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Abstract

The pattern of b-value of the frequency—magnitude relation, or mean magnitude, varies little in the Kaoiki-Hilea area of
Hawaii, and the b-values are normal, with b = 0.8 in the top 10 km and somewhat lower values below that depth. We interpret
the Kaoiki-Hilea area as relatively stable, normal Hawaiian crust. In contrast, the b-values beneath Kilauea’s South Flank are
anomalously high (b = 1.3-1.7) at depths between 4 and 8 km, with the highest values near the East Rift zone, but extending
5-8 km away from the rift. Also, the anomalously high b-values vary along strike, parallel to the rift zone. The highest b-values
are observed near Hiiaka and Pauahi craters at the bend in the rift, the next highest are near Makaopuhi and also near Puu Kaliu.
The mildest anomalies occur adjacent to the central section of the rift. The locations of the three major and two minor b-value
anomalies correspond to places where shallow magma reservoirs have been proposed based on analyses of seismicity, geodetic
data and differentiated lava chemistry. The existence of the magma reservoirs is also supported by magnetic anomalies, which
may be areas of dike concentration, and self-potential anomalies, which are areas of thermal upwelling above a hot source. The
simplest explanation of these anomalously high b-values is that they are due to the presence of active magma bodies beneath the
East Rift zone at depths down to 8 km. In other volcanoes, anomalously high b-values correlate with volumes adjacent to active
magma chambers. This supports a model of a magma body beneath the East Rift zone, which may widen and thin along strike,
and which may reach 8 km depth and extend from Kilauea’s summit to a distance of at least 40 km down rift. The anomalously
high b-values at the center of the South Flank, several kilometers away from the rift, may be explained by unusually high pore
pressure throughout the South Flank, or by anomalously strong heterogeneity due to extensive cracking, or by both phenomena.
The major b-value anomalies are located SSE of their parent reservoirs, in the direction of motion of the flank, suggesting that
magma reservoirs leave an imprint in the mobile flank. We hypothesize that the extensive cracking may have been acquired
when the anomalous parts of the South Flank, now several kilometers distant from the rift zone, were generated at the rift zone
near persistent reservoirs. Since their generation, these volumes may have moved seaward, away from the rift, but earthquakes
occurring in them still use the preexisting complex crack distribution. Along the decollement plane at 10 km depth, the b-values
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are exceptionally low (b = 0.5), suggesting faulting in a more homogeneous medium. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The island of Hawaii is built upon the ocean floor
by magmatic intrusive and extrusive material (Hill
and Zucca, 1987). As the ocean floor moves over the
hot spot, older volcanoes (Mauna Kea) are discon-
nected from the magma supply and new volcanoes
(Loihi) are created. For this reason, the magma
plumbing system under Hawaii may be expected to
be more complex (Ryan, 1988) than under single
volcanoes that remain above their magma supply
for long periods. In such a case of strong complexity
it is of special interest, but perhaps also more difficult
than usual, to map the conduits and chambers
containing magma. In this paper, we use the
frequency magnitude distribution (FMD) of earth-
quakes to infer the presence of magma, concentrating
on Kilauea’s South Flank and in the Kaoiki-Hilea
region between Mauna Loa and Kilauea. Because
our method is based on seismicity, we can extract
information only from parts of the crust and upper
mantle that produce numerous earthquakes. In
Hawaii, most seismic activity is concentrated in the
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volcanic edifice that rests on the depressed oceanic
sea floor.

The crustal volumes beneath the South Flank and
Kaoiki produce abundant earthquakes (Fig. 1), mostly
at depths between 4 and 10 km within the volcanic
edifice (Fig. 2). The earthquakes in these volumes
are thought to be volcano-tectonic in the sense that
they are generated by stresses exerted by the volca-
noes and their rifts, but not directly related to opening
of magmatic conduits or the flow of magma. The
distances of the epicenters from the rift zones and
the calderas range from about 1-10 km. The largest
recent earthquakes were an M6.6 in 1983 and an M6.1
in 1989 in the Kaoiki and South Flank areas, respec-
tively. However, both areas are underlain by a near
horizontal decollement plane, the surface of the old
sea floor, which can generate large to great earth-
quakes (Wyss, 1988). In 1975, an M7.2 earthquake
ruptured most of the decollement plane under the
South Flank (Swanson et al., 1976b), and in 1868, a
M.9 earthquake probably ruptured all of the South
Flank, Kaoiki, Hilea and adjacent areas (Wyss, 1988).

Along Kilauea’s east- and southwest rift zones,
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Fig. 1. Epicenter map for the study areas in Southern Hawaii. Only epicenters in the Kaoiki-Hilea area and Kilauea’s South Flank are used,
avoiding rift zones, calderas and other known magma supply routes. The coastline, calderas and rift zones are outlined. The position of cross

sections shown in Figs. 4 and 5 are defined.
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Fig. 2. Numbers of earthquakes with M = 1.5 as a function of depth
for: (a) Kilauea’s South Flank; and (b) the Kaoiki-Hilea region.

large numbers of small earthquakes occur during
magmatic intrusions (Dvorak et al., 1986). These
intrusions often initiate under Kilauea’s caldera
(Dzurisin et al., 1984; Klein et al., 1987), propagate
down the rift zones, generate varying degrees of seis-
micity, and in many cases end up in eruptions from a
subsidiary cone in the rift zone (Hardee, 1987). The
seismic activity during rift intrusions occurs primarily
between 2 and 4 km depth and follows closely the
surface trace of the rift. Because of this, most early
models of the east rift zone envisioned the active zone
to exist down to 4 or 6 km. However, a model with
magma bodies down to 10 km depth beneath the rift
zones (Crosson and Endo, 1982; Ryan, 1988) received
support from geodetic data (Delaney et al., 1990),
which required an expanding magma body at
3-9km depth to satisfactorily explain the surface
deformations. In this paper we present data from the

frequency—magnitude relation of earthquakes beneath
the South Flank that support the model of magma
bodies beneath the East Rift zone that may reach
depths of 8 km. The data also suggest that the greatest
effect on the South Flank earthquake magnitude distri-
bution occurs at intermediate depths (4—7 km) adja-
cent to shallow (2—4 km) magma bodies under the rift
that have been proposed based on analysis of defor-
mation, lava chemistry and seismicity patterns. We do
not analyze the seismicity of the rift zone itself
because the earthquakes in it occur primarily during
intrusions of magma, have a complicated time—space
history and carry no information about crustal condi-
tions in the South Flank.

The relative abundance of small earthquakes
compared to large ones is measured by the b-value
in the FMD (Ishimoto and Iida, 1939; Gutenberg
and Richter, 1944)

logN =a—bM (D)

where N is the cumulative number of earthquakes with
magnitude M and larger.

A number of recent papers demonstrated that the
constants a and b vary strongly over a few kilometers
distance in seismogenic volumes (Ogata et al., 1995;
Wiemer and Benoit, 1996; Wiemer and McNutt,
1997; Wiemer and Wyss, 1997; Wyss et al., 1997;
Wiemer et al.,, 1998; Power et al., 1998; Murru et
al.,, 1999; Wiemer and Katsumata, 1999). This
means that the mean magnitude, m, varies as a
function of space because the b-value is inversely
proportional to the mean magnitude (Aki, 1965;
Utsu, 1965)

m= M. + 1/2.3b )

In this paper, we map m. We do not assume that the
FMD is approximated well by a power law, nor do we
make any extrapolations based on a straight line fit.
Therefore, it is inconsequential if the straight line fit
may not be a good approximation in some volumes,
because we are simply comparing the mean magni-
tude in different volumes by mapping the b-value.
Along the San Andreas fault system, creeping
segments show anomalously high values (b > 1.3)
(Amelung and King, 1997; Wiemer and Wyss,
1997), whereas asperities correlate with anomalously
low values (b < 0.6) (Wiemer and Wyss, 1997; Wyss
et al., 1999). In general, the b-values decrease with
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depth in California (Mori and Abercrombie, 1997;
Wiemer and Wyss, 1997; Wiemer et al.,, 1998;
Gerstenberger et al., 2000). In aftershock sequences,
great variability of b-values is possibly related to the
amount of slip during the main shock (Wiemer and
Katsumata, 1999). Beneath volcanoes, the volumes
surrounding active magma chambers and conduits
exhibit anomalously high b-values (Wiemer and
McNutt, 1997; Wyss et al.,, 1997; Wiemer et al.,
1998; Murru et al., 1999).

We know from laboratory experiments, observa-
tions in underground mines and near wells that the
b-value increases with decreasing effective stress,
and with increasing heterogeneity of the material
(Mogi, 1962; Scholz, 1968; Wyss, 1973; Urbancic et
al., 1992), and that it may also be sensitive to the
temperature gradient (Warren and Latham, 1970). A
recent study by Lahaie and Grasso (1999) showed a
correlation between the loading rate and the b-value at
the Lacq gas field in France: When the loading rate
was reduced, the b-value increased by almost a factor
of two.

We interpreted the low b-values in asperities as
expressions of elevated stress levels. The anomalously
high b-values near magma chambers can be explained
as due to larger-than-normal heterogeneity, or, alter-
natively, as due to high pore pressure. The purpose of
this paper is to map the distribution of b-values in
Kilauea’s South Flank and in the Kaoiki-Hilea area,
and to construct a model for the generation of the
related earthquakes.

2. Data

The newest version of the Hawaiian Volcano
Observatory’s earthquake catalog was used to esti-
mate the mean magnitude (b-value). Among the
several magnitudes available, we have most confi-
dence in the homogeneity of the ‘preferred magni-
tude’ (M) because this magnitude furnishes stable
b-value estimates and it is available for the largest
number of earthquakes. M, is selected by a hierarch-
ical scheme defined in the data description prepared
by F. Klein for distribution of the Hawaiian earth-
quake catalog. The preferred magnitude M, is Mg
for the few cases where it is available, M; when it is
larger than 1.99, and in other cases is the duration

magnitude Mp. The definition of M, was introduced
before this study and is completely independent from
the goals of this study.

Because we have discovered that in some catalogs
the magnitude scale was inadvertently shifted or
stretched at times (Zuniga and Wyss, 1995; Zuniga
and Wiemer, 1999), we searched the Hawaiian cata-
log for such problems. Changes in reporting, identi-
fied by the computer algorithm GENAS (Habermann,
1983), were examined by comparing the FMD plots
before and after the change. Then the transformation
equation of the old to the new magnitude scale was
calculated (Zuniga and Wyss, 1995), all using the
software ZMAP (Wiemer and Zuniga, 1994). In the
M, data, the strongest change was a magnitude shift of
—0.5 in 1984. The shift was constant for all magni-
tude bands. Thus, the b-values of the old and new
scales remained unchanged. After 1991, when the
Wood—Anderson seismometers were disconnected,
more heterogeneity was present than before. Thus,
we used the M, for the period 1979-1991, with a
correction for the magnitude shift in 1984. All the
figures shown here are based on analysis of M,

However, in order to ascertain that the results do
not depend on the choice of magnitude, nor the
correction for the data after 1984, we also performed
the analysis using M, The duration magnitude,
Mgy, is the second-most commonly available
magnitude estimate. It is not available for the years
1990-1992.5, but has otherwise been reported fairly
consistently during the period 1979-1997. In this
case, we accepted all data uncorrected for the years
1989-1997. These were 6.5 years of data, since My
has not been computed for 1990-1992.5. The result-
ing figures resemble very closely the figures
presented in this paper, which are based on the M,

In the data set of M, the average minimum magni-
tude of completeness was 1.5; in the case of My, it was
1.8. The difference is because the two magnitude
scales are not identical. The total numbers of events
above these minimum magnitudes were N(Mp) =
16,963 and N(My);or = 21,390. They were divided
into N(Mp)ao = 5885 and N(My)y,o = 7803 in the
Kaoiki-Hilea area, versus N(M,)y = 11,073 and
N(My) = 13,587 in the South Flank.

The hypocenters in the earthquake catalog covering
the area of southern Hawaii are calculated from
records of a seismograph network with about 35
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Fig. 3. b-values of the frequency-magnitude distribution as a func-
tion of depth for: (a) Kilauea’s South Flank; and (b) the Kaoiki-
Hilea region. The number of events (M = 1.5) per window is 300.
The Kaoiki-Hilea area shows normal to low values throughout
the crust with a slight decrease as a function of depth, similar
to the pattern observed in California. In contrast, the b-values in the
South Flank of Kilauea are normal at shallow depths, increase to
anomalously high values at intermediate depths and then plunge to
anomalously low values at the depth of the decollement plain of
9 km.

stations within a radius of 30 km from Kilauea (Klein
et al., 1987). The crustal model to locate earthquakes
was derived by Klein (1981). The epicenters and
depth estimates are believed to be accurate within 1
and 1.5 km, respectively. When hypocenters were
relocated by special techniques, they contracted onto
a plane, moving typically 1 km (Got et al., 1994;
Gillard et al., 1996). This supports the above estimate
of the hypocenter inaccuracies in the catalog we used.
The earthquake catalog of Hawaii is therefore one of
the most accurate data sets related to an active
volcano. Another advantage of the data for the
South Flank is that they do not contain any long period
or other volcanic events that might contaminate the
FMD of the volcano-tectonic earthquakes.

The epicenters of the earthquakes used are shown in
Fig. 1. We selected earthquakes only in the central and
eastern part of Kilauea’s South Flank, as well as in the
Kaoiki and the Hilea areas. Earthquakes located
beneath the caldera, SW of it and along the rift
zones were excluded from this study. The separation
was naturally defined because there exists an aseismic
band of crust along the rift zones.

The overall distribution of earthquakes as a func-

tion of depth is shown in Fig. 2 separately for the
South Flank and the Kaoiki-Hilea areas. Few earth-
quakes occur at depths shallower than 4 km. Their
numbers increase with depth, reach a peak at about
8—10 km, and then rapidly fall off to almost no events
deeper than 10 and 12 km in the South Flank and
Kaoiki, respectively.

3. Method

We estimate the mean magnitude, or b-value, by
both the maximum likelihood and the least squares
method at every node of grids with spacing of 1 km
or less (Wiemer, 1996). At each node, we extract the
nearest N events (50 < N < 300, but typically N =
100) to estimate b. The radii of the cylindrical
volumes that contain 100 events are typically r = 1,
1.5 and 3 km on the South Flank, in Kaoiki and in
Hilea, respectively, but they vary inversely propor-
tional to the local seismicity rate. From the resulting
b-value maps and cross sections, we can then identify
areas of anomalously low or high b-values and
compare their earthquake populations to areas of
normal distribution.

We estimate the minimum magnitude of complete-
ness, M., for the overall sample, but also as a function
of space and time. First, we cull the data, retaining
events larger than the overall M, that is approximately
valid for the entire observation period. In addition, we
estimate the local minimum magnitude of complete-
ness, M., for every sample processed by algorithm
(Wiemer et al., 1998). This procedure minimizes the
possibility of incorrect b-value estimates by the algo-
rithm. The quality of the automatic b-value estimates
was spot-checked by the authors. The overall mini-
mum magnitude retained in the catalog for study was
M, = 1.5. For earthquakes above 7 km, M, = 1.7 in
the Hilea area and 1.8 in the eastern part of the South
Flank. For earthquakes below 7 km, M), rises to 1.9 in
some areas.

The b-value maps and cross sections shown are all
based on the maximum likelihood estimate of the
mean magnitude. However, we verified that the
results are not significantly different when we use
the weighted least squares fit to estimate b.

The statistical significance of differences between
b-values in different volumes is estimated using



28 M. Wyss et al. / Journal of Volcanology and Geothermal Research 106 (2001) 23-37

- . i i ' . i i "
il a) Profile AB (South Flank)
— =i
= L
—1a -
REE :
- " - — W - w ¥ v
& - . . ' ' 1.8
b) Profile CD (Kaoiki)
21 - 15
—_— i ' 1.4
E |
= .8 ’ 1.2
2 |
~f o - 4
& |
-1 + ftos
-1z - B0G
El 3 =] 1] ﬁ :.':': an A% i B alue

Distance [km)

Fig. 4. Cross sections 10 km wide of b-values on grids with 1 km nodal spacing for: (a) Kilauea’s South Flank parallel to the strike of the rift and
the coast; and (b) the Kaoiki-Hilea region. Positions of cross sections are defined in Fig. 1. N= 150 at each node. Anomalously high b-values

are seen at intermediate depths in Kilauea’s South Flank only.

Utsu’s test (Utsu, 1992), which is valid for randomly
selected samples (see our previous papers for equation
and discussion, (Wyss et al., 1997)). This approach
accounts for the uncertainties in both samples and
directly furnishes the information of interest here,
the confidence level with which a difference is
established.

Because there is a question whether it is better
to use the entire catalog or the declustered part
(no aftershocks and swarms) for mapping b-
values, we performed the analysis using both
data sets. Reasenberg’s Reasenberg (1985) algo-
rithm with the original parameters was used to
decluster. The declustered data showed all the
essential features, including the duplication of
some of the details. However, the reduction in
numbers in the declustered catalog led to a lack
of information in some volumes. (For example, in Fig.
5b the b-values could not be mapped for depths shal-
lower than 4 km.) Given that the differences were
minor, and that there was more information in the
complete catalog, we used the entire catalog for the
figures.

4. Analysis of mean magnitude
4.1. Average b-value as a function of depth

The average b-value is estimated as a function of
depth by a moving sample window of N = 300
events, starting with the 300 shallowest earthquakes
and moving the window deeper in steps of 10 events
(Fig. 3). In the Kaoiki-Hilea area, the b-value remains
approximately constant (b = 0.8) down to about 10 km
depth, below which it decreases slightly (Fig. 3b). This
is similar to the pattern observed along parts of the San
Andreas fault (Eaton et al., 1970; Wyss, 1973; Mori
and Abercrombie, 1997; Wiemer and Wyss, 1997;
Gerstenberger et al., 2000), except that in California
the decrease to lower b-values occurs at shallower
depths. The value of b = 0.8 in the Kaoiki-Hilea area
is normal to low. The pattern of b-values as a function
of depth in the Kaoiki-Hilea area is that expected for a
normal tectonically active crust.

In the South Flank, the b-value pattern as a function
of depth is radically different than that observed in the
Kaoiki-Hilea area or in California. Normal b-values of
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Fig. 5. Cross sections of b-values on grids with 1 km nodal spacing
for the three sections perpendicular to the strike of the east rift in
Kilauea’s South Flank defined in Fig. 1. N = 100 at each node.
Circles define volumes for which the frequency—magnitude rela-
tions are shown in Fig. 7. All cross sections show anomalously
high b-values at intermediate depths, but low b-values below
8 km, the location of the decollement plain.

about b = 0.8-1.0 are observed in the top 4 km, then
they rise to b = 1.3 at 6 km depth, below which they
decline, especially below i = 8 km, to anomalously
low values of b = 0.4 at 10 km depth (Fig. 3a). This is
an unusual pattern not seen before away from volca-
noes (Gerstenberger et al., 2000). Thus, a special
explanation is needed for this observation.

4.2. b-Values in cross sections

We project the hypocenters of earthquakes in the
South Flank onto a vertical plane oriented parallel to
the coastline, and estimate the b-value at every node
of a grid with 0.5 km spacing (Fig. 4a). The volumes
sampled are cylinders with horizontal axes perpendi-
cular to the cross section. This figure shows a clear
difference of low b-values at depths deeper than 8 km,
and high b-values at intermediate depth (3>h >
7 km). We interpret the low b-values near the bottom
of the seismogenic layer as due to material homoge-
neity near the decollement plane with only one fault
plane available for sliding. The cross section of the
Kaoiki-Hilea area does not show such a dependence
of b with depth (Fig. 4b). Only a slight decrease below
10 km depth, as expected from Fig. 3b, can be
discerned.

In three cross sections through the South Flank
perpendicular to the East Rift zone, one again clearly
sees the difference between low b-values below and
high values above 8 km depth. We find that the
anomalies at intermediate depths are most pronounced
in the NW, in the crustal volumes closest to the rift
zone (Fig. 5).

4.3. b-Values in map view

We constructed b-value maps for different depth
ranges (Fig. 6) because of the pronounced dependence
of b on depth, noticed in Figs. 3a and 4a for the South
Flank. The anomalously high b-values for the inter-
mediate depth range in the South Flank stand out
clearly as red colors in Fig. 6a. The deepest section
of the South Flank shows the darkest blue, corre-
sponding to the anomalously low b-values already
noticed in Figs. 3a and 4a for earthquakes near
10 km depth beneath the South Flank. Also, one can
see that the volumes farthest removed from the East
Rift zone tend to be less anomalous than those closer
to 1t.

4.4. Examples of frequency—magnitude distributions

It is important to verify that the contrasts in b-
values mapped in Figs. 4—6 by algorithm are real,
and that the M,,. chosen by the algorithm is accepta-
ble, based on subjective examination of the FMD. We
frequently examine FMDs for nodes in locations of
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interest and in random locations during our analysis.
In Fig. 7, we show examples of FMDs, comparing
different volumes. In each frame the probability, P,
that the two samples come from the same population
is estimated based on the assumption that the samples
are randomly selected (Utsu, 1992). The total number
of events, n, and the b-value used for the probability
estimates is given for each data set in Fig. 7.

The examples of contrasting FMDs show that extra-
ordinarily strong differences exist between FMDs
from different volumes, and that the M,,. defined by
the algorithm are acceptable (Fig. 7). Although the
data sets containing larger earthquakes (low b-values
in Fig. 7) do not show the ideal straight-line distribu-
tions, it is clear that the earthquake population in these

volumes contrasts strongly with those in the volumes
with high b-values. The latter never produced an
earthquake with M > 2.6 during the entire 14-year
period covered by the catalog. This is anomalous
and must represent a significant difference in the
earthquake generation process or the tectonic environ-
ment in the contrasting crustal volumes.

The probabilities that the two samples compared in
Figs. 7a and b, respectively, are from the same popu-
lation with one common b-value are 1.5 10" and 1.5
10~°. Once the b-values are mapped using our tech-
nique, such stark contrasts are not difficult to find. We
do not discuss the uncertainties of the individual esti-
mates of b because these are not of interest by them-
selves. The question of interest is at what level of
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Fig. 6. b-value maps for Kilauea’s South Flank and the Kaoiki-Hilea region for: (a) intermediate; and (b) deeper crustal earthquakes. The grid
spacing is 0.5 km and N = 100. Normal to low values are typical for the Kaoiki-Hilea area, whereas anomalously high values are found at
intermediate depth in Kilauea’s South Flank. Pink triangles mark the locations of the shallow magma reservoirs estimated by independent data,
and a heavy bar shows the segment of the rift over which another shallow magma reservoir is inferred to extend. Solid frames of four triangles
mark the reservoirs which have an associated magnetic and/or a self-potential anomaly, and may represent the most persistent reservoirs.
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confidence the Utsu (1992) test lets us accept the
contention that the two samples are different. The
degree of difference between red and blue areas in
the maps and cross sections is generally on the level
of the differences shown in Fig. 7. These differences
are highly significant.

The three-dimensional image of the b-values
beneath Kilauea’s South Flank and the Kaoiki-Hilea
areas shows the strong contrast at intermediate depths
between the two crustal volumes (Fig. 8). The differ-
ence between b-values deeper than about 8 km and
shallower in the South Flank is also very striking. In
this image, no earthquakes from the rift zones or
below the caldera were used. The intensity of the
b-value anomalies varies along the rift, as is also
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Fig. 7. Examples of frequency magnitude distributions for different
sub-volumes of the South Flank. The locations of the volumes
identified as «, B, vy, and & are defined in Figs. 4 and 5. The
number of events used for the calculation of the probability, p,
are given as n.

seen in Fig. 6. So far, we have not found this kind
of image at distances of several kilometers away from
other volcanoes.

5. Discussion and conclusions

A normal pattern of b-value as a function of depth
(Eaton et al., 1970; Wyss, 1973; Mori and Abercrom-
bie, 1997; Wiemer and Wyss, 1997; Gerstenberger et
al., 2000) is exhibited by the crust beneath Kaoiki-
Hilea (Figs. 3b, 4b). We interpret this to mean that
there is nothing special about the distribution of
cracks, or the state of stress, in Hawaiian crust, in
general. However, the anomalously high b-values
beneath Kilauea’s South Flank (Figs. 3a, 4a, 5 and 6)
show that there the crust at intermediate depth and
close to the East Rift zone produces many more
small earthquakes than large ones, when compared
to normal crust. Or, alternatively stated, these
volumes seldom produce moderately large earth-
quakes (M > 3), yet numerous little ones (Fig. 7).

5.1. The physical mechanism of b-value anomalies

The preponderance of small events in rock-failure
experiments in the laboratory can be due to increased
heterogeneity of the rock samples (Mogi, 1962) or due
to lower ambient stress (Scholz, 1968), which can be
described as a state of higher heterogeneity of stress
within the sample. This is true because, at low ambi-
ent stress, the local stress level varies between very
low values and the breaking strength, whereas at high
ambient stress the amplitude of this variation ranges
from moderate values to the same maximum at the
breaking strength. Unfortunately, there are no clues
that would allow us to choose material heterogeneity
or low stress (high-pore pressure) as the mechanism
that perturbs b to high values near magma chambers.
Both explanations seem equally plausible: Around
magma chambers the crust is likely to be more exten-
sively cracked than elsewhere (heterogeneous), but
high pore pressure is also probable. It may be that
both factors contribute to the high b-values observed.
Along faults, far from magmatic activity, it seems that
a choice of a mechanism is possible: Along the San
Andreas fault segment, where aseismic creep occurs,
for example, low stresses are the likely explanation
for high b-values (b > 1.3) (Amelung and King, 1997;
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Fig. 8. Three-dimensional image of the b-values beneath Kilauea’s South Flank and the Kaoiki-Hilea region. In this map of strongly varying
mean magnitude, the earthquakes directly below the rift zones and the caldera of Kilauea are not used. The b-values are normal to low in the
Kaoiki area and at depths greater than about 8 km beneath the South Flank. b-values are anomalously high (b > 1.3) at 4-7 km depths in the
South Flank, varying in intensity along strike. We interpret these high b-values (absence of intermediate size earthquakes) to indicate that a
series of magma bodies at intermediate depth may exist beneath the ERZ.

Wiemer and Wyss, 1997), and high stresses in aspe-
rities probably cause the low b-values (b <<0.6)
observed there (Wiemer and Wyss, 1997).

In Hawaii, the best-developed and probably rela-
tively smooth fault is the sub-horizontal to slightly
island-dipping decollement plane at about 10 km
depth. Hence, we assume that the smoothness (rela-
tive homogeneity) of the decollement plane favors
larger ruptures.

Within Kilauea’s South Flank, above the decolle-
ment plane, some earthquakes occur on thrust planes
not favorably oriented with respect to the local stress
tensor (Gillard et al., 1995). From this evidence, one
might conclude that low stresses are not an acceptable
explanation for the high b-values observed. However,
it is probable that high pore pressures in the South
Flank could contribute to this high » anomaly. In
the Kaoiki area, the pore pressure is likely to reach
90% of the lithostatic pressure (Wyss et al., 1992).

This mechanism may be at work in the South Flank
also.

5.2. The location of b-value anomalies relative to
volcanic structures

Regardless of the physical mechanism responsible,
we propose, based on the similarity of this pattern
with the one we observed beneath other volcanoes
(Wiemer and McNutt, 1997; Wyss et al., 1997,
Wiemer et al.,, 1998; Power et al., 1998; Murru et
al., 1999), that the high b-value anomalies indicate
that active magma chambers are nearby. Since
Kilauea’s East Rift zone (ERZ) lies adjacent to the
South Flank volume with anomalously high b-values,
and since the b-values are highest close to the rift zone
(Fig. 5), we infer that active magma reservoirs (or
concentrated dike formations) beneath the ERZ
cause these anomalies (Fig. 9).
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The most obvious pattern we observe is that b-
values at intermediate depths (4—7 km) are anoma-
lously high (Figs. 3—-6 and 8). The second pattern
we notice is that the b-values vary along the strike
of the rift zone (Figs. 6a and 8) and form three
major and two or three minor anomalies. The rift loca-
tions where local shallow magma reservoirs have
been proposed are marked with triangles in Fig. 6.
In map view, high b-value anomalies are seen adja-
cent to these locations. However, these magma bodies
are believed to be small and at shallow depths of about
1—4 km, whereas the b-value anomalies are at depths
deeper than 4 km (Figs. 5 and 6a). The top 4 km of the
South Flank contains so few earthquakes that the
b-value image is only sketchy and therefore not
shown in Fig. 6.

The magma reservoirs in the rift are revealed as
centers of inflation and deflation, as sources of erup-
tions of stored and differentiated magma, and by seis-
micity patterns. Magnetic anomalies (peaks larger
than 600 nT; Kauahikaua, 1993) and self-potential
anomalies (peaks larger than 1.0 v; Zablocki, 1976;
Kauahikaua, 1993; Zablocki and Koyanagi, 1979) are
also geophysical indicators of possible magma
concentration.

Four of the six published magma reservoirs coin-
cide closely (within 3 km) with magnetic and/or self-
potential anomalies. These reservoirs may be major
and persistent features, and are plotted with solid
triangles in Fig. 6. They also are the reservoirs that
correlate strongly with the major b-value anomalies.

The strongest b-value anomaly (near longitude
—155.22°) coincides with one of the structurally
most significant parts of the rift zone, the Hiiaka-
Pauahi magma reservoir, located where the rift zone
joins the extensional Koae Fault Zone and where the
rift bends eastward. This reservoir was a starting point
of intrusions as revealed by earthquakes that migrated
both up- and down-rift and as an aseismic zone within
the rift (Klein et al., 1987, Fig. 43.100).

Swanson et al. (1976b) and Jackson et al. (1975)
proposed there was another reservoir under Makaopubhi,
based on uplift and dilation near the eventual Mauna Ulu
eruption site. The Makaopuhi reservoir has a magnetic
anomaly and may account for the deformation centers
reported by Dvorak etal. (1983). Again, we see a clear b-
value anomaly adjacent to this location in the South
Flank at depth between 4 and 7 km (Fig. 9).

A third reservoir is believed to be active under the
Puu Kamoamoa-to-Kalalua middle section of the rift
(—155.05° to —154.95°). It underlies the current Puu
Oo eruption and accumulated magma before the start
of the eruption (Wolfe, 1988, p. 178). Klein et al.
(1987, p. 1179 and Figure 43-100) and Wilson and
Head (1988) drew the reservoir not as a point but as
a body extended along the rift because of the geome-
try of inflationary tilt vectors before the eruption
(Wolfe, 1988, Fig. 6.6). This extended reservoir and
the lack of a localized magnetic or self-potential
anomaly may account for the observation that the
b-value anomaly is less intense at this location but
extends adjacent to an 8 km section of the rift zone
(Fig. 6).

The b-values between —155.05 and —154.95°
are high near the rift but do not show a concen-
trated anomaly. Moore (1983) proposed a reservoir
under Heiheiahulu using the differentiation of
erupted lava at this site. Based on the dispersed
b-value anomaly and other anomalies in this
section of the rift, we propose that magma storage

NW East SE
Rift

Zone
South Flank

N
If

Volcanic
pile

Fig. 9. Schematic outline of the distribution of b-values in Kilauea’s
South Flank in a cross section perpendicular to the east rift zone.
The anomalously high b-values of b = 1.7 (overabundance of small
earthquakes) at intermediate depths (4—7 km) and near the rift zone
are interpreted to be due to the presence of an active magma cham-
ber at depth between 4 and 8 km, which generates a heterogeneous,
intensely cracked crust. The anomalously low b-values of b = 0.5
(preponderance of larger earthquakes) at 9 = 1 km depth are inter-
preted as associated with the near horizontal decollement plane over
which the volcanic edifice is sliding out to sea, away from the rift
and caldera of Kilauea.
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in the middle ERZ is not concentrated into a large or
persistent reservoir.

A third major b-value anomaly is noticeable in Fig. 6
at the farthest point down rift for which we have data
(near longitude —154.91°). This b-value anomaly is
adjacent to a magma reservoir proposed by Moore
(1983) under the Puu Kaliu cone based primarily on
differentiated lava chemistry. Unfortunately, we have
less confidence in the earthquake data in this area
because the seismicity is relatively sparse and the loca-
tion precision and detection threshold of the network is
poorer than in the area to the west.

The b-value anomalies, when projected onto the axis
of the East Rift zone, correlate well with magma reser-
voirs. We favor the interpretation of magma reservoirs
facilitating and feeding dike growth, and causing dense
crack concentrations that are expressed by magnetic,
self-potential and b-value anomalies.

The depth extent of the rift reservoirs is unknown
because surface deformation measurements are most
sensitive to the shallow (2—4 km) parts of the reser-
voirs, and earthquakes within the rift zone are primar-
ily generated by magma movement and intrusions in
the upper 4 km. The simplest explanation of our
observation of anomalously high b-values near the
five suspected shallow magma reservoirs, but at
depths between 4 and 7 km, is the assumption that
the reservoirs have roots that extend to at least 7 km
depth.

5.3. Correlation with tomography

Our result that the crust at intermediate depth in
the South Flank is anomalous, in contrast to the crust
in the Kaoiki area correlates to a large degree with P-
wave anomalies (Okubo et al., 1997). Between 3 and
5km and below 7 km the P-velocities are above
6 km/s. In the range of 5-7 km the velocities are
reported to be lower (about 5.5 km/s) than above
and below these depths in most of southern Hawaii,
but least so in the Kaoiki area, where they are still
above 6 km/s. In the part of the South Flank that we
have analyzed, the volumes with the strongest P-
wave anomalies (5 km/s) correlate with the strongest
b-value anomalies near 19.32°/—155.23° and 19.33°/
—155.17°. A narrow zone of normal values separates
both b-value and P-wave anomalies. This coinci-
dence of high b-value with low velocity supports

the interpretation that the crust at intermediate
depth in the South Flank is highly fractured.

5.4. The physical state of Kilauea’s South Flank

The proposal that magma exists at depths below
4 km beneath the East Rift zone along most of its
length (Ryan, 1988; Delaney et al., 1990) was contro-
versial because the effects of the shallow magma are
more obvious. At depths greater than 4 km, the crust
beneath the rift zone is not sufficiently brittle to gener-
ate earthquakes. Thus, magma movements cannot be
directly tracked by seismicity. Nevertheless, the deep-
magma model has more recently become accepted by
some (Fiske et al., 1993) based on the timing of erup-
tions. Our data can be interpreted as mapping the
collateral pore-fluid pressure effects or high crack
density, also supported by P-wave tomography,
induced by a magma body between 3 and 7 km
depth (Figs. 5, 8 and 9), and reaching from Kilauea
summit at least 40 km down the East Rift zone (Figs. 6
and 8).

The depth estimates of magma reservoirs based on
our method closely agreed with independent estimates
for eight such reservoirs at five other volcanoes
(Wiemer and McNutt, 1997; Wyss et al., 1997;
Wiemer et al., 1998; Murru et al., 1999). However,
Kilauea’s South Flank is similar to, but also different
from the list of other cases in which we found that
high b-value anomalies appear to map magma cham-
bers (Mt. St. Helens, Mt. Spurr, off-Ito, Long Valley,
Mt. Etna, Mt. Redoubt). In these other cases, the b-
value anomalies were located almost directly beneath
the surface eruption sites, and the dimensions of the
anomalies were typically about 2 km. The anomalous
volume in the South Flank, however, extends with
varying intensity all along the seismogenic length of
the South Flank (about 40 km) and 5-8 km in the
direction perpendicular to the strike of the rift zone
(Figs. 5 and 6). The factor that is most different at
Kilauea, compared to other volcanoes, is the mobility
of its South Flank. It seems reasonable to explain the
deep penetration of the b-value anomalies into the
South Flank by the transport of the seismogenic
volume by about 10 cm/year in a SS-Westerly direc-
tion, away from the ERZ.

One might argue that the observed 5—-8 km width of
the high b-value anomaly (Figs. 5, 6 and 9) may be a
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result of the high magma production and eruption
frequency of Kilauea volcano. However, the indivi-
dual eruption centers along the ERZ, which correlate
with the b-value anomalies, do not erupt more
frequently than some of the other volcanoes we
analyzed in previous papers. Also, if the eruption
rate of Kilauea were the only cause of the deep pene-
tration of the anomalies, the same would have to be
observed for the Kaoiki area, which is not the case.
Thus, we discount high eruption rate as an explanation
of Kilauea’s larger b-value anomalies compared to
other volcanoes.

The b-value anomalies can physically be explained
in two ways: by high pore-fluid pressures or by exces-
sive heterogeneity. If the South Flank is permeated by
pore-fluids (M. Ryan, personal communication)
trapped in sealed pockets, anomalously high pore
pressures could build up and give rise to high
b-values. This explanation is plausible because in
Long Valley we demonstrated that an intrusion altered
b-values from average to high during a period of less
than one month and to distances of 3 km from the
volume penetrated by the magma (Wiemer et al.,
1998).

An alternative model, assuming that unusually
strong heterogeneity contributes to the high b-value
anomaly, could be constructed. The South Flank is
geodetically observed to move out to sea, away
from the East Rift zone, where intrusions provide
the pushing hand (Swanson et al., 1976a; Dieterich,
1988; Delaney et al., 1990; Owen et al., 1995; Gillard
et al., 1995). Thus, much of the volcanic edifice of any
part of the South Flank was originally generated along
the East Rift zone, similar to ocean floor being created
by spreading at the ridges. In this process the rift zone
itself moves away from the buttressed edifice of the
island of Hawaii at less than the double ‘spreading
rate.” The moving rift leaves behind the gravity and
magnetic signatures as reported by Kauahikaua
(1993), which indicate a ‘fossil’ rift under the flank
north of the East Rift Zone. The moving rift is tied to a
fixed magma source (Kilauea Caldera), which prob-
ably accounts for the bend of the growing rift zone
(Fiske and Jackson, 1972; Ryan, 1988).

It is likely that the new crust generated at the rift is
cracked extensively during its infancy, while still near
the active magma body. If this new, cracked and
heterogeneous crust travels southward and becomes

part of the South Flank, retaining its crack distribu-
tion, then the South Flank, even several km away
from the rift, may be more heterogeneous than regular
crust, leading to anomalously high b-values and
anomalously low P-velocities (Okubo et al., 1997).
Thus, one may propose that the major magma reser-
voirs along the ERZ leave a track at depth within the
moving flank revealed by a deficiency of large earth-
quakes relative to small ones.

The association of South Flank b-value anomalies
with rift zone magma reservoirs and magnetic and
self-potential anomalies argues that the reservoirs
are persistent features. Both the crack and pore pres-
sure models involve a physical change in the South
Flank that cannot alter as quickly as stress geometry,
for example. Regardless of the choice of explanation
of the high b-values in the South Flank, this crustal
volume is unusual and different from other seismo-
genic crust in Hawaii and California.

Although the interpretation of b-value anomalies is
non-unique, and we do not have enough experience
with these newly discovered small-scale anomalies to
know with certainty which among these (or other)
physical explanations may be correct, it is clear that
much information is contained in the pattern of the
distribution of small and large earthquakes. The
simplest explanation of the high b-value anomalies
in Kilauea’s South Flank is that the five suspected
shallow magma reservoirs have roots to 7 km depth.
Thus, we envision a model of the deep rift zone in
which a series of magma bodies are strung along the
rift zone like a chain of sausage links. Fig. 9 depicts
one of the locations in which a local reservoir reaches
a significant thickness, and such reservoirs may be
connected to each other, up and down the rift, by
narrower dikes. Our model is similar to that of
magma intruding by dikes proposed for different
volcanoes by Eichelberger and Izbekov (2000).

In spite of the complications discovered in this
b-value analysis of Kilauea’s South Flank, there are
many similarities with the case histories of the other
volcanoes we have studied, and the correlation of high
b-value anomalies with magma reservoirs is confirmed.
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