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SUMMARY
Intense earthquake swarms at Long Valley caldera in late 1997 and early 1998 occurred
on two contrasting structures. The first is defined by the intersection of a north-
northwesterly array of faults with the southern margin of the resurgent dome, and is
a zone of hydrothermal upwelling. Seismic activity there was characterized by high
b-values and relatively low values of D, the spatial fractal dimension of hypocentres.
The second structure is the pre-existing South Moat fault, which has generated large-
magnitude seismic activity in the past. Seismicity on this structure was characterized
by low b-values and relatively high D. These observations are consistent with low-
magnitude, clustered earthquakes on the first structure, and higher-magnitude, diffuse
earthquakes on the second structure. The first structure is probably an immature fault
zone, fractured on a small scale and lacking a well-developed fault plane. The second
zone represents a mature fault with an extensive, coherent fault plane.
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2 TECTONIC SETTING AND DATA1 INTRODUCTION

Long Valley caldera lies on the eastern side of the Sierra NevadaThe seismic b-value of a set of earthquakes is the negative
in east-central California (Fig. 1). The caldera formed at aboutslope of the log-cumulative-frequency versus magnitude plot.
0.76 Ma when a magmatic system erupted cataclysmically andIt is a measure of the proportion of larger to smaller events
emplaced 600 km3 of material (Bailey et al. 1976). A ring faultwithin a seismic sequence. A low value of b indicates a greater
formed, on which 2–3 km of subsidence occurred, forming aproportion of larger events than in the case where the value
17×32 km oval depression. Subsequent magmatic activity inof b is high. The spatial correlation dimension of hypocentres,
the centre of the caldera built a resurgent dome.D, is a measure of the scaling in the spatial distribution of

The current period of unrest in Long Valley commenced inevents. Correlations between b and D, both positive and
1978 with an M=5.7 earthquake 20 km south of the calderanegative, have been reported both in natural earthquake data
(Rundle & Hill 1988). In 1980, there was a seismic crisis with(e.g. Hirata 1989; Henderson et al. 1994) and in laboratory
four M~6 earthquakes. Since then, seismic activity has beentests (e.g. Meredith et al. 1990). Physical models have been
almost continuous with occasional events as large as M=5.5.proposed to explain these correlations (e.g. Henderson & Main
The Mammoth Mountain area at the southwestern edge of1992) but the causative physical processes are still under debate.
the caldera vents 400–500 tonnes of CO2 per day (Farrar et al.In this study, the b-value and the spatial correlation dimen-
1995). Uplift of the resurgent dome also commenced in 1980sion are calculated for recent volcanic earthquakes from the
and continues to the present day. The deformation pattern isLong Valley caldera, California, recorded on the permanent
consistent with the inflation of an underlying magma chamberNorthern California Seismic Network (NCSN). The seismic
at depths of 6–10 km (Rundle & Hill 1988).b-value, D and the correlation between them change significantly

Since June 1997 there has been a great increase in seismicas the locus of seismicity changes over time. These changes
activity to the immediate south of the resurgent dome,correspond to an abrupt change in the nature of local crustal
culminating in a massive swarm of >2000 earthquakes duringdeformation and the transition from volcanic swarm-type
the period 1997 November 22–25. This increase in seismicityseismicity to seismic activation of the pre-existing South Moat
coincided with accelerated inflation of the resurgent dome.fault near the southern caldera rim.
Ground deformation was monitored by two-colour geodimeter,
GPS, tiltmeter and strainmeter measurements.*Currently at: Elf Exploration UK PLC, Aberdeen.
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Figure 1. Map of Long Valley caldera showing regional location (inset) and main tectonic features. The caldera rim is indicated by a solid line,

and the resurgent dome by a dashed line. Thin lines: faults; triangles: hot springs and fumaroles; solid grey line: the South Moat fault. The two-

colour Geodimeter stations are shown (hexagons), and grey lines joining them indicate baselines routinely measured. The town of Mammoth

Lakes is indicated by a square. Map features from Sorey (1985).

Earthquakes at Long Valley are continually monitored log-cumulative-frequency versus magnitude plot results, which
may exhibit two straight segments above M=1.2, and aby the NCSN network, which has approximately 50 stations

within 50 km of the caldera. The NCSN catalogue contains correct b-value cannot be calculated. We therefore restrict our

analyses to those time periods where CUSP data are completeboth earthquake locations and magnitudes based on measure-
ments made by hand (CUSP data) and automatically picked down to a threshold value of M=1.8. By using only the CUSP

data we increase our confidence that the observed differencesmeasurements (Earthworm data). The CUSP and Earthworm

results are merged in the catalogue, with the CUSP results in b-value are real, and do not arise from systematic errors in
automatic magnitude calculation. Furthermore, this restrictstaking precedence where both exist. Between 1997 January

and 1998 February, 24 511 earthquakes were catalogued, 4820 our data set to the most accurately located earthquakes.

of which were CUSP-processed. The majority occurred in
swarms between 1997 July and November. 3 METHOD

During periods of relatively low activity, CUSP-processed
The threshold magnitude was selected by examining plots ofevents are complete down to M=1.2. During intense swarms,
log-cumulative-frequency versus magnitude. A threshold magni-however, staff time is only sufficient to hand pick the largest
tude of M=1.8 was the lowest suitable for the data set usedevents and many earthquakes larger than M=1.2 are pro-
in this study. We used sliding windows of 200 data points tocessed only by the Earthworm system. In addition to having
estimate both b and D, with each window overlapping the nextless accurate locations, Earthworm magnitudes are determined
by 10 events (Fig. 3).from coda lengths, and several closely spaced events may be

The hypocentral spatial distribution of the CUSP eventsinterpreted as a single large event. This causes exaggeration of
for 200-event windows was characterized by the correlationthe numbers of large-magnitude events and underestimation
dimension D (Grassberger & Procaccia 1983):of the numbers of low-magnitude events. The effect of this

during intense swarms can be seen from log-cumulative-
D= lim

r�0
log C(r)

log r
,frequency versus magnitude plots (Fig. 2). During periods of

low activity (Fig. 2a), a straight-line distribution following the
Gutenberg–Richter equation is exhibited for earthquakes with where r is the radius of the sphere of investigation, and C(r),

the correlation integral, is a measure of the fraction of pairs ofM≥1.2. During intense swarms (Fig. 2b), however, a distorted
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Figure 2. Examples of b and D calculated using samples of all the data (CUSP and Earthworm) from the NCSN catalogue. (a) Plot of log-

cumulative-frequency versus magnitude for data from June 1997 when the CUSP (hand-picked) magnitude threshold was M=1.2. There is a

linear relationship above M=1.2. (b) As (a), but for data from late November 1997 during an intense swarm. A highly non-linear plot for

earthquakes larger than M=1.2 results, and the threshold indicated on the plot is M=2.4. (c) A typical plot of log C(r) versus log r showing the

range selected for calculating D (shaded area).

earthquakes having separations <r. In the case of an infinite The range of magnitudes is small. For this reason we estimate

the b-value using the maximum likelihood method of Pagefractal distribution, a plot of log C(r) against log r will be a
straight line whose gradient is the fractal dimension. A finite (1968)
data sample typically yields a plot that is only linear for that

range of r that is above the depopulation limit and below the
4 RESULTS

saturation limit. In this study we estimate the fractal dimension

for values of r of 0.4<r<1 km (Fig. 2c). Changes in the values of b and D are shown in Fig. 3, and the
spatial distributions of the events in various time windows areAlthough previous work has suggested that large data sets

are required to calculate D accurately (Smith 1988), there is shown in Figs 4–6. Prior to 1997 November 22, most of the

earthquakes occurred in clusters which together formed aevidence that much smaller data sets are adequate, particularly
in situations where it is differences in fractal dimension that broad zone trending N85°E along the southern margin of the

resurgent dome and to its immediate southwest (Fig. 4). Duringare of interest rather than their absolute values (Nerenberg &

Essex 1990). This conclusion is supported by the findings of the period that seismicity occurred in this area, b was relatively
high and D relatively low, consistent with low-magnitude,Havstad & Ehlers (1989) and Eneva (1996).

The value of D is an indicator of clustering within the earth- clustered activity (Fig. 3a). There is a negative correlation

between b and D (Fig. 3b).quake population. Earthquakes that are diffuse in space are
characterized a large value of D. As the earthquakes become Commencing 1997 November 22 there is a sharp fall in b,

accompanied by a sharp rise in D. The b-value had mostlyprogressively more clustered the value of D decreases.
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Figure 3. (a) Plot of b and D for 200-event windows for the period 1997 January 1 to 1998 February 28. Few CUSP-processed earthquakes were

catalogued during the first half of 1997. The error bars for b correspond to the 95 per cent confidence limits. The errors in D are ~10 per cent of

the calculated value (Henderson et al. 1992; Havstad & Ehlers 1989). (b) Plot of b versus D for the period 1997 January 1 to 1997 November 21;

(c) as (b) but for the period 1997 November 22 to 1997 December 31; (d) as (b) but for the period 1998 January 1 to 1998 February 28.

recovered by 1997 December 5, from which date both b thermal springs and fumaroles which occur where north-
northwesterly trending faults cross the southern edge of theand D decreased overall until 1998 January 1. Between 1997

November 22 and 1998 January 1, b and D are uncorrelated resurgent dome (Fig. 1). The seismic activity was probably
caused by accelerated resurgent dome uplift, causing extension(Fig. 3c). During this period the seismicity formed a much

narrower, linear zone trending N105°E and located 2–3 km south and allowing the migration of hot fluids up this zone (Foulger

et al. 1998).of the pre-November 22 activity (Fig. 5). This linear feature
dips at 80° and contains several events with M>4.0. The The linear seismic feature activated on and after November 22

coincides with the South Moat fault, a blind, subvertical,relatively high values of D indicate that the activity is diffuse.
After 1998 January 1 there was again a negative correlation strike-slip fault (Denlinger et al. 1985). Motion on this fault

may have been facilitated by the same processes that gave risebetween b and D (Fig. 3d). There was also a return to a pattern

of clusters further north, on the southern edge of the resurgent to the nearby pre-November 22 seismicity, or by processes
resulting from that activity.dome (Fig. 6).

The change in locus of seismicity is associated with a change

in locus of deformation as suggested by geodetic measurements.
Prior to November 22, rapid dome inflation occurred, with

5 DISCUSSION
the greatest line lengthening on the two-colour geodimeter

lines Casa to Krakatau, Saw, Hot and Knolls (Fig. 1). BetweenPrior to November 22, clustered earthquake activity formed
an easterly trending zone beneath the southern margin of the November 22 and 26, accelerated lengthening occurred on the

Casa–Krakatau and Casa-Saw lines, but lengthening ceasedresurgent dome. This zone coincides with the distribution of
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Figure 4. Seismicity in Long Valley for the period 1997 January 1 to 1997 November 21. Events with M≥1.8 are shown. Events with M≥4 are

shown as open circles. Map features as for Fig. 1. (a) Earthquake epicentres; (b) north–south cross-section; (c) west–east cross-section. On the

cross-sections, events within ±10 km of the lines of section shown in (a) are plotted.

on the Casa–Hot and Casa–Knolls lines. The lines Casa–Tilla in laboratory experiments. Stress level may be affected by pore
fluid pressure and thermal stresses, and these have also beenand Casa–Miner began to contract. After November 26 the

rate of lengthening for the Casa–Krakatau line decreased, and proposed as contributing to variations in b-value (Warren &
Latham 1970; Wyss 1973). High stress levels at asperitiesthe rates of lengthening of the Casa–Knolls, Casa–Saw and

Casa–Sherwin lines increased abruptly. Also, the Casa–Tilla, suggest a means of mapping the latter using b-values (Wiemer
& Wyss 1997). Furthermore, changes in stress levels and degreesCasa–Shark and Casa–Hot lines started to shorten. Detailed

modelling of the data has yet to be done, but these observations of heterogeneity may lead to temporal variations in b-value

(e.g. Wiemer & McNutt 1997). Wiemer et al. (1998) havesuggest that the locus of greatest deformation moved from
beneath the resurgent dome to an area between the geodimeter presented a study of seismicity at Long Valley which demon-

strates that changes in seismicity can be related to changesstations Casa, Miner, Tilla and Saw—the same area as the

most intense seismicity on the narrow linear zone that was in the nature of magmatic activity. Examples of short- to
intermediate-term temporal variation in b-value are also pre-activated after November 22.

A number of reasons for variations in b-value have been sented by Henderson & Main (1992) and Henderson et al.

(1994). In addition, Henderson & Main (1992) suggest asuggested. Mogi (1962) pointed to the importance of hetero-
geneity in contributing to high b-value. Scholz (1968) demon- mechanism by which b-values will change over time even in

the absence of changes in the external stress, as a consequencestrated an inverse correlation between stress level and b-value
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Figure 5. As Fig. 4, but for the period 1997 November 22 to 1997 December 31.

of non-linear feedback processes resulting in changes in stress plane. Highly stressed asperities are widely spaced along it.

Consequently, when it failed large-magnitude earthquakesintensity factor associated with the growing population of
cracks. occurred, causing a low b-value. The wide distribution of

earthquakes along the fault plane caused a relatively highIn the examples described here we suggest that variations

in b and D can be explained by considering the different value of D.
This study describes an unusual case where adjacent structuresprocesses operating in the various regimes. In the hydrothermal

zone of weakness that was active prior to November 22, many with contrasting seismic properties are activated and monitored
using a uniform network and data processing techniques, andsmall faults and small-scale structures, possibly augmented by

thermal cracking, provided a highly heterogeneous environ- sufficient earthquakes are available to yield many accurate

estimates of b and D. It also shows that the South Moat faultment. High permeability and a supply of pore fluids may have
resulted in reduced effective stresses, and thus the earthquakes is a subvertical blind fault ~12 km long and ~7 km high,

terminating at its western end ~1 km east of the town ofwere caused by the failure of isolated, small asperities and

consequently occurred in clusters. This resulted in high b and Mammoth Lakes. Its history of M>6 earthquakes and its
behaviour during the 1997–1998 period of activation showrelatively low D. This is consistent with the weak negative

correlation shown in Fig. 3(b). that, in contrast to the hydrothermal zone a few kilometres

further north, it is capable of generating large-magnitudeFrom November 22, seismic activity was transferred to the
South Moat fault. This fault has failed in the past with M>6 earthquakes. It thus represents a potential hazard to the town

of Mammoth Lakes.earthquakes and has a mature, well-developed, coherent fault
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Figure 6. As Fig. 4, but for the period 1998 January 1 to 1998 February 28.
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