
folded, disconnected, transparent, or opaque,
among others. For example, what gives trans-
parency its characteristic appearance, identi-
fiable even from opaque patches in a stereo-
gram (Figs. 2 and 6)?

Because we have no specific data to
address this issue directly, we can only
speculate. Consider the various distinctive
properties of images that are related to
surface transparency. This would include,
say, stereoscopic T-junction, contrast rela-
tions that satisfy Metelli's rule (28), simul-
taneous depth coding from a front and a
back plane (22), and semispecular reflec-
tion at the surface. Given the associative
power of theoretical neural networks (29),
we hypothesize that, if these properties
occur simultaneously when the observer
locomotes in front of a transparent surface,
an associative linkage is formed across these
features. Then later, when an image con-
tains a subset of these co-occurring features,
the visual system can recall the whole
pattern of features. This is presumably why
we see transparency in our stereograms even
though no transparency exists in the literal
sense. Most important for our present dis-
cussion, it provides a plausible cluster of
neural connections to represent a surface
that can then be associated with specific
image classes sampled (30, 31).
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Detection of Hydrothermal
Precursors to Large Northern

California Earthquakes

Paul G. Silver and Nathalie J. Valette-Silver
During the period 1973 to 1991 the interval between eruptions from a periodic geyser in
Northern California exhibited precursory variations 1 to 3 days before the three largest
earthquakes within a 250-kilometer radius of the geyser. These include the magnitude 7.1
Loma Prieta earthquake of 18 October 1989 for which a similar preseismic signal was
recorded by a strainmeter located halfway between the geyser and the earthquake. These
data show that at least some earthquakes possess observable precursors, one of the
prerequisites for successful earthquake prediction. All three earthquakes were further than
130 kilometers from the geyser, suggesting that precursors might be more easily found
around rather than within the ultimate rupture zone of large California earthquakes.

One of the basic questions in seismology is
whether earthquakes have an observable
preparation phase, known as a precursor. This
issue is not only central to our understanding
of the earthquake process but it is also a
prerequisite for successful earthquake predic-
tion. One important approach to this problem

The authors are at the Department of Terrestrial Mag-
netism, Carnegie Institution of Washington, 5241
Broad Branch Road, NW, Washington, DC 20015. Part
of this work was done while N. J. Valette-Silver was at
the Department of Chemistry and Biochemistry, Uni-
versity of Maryland, College Park, MD 20741.
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is the measurement of crustal deformation: in
the far field (more than a few fault lengths
away) by long-period seismometers (1, 2) and
in the near field by strainmeters (3-5). In
order to observe precursory signals with dura-
tions longer than about an hour, however,
measurements must be made in the near field,
because such signals will not radiate as seismic
waves. This major advantage to near-field
observations is partially offset by the require-
ment that the instruments must be near the
impending earthquake. This means, paradox-
ically, that the location of a future earthquake
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must be predicted before observations rele-
vant to detecting precursors can be made.
One way out of this difficulty is to examine a
variety of "accidental" strain indicators that
can be monitored inexpensively over a large
area, such as the hydrologic variations that
often accompany tectonic strain. A wide va-
riety of phenomena have been reported (6,
7). In recognition of the important role of
hydrologic phenomena, the water levels in
wells are presently being monitored in many
seismogenic regions of the world and have
been carefully calibrated to known sources of
crustal deformation such as tidal strain. These
observations are an integral part ofearthquake
monitoring programs in the United States,
China, and the former Soviet Union.

Less commonly utilized are hydrothermal
phenomena, such as temporal variations in
geothermal wells (8) or changes in the inter-
val between eruptions (IBE) of periodic or
"old-faithful-type" geysers. The sensitivity of
the IBE of geysers to the occurrence of earth-
quakes is, nevertheless, well known. For ex-
ample, Old Faithful Geyser in Yellowstone,
which has been monitored for more than four
decades, has shown an increase in IBE after
three large earthquakes, including the Borah
Peak earthquake of 28 October 1983 (surface
wave magnitude Ms = 7.3), particularly
noteworthy because of its great distance (240
km) from the geyser (9, 10). The possible
presence ofprecursory variations has also been
suggested (11). In this article, we analyze
nearly 20 years of IBE data for Old Faithful
Geyser of California (Calistoga, California,
referred to henceforth as Calistoga Geyser)
and show that the geyser has exhibited short-
term (1 to 3 days) precursory variations in IBE
preceding the three largest earthquakes within
a 250-km radius of the geyser.

Calistoga Geyser is located (Fig. 1) in an
area known for its abundant geothermal ac-
tivity and studied by scientists for more than
65 years (12). In December 1989, while we
were visiting the geyser, the existence of
several years of IBE data was brought to our
attention by Olga Kolbek, manager of the
geyser and the geyser monitoring program.
She noticed that the IBE data appeared to
exhibit a response to the occurrence of certain
earthquakes and thought that the geyser might
be a useful tool for earthquake monitoring. She
kindly made the data available to us.

Description of Seismicity
and IBE Data

Several clusters of earthquakes have occurred
in the area around the geyser (Fig. 1). To the
south of Calistoga have occurred events along
the northern end of the San Andreas fault
system; to the north, those associated with
the Mendocino fracture zone and the Gorda
plate; to the east, several events in the Sierra
Nevada Mountains, most of which are asso-

1364

ciated with the Mammoth Lakes region; and
to the northeast in the Sierra foothills, the
Oroville earthquake of 1 August 1975 (plus

two large aftershocks not shown). An exam-
ination of seismic activity as a function of
moment-magnitude (M,) and distance from

Fig. 1. Location of Old Faith- ,42
ful Geyser of California (Cal-
istoga, California), referred
to here as Calistoga Geyser A
(filled circle, CG). Also
shown (triangles) are all
earthquakes greater than M
= 5.3 that occurred during i
the period 1973 to 1991 40
[from the National Earth-
quake Information Center AOR
(NEIC) catalog of the U.S.
Geological Survey]. If avail-
able, surface wave magni-CO
tude Ms was used; if not,
body-wave, Mb, or local, ML, 38
magnitude for smaller 38
events. Mw (based on seis- 4A
mic moment MO) was occa-
sionally used for larger IP
events if there was a large
discrepancy between Mw
and Ms. Size of the symbol is 436
proportional to magnitude. -126 -124 -122 -120 -118
Filled triangles denote the
three largest events over this time period within a 250-km radius of the geyser. These are LP, the
Loma Prieta earthquake of 18 October 1989 [MO = 2.5 x 1019 N-m, Mw = 6.9 (14)]; OR, the Oroville
earthquake of 1 August 1975 [MO = 1.8 x 1018 N-m; Mw = 6.1 (13)]; and MH, the Morgan Hill
earthquake of 24 April 1984 (MO = 2.1 x 1018 N-m, Mw = 6.2). Lines south of the geyser denote the
major faults: from west to east: the San Andreas fault, the Hayward fault, and the Calavaras fault.
Just west and east of the geyser are the Rodgers Creek and West Napa faults (probably extensions
of the Hayward and Calavaras faults). Asterisks indicate locations of four strainmeter installations
operating during the Loma Prieta earthquake: PRE, BRK, SRL, and MSJ. The location of The
Geysers geothermal field is denoted by an x (ust north of Calistoga Geyser).

Fig. 2. Plot of seismicity from the
NEIC catalog as a function of dis-
tance r (<500 km) from the geyser
and magnitude M (>2.5). Filled
symbols denote the three large
events studied. Also shown are
vertical lines r = 50 km and r = 250
km, horizontal line giving magni-
tude cutoff (5.3) in Fig. 1, and two
inclined lines that approximately
correspond to constant static (sol-
id line, proportional to r-3) and
dynamic (dashed line, proportional
to r-2) strain at the geyser.

FIg. 3. The entire geyser IBE data
set. Each point corresponds to an
interval between eruptions. The data
have been passed through a medi-
an filter (15) to enhance coherent
features. Also shown are times and
magnitudes of all events above M =

5.3 within 250 km of the geyser (di-
amonds). The times of the three larg-
est events are denoted by vertical
lines and crossed diamonds. Data
were unavailable for 1987 (lost) and
most of 1988 (because of vandalism
at the geyser).
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the geyser (Fig. 2) provides a means of deter-
mining which events should have the greatest
effect on the geyser. Among the largest
events, in terms of either MW or calculated
strain at the geyser, are the Oroville earth-
quake [r = 132 km, seismic moment M. =
1.8 x 1018 N-m; MW = 6.1 (13)], the Loma
Prieta earthquake of 18 October 1989 [r =
177 km, MO = 2.5 X 1019 N-m, MW = 6.9
(14)], and the Morgan Hill earthquake of 24
April 1984 (r = 154 km, MO = 2.1 x 1018
N-m, MW = 6.2). We focus on these events.

The eruption times at Calistoga Geyser
were recorded in two ways. From 1973 to
1979, they were obtained manually, to the
nearest minute for about 10 hours each day

during working hours. Since 1980, eruption
times have been recorded automatically and
continuously by an infrared sensor to the
nearest minute for 1980, 1981, 1982, and
1990, and to the nearest second for the other
years. After the data had been carefully
checked for timing errors, they were convert-
ed into an IBE time series (Fig. 3) (15). There
are several well-defined peaks in the IBE data,
and the Oroville and Loma Prieta earthquakes
are coincident with two of them. In addition,
for certain periods of time the IBE has a
multimodal (more than one dominant erup-
tion interval) pattern rather than a unimodal
(one predominant eruption interval) pattern.
The cause of this multimodality is not entirely

clear, but it is a common feature of other
geysers, such as Old Faithful Geyser in Yel-
lowstone (16-18). The time of the Morgan
Hill event appears to mark a change from
unimodal to multimodal behavior.

For these three large earthquakes, we
plotted the IBE records for 1 year of data
(Fig. 4, A to C) and for 50 days of data
centered around the origin times (Fig. 4, D
to F). The times of the Loma Prieta and
Oroville events correspond to the largest
interval-lengthening events within their re-
spective years. In the case of Loma Prieta
(Fig. 4A) the IBE increased from 90 to 150
min and then returned to the pre-earth-
quake value after about 70 days. Similarly,
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Fig. 4. (A) One year of raw data (no filter) centered around the time of the
Loma Prieta earthquake (vertical line). Also shown are all earthquakes
within a 50-km radius of the geyser (open diamonds) and those earth-
quakes above M = 5.3 within 250 km of the geyser (crossed diamonds).
The earthquake is coincident with the largest episode of interval length-
ening of the year. IBE returned to pre-earthquake levels after -70 days. A
smaller interval-lengthening event at 1989.7 may be associated with the
cluster of four events (M 4) near The Geysers geothermal field (Fig. 1).
(B) Same as (A) except for the Oroville earthquake (diamonds denote the
main event and two aftershocks). Event time is coincident with the largest
episode of interval lengthening of the year. IBE returned to pre-earth-
quake levels after -40 days. (C) Same as (A) except for the Morgan Hill

earthquake. Earthquake time is coincident with a change from a unimodal
to a multimodal pattern of eruptions. The abrupt drop in IBE near 1983.9
is coincident with the largest daily precipitation of the year of 9 cm (arrow),
suggesting that the decrease was rain-induced. (D) Fifty days of raw IBE
data centered on the Loma Prieta earthquake. Interval lengthening began
-60 hours (0.0068 year) before the event (dashed line). Rapid drops in
IBE after the earthquake are coincident with the largest 4-day period of
precipitation of the year (arrows), suggesting that they are rain-related. (E)
Same as (D) except for the Oroville earthquake. Interval lengthening
begins about a day before the event (dashed line). (F) Same as (D) except
for the Morgan Hill earthquake. The change from unimodal to multimodal
behavior occurred -1 day before the earthquake.
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for Oroville (Fig. 4B), the IBE increased
from 50 to 120 min and returned to a value
of 50 min after about 40 days. In the case of
the Morgan Hill event, the IBE (Fig. 4C)
changed from a unimodal (IBE -40 min),
to trimodal (IBE -25, 40, and 50 min)
pattern close to the event time, which then
persisted for at least the next 6 months.

The more detailed plots (Fig. 4, D
through F) demonstrate the remarkable cor-
respondence between event time and IBE
behavior and show that IBE variations be-
gan before the earthquakes occurred. Before
the Loma Prieta event, the IBE fluctuated
around a value close to 90 min. Within 4
days, it rapidly doubled. Close examination
reveals that the interval lengthening began
at least 60 hours before the event and
reached a preseismic value of about 100
min, well above the baseline defined by the
previous month of data. The event time is
seen as a local minimum between the pre-
seismic and coseismic changes. Similarly,
for the Oroville event, the IBE doubling
began a day before the earthquake, where
there is a cluster of points (IBE -80 to 90
min) significantly above the baseline for the
previous month. Finally, the change from a
unimodal pattern to a highly scattered tri-
modal pattern occurred about a day before
the Morgan Hill earthquake.
We studied in detail the time period

corresponding to every other earthquake
above magnitude 5.2 at a radius between
200 and 500 km, above magnitude 5.0
within a radius of 200 km, and above
magnitude 3.5 for a radius less than 50 km.
None of these earthquakes is coincident
(within 1 to 2 days) with a change in IBE
that is near the clarity of the three events in
Fig. 4. The closest are the cluster of four
relatively large local events (M ~ 4) that
occurred in August and September 1989
(Fig. 4A) about 40 km northwest of the
geyser near "The Geysers" geothermal field
(Fig. 1). Finally, none of these other events
appear to be correlated with either the
preseismic or the coseismic variations that
we have associated with the three major
earthquakes seen in Fig. 4.

Influence of Other Physical Factors

Other physical phenomena, such as precip-
itation, changes in barometric pressure, and
local hydrological variations, might perturb
the IBE. These factors must be evaluated to
ensure that they are not mistaken for chang-
es of tectonic origin. Of these variables,
precipitation appears to have the largest
effect. For example, the drop in IBE of 15
min about 6 months before the Morgan Hill
earthquake (Fig. 4C) is coincident with the
largest 1-day value of precipitation of the
year shown (above 9 cm). Closer examina-
tion of the data for the 6-month period
1366

before the Morgan Hill event reveals that
daily rainfall above -2.5 cm has often co-
incided with a nearly instantaneous (within
a day) decrease in IBE (the rough response is
a decrease of 2 min in IBE per centimeter of
precipitation). The effect of precipitation
can also be seen in the case of the Loma
Prieta event. The largest 4-day period of
precipitation of the year, commencing 5
days after the earthquake, is closely associ-
ated with the abrupt drop in IBE after the
initial coseismic rise (Fig. 4D).

The most important question is whether
precipitation could account for the signals
we have attributed to tectonic causes. In
the case of the Loma Prieta and Oroville
events, this would be quite difficult because
(i) there was no significant rainfall in the
month preceding the Loma Prieta event or
in the 3 months preceding the Oroville
event and (ii) precipitation appears to in-
duce interval shortening, not interval
lengthening. The case of Morgan Hill is
slightly less straightforward, because the
IBE signal is a mode change, not interval
lengthening. In addition, although there
was no significant rainfall in the month
before the earthquake (>2.5 cm), there
were small amounts of precipitation (-1
cm) 4 and 8 days before the Morgan Hill
event. Nevertheless, in consideration of
the empirical evidence for an instantaneous
IBE response to precipitation and the ex-
pected small change in IBE (1 to 2 min)
from this rain, it is unlikely that precipita-
tion produced the observed preseismic and
coseismic changes in eruption mode.

Barometric pressure is a source of stress
that plausibly could have an effect on the
IBE. This notion was first considered by
Rinehart (1 1) for Calistoga Geyser using IBE
data from 1960 to 1969; he argued that there
was a response on the time scale of a year.
Most important for our purposes is the effect

Fig. 5. Plot of 100 days be-
fore the Loma Prieta earth- 1200
quake. (Bottom trace) Raw C
IBE data (same as Fig. 4A).
(Middle trace) Extensome- E 1o16o
ter recording from station 14 -

2 10140-PRE (Fig. 1). Direction:
N73E. The positive direction L 10120
corresponds to extension. 10100
Tides are the predominant
periodic signal. The largest
excursion in the record is
the rapid drop beginning 7 0.2
days before the earthquake. c
The left vertical line marks ~0.0the begin time of the pro- 2
posed IBE precursor. (Top a

(of barometric pressure) on the scale of days
to weeks; we see no evidence for such an
effect. There are no unusually large excur-
sions in pressure that could plausibly account
for the coseismic or preseismic signals we
have attributed to tectonic causes. This is
illustrated for the case of the Loma Prieta
earthquake (Fig. 5). There is, however, an
observable indirect relation; an abrupt de-
crease in pressure often precedes precipita-
tion, which, as we have seen, can produce a
decrease in IBE. This is particularly clear in
the case of the Loma Prieta and Morgan Hill
earthquakes for the days of high precipita-
tion mentioned above.

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 Geysers geother-
mal field (Fig. 1). Hydrological data suggest
that it is unlikely for pumping in the town
of Calistoga to have had a significant effect
on the geyser (19). The Geysers geothermal
field consists of 18 plants that convert
steam into electrical power. It is apparently
not connected hydrologically to Calistoga
Geyser; nor is there evidence for a thermal
connection (19). The available data do not
suggest unusual changes in production co-
incidental with the times of the earth-
quakes under study.

A Test for Statistical Significance

What are the chances that the coseismic
and preseismic signals are merely random
fluctuations in the IBE? To answer this
formally, we consider the coseismic and
preseismic signals separately. For the coseis-
mic case, we assume that the IBE is primar-
ily sensitive to dynamic strain and identify
Ne earthquakes that are as large as or larger
than the three earthquakes appearing to
have a geyser response, on the basis of

trace) Barometric pressure 0.2
for the same time period (3-
hour data from San Fran- -_____
cisco, California). 89.55
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calculated dynamic elastic strain (Fig. 2). In
addition, we can estimate the number of
geyser interval-lengthening events, Ng., and
geyser mode-changing events, Ngm, based on
a careful examination of the entire interval
T of the IBE record (1973 to 1991). An
earthquake and geyser event are said to be
coincident if the geyser event occurs within
an interval AT of the earthquake occur-
rence. With NT = T/AT intervals, we then
take Pe = Nge/NT and Pm = NgJNT as the
probability of having one geyser event of
each type occurring in any particular time
interval. Then the combined probability P
that two interval-lengthening events (P.)
and one mode-changing event (Pm) are co-
incident with an earthquake is governed by
the binomial distribution:

P = PePm = ([Ne- 1)/21pe2(1 -p)N-

[NeJm(1 Pm)N 1l

Using Ne = 8 (from Fig. 2), T = 6000 days,
AT = 6 days (3 days before, 3 days after the
earthquake), Ng e = 10, and Ngm, = 40
(estimated number of IBE events compara-
ble to the coseismic IBE variations for the
three earthquakes), we find that P = 7 x
10-4 (20), so that the possibility of a
coincidence is very small. We thus con-
clude that the coseismic geyser IBE varia-
tions are physically related to these three
earthquakes.

For the preseismic case, what is the
probability that the preseismic IBE varia-
tions 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), Nge = 150, and
Ngm = 40 (estimated number of events
comparable in size and character with pre-
seismic IBE variations: specifically, the
number of events with a 10- to 20-min
increase in IBE, and the number of compa-
rable mode changes, respectively). The
probability is again very small, P = 0.001
(21). We thus reject the hypothesis that
the coseismic or preseismic signals are due
to random fluctuations in the IBE data.

Strain Data

In an attempt to corroborate the existence
of one of the proposed precursors, we ac-
quired and examined strain data available
during and before the Loma Prieta earth-
quake. Data were obtained for stations PRE
(tiltmeter, two extensometers) and BRK
(tiltmeter), halfway between the earth-
quake and the geyser, and in addition for
SRL (Sacks-Evertson dilatometer) (3) and
MSJ (Gladwin tensor strainmeter) (22)
south of the rupture zone (Fig. 1). A de-
trended extensometer recording at PRE
(Fig. 5) shows an abrupt decrease (shorten-
ing) that began about 7 days before the

earthquake. The excursion is roughly 0.3
microstrain and about three times tidal
strains. It also has a time constant and form
similar to that of the preseismic signal seen
in the IBE data. The same signal was
observed on both extensometers at PRE,
eliminating instrumental artifact as a po-
tential cause. The tiltmeters at PRE and
BRK, however, did not show this same
signal, although they are much less sensi-
tive to horizontal shear, the most probable
form of the precursory strain. The strainme-
ters south of the fault (SRL and MSJ)
showed no obvious preseismic signal.

Precursor Characterization
and Geyser Response

Taken at face value, the results suggest that
at least some Northern California earth-
quakes exhibit observable precursory phe-
nomena, a necessary prerequisite for suc-
cessful earthquake prediction. Reports of
such short-term precursory phenomena for
large California earthquakes have been rare
(23) with the notable exception of a mag-
netic field precursor to the Loma Prieta
earthquake (24). Equally intriguing, the
precursory changes were observed more
than 130 km from the impending fault
zone. This is hard to reconcile with the
notion that precursors originate as preseis-
mic slip on the fault. Although the coseis-
mic dynamic strains for the three earth-
quakes studied are calculated to be quite
large, about 10-6, and probably account for
the coseismic geyser response, the preseis-
mic static strains would be expected to be
much smaller (6), at most 10-8 to 10`.
Because we have been unable to detect tidal
strains (the 01 and M2 tidal lines) in the
IBE data, corresponding to 10-8, the
strains caused by precursory slip on the fault
would be far too small to account for the
data. Values of at least 10-7 are probably
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 fault zone from
the north, for example, could provide an
explanation for the preseismic strain at
station PRE (Fig. 5) of this order (about 3
X 10-7), the presence of a signal at the
geyser, and the absence of such signals at
stations south of the fault. The existence of
precursory changes in regional strain is sug-
gested by other hydrologic data as well.
Indeed, a recent worldwide compilation of
precursory hydrologic phenomena shows
that most observations beyond a distance of
150 km from the associated earthquake
cannot be attributed to preseismic slip (6),
and a mechanism such as regional strain is
probably needed. In addition, a recent sta-
tistical approach to earthquake prediction
(25) implies that large regions (several hun-
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dred kilometers) may be involved in the
preparation phase of large seismic events.

The way in which the IBE responds to
tectonic strain is not entirely known, al-
though some plausible possibilities can be
offered. The immediate reservoir of Calis-
toga Geyser extends to a depth of 70 m, is 30
cm in diameter (16), and is recharged by a
deep high-temperature reservoir, within
fractured volcanic rocks. Temporal varia-
tions in the IBE are probably controlled by
changes in volumetric flow velocity Q asso-
ciated with recharge (18). In this case, the
closest analogy to the geyser would be the
well draw-down problem for a confined aqui-
fer. If we assume Darcy flow, Q is then
proportional to kAH, where k is permeability
and AH is the difference in hydraulic head
between the point of recharge (H0) and the
well (Hw). A drop in Ho (increase in IBE)
could result from microfracturing of the con-
fining material and a partial draining of the
aquifer. Such a mechanism has been pro-
posed to account for the observed dramatic
reduction in well levels (by as much as 20 m)
and increased stream flow at a distance of 20
to 40 km from the Loma Prieta earthquake,
presumably due to coseismic deformation
(26). Alternatively, strain-induced changes
in reservoir volume could produce significant
changes in Ho if the recharge zone is small
compared to the size of the reservoir (for
example, a narrow fault zone) (27). Finally,
k could change through strain-induced vari-
ations in the size of preexisting microfrac-
tures within the reservoir. In hydrologic
systems where fractures are nearly closed,
large changes in permeability can occur with
strains of the order 10-7 to 10-6 (28).
Although we cannot at present choose be-
tween these mechanisms, they serve to illus-
trate the plausibility of a close relation be-
tween the IBE of an "old faithful-type"
geyser and tectonic strain.
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Short-Lived Radioactivity and
Magma Genesis

James Gill and Michel Condomines
Short-lived decay products of uranium and thorium have half-lives and chemistries sen-
sitive to the processes and time scales of magma genesis, including partial melting in the
mantle and magmatic differentiation in the crust. Radioactive disequilibrium between 238U,
230Th, and 226Ra is widespread in volcanic rocks. These disequilibria and the isotopic
composition of thorium depend especially on the extent and rate of melting as well as the
presence and composition of vapor during melting. The duration of mantle melting may be
several hundred millennia, whereas ascent times are a few decades to thousands of years.
Differentiation of most magmas commonly occurs within a few millennia, but felsic ones
can be tens of millennia old upon eruption.

Magmas form as the result of decompres-
sion of the mantle, advection of heat, or

fluxing by fluids such as water. They origi-
nate by partial melting at grain boundaries
and drain upward by permeable flow, even-

tually ascending in sheets or pipes. After-
ward they evolve chemically (differentiate)
when they stall, often in reservoirs in or

near the base of the crust, through the
precipitation of minerals (fractional crystal-
lization) and exsolution of vapor in a closed
system or through open-system processes
such as mixing with other magmas or chem-
ical exchange with the reservoir's surround-
ings (assimilation). We refer to these two
processes as melting and differentiation,
respectively, although in practice they may
not be as separate in space or time as we

implied above. Together they span the "age
of magma," that is, the time between the
beginning of partial melting and the erup-

tion of this melt or its differentiate.
The types of magma as well as their

processes and rates of formation vary in
different tectonic settings. Buoyancy is pri-
marily responsible for the separation of
basaltic melt from matrix beneath large
intraplate volcanoes such as Hawaii, where-
as shear stress is more important at plate
margin volcanoes at spreading centers and
subduction zones (1). Some magmas must
ascend through the crust at rates of a few
centimeters per second, because they trans-
port dense mantle xenoliths to the surface,
whereas others have characteristics attrib-
uted to prolonged crustal interaction. Ra-
dioactive disequilibria are used to study
three aspects of magma genesis: (i) the
melting process, (ii) ascent and differentia-
tion, and (iii) the source materials. We
focus on 238U_230Th_226Ra disequilibria and
the 2301T/232Th tracer in volcanic rocks
that have erupted during the last few mil-
lennia (2-4).

In addition to providing the heat that
fuels convection and partial melting, the
natural radioactive decays of U and Th
produce short-lived nuclides that may pro-
vide quantitative measurements of trace
element fractionation and porosity and of
constraints on the temporal and spatial
scale of magma formation. There are 41
intermediate decay products in the three U
and Th decay chains, seven of which have
been studied in magmatic systems (Table
1). These products and their parents in-
clude actinides (Th, U, Pa), an alkaline
earth (Ra), a rare gas (Rn), and chalco-
philic elements of low and variable volatil-
ity (Pb, Bi, Po). In addition, the behavior
ofU during magma genesis is sensitive to its
oxidation state and fluid composition be-
cause its solubility in magmatic fluids in-
creases with 0 fugacity (fo) and the con-

centration of Cl or CO32 in the fluids.
This topic is usually known as the study

of U series disequilibrium (5). Secular ra-
dioactive equilibrium is reached when the
numbers of atoms (N) of all nuclides in a

decay series are inversely proportional to
their decay constants (X) so that their
"activities" (X*N) are equal. Equilibrium is
reached after about five half-lives of the
longest lived nuclide. Both melting and
differentiation involve chemical reactions
between solids, silicate or carbonate melts,
and vapor composed of C, H, 0, and
halogens. These reactions fractionate many
elements including those in the 238U-206Pb,
235U-207Pb, and 232Th-208Pb decay chains,
resulting in disequilibrium (unequal activi-
ties) between nuclides in one or more of the
decay series (Fig. 1). Trace element frac-
tionations have long been used in the study
of magma genesis processes. However, be-
cause radioactive equilibrium exists at the
beginning of magma formation and is re-
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