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Two cultural activities that might have affected the IBE 
data are pumping in the town of Calistoga (3 km to the 
south) and production activity at the The Geysers geother- 
mal field (about 40 km to the northwest; fig. 1). For the 
town, hydrologic data suggest that pumping is unlikely to 
have significantly effected the geyser (D. Brock, written 
commun., 1992). The Geysers geothermal field, which 
consists of 18 plants that convert steam into electrical 
power, apparently is not connected hydrologically to Old 
Faithful Geyser, nor is there any evidence for a thermal 
connection (D. Brock, written commun., 1992). The avail- 
able data do not suggest unusual changes in geothermal 
production associated with the earthquakes under study. 

ANALYSIS 

What are the chances that the coseismic and preseisrnic 
signals are merely random fluctuations in IBE? To answer 
this question formally, we consider the coseismic and pre- 
seismic signals separately. For the coseismic signal, we as- 
sume that the IBE is primarily sensitive to dynamic strain 
and identify N, earthquakes as large as or larger than the 
three that appear to have a geyser response, on the basis of 
calculated dynamic elastic strain (fig. 2). In addition, we can 
estimate the number of IBE-lengthening events NRi and of 
mode-changing events Ngm, on the basis of a careful exam- 
ination of the entire interval T of the IBE record (1973-91). 
An earthquake and a geyser event are said to coincide if the 
geyser event occurs within an interval AT of the earthquake. 
For NT=T/AT intervals, we then take ppNgi/% and pm= 
NgmWy as the probability of one geyser event of each type 
occurring within any particular time interval. Then, the 
combined probability P of two coincidences with IBE- 
lengthening events (Pi) and with a mode-changing event 
(Pm) is governed by the binomial distribution: 

Setting N,=S (from fig. 2), T=6,000 days, AT= 6 days (3 days 
before and 3 days after the earthquake), Ngi=lO, and N -40 
(estimated number of IBE events comparable to the coseis- 
mic variations in IBE for the three earthquakes), we find that 
P-7x104, and so the possibility of a coincidence is very 
srnalla2 We thus conclude that the coseismic geyser IBE 
variations are physically related to these three earthquakes. 

For the preseismic signal, what is the probability that the 
preseismic variations in IBE associated with these same 
three earthquakes are due to chance alone? In this case, 
we specify Ne=3, AT=3 (3 days before the earthquake), 

 h he formula given is for the probability of exactly two IBE-lengthen- 
ing events and one mode-changing event coinciding with the earth- 
quakes, although the probability quoted is for at least this number of 
coincidences. 

NR,=150, and N - 4 0  (estimated number of events compa- 
rable in size and characteristics with preseismic variations 
in IBE-specifically, the number of events with a 10- to 
20-minute increase in IBE, and the number of comparable 
mode changes, respectively). The probability is again very 
small,3 P-O.OO1. We thus reject the hypothesis that the co- 
seismic or preseismic variations are due to random fluctu- 
ations in the IBE data. 

In an attempt to corroborate the existence of one of the 
proposed precursors, we acquired and examined strain 
data for the period before and during the Loma Prieta 
earthquake from stations PRE (one tiltmeter, two exten- 
someters) and BRK (tiltmeter), halfway between the earth- 
quake and the geyser, and from stations SRL (Sacks- 
Evertson dilatometer; Sacks and others, 1971) and MSJ 
(Gladwin tensor strainmeter; Gladwin and others, 1987) 
south of the rupture zone (fig. 1). The detrended exten- 
someter recordings from station PRE (fig. 5) show an 
abrupt decrease in strain (shortening) beginning about 7 
days before the earthquake: The excursion is about 0.3 rni- 
crostrain and about 3 times the tidal strains. It also has a 
time constant and form similar to those of the preseismic 
signal seen in the IBE data. This same signal was ob- 
served on both extensometers at station PRE, eliminating 
instrumental artifact as a potential cause. The tiltmeters at 
stations PRE and BRK, however, do not show this same 
signal, although they are much less sensitive to horizontal 
shear, the most probable form of any precursive strain. 
The strainmeters south of the San Andreas fault (stas. 
SRL, MSJ) show no obvious preseismic signal. 

CONCLUSION 

Taken at face value, these results suggest that at least 
some northern California earthquakes exhibit observable 
precursory phenomena, a necessary prerequisite for suc- 
cessful earthquake prediction. Reports of such short-term 
precursory phenomena for large California earthquakes 
have been rare (Mogi, 1985), with the notable exception 
of a magnetic-field precursor to the Loma Prieta earth- 
quake (Fraser-Smith and others, 1990). Equally intriguing 
is that these precursory changes were observed more than 
100 km from the impending fault zone. This observation is 
hard to reconcile with the notion that precursors originate 

on he probability is most sensitive to the estimates of Ngi and Ngm. It is 
unlikely, however, that we have underestimated these values by more 
than about 30 percent, an amount that would increase the probability by 
no more than a factor of 3. It could be argued that for the preseismic 
signals, it is more appropriate to take Ne=5 rather than 3, on the basis of 
the number of events with comparable static strain (fig. 2). Setting N,=5 
increases P by a factor of 5. Allowing for both of these increases in 
probability, P-0.014, which is still below the critical value for signifi- 
cance. here taken to be 0.05. 
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as preseismic slip on the fault. Although the coseismic dy- 
namic strains for the three earthquakes studied here are 
calculated to be quite large, about and probably ac- 
count for the coseismic geyser response, the preseismic 
static strains would be expected to be much smaller 
(Roeloffs, 1988), at most to Because we have 
been unable to detect tidal strains (tidal lines 01,  M2) in 
the IBE data, corresponding to a strain of the strains 
caused by precursory slip on the fault would be far too 
small to explain the data. Strains of at least 10"' are proba- 
bly required and would most likely be due to variations in 
regional strain that serve to load the impending fault zone. 
Directional loading of the Loma Prieta rupture zone from 
the north, for example, could explain the preseismic strain 
(approx 3 ~ 1 0 ' ~  at station PRE, fig. 5), the presence of a 
preseismic signal at the geyser, and the absence of such a 
signal at stations south of the San Andreas fault. The ex- 
istence of precursory changes in regional strain is suggest- 
ed by other hydrologic data as well. Indeed, a recent 
worldwide compilation of precursory hydrologic phenome- 
na shows that most observations beyond a distance of 150 
km from the associated earthquake cannot be explained by 
preseismic slip (Roeloffs, 1988) and so another mecha- 
nism, such as regional strain, is probably needed. In addi- 
tion, a recent statistical approach to earthquake prediction 
(Keilis-Borok and others, 1988) implies that large regions 
(several hundred square kilometers) may be involved in 
the preparatory phase of large seismic events. 

How the IBE responds to tectonic strain is not entirely 
known, although some plausible explanations can be of- 
fered. The immediate reservoir of Old Faithful Geyser ex- 
tends to a depth of 70 m and is 30 cm in diameter 
(Rinehart, 1980); it is recharged by a deep, high-tempera- 
ture reservoir within fractured volcanic rocks. Temporal 
variations in IBE are probably controlled by changes in the 
volumetric-flow velocity Q associated with recharge (Kief- 
fer, 1989). Here, the closest analogy to the geyser would 
be the well-drawdown problem for a confined aquifer. As- 
suming Darcy flow, Q is then proportional to kAH, where k 
is the permeability and AH is the difference in hydraulic 
head between the point of recharge (Ho) and the well (HJ. 
A drop in Ho (increase in IBE) could result from microf- 
racturing of the confining material and partial draining of 
the aquifer. Such a mechanism has been proposed to ac- 
count for the observed striking reduction in well levels (by 
as much as 20 m) and increased streamflow at a distance of 
20 to 40 km from the Loma Prieta earthquake, presumably 
owing to coseismic deformation (Rojstaczer, 1991). Alter- 
natively, strain-induced changes in reservoir volume could 
significantly change Ho if the recharge zone is small in 
comparison with the reservoir (for example, a narrow fault 
zone; see Carrigan and others, 1991). Finally, k could 
change through strain-induced variations in the size of pre- 
existing microfractures within the reservoir. In hydrologic 

systems where fractures are nearly closed, large changes in 
permeability can occur with strains of about to 
(Amos Nur, written commun., 1992). Although we cannot 
at present choose between these mechanisms, they simply 
illustrate the plausibility of a close relation between the 
IBE of an Old Faithful-type geyser and tectonic strain. 
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