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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 10-%, and probably ac-
count for the coseismic geyser response, the preseismic
static strains would be expected to be much smaller
(Roeloffs, 1988), at most 10 to 10-%. Because we have
been unable to detect tidal strains (tidal lines O1, M2) in
the IBE data, corresponding to a strain of 107%, the strains
caused by precursory slip on the fault would be far too
small to explain the data. Strains of at least 107 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 3x1077 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 (H,) and the well (H,).
A drop in H, (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 H, if the recharge zone is small in
comparison with the reservoir (for example, a narrow fault
zone; see Carrigan and others, 1991). Finally, & 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 107 to 10
(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.

ACKNOWLEDGMENTS

We thank the workers at Old Faithful Geyser, whose dil-
igent monitoring has made this study possible; and D.
Power, who along with J. Dunlap and A. Sawyer entered
more than 150,000 eruption times into the computer. E.
Roeloffs, P. Rydelek, G. Helffrich, and 1. Cifuentes re-
viewed the manuscript. We also thank A. Linde for numer-
ous stimulating conversations, as well as S. Sacks, S.
Kieffer, D. White, S. Rojstaczer, S. Hickman, J. Rinehart,
C. Carrigan, and D. Brock for helpful discussions. Finally,
we thank M. Acierno for computer support and J. Dunlap
for assistance with manuscript preparation. This research
was sponsored by the Department of Terrestrial Magne-
tism, Carnegie Institution of Washington.

REFERENCES CITED

Allen, E.T., and Day, A.L., 1927, Steam wells and other thermal activity
at “The Geysers” California: Camegie Institution of Washington
Publication 378, 106 p.

Carrigan, C.R,, King, G.C.P, Barr, G.E., and Bixler, N.E., 1991, Poten-
tial for water-table excursions induced by seismic events at Yucca
Mountain, Nevada: Geology, v. 19, no. 12, p. 1157-1160.

Cifuentes, LL., and Silver, P.G., 1989, Low-frequency source characteris-
tics of the great 1960 Chilean earthquake: Journal of Geophysical
Research, v. 94, no. B1, p. 643-663.

Fraser-Smith, A.C., Bernardi, Arman, McGill, PR., Ladd, M.E., Helliwell,
R.A,, and Villard, O.G,, Jr., 1990, Low-frequency magnetic field
measurements near the epicenter of the Mg 7.1 Loma Prieta earth-
quake: Geophysical Research Letters, v. 17, no. 9, p. 1465-1468.

Gladwin, M.T., Gwyther, R.L., Hart, R. H.G., Francis, M.E, and Johnston,
M.L.S., 1987, Borehole tensor strain measurements in California:
Joumnal of Geophysical Research, v. 92, no. B8, p. 7981-7988.

Gladwin, M.T., Gwyther, R.L., Higbie, J.W., and Hart, R.H.G,, 1991, A
medium term precursor to the Loma Prieta earthquake?: Geophysi-
cal Research Letters, v. 18, no. 8, p. 1377-1380.

Hart, R.S., Butler, Rhett, Kanamori, Hiroo, 1977, Surface-wave con-
straints on the August 1, 1975, Oroville earthquake: Seismological
Society of America Bulletin, v. 67, no. 1, p. 1-7.

Hutchinson, R.A., 1985, Hydrothermal changes in the upper Geyser Ba-
sin, Yellowstone National Park after the 1983 Borah Peak, Idaho,
earthquake, in Stein, R.S., and Bucknam, R.C., eds., Proceedings of
Workshop XXVIII on the Borah Peak, Idaho earthquake; volume A:
U.S. Geological Survey Open-File Report 85-290-A, p. 612-624.

Kanamori, Hiroo, and Satake, Kenji, 1990, Broadband study of the 1989
Loma Prieta earthquake: Geophysical Research Letters, v. 17, no. 8,
p. 1179-1182.

Kanamori, Hiroo, and Cipar, J.J., 1974, Focal process of the great Chil-
ean earthquake May 22, 1960: Physics of the Earth and Planetary
Interiors, v. 9, p. 128-136.



C80 PRESEISMIC OBSERVATIONS

Keilis-Borok, V.I., Knopoff, Leon, Rotwain, LM., and Allen, C.R., 1988,
Intermediate-term prediction of occurrence times of strong earth-
quakes: Nature, v. 335, no. 6192, p. 690-694.

Kieffer, S.W., 1984, Seismicity at Old Faithful Geyser; an isolated source
of geothermal noise and possible analogue of volcanic seismicity:
Journal of Volcanology and Geothermal Research, v. 22, no. 1-2, p.
59-95.

1989, Geologic nozzles: Reviews of Geophysics, v. 27, no. 1, p.
3-38.

Kissin, .G., and Grinevsky, A.O., 1990, Main features of hydrogeodynamic
earthquake precursors: Tectonophysics, v. 178, no. 24, p. 277-286.

Linde, A.T., Suyehiro, Kiyoshi, Miura, Satoshi, Sacks, LS., and Takagi,
Akio, 1988, Episodic aseismic earthquake precursors: Nature, v.
334, no. 6182, p. 513-515.

Mogi, Kiyoo, 1985, Earthquake prediction: Tokyo, Academic Press, 355 p.

Press, W.H., Flannery, B.P,, Teukolsky, S.A., and Vetterling, W.T., 1986,
Numerical modeling: Cambridge, U.K., Cambridge University Press.

Rinehart, J.S., 1972, Fluctuations in geyser activity caused by variations
in earth tidal forces, barometric pressure, and tectonic stresses: Jour-
nal of Geophysical Research, v. 77, no. 2, p. 342-350.

1980, Geysers and geothermal energy: New York, Springer-Ver-
lag, 223 p.

Roeloffs, E.A., 1988, Hydrologic precursors to earthquakes; a review:
Pure and Applied Geophysics, v. 126, no. 2—4, p. 177-209.

Rojstaczer, S.A., 1991, Elastic deformation as a second order influence
on groundwater flow in areas of crustal unrest [abs.]: Eos (Ameri-
can Geophysical Union Transactions), v. 72, no. 17, p. 121.

Sacks, LS., Suyehiro, Shigeji, Evertson, D.W., and Yamagishi, Yoshiaki,
1971, Sacks-Evertson strainmeter, its installation in Japan and some
preliminary results concerning strain steps: Papers in Meteorology
and Geophysics, v. 22, p. 195-207.

Silver, P.G., and Valette-Silver, N.J., 1987, A spreading episode at the
southern end of the San Andreas fault system: Nature, v. 326, no.
6113, p. 589-593.

Wood, S.H., 1985, Regional increase in groundwater discharge after the
1983 Idaho earthquake; coseismic strain release, tectonic and natu-
ral hydraulic fracturing, in Stein, R.S., and Bucknam, R.C., eds.,
Proceedings of Workshop XXVII on the Borah Peak, Idaho earth-
quake; volume A: U.S. Geological Survey Open-File Report 85-
290-A, p. 573-592.





