Long-Range Correlations in the
Diffuse Seismic Coda
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The late seismic coda may contain coherent information about the elastic
response of Earth. We computed the correlations of the seismic codas of 101
distant earthquakes recorded at stations that were tens of kilometers apart. By
stacking cross-correlation functions of codas, we found a low-frequency co-
herent part in the diffuse field. The extracted pulses have the polarization
characteristics and group velocities expected for Rayleigh and Love waves. The
set of cross-correlations has the symmetries of the surface-wave part of the
Green tensor. This seismological example shows that diffuse waves produced
by distant sources are sufficient to retrieve direct waves between two perfectly
located points of observation. Because it relies on general properties of diffuse
waves, this result has potential applications in other fields.

Seismologists have used coherent seismic
waves to image the structure of Earth’s inte-
rior. Velocity variations of seismic waves
with depth can be derived from arrival times
(with the use of ray theory) or from the
dispersion properties of coherent surface
waves. One difficulty with these imaging
techniques is that they require energetic
sources such as large explosions or earth-
quakes that can be located with a specified
accuracy. Any approach that would help to
evaluate the response of Earth to a perfectly
known point source—that is, the Green func-
tion—would be most welcome.

This problem of imaging in strongly dif-
fractive media is also a challenge for acous-
tics or optics. It was recently demonstrated in
laboratory experiments with ultrasonic and
thermal noise that the Green function can be
measured from the correlation properties of
diffuse fields (/, 2). Here, we show that the
use of field-to-field correlation to retrieve the
Green function is a valid approach not only in
the extremely controlled and favorable con-
ditions of the laboratory but also with natural
signals such as seismograms produced by
earthquakes. In seismology, it has been rec-
ognized that coda waves, which make up the
late part of seismic signals (Fig. 1), are the
result of scattering from small-scale hetero-
geneities in the lithosphere (3—5). The phys-
ics of coda waves cannot be fully understood
with classical ray theory. Multiple scattering
plays a prominent part in the seismic coda,
and seismologists have made use of the radi-
ative transfer theory to model the coda inten-
sity (6—9). Recently, the diffusive character
of the coda was revealed (/0) by investigat-
ing the property of mode equipartition (/7).
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This phenomenon is a property of diffuse
elastic waves and shows up as a stabilization
of the ratio of S- and P-wave energies in time,
independent of the source. Radiative transfer
and diffusion are concepts that apply only
to the evolution of the average energy of
waves in random elastic media (/2-14).
They disregard the phase of the diffuse
field despite experimental evidence of the
importance of phase information in optics
(15) and acoustics (/6).

Here, we use the coherence of diffuse
waves to retrieve direct waves between two
points at Earth’s surface. In this approach, the
cross-correlation function between the wave
fields produced by a single source at two
points is averaged over the source location.
Assuming a modal representation of the wave
field, this spatially averaged correlation is an
approximation of the Green function between
the two points of observation (1, 2, 17, 18).
However, because we cannot expect a homo-
geneous distribution of earthquakes, we have
to rely on the distribution of scatterers re-
sponsible for the diffusion to perform a suf-
ficient averaging. An alternative argument
can be found in the property of modal equi-
partition of the diffuse field. Equipartition
occurs because multiple scattering tends to
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homogenize the phase space. For direct arriv-
als, the energy is distributed in the phase
space in a manner that depends on the nature
and position of the source. In contrast, energy
becomes uniform in phase space when enter-
ing the diffusive regime. This property is
independent of the details of the heterogene-
ities that produce the scattering. Considering
a time window delayed enough from the first
arrival for the waves to have become diffuse
as a result of multiple scattering, we can write
the displacement u at location R and time 7 in
the form of its expansion in the eigenfunc-
tions ®@” of the elastic medium:

u(R,t) = zsnd)"(R) exp(— iQ,1)

n

where (), are the eigenfrequencies and €, are
statistically identical independent random
variables. The expression of the cross-corre-
lation of the displacements at two different
locations is, on average, close to the Green
function between these two locations.

We applied this approach to a seismic data
set from central Mexico that fits several basic
criteria: (i) The region is seismically active,
with numerous earthquakes of magnitude
large enough to excite late coda (M > 4.5),
(i1) good-quality broadband records of these
events are available, (iii) the Green function
is already known and displays features strik-
ing enough to be recognized easily in a noisy
time series, and (iv) high-frequency coda
waves exhibit a diffuse behavior in this re-
gion (10), a property that we expect to be
verified in a broad frequency range.

The stations PLIG and YAIG were select-
ed because of the availability of good-quality
records of 101 regional events (Fig. 1). The
horizontal components of the seismograms
were rotated assuming the interstation great
circle path to be the radial direction. No filter
was applied to the broadband seismograms.
For most records, the signal-to-noise ratio
was good enough to process the seismograms
over coda windows of a few hundred seconds
(Fig. 1, inset). As a result of the exponential
decrease of coda amplitude with time, a sim-
ple cross-correlation between the coda sig-
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of the broadband sta-
tions CUIG, YAIG, and
PLIG of the Mexican
National Seismologi-
cal Network (black
squares) and epicen-
ters of 30 earthquakes
of the data set (white
circles). Inset: An ex-
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Fig. 3. Comparison between the nine stacks of correlation traces at stations PLIG and YAIG (A) and
the nine components of the theoretical Green tensor (B) computed for a 69-km source-station
distance. The 1-D average shear wave velocity model used here was measured for the crust of
Central Mexico from inversion of group velocity dispersion curves estimated for paths between the
Guerrero-Michoacan subduction zone and Mexico City (20).

nals recorded at the two stations would
strongly overweight the earliest part of the
coda. To compensate for amplitude attenu-
ation with time, we divided the coda win-
dows into 100-s-long segments with an

overlap of 25 s. Then we computed the
cross-correlations between these truncated
signals and normalized the amplitudes of
each correlation to unit maximum. The re-
sulting 595 normalized correlations were

Radial

Fig. 2. (A) Stacked correlation functions computed from vertical-
component records at station PLIG and vertical (Z), radial (R), and
transverse (T) component records at station YAIG. Because the
individual cross-correlations were normalized before the stack, the
amplitudes are arbitrary. (B) Particle motion plots in the time window
of the pulse (15 to 35 s).
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then stacked to give the signals (Fig. 2A).
Similar results are obtained by disregarding
the amplitude completely and considering
one-bit signals (19, 20).

The resulting average cross-correlations
computed from vertical-component records
(Z) at station PLIG and vertical, radial, and
transverse component records (respectively
Z, R, and T) at station YAIG (Fig. 2A) show
a clear 8-s-period pulse between 20 and 30 s
in both the vertical and radial traces, whereas
no coherent signal is visible on the transverse
component. During the stacking process, the
amplitude of the pulse increases linearly with
the summation order, showing that the pulse
results from the stack of coherent signals
present in most of the individual correlation
traces. In contrast, the average amplitude of
the noise varies as the square root of the
number of individual windows, as expected
for a summation of incoherent signals. The
coherent signal is not visible in individual
cross-correlations because the signal-to-noise
ratio is only ~0.2 for the case of a 100-s
window. The particle motion (Fig. 2B) is
restricted to the propagation plane with ellip-
tic polarization typical of a Rayleigh wave
pulse, a disturbance propagating at the free
surface of an elastic body.

We computed the average correlations be-
tween all components of the ground motion at
the two stations (Fig. 3A). The theoretical
Green tensor has been computed in a three-
layer crustal model (27) and convolved with
an 8-s-wide Ricker wavelet. It displays only a
few distinct features. It is dominated by a
strong Rayleigh pulse at 25 s for both the
vertical and radial point-force sources, and a
Love pulse—a horizontally polarized guided
shear wave—for the transverse point-force
source. For the radial force, the Rayleigh
pulse on the radial component (R/R) is pre-
ceded by a strong-amplitude body wave. The
tensor obtained by stacking correlations be-
tween coda records of regional earthquakes at
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stations PLIG and YAIG displays the same
symmetries as the theoretical Green tensor
(Fig. 3). Moreover, the arrival times of the
pulses in the Z/Z, Z/R, R/Z, R/R, and T/T
components of the stacked correlations coin-
cide with those of the Rayleigh and Love
signals in the Green tensor. This coincidence
in arrival time, as well as the clear Rayleigh
and Love polarization of the correlation puls-
es (Fig. 2B), proves that the observed signals
are identified as the Rayleigh and Love puls-
es of the Green tensor and, most important,
that the coda correlation technique does in-
deed retrieve the surface-wave part of the
actual Green tensor between the two stations.

To make sure that the pulse is not simply
a surface wave that is generated repeatedly at
the coast by the conversion of oceanic waves
and that propagates in the direction defined
by the two stations, we performed the same
test with another pair of stations, YAIG and
CUIG, oriented in a different azimuth (Fig.
1). The stacked correlation signals also dis-
play pulses with arrival times and polariza-
tions close to the Rayleigh and Love modes
of the theoretical Green function (fig. S1),
excluding the alternative interpretation of in-
duced surface waves.

So far we have not been able to extract
either the high-frequency part of the Green
function or the body waves. The lack of high
frequencies is most probably a result of the
absence of high-frequency waves in the late
coda because of anelastic absorption, which
acts as a low-pass filter. Another explanation
could be that the fundamental modes of Ray-
leigh and Love waves at low frequency are
the part of the field with the simplest modal
representation. Retrieving the Green function
relies on the orthogonality of the set of eigen-
functions that constitutes the total random
field. All cross-products vanish in the aver-
aging, assuming a distribution of sources, or
scatterers, that spans the whole space. How-
ever, the volume where the spatial source
averaging is performed is in practice limited
by the number of earthquakes and the loca-
tions of scatterers. We speculate that only
eigenfunctions with amplitudes concentrated
in a zone where inhomogeneities are densely
distributed can be adequately extracted. This
is the case with the Rayleigh and Love waves,
the eigenfunctions of which have a limited
penetration in the upper part of the crust
where the distribution of scatterers is likely
to be dense.

We expect to retrieve both the Green func-
tion and its time reciprocal if the diffuse field is
perfectly random. This could be the case with
an isotropic distribution of sources around the
stations or in a finite body. Because all earth-
quakes are located south of both station PLIG
and station YAIG, there is a preferential direc-
tion of transport of diffuse energy. This results
in a better reconstruction of the Green function

in one of the time directions. We also consid-
ered a couple of stations along the coast (fig.
S2A) for which the distribution of epicenters is
more symmetric. The wave propagation is
much more complex there (22) than in central
Mexico, but some features of the Green func-
tion emerge from the noisy correlation stacks,
such as a clear dispersed Love wave that can be
seen in the two directions of time (fig. S2B).

Digital seismic networks provide a large
number of coda records, which can be used to
compute impulse response between perfectly
located positions. This new kind of seismogram
could help to produce images of the inner Earth
structures without the uncertainties of origin
time and source location encountered with tra-
ditional earthquake data. A similar approach is
applicable in other domains where time series
of diffuse waves are available.
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A Nebular Origin for Chondritic
Fine-Grained Phyllosilicates

Fred J. Ciesla,”* Dante S. Lauretta,” Barbara A. Cohen,?
Lon L. Hood'

Hydrated minerals occur in accretionary rims around chondrules in CM chon-
drites. Previous models suggested that these phyllosilicates did not form by
gas-solid reactions in the canonical solar nebula. We propose that chondrule-
forming shock waves in icy regions of the nebula produced conditions that
allowed rapid mineral hydration. The time scales for phyllosilicate formation
are similar to the time it takes for a shocked system to cool from the
temperature of phyllosilicate stability to that of water ice condensation.
This scenario allows for simultaneous formation of chondrules and their

fine-grained accretionary rims.

The CM carbonaceous chondrites are of par-
ticular interest to planetary science because
they are rich in both water and organic mol-
ecules, making them prime candidates for the
source of Earth’s prebiotic material. The ma-
jority of their water is contained within phyl-
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losilicates, which typically occur as small (10
to 100 nm) grains within the fine-grained
rims (FGRs) around coarse-grained meteorit-
ic components such as chondrules and calci-
um-aluminum-rich inclusions. FGR textures,
specifically the direct contact of hydrous and
anhydrous grains, suggest that these rims ac-
creted on their host objects before being in-
corporated into their final parent bodies (1, 2)
(Fig. 1). If the formation of these phyllosili-
cates took place on the final parent body,
more homogeneous hydration would be ex-
pected among the grains. In addition to these
FGRs, the CM chondrites also contain evi-
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