, we measured the S–P times and relocated all
subsequent events with respect to the initial event. If there were
indeed two subclusters, then the distance from these events to the
initial event should have the same form as Fig. 3a. In fact, the
estimated distance pattern for K3 (Fig. 3b) shows no resemblance to
the observed pattern in D(t) (Fig. 3a). Second, such an explanation
would require that all four clusters are coincidently composed of
two subclusters: the pre- and post-1993 events. From these con-
siderations we conclude that the observed temporal variation is not

Figure 4 Quantities derived from synthetic seismograms a, t (t ); b, D (t ). Synthetics are

calculated using an acoustic medium with a random distribution of scatterers, illustrating

the effect of various temporal changes on these two functions: event location change of

2 m (blue) and 10 m (red), a decrease in background velocity of 0.1% (turquoise), and a

10-m change in the location of a single scatterer. All of these sources of change produce

long-period variations, except a single scatterer, which produces a ‘spike’. The observed

spike (Fig. 2b) and other excursions are thus most easily explained by a change in the

location of one, or only a few, scatterers. Although the acoustic synthetics is not strictly

applicable to the problem of S waves, which requires a fully elastic treatment18, it

nevertheless fits our purpose of illustrating different effects due to changes in source and

media rather than modelling the exact coda waveforms.

Figure 5 Differential vertical-component seismograms and the locations of the ‘moving’

scatterer(s). a, Differential vertical-component seismograms, ds (t ). Difference is taken

between the average of post- and pre-1993 records. These seismograms enhance the

parts of the seismogram that have changed in time. The records for VCA and RMN clearly

show the contribution from a time-variable scatterer. Vertical bar denotes 20% of original

P-wave amplitude. Note that for VCA, differential amplitude is comparable to overall coda

amplitude in Fig. 2a. These seismograms were used to locate the time-variable scatterer

by migration. Shown is the distribution of stacked amplitude, A(x), as a function of position

x. It is normalized to the highest value. b, c, Cross-section parallel to the fault (b) and a

map view at 3 km depth (c) that passes through the highest value of A(x). The map reveals

a well defined maximum (red spot) that is localized approximately 2 km southeast of the

cluster along the San Andreas fault and at 3 km depth. Also shown is the location of

cluster K3 (white square) and the locations of the four M ¼ 4þ events that occurred

between 1992 and 1994 (white stars). Note that the scatterer is closest to the event

occurring on 4 April 1993. The medium change precedes this event. Predicted S-wave

scatterer arrival times are shown by red arrows in (a). Also shown are the predicted direct-

S arrival (vertical lines) and the predicted P-wave arrival times from the same scatterer

(black arrows). Note that there is no comparable signal in the P-coda, consistent with the

hypothesis that the scatterer is due to a fluid-filled fracture, which more efficiently reflects

S than P.
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due to differences in earthquake location, and is instead due to a
change in the medium.

We have utilized a simple procedure for locating spatially the
scatterers whose properties have changed in time, using differential
seismograms (Fig. 5a) (see Methods). Stacking of differential
seismograms clearly suggests a ‘moving scatterer’ located about
2 km to the southeast of the cluster (Fig. 5b) and at approximately
3 km depth (Fig. 5c). It corresponds to the ‘spike’ in lag time shown
in Fig. 2b. Here we used a constant-velocity path model for each
station such that the S-arrival times are fitted exactly. Such an
approach approximately accounts for the three-dimensional struc-
ture where the direct-S and scattered-S paths are similar, and thus
corrects for near-source structure as well as the particularly strong
shallow heterogeneity beneath the receiver. There remains a possible
error in scatterer location from three-dimensional structure that we
estimate to be a few hundred metres, but which has essentially no
effect on our scientific conclusions.

We also regard surface environmental effects, such as precipitation,
to be an unlikely cause of the change in the medium. The largest effect
related to precipitation will be an annual cycle, which would have
little effect on the pattern in Fig. 3. Although 1993 did have increased
precipitation compared to earlier years, the highest precipitation was
in 1995, and this had no discernible effect on our data, as is clear
from Fig. 3. Perhaps the strongest argument against an environ-
mental explanation is that the depth of the resolved scatterer is large
(3 km) and far removed from surface environmental effects.

From the high amplitude of the coda, we assume that the system
is in the strong scattering regime, where the wavelength of the
interacting wave is comparable to the size of the scatterer14. From
this and the characteristic frequency of the seismic waves (10 Hz) we
estimate the dimension of the scatterer to be of the order of 300 m.
Assuming that scatterer migration is the cause of the time variation,
we estimate a scatterer displacement of the order of 10 m from the
4-ms ‘spike’ (Fig. 2b; see Methods). Given the large magnitude of
displacement, it is highly unlikely that this is the motion of a solid
scatterer embedded within the medium; instead, it suggests that the
scatterer is a fluid-filled fracture (or system of fractures) with
the appropriate dimensions, containing fluid whose centroid has
migrated 10 m. Such a fracture effectively represents a free-slip
boundary and is a very efficient scatterer for shear waves polarized
parallel to the plane of the fracture surface, although much less so
for P waves. This may account for the absence of a comparable signal
in the P-wave coda from this scatterer(s) (Fig. 5). If, alternatively,
the observed change of waveform is caused by a velocity decrease
near the scatterer (as mentioned above), it would most probably be
due to a localized change in the density of fluid-filled cracks. Such a
change would be equivalent to scatterer migration from a physical
viewpoint, because both explanations appeal to fluid migration at
or near the scatterer.

One possible explanation for this structural change is the coseis-
mic deformation associated with the first of the four M ¼ 4þ events
(20 October 1992). In general, the primary influence of coseismic
deformation is approximately within a single fault dimension,
,1 km for an M ¼ 4þ earthquake15. The scatterer is, however,
about 6 km (six fault lengths) away from the 20 October 1992
earthquake, and probably too far to have a significant effect,
although we cannot entirely exclude such a linkage. On the other
hand, given the close correspondence (both spatially and tem-
porally) between the change in the medium and the onset of the
1993 transient (Fig. 1), it is highly likely that this structural change
was a further manifestation of the aseismic transient. Indeed, the
inferred location of the scatterer essentially coincides with the zone
of accelerated slip9 that was active during the observed time of the
scatterer change (Fig. 1). We thus speculate that the inferred fluid
migration is either the direct result of the accelerated slip, or a more
general response to the stress perturbation that gave rise to the
transient event. A

Methods
Calculation of lag t(t ) and decorrelation index D(t )
To quantify the difference between seismograms in a cluster, we compute the cross-
correlation between the first seismogram and each subsequent seismogram within a 0.5-s
moving time window. The lag time t(t) is obtained when the maximum cross-correlation,
C m(t), is reached, and a decorrelation index D(t) is defined as 1 2 C m(t). Both
parameters constitute statistical measures of scatterer lag times. For a random distribution
of scatterers and for characteristic frequency q, t(t) can be interpreted as the weighted
mean kt il and 2D/q2 as the weighted variance j2

t (weighted by squared amplitude) of the
time lags, t i , associated with the individual scatterers in the time window16. In relevant
special cases, an actual time shift, t s, can be retrieved from these statistics. For example,
consider two populations of scatterers in a time window that are either shifted by t s or
unshifted. It can then be shown that ts ¼ ðj2

t þ ktil
2
Þ=ktil: For a single shifted scatterer in

the time window, t s ¼ kt il. In the more general case, kt il underestimates t s. For our data,
with a 20-Hz characteristic frequency, jt < kt il, in which case we estimate the bias to be a
factor of 2.

Locating ‘moving’ scatterers
To locate spatially the scatterer(s) whose properties have changed in time, we first
constructed a differential seismogram ds(t) by taking the difference of the average pre- and
post-1993 seismograms for each station. For noise-free seismograms, ds(t) will consist
only of energy from any scatterer whose physical characteristics (location of scatterer,
localized velocity change near the scatterer, or scatterer strength) have changed the
amplitude or travel time of the scattered wave. Energy from an unchanged scatterer will be
removed by this procedure. We then computed an nth-root (n ¼ 1) summed amplitude,
A(x), of ds(t) from each station, stacking on the predicted arrival time of a candidate
scatterer originating from location x. The location of the scatterer is determined as the
maximum of the amplitude function, A(x).
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