
In conclusion, by exploring the short-pulse
limit of superradiant Rayleigh scattering, we
have observed a previously unknown phenom-
enon in the scattering of a single laser beam by
atoms: self-stimulated Kapitza-Dirac diffrac-
tion. The symmetry of the diffraction pattern
implies a reduced gain for both atom and light
amplification at early times. This realizes a
novel regime of superradiance in which the
atomic system has three almost equally spaced
levels with all of the initial population in the
middle one. This system has allowed us to
illustrate important concepts of stimulation and
superradiance. In the Dicke picture, all photons
are emitted spontaneously and simply leave the
system. However, we directly observed stimu-
lation by and absorption of these photons in the
form of Kapitza-Dirac scattering, and therefore
the Dicke picture is incomplete for the short-
pulse regime. None of the theoretical descrip-
tions of superradiance in Bose-Einstein conden-
sate (5, 7–12) included transitions to momen-
tum states that appear as negative orders in
Kapitza-Dirac scattering.

Extrapolating our observations of
Kapitza-Dirac scattering to longer pulses
establishes the equivalence of self-stimulat-
ed Bragg diffraction and matter-wave am-
plification. There is a widespread opinion
that bosonic stimulation is a purely quan-
tum-statistical effect based on symmetry,
whereas (3, 4 ) showed that bosonically en-
hanced scattering can always be traced
back to enhanced fluctuations. Here we
have directly shown how photons mediate
an effective interaction between the atoms
that, after elimination of the photon field,
results in bosonic stimulation of atoms.
However, at early times, the “stimulating
effect” of the population in mode q inter-
feres destructively with the effect of atoms
in mode �q and the basic concept of
bosonic stimulation by atoms fails, whereas
a simple picture of optical stimulation pro-
vides the correct answer (20).
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Mantle Fault Zone Beneath
Kilauea Volcano, Hawaii

Cecily J. Wolfe,1* Paul G. Okubo,2 Peter M. Shearer3

Relocations and focal mechanism analyses of deep earthquakes (�13 kilo-
meters) at Kilauea volcano demonstrate that seismicity is focused on an active
fault zone at 30-kilometer depth, with seaward slip on a low-angle plane, and
other smaller, distinct fault zones. The earthquakes we have analyzed predom-
inantly reflect tectonic faulting in the brittle lithosphere rather than magma
movement associated with volcanic activity. The tectonic earthquakes may
be induced on preexisting faults by stresses of magmatic origin, although
background stresses from volcano loading and lithospheric flexure may also
contribute.

Earthquake characteristics at the active Kilauea
volcano have long been used to construct mod-
els of this shield volcano and to constrain the
structure of its magmatic system (1–4). Based
on hypocenters in the catalog of the U.S. Geo-
logical Survey Hawaiian Volcano Observatory
(HVO) seismic network, it has been suggested
that the earthquakes at Kilauea outline a pipe-
like magma conduit that extends through the
lithosphere to depths as great as 60 km (1–4),
thereby delineating the magma pathway from
its source to the surface. However, the accu-
racy of routinely determined hypocenters is
limited by factors including the network ge-
ometry, the available arrival time picks, pick-
ing errors, and the presence of three-dimen-
sional velocity heterogeneity. Thus, reloca-
tions of earthquakes, using relative location
methods, which reduce the effects of velocity
heterogeneity, combined with precise cross-
correlation measurements, have produced
more accurate locations (5–11) and delineat-
ed fault structures. Here, we present reloca-
tions of deep earthquakes, focusing on distin-
guishing magmatic versus tectonic events to
understand how the growing volcano affects
the crust and upper mantle.

Our data consist of waveforms from 1988 to
1998 in the catalog of routinely located deep
earthquakes recorded by the HVO seismic net-
work, amounting to 14,604 events spread
across and around Hawaii. The voluminous
Pu
u 
O
o-Kupaianaha eruption of Kilauea,
which began in 1983 and still continues, was
occurring throughout the study period. The
seismic events at Kilauea can be classified into
three types, (i) high-frequency earthquakes that
indicate shear faulting, and (ii) long-period (LP)
earthquakes and (iii) tremor (12, 13) that likely
reflect resonance in fluid-filled conduits. The
data set contains 2376 LP events, with 90%
above 20-km depth, and 135 tremor events,
with 90% below 30-km depth (14).

Precise arrival time differences for earth-
quake pairs were obtained using waveform cross
correlation with parameters appropriate for high-
frequency earthquakes (15), and these data were
able to relocate 7034 hypocenters, or 48% of the
analyzed events. This calculation is a minimum
estimate of the number of similar events, be-
cause pairs will not correlate highly if the signal-
to-noise ratio is low: small magnitude events that
are displaced far from stations, such as small,
deeper earthquakes, are more difficult to con-
strain. Families of highly correlated earthquakes
occur when there are closely spaced clusters with
similar focal mechanisms, as at fault zones.
Hence, our relocated clusters identify fault zones
in the lithosphere beneath Hawaii.

The subset of 2522 earthquakes relocated in
the vicinity of Kilauea is shown in Figs. 1 and
2, and fig. S1 displays the total set of 7034
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relocated earthquakes. One of the main features
of the relocated seismicity at Kilauea is that a
cluster of earthquakes near 30-km depth (Fig.
2B) collapses to reveal a horizontally aligned
fault zone (Fig. 2A), with 1030 of the relocated
earthquakes at depths of 26 to 32 km (fig. S2).
The distribution of relocated earthquakes also
reveals several small, spatially distinct and un-
connected fault zones, including ones that ex-
tend deeper offshore. There are only 92 earth-
quakes relocated between 16- and 24-km depth.
Below 16-km depth the events that we relocat-
ed do not suggest a magma conduit through the
lithosphere (Fig. 2A), and such a feature also is
not obvious in the patterns of the unrelocated
earthquakes (Fig. 2C).

Although 632 earthquakes were relocat-
ed at depths shallower than 16 km (Fig.
2A), 2163 earthquakes located 13 to 20 km
beneath Kilauea did not correlate (Figs. 1C
and 2C), and 1731 of these are LP events
that may reflect magmatic processes. In a
separate analysis using different parameters
(16 ), we were able to correlate and relocate
1256 LP events at Kilauea (fig. S3). In
these relocations, a cylindrical cloud of
seismicity at 13- to 20-km depth collapses
to a more localized feature at 14- to 16-
km depth. Based on constraints from seis-
mic and gravity data (17 ), these relocated
shallower LP earthquakes may occur just
above the base of the crust at Kilauea and
could plausibly reflect a magma conduit in
the crust.

The presence of a tectonic fault zone near
30-km depth is supported by the mechanisms
of the earthquakes. In 1994, a large teleseis-
mically recorded earthquake, with body-
wave magnitude mb 5.3 reported by the Na-
tional Earthquake Information Center, oc-
curred near 30-km depth at Kilauea (Fig. 2D),
and the best double-couple mechanism was
determined from the Harvard centroid mo-
ment tensor catalog (18) (Fig. 1E). For larger
events (�mL � 1.5), catalog travel time
picks and phase polarities were available
from 1974 to 2000. Composite mechanisms
(19) for earthquakes with catalog locations
near the 30-km deep cluster (Fig. 2) indicate
that the dominant style of faulting is equiva-
lent to the mechanism of the 1994 mb 5.3
earthquake (Fig. 1E and fig. S4). The pattern
of aftershocks of the 1994 mb 5.3 earthquake
is consistent with rupture being on the low-
angle fault plane with seaward slip (20) rather
than on the northeast oriented vertical plane
with oblique dip-slip motion.

Catalog locations and magnitudes (Fig. 2D)
further indicate the existence of a long-lived
tectonic fault zone near 30-km depth (21) that
has been active for at least about 40 years.
Between depths of 20 and 40 km, the available
HVO catalog of larger (�mL � 1.5) earth-
quakes from October 1959 through 2000 dem-
onstrates that the region (Fig. 1) regularly ex-

periences mL � 4 earthquakes, with 73 occur-
ring in this time period. Moreover, of the 1011
mL � 3 Hawaiian earthquakes in this depth and
time interval, 42% occur in the area around
Kilauea, making it by far the most seismically
active region at depths of 20 to 40 km. Plots of
the cumulative number of events versus time
reveal that this region generally experiences a
steady rate of earthquakes rather than swarm
characteristics (22).

The association of this highly active seismic
zone with the frequently erupting Kilauea vol-
cano implies that the tectonic faulting is related
to stresses of magmatic origin, although the
background stresses from volcano loading and
flexure may help bring faults close to failure.

The mechanism of the faulting at 30-km depth,
seaward slip on a low-angle plane, is similar to
the mechanisms of earthquakes on a shallow
crustal detachment believed to exist at the in-
terface between Kilauea volcano and the preex-
isting oceanic crust (6, 23). It has been pro-
posed that movement on this shallow detach-
ment is driven by intrusion of magma into a
deep dikelike body (24, 25). The magma path-
ways in the mantle beneath Kilauea may anal-
ogously create stresses that, in combination
with the ambient stresses from volcano loading
and flexure, produce deep earthquakes on pre-
existing faults.

Our analyses did not find correlated deep
clusters of high-frequency earthquakes at

Fig. 1. Map view of
earthquakes (1988 –
1998) at Kilauea with
features of Kilauea
caldera drawn as lines.
Earthquake locations are
plotted as circles, with
color indicating hypo-
central depth. (A) Relo-
cated hypocenters de-
rived using cross-corre-
lation arrival time differ-
ences. (B) Original
catalog hypocenters for

the subset of correlated earthquakes that
were relocated. (C) Catalog hypocenters for
the subset of earthquakes that did not
correlate. (D) Map of the HVO short-period
seismic stations (triangles). The locations of
Kilauea, Mauna Loa, and Mauna Kea volca-
noes are indicated (red circles). The region
plotted in Fig. 1, A to C, is denoted by a

rectangular box. (E) Best double-couple focal mechanism of a 1994 mb 5.3 earthquake near 30-km depth
from the Harvard centroid moment tensor catalog (18).

Fig. 2. Vertical cross
sections of the region
in Fig. 1. Earthquake lo-
cations are plotted as
circles, with color indi-
cating hypocenter lon-
gitude. (A) Relocated
hypocenters derived
using cross-correlation
arrival time differences.
The location of Kilauea
caldera is indicated by
a vertical arrow. (B)
Original catalog hypo-
centers for the subset
of correlated earth-
quakes that were relo-
cated. (C) Catalog hy-
pocenters for the sub-
set of earthquakes that
did not correlate. Note
that the line of hori-
zontal earthquakes in
the catalog locations of
Fig. 2C are poorly con-
strained events whose
depths were fixed to 30
km. (D) Catalog hypocenters for earthquakes (mL � 3.0) from October 1959 through December 2000.
The radius of the circle is a function of mL, with the radii for mL 4.0, 4.5, and 5.0 given by concentric
circles plotted below the panel.
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Mauna Loa volcano, which was not erupting
during the time period 1988–1998. However,
our analyses relocated many clusters of earth-
quakes parallel to the southeast coast of Ha-
waii at depths of 25 to 50 km (fig. S1),
indicating the existence of several tectonic
fault zones in the mantle throughout this re-
gion. Earthquakes at these fault zones, which
occur seaward of Kilauea and Mauna Loa
volcanoes, may similarly be caused by broad-
er melt movements and the effects of volcano
loading and flexure.
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A 23,000-Year Record of Surface
Water pH and PCO2 in the

Western Equatorial Pacific Ocean
M. R. Palmer1* and P. N. Pearson2

The oceans play a major role in defining atmospheric carbon dioxide (CO2)
levels, and although the geographical distribution of CO2 uptake and release in
the modern ocean is understood, little is known about past distributions. Boron
isotope studies of planktonic foraminifera from the western equatorial Pacific
show that this area was a strong source of CO2 to the atmosphere between
approximately 13,800 and 15,600 years ago. This observation is most com-
patible with increased frequency of La Niña conditions during this interval.
Hence, increased upwelling in the eastern equatorial Pacific may have played
an important role in the rise in atmospheric CO2 during the last deglaciation.

It is generally accepted that the oceans played
a major role in controlling changes in the
CO2 content of the atmosphere over glacial-
interglacial time scales (1). Although there is
uncertainty regarding the exact processes (2),
they must have involved changes in the areas
of the surface oceans that are supersaturated
or undersaturated with CO2 with respect to
the atmosphere and/or changes in the magni-
tude of the difference between the partial
pressure of CO2 (PCO2) of surface waters and
the atmosphere. Hence, an important con-
straint on the mechanism of glacial-intergla-
cial changes in atmospheric CO2 would be
provided by comparing the PCO2 of surface
waters of the glacial ocean with those during
deglaciation and today. Oceanographic stud-
ies have resulted in maps delineating the
PCO2 in surface waters of the modern ocean
(3), and we show here that boron isotope
(�11B) analyses of planktonic foraminifera
offer the opportunity to provide similar infor-
mation about the past.

Experimental studies have shown that the
planktonic foraminifer Globigerinoides sac-
culifer faithfully records the �11B of dis-
solved B(OH)4

– in the seawater from which
the foraminifer grew its shell (4), and that

this is directly related to the pH of the sea-
water. By using the pH of the seawater and
either the alkalinity or the dissolved inorganic
carbon concentrations, the PCO2 of the waters
can be calculated (5).

The equatorial Pacific is the site of the
greatest evasion of CO2 (0.8 to 1.0 Pg C
year�1) from the modern oceans (3), and may
thus have played a role in glacial-interglacial
changes in atmospheric PCO2. In this study,
we determined the �11B of 31 handpicked
samples of �50 G. sacculifer (500 to 600

m) from box core ERDC-92 that was raised
from the western equatorial Pacific
(2°13.5
S, 156°59.9
E; 1598 m) (6). The
samples range from 0.4 to 23.2 thousand
years ago (ka) (7, 8) and cover the period
from the last glacial maximum to almost the
present day. �11B values were determined at
Southampton using analytical techniques that
are described in (9) and the data are listed in
Table 1. Carbon and oxygen isotopes were
measured at Cardiff using standard tech-
niques. Because boron isotope fractionation
and the dissociation of boric acid and carbon-
ate species are temperature dependent, the
Mg/Ca ratios of the selected samples were
measured and the temperatures were calculat-
ed using the Mg/Ca-temperature relationship
of Dekens et al. (10) (and by interpolating for
intervening samples).

Figure 1 illustrates the variations in �11B
(Fig. 1A), calculated pH (Fig. 1B), and sur-
face water PCO2 values (Fig. 1C). Also in-
cluded are atmospheric PCO2 levels (from the
Taylor Dome ice core record (11, 12) (Fig.
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