
R E P O R T S  

sors. The performance of the mesowire array- 
based sensors documented here challenges ex- 
isting H, sensing technologies. In particular, 
mesowire array-based H, sensors possess four 
attributes: (i) fast response; (ii) room-tempera- 
ture operation; (iii) diminutive power require- 
ments of less than 100 nW; and (iv) resistance 
to poisoning by reactive gases, including 0,, 
CO, and CH,. 
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The eruptions of andesite volcanoes are explosively catastrophic and notori- 
ously difficult t o  predict. Yet changes i n  shear waveforms observed after an 
eruption of Mount Ruapehu, New Zealand, suggest that forces generated by 
such volcanoes are powerful and dynamic enough t o  locally overprint the 
regional stress regime, which suggests a new method of monitoring volcanoes 
for future eruptions. These results show a change in  shear-wave polarization 
w i th  t ime and are interpreted as being due t o  a localized stress.regime caused 
by the volcano, wi th  a release in  pressure after the eruption. 

The prediction of volcanic eruptions is one of 
the primary goals of hazards research. Changes 
in stress indicators would be particularly useful 
in understanding the buildup of stress and strain 
before an eruption. One suggested method of 
monitoring stress is to observe changes in 
shear-wave splitting. Shear-wave splitting oc- 
curs when elastic waves enter an anisotropic 
medium. The energy is split into two compo- 
nents, in which the component polarized in one 
direction travels faster than its orthogonal coun- 
terpart. Shear-wave splitting in the upper 10 to 
15 km of the crust may result from fluid-filled 
cracks, microcracks, preferentially oriented 
pore space, or a combination of these factors (1, 
2). Differential stress preferentially closes 
cracks that are aligned perpendicular to the 
maximum principal stress. The cracks that re- 
main open are thus aligned perpendicular to the 
minimum horizontal compressional stress axis. 
The initial polarization (the "fast direction" or 
+) of shear-wave splitting in cracked media is 
parallel to the cracks and therefore to the max- 
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imum compressive stress. The time delay (St) 
between the arrival of the two components de- 
pends on the path length and on the amount of 
anisotropy in the particular ray path direction 
through the material. Initial polarizations are a 
more robust feature than St, which typically 
shows considerable scatter (3-6). Because of 
these difficulties, controversy continues as to 
whether changes reported in St are caused by 
changes in the stress regime due to earthquakes 
and volcanic activity or are due simply to path 
differences (3, 4, 7, 8). Slight changes of 7" to 
10" in + during hydraulic pumping in a hot, 
dry, rock geothermal reservoir were suggested 
(9),whereas temporal variations in + related to 
tectonic andlor volcanic activity have not been 
reported. 

Work on volcanic systems and rift zones 
has yielded + of shear-wave splitting gener- 
ally parallel to the maximum principal stress 
[for example, the Michoacan-Guanajuato 
volcanic field (1 O), Mexico; the Kilauea East 
Rift Zone, Hawaii; and the Phlegrean Fields 
(I l ) ,  Italy]. However, studies in the Long 
Valley Caldera, California (12), and on the 
volcano Mount Vesuvius, Italy (13), yielded
+ aligned with regional faulting rather than 
the local stress direction, 

0" the volcano Mount Ruapehu, New Zea- 
land, + and St were determined with data from 

acteristic of the a phase (D, = 1.6 X lo - '  cm2 s-') 
to the P-phase value (Dp = 5 X cm2 s-') (6). 
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two separate deployments of broadband seis- 
mometers; the first during 1994 and the second 
in 1998 (14). The most recent large volcanic 
eru~tions at Mount Ruapehu occurred in 1988 
and 1995196 (15). ~ocalkarth~uakes within the 
shear-wave window (16, 17) were analyzed. 
For each deployment, there are two data sets. 
The first contains earthquakes with a local mag- 
nitude (M,) ? 3, with hypocenters deeper than 
50 km. The second consists of events with 
depths shallower than 30 km and includes low- 
er magnitudes (M, 0.4 to 4.1). All seismograms 
were analyzed to determine the shear-wave 
splitting parameters + and St (18-21) [see (22) 
for examples of waveforms]. 

The average + for both the shallow data 
sets (Fig. 1, A and B) is NW-SE. The 1994 
average is (+,St) = (313" ? 7', 0.10 5 
0.01 s). The 1998 average is (293" 2 12", 
0.10 * 0.01 s). There is a greater variation in 
individual azimuths for 1998 [from 19" vari- 
ation in 1994 to 47' in 1998 (21)l. 

The 1994 deep data set (Fig. 1C) average 
+ is NW-SE (324" 2 6", 0.17 2 0.03 s), 
similar to the shallow results. The deep 1998 
data set (Fig. ID) however, has an average + 
of ENE-WSW (250" ? 14", 0.1 1 ? 0.01 s); 
this is almost perpendicular to both the deep 
and shallow 1994 data sets. 

The large scatter in most of the data sets 
may be caused by the irregular surface topog- 
raphy in the region. The NW-SE + of the 
shallow data sets and the 1994 deep data sets 
is almost perpendicular to the maximum 
compressive stress axis of the surrounding 
Taupo Volcanic Zone (TVZ) and the align- 
ment of the most recently active [<10,000 
years ago] (23) vents (NNE-SSW). Two pos- 
sible interpretations for the changes in + are 
(i) changes from high to lower pore pressures 
or (ii) changes in crack orientations. 

We interpret + in 1994 as resulting from 
localized stress caused by the volcano, with a 
pressure source from a NNE-SSW-trending 
tabular (24) magma body, such as that indi- 
cated by regions of anomalously high S-wave 
attenuation or "shadowing" (25) (Fig. 2); the 
geometry of the magma body is induced by 

www.sciencemag.org SCIENCE VOL 293 21 SEPTEMBER 2001 	 2231 



R E P O R T S  

the WNW-ESE-oriented minimum compres- 
sive stress field of the TVZ. Similar dike 
orientations were observed in the nearby 
Tarawera rift eruption of 1886 (26), suggest- 
ing that such orientations may be common in 
the region. 

In the first interpretation, elevated temper- 
atures from a shallow magma intrusion cause 
the rapid sealing of permeable pathways (27). 
This andor an increase in differential stress 
(2) results in regions of high pore pressure. 
Large pore-fluid pressures can induce the 
faster split shear-wave to be flipped, so that it 
is polarized perpendicular to the maximum 
horizontal compression, unlike the usual sit- 
uation (2). 

With the second interpretation, the tabular 
magma body becomes overpressured because 
of excess magma injection, which leads it to 
exert an outward pressure perpendicular to its 
sides at NW-SE. This localized stress regime 
overprints that of the TVZ, and cracks in the 
immediate vicinity of the volcano open in a 
NW-SE orientation. Crack orientations become 
pronounced at a differential stress of only 1 X 
10-5 Pa (ZX), and a pressure of 2 X loX Pa closes 
all the cracks (29). The volume of erupted 
material from each of the 1995196 eruptions 
was on the order of 0.005 to 0.01 km-' (30). This 
is a minimum estimate of the excess magma, 
because not all the magma would be ejected to 
the surface during an eruption. If we simplify 
the structure, which likely includes numerous 
dikes and sills. we can make a crude order-of- 
magnitude calculation. With a 1-km3 magma 
chamber at 5 krn depth beneath the crater (31) 
and an addition of 0.005 km3 of magma, the 
expected pressure change using the equation 
(32) (AV/V)k  = P, where P is change in pres- 
sure, k  is the bulk modulus [5.2 X 10"' Pa for 
rock at 5 km depth from the Preliminary Ref- 
erence Earth Model (33)], and ( A V / V )  is the 
change in volume over the original volume, 
would be 2.6 X 10' Pa. Stress will decay as 
distance increases from the source by the rela- 
tion (32) 1/R2, where R is the radial distance 
from the source. A pressure large enough to 
close all of the cracks could exist 0.85 km away 
from the edge of the source. A pressure large 
enough to enhance the alignment in crack oh- 
entations could exist at a distance of 50 km 
away from the source (21). Crack alignment is 
presumed to occur by grain-scale migration of 
fluids in microcracks (2). The timing of the 
alignment depends on the permeability of the 
surrounding rock, but estimates for applied dif- 
ferential stresses of 10 Mpa are measured in 
seconds to thousands of seconds for a reason- 
able range of rock permeabilities (lo-' to lo-" 
Darcy) (2). Thus, the changes could have oc- 
curred between the eruptions in 1996 and the 
1998 deployment. 

In both interpretations, the strong align- 
ment in the shallow 1994 data is a result of 
increased buildup in pressure associated with 

Fig. 1. Map views of Ruapehu with topographic contours shown as thin black lines and roads as thin 
gray lines. Irregular gray areas are lakes. The measurements are indicated by a bar whose azimuth 
is 4 and whose length is proportional to 6t. They are plotted at the surface projection of the point 
where the ray paths intersect 10 km depth. The marking of the bar corresponds to the station 
recording the waveform surrounded by a circle of the same marking where the measurement was 
recorded [stations are shown as stars in (A) and (C) (1994) and as triangles in (B) and (D) (1998)l. 
(A) Shear-wave splitting from shallow (<30 km) events recorded in 1994. (B) Shear-wave splitting 
from shallow events recorded in 1998. (C) Shear-wave splitting from deep (>SO km) events 
recorded in 1994. (D) Shear-wave splitting from deep events recorded in 1998. 

Fig. 2. Interpretation of -39' 00' 
the cause of + from 
shallow events. The 
maximum compressive 
axis of the TVZ and gg. 
alignment of the youth- 
ful vents is indicated by 
the white arrows. The 
black star marks the 
summit of Ruapehu, and 99' 12' 

the gray arrows repre- 
sent the increased pres- 
sure from the NNE- 
SSW-oriented magma -39' 18' 
body, which is also 
shown in gray. Two in- 
terpretations are given, 
with the average + from -39. 24' 
the shallow results indi- 
cated by the black ar- 
rows. The interpreted 
crack alignment is 
shown by the black -39'30' 
ovals. 

magma injection (Fig. 3). The variation in the the stress causes reversed polarizations. 
shallow 1998 4 is interpreted as a result of The average + of the deep 1998 data is 
stress released during the 199511996 eruption, consistent with the maximum compressive 
causing a return to a more heterogeneous stress axis of the TVZ and nearby results from 
stress regime and a smaller range over which a national study (34). Deep earthquakes record- 
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Pre-emption 

Fig. 3. Schematic cross section showing a vertical dike, which is overpressured because of magma 
injection before the eruption and pushes outward to close shallow cracks. After the eruption, the 
dike deflates and is no longer pushing outward, allowing shallow cracks to return to normal. The 
deeper, regional stress field remains the same in both time periods. In the real Earth, we would 
expect multiple dikes, but the present subsurface location of dikes is unknown. 

ed during the 1994 deployment, however, have 
an average <(> similar to the shallow results. The 
changes in $ cannot be due to an alignment 
error in seismometer deployment, as there are (j) 
changes between the two 1998 data sets, and 
because P-wave polarities for both deploy
ments indicated that the components had been 
aligned correctly. The c|) for deep events record
ed during 1994 may have been affected by the 
same factor that induced the strong alignment 
of 4> for shallow events at this time, the deeper 
shear-wave splitting having been rotated into 
the NW-SE direction as it neared the surface 
(6). The release of stress in 1998 then allowed 
the original § to be preserved. 

The o7 of about 0.1 s suggests small anisot-
ropy for many of the deep paths, if the entire 
path contributes to the splitting. It is tempting to 
interpret the greater (0.17-s) splitting in 1994 as 
evidence for a longer path with consistent an-
isotropy. However, the oi's for the deep events 
are scattered and do not correlate with depth or 
distance from the earthquake (21). Moreover, 
when two standard deviations are used instead 
of a single standard deviation, the error bars for 
the deep and shallow events overlap. Heteroge
neous anisotropy often yields consistent (f> but 
variations in 8/ with changing back azimuths, 
which may explain the scatter in 8/ for the deep 
1994 data (6). The earthquakes with most con
sistent 8/ are the shallow 1994 set. In this case, 
the shallowest earthquakes (at about 5 km 
depth) constrain anisotropy to an average of 
6.4% (ranging from 0.6 to 7.2%). If the per
centage anisotropy remains constant at 6.4% 
and the splitting reflects only the top layer of 
anisotropy {6\ then the deep data sets are sam
pling the top 5.5 to 8.5 km of the crust. 

Because the stations in the two deployments 

were not at identical locations, complex path 
effects could be causing apparent time varia
tions. This possibility will be checked by a 
planned deployment to reoccupy the sites. 
However, the rapid lateral variations in stress or 
structure needed to explain the differences by 
path effects are less likely than the simpler 
explanation of a change in stress after the erup
tion. For example, the southwesternmost station 
in 1998 is less than 1 km from a 1994 station, 
yet at these stations the deep 1998 events have 
(j) nearly perpendicular to the 1994 events, and 
the shallow events also have different (j) (Fig. 
1). The 0.75-s wave period corresponds to a 
wavelength of at least 1.5 km for a shear wave 
speed of 2 km/s; thus, there are differences in § 
despite the stations being less than a wave
length apart. 

Thus, the changes in shear-wave polariza
tions found in this study could be caused by 
increased magmatic pressure that either 
caused polarization flips in the shear wave 
because of increased pore pressure or that 
changed crack orientations. In either case, 
abrupt changes in shear-wave splitting polar
izations may be a future indicator of volcanic 
activity. Shear-wave splitting may therefore 
become an important tool for monitoring vol
canoes and predicting eruptions. 
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