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Geochemical Precursors to Seismic Activity

DONALD THOMAS !

Abstract—Studies of earthquake precursory phenomena during the last several decades have found
that significant geophysical and geochemical changes can occur prior to intermediate and large earth-
quakes. Among the more intensely investigated geochemical phenomena have been: (1) changes in the
concentrations of dissolved ions and gases in groundwaters and (2) variations in the concentrations of
crustal and mantle volatiles in ground gases. The concentration changes have typically showed no con-
sistent trend (either increasing or decreasing), and the spatial and temporal distribution of the observed
anomalies have been highly variable. As a result, there is little agreement on the physical or chemical
processes responsible for the observed anomalies. Mechanisms proposed to account for precursory
groundwater anomalies include ultrasonic vibration, pressure sensitive solubility, pore volume collapse,
fracture induced increases in reactive surfaces, and aquifer breaching/fluid mixing. Precursory changes in
soil gas composition have been suggested to result from pore volume collapse, micro-fracture induced
exposure of fresh reactive silicate surfaces, and breaching of buried gas-rich horizons. An analysis of the
available field and laboratory data suggests that the aquifer breaching/fluid mixing (AB/FM) model can
best account for many of the reported changes in temperature, dissolved ion and dissolved gas con-
centrations in groundwater. Ultrasonic vibration and pressure sensitive solubility models cannot reason-
ably account for the geochemical variations observed and, although the pore collapse model could explain
some of the observed chemical changes in groundwater and ground gas, uncertainties remain regarding
its ability to generate anomalies of the magnitude observed. Other geochemical anomalies, in particular
those associated with hydrogen and radon, seem best accounted for by increases in reactive surface areas
(IRSA model!) that may accompany precursory deformation around the epicenter of an impending
earthquake. Analysis of the probable response of these models to the earthquake preparation process, as
well as to other environmental factors, suggests that geochemical monitoring programs can provide
information that may be valuable in forecasting the probability of an earthquake; however, because of the
complexity of the earthquake preparation process, the absolute prediction of seismic events using geo-
chemical methods alone, does not presently appear to be feasible.
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Introduction

It is generally agreed that earthquakes can be preceded by several types of
‘anomalous’ geochemical phenomena. Beyond this, there is little agreement as.to
the significance, mechanism, or even the definition of an ‘anomalous earthquake
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precursor.” This lack of agreement arises largely from the uniqueness of each set of
precursors, which often consist of a diverse group of anomalies that appear in
unpredictable locations and have few common characteristics that would allow a
clear determination of their underlying physical or chemical mechanisms. As a result,
the number of earthquakes successfully forecasted using precursory phenomena is
most notable for its small size. Nonetheless, the frequency of restrospective reports
of geochemical anomalies associated with subsequent seismic events suggests that
geophysical phenomena associated with the earthquake preparation process can
produce precursory changes in the compositions of groundwaters and ground gases.
Before these precursors can be successfully used to forecast earthquakes, we must
first understand the mechanisms that relate the earthquake preparation process to
the geochemical changes that have so frequently been observed.

The present review summarizes recent research results from the application of
geochemical methods to earthquake forecasting and focuses primarily on precursory
changes observed in the concentrations of dissolved ions and gases in groundwater
and of inert and reactive gases in the shallow soil environment. The observational
database is presented first and includes a discussion of the geochemical monitoring
methodology, observed earthquake precursors, and nonseismic interferences for the
different techniques. Next is a discussion of the mechanisms proposed to account for
the precursory anomalies and an analysis of each mechanism in terms of its ability
to account for the anomalies and of supporting or conflicting laboratory data. Finally,
an assessment is offered of the potential utility of several current monitoring
protocols to earthquake forecasting.

Geochemical Anomalies in Groundwaters

Groundwater anomalies have been among the earliest and most frequently
reported phenomena to occur in conjunction with earthquake activity. Historical
accounts of precursors in Japan, summarized by WakiTA (1982), and more recent
observations in China (JIANG and L1, 1981a) report changes in taste and temperature
in wells and springs prior to many large earthquakes. More sophisticated monitoring
of groundwater supplies has confirmed the earlier qualitative reports and has
recorded substantial precursory changes in a variety of chemical species. Ground-
water monitoring programs typically consist of discrete sampling of wells or springs
at intervals of weeks to months and subsequent analysis of selected ions and gases.
The most frequently monitored dissolved ions include group I and II cations (e.g.,
sodium, potassium, calcium, and magnesium), major anions (e.g., sulfate, chloride,
fluoride, and carbonate) and, less often, trace element concentrations (mercury,
radium, uranium, fluoride, lithium, strontium and barium) (BARSUKOV et al., 1979a,
1979b, 1985; CHUNG, 1981; KING et al., 1981; Car1 et al, 1984; L1 et al, 1985).
Dissolved gases investigated for precursory variations include CO,, H,S, CH,, He,
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Ne, Ar, N,, H,, and Rn. Deep wells, mineral springs and natural thermal springs are
the preferred sampling sources, since they are less susceptible to influence from
seasonal changes in recharge or to pumping of nearby wells, but some studies have
also included shallow water sources, due to their ease of sampling and availability.

Dissolved ion precursors

Anomalies in the concentrations of a variety of dissolved ions present in
groundwater have been widely observed. The anomalies are typically associated with
earthquakes of magnitude 4 or larger and have been reported prior to intra-plate
earthquakes in China and the Soviet Union (BARSUKOV et al., 1979a, 1979b, 198S;
JIANG and Li, 1981a; Cai1 et al., 1984; ZHU et al., 1984; Lt et al., 1985), subduction
zone seismic events in Japan (WAKITA, 1977; 1981; 1982; 1984), and inter-plate strike
slip earthquakes in the United States (CRAIG et al., 1980; KING ef al, 1981). The
trends and shapes of the anomalies are quite variable within a given set of anomalies
and between different anomalous periods; ion concentrations may increase or decrease,
over a period of weeks or months, or appear as short ‘spike-like’ changes that last
for a period of a few days or less. In a few cases, water sources showed permanent
changes in the composition of a groundwater source or in their response to near-
surface recharge (Cal et al., 1984). Several studies have reported that the concentra-
tions of a suite of ions were found to change concurrently (JIANG and L1, 1981a) and,
in others, chemical anomalies in some wells were contemporaneous with changes in
groundwater flow rates or temperatures in others (CaI ef al., 1984; ZHU et al., 1984);
in a few instances, chemical and hydrologic changes were reported for the same
water sources (KING et al., 1981; CaI et al., 1984).

The amplitude and distribution of geochemical changes have been postulated by
some researchers to provide an indication of the location and magnitude of impending
seismic events (BARSUKOV et al.,, 1985; SArRDOvV, 1981; ZHU et al., 1984), but most
studies have been unable to confirm a pattern in the location of anomalies. More
often, the anomalies seem to be almost randomly scattered around the epicenter,
with some preferential distribution along fault systems (Cal et al., 1984; ZHU et al.,
1984). Several studies have also reported minor precursory changes in water sources
within the epicentral zone, but substantial changes in more distant wells (KiNgG,
1985a; KING et al., 1981; L1 et al., 1985).

Dissolved gas precursors

Changes in gas emissions from thermal and nonthermal wells and the discharge
of odorous or flammable gases from the earth have been prominently reported in
accounts of preseismic phenomena for well over 100 years (IRWIN and BARNES, 1980;
WAaAKITA, 1982; Zia, 1984; GoLDb and SoOTER, 1985; KING, 1986). Among the more
spectacular phenomena reported are descriptions of gas jets from dry wells, sand
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geysers, and large increases of gas effervescing from springs (JIANG and L1, 1981a; L1
et al., 1985). The primary component of these gases is often reported to be carbon
dioxide, although methane and hydrogen sulfide are probable constituents of
flammable or odorous discharges, respectively (Cal et al., 1984). More quantitative
studies of gas discharges have recently monitored the concentrations of both reactive
gases, such as CO,, H,S, CH,, NH,, and inert gases, He, Ne, Ar, Rn, N,, and H,.

Precursory anomalies of the more reactive gases are typically governed by the
geology of the area being monitored. Methane and hydrogen sulfide anomalies are
reported in areas of known coal or petroleum deposits or organic-rich shale horizons
(SUGISAKI et al., 1980; KAWABE et al., 1981; CaI et al., 1984; BARSUKOV et al., 1985;
KAwABE, 1985) and carbon dioxide discharges have been observed in limestone
formations or shallow alluvial deposits (CAi e al., 1984; L1 et al., 1985). The trends
of the gas concentration anomalies have been quite variable; several investigators
(Car et al., 1984; NEersesov, 1984; KawaBE, 1985) report increases in gas con-
centrations, but others report declines in concentrations or concentration ratios
immediately prior to seismic events (KING et al, 1981; BArRSUKOV et al, 1985;
SuGisaki and SUGIURA, 1986).

Gas anomalies typically occur more frequently in the epicentral region of an

" impending earthquake, but have also been observed at distances of several hundred
kilometers from the epicentral area (CAI et al., 1984; NERSEsOv, 1984). Their broad
distribution has been inferred to reflect the sensitivity of gas anomalies to regional
changes in the stress field associated with the earthquake preparation process. The
specific locations within the epicentral region that show precursors have been sug-
gested to depend upon the proximity of the monitored water source to points of
stress concentration (e.g., on fault traces or other ‘sensitive areas’), the presence of
chemically distinct aquifers, or upon whether the groundwaters are sampled from
confined or unconfined aquifers. Cal et al., (1984) suggest that, as a result of these
multiple influences, the intensity of observed anomalies are of little value in predicting
the magnitude of the impending seismic event.

Most precursory monitoring investigations of nonreactive gases have studied
variations in the absolute and relative concentrations of He, Ne, Ar, Rn, and N,, in
an effort to identify anomalies and to differentiate between precursors and nonseismic
interferences. A limited number of other investigations have also analyzed their
isotopic compositions as a means of determining the source of the gases.

Helium has been analyzed as both a potential earthquake precursor as well as a
possible tracer for hidden or buried fault systems in several different geologic pro-
vinces (BULASHEVICH and BASHORIN, 1973; DIKUN et al., 1975; BULASHEVICH et al.,
1976; WAKITA, 1977, 1978, 1982; BARSUKOV et al., 1979a, 1979b, 1982, 1985). These
studies have reported helium enrichments in spring and well waters discharged from
recently active faults, as well as precursory helium anomalies (CHALOV et al., 1977,
BARSUKOV et al. 1979a, 1985; WAKITA, 1982). BARSUKOV et al. (1979a, 1985) have
suggested that the shape and duration of groundwater helium anomalies could be
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used to estimate the distance and magnitude of an impending seismic event; other
investigators have been unable to find such a correlation.

In order to overcome nonseismic interferences in the absolute concentrations of
helium (and other inert gases) in groundwater (see Environmental Interferences
following), several studies have also monitored gas concentration ratios. These
studies have generally obtained contradictory results: SUGISAKI (1978) and SUGISAKI
and SucGrura (1986) found that He/Ar and N,/Ar ratios decreased substantially
prior to some earthquakes, but similar studies (KAWABE et al., 1981; KAWABE, 1985)
report only minor precursory variations in the rare gas ratios. These investigations
indicate, however, that mixing of fluids having gases derived from atmospheric and
crustal sources may be responsible for the observed variations in the concentration
ratios (KAWARBE et al., 1981; Li et al., 1985; SuGisaki and SUGIURA, 1986).

Other investigators have used isotopic analyses to characterize the source of
helium found. BARSUKOV et al. (1985) found helium anomalies with low He3/He*
ratios, indicating that their source was radiogenic helium from crustal rocks. WAKITA
(1978) and SANO et al. (1986) reported high He?/He* ratios, indicating that the
helium anomalies were derived from magmatic volatiles and that the earthquake
activity was of volcanic rather than strictly tectonic origin. Similar studies in
California (CRAIG et al., 1980; 1981) reported concurrent isotopic and concentration
anomalies in thermal springs and suggested that differential mixing of meteoric and
deep fluids was responsible for precursory variations in the concentrations of helium
and other dissolved gases in these water sources.

Studies of the association between subsurface groundwater radon concentrations
and seismic activity have been underway for several decades (SHIrRaTOI, 1927,
IMAMURA, 1947; HATUDA, 1953; OKABE, 1956). Recent monitoring programs have
typically employed intermittent sampling from natural springs, shallow groundwater
wells, or deep (2000 m) monitoring wells, and have determined radon concentrations
using gas-phase scintillation counting or liquid/liquid extraction of radon and liquid
scintillation counting (FRIEDMANN and HERNEGGER, 1978; TALWANI et al., 1980;
TENG, 1980, 1984; WAKITA et al., 1980a, 1985; HAUKSSON, 1981a; HAUKSSON and
GODDARD, 1981; ALLEGRI et al., 1983; BARSUKOV er al., 1985; CHUNG, 1985;
FRIEDMANN, 1985; KING, 1985a, 1986; L1U et al., 1985; SHAPIRO et al., 1985; SANTOYO
et al, 1987). Continuous monitoring of radon activities is now becoming a more
accepted method, as the earlier results have shown that radon anomalies are
frequently of short duration. This method employs direct alpha particle counting in
ZnS scintillation chambers, or beta and gamma counting of filters impregnated with
the radon daughter products (Pb214, Pb210, Po214, and Bi214) (SMITH et al., 1976;
NoGUCHI and WAKITA, 1977, MELVIN ef al., 1978; SHAPIRO et al., 1982, 1985; TENG,
1984; TOMBRELLO et al., 1984; CHUNG, 1985).

The M = 5.3 Tashkent earthquake in 1966 produced the first well-documented
precursory radon anomaly in which activities in a deep groundwater well showed a
nearly threefold increase, spanning a period of at least one year, and peaking at the
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time of the earthquake (ULoMoOv and MAVASHEV, 1971; GORBUSHINA et al., 1973).
Because of long gaps in the early data set, this anomaly may have lasted for
several years. Although several recently reported radon increases have had durations
of several months to more than a year and amplitudes of several tens of percent
to a few hundred percent above prior background (ZHANG and Fu, 1981; ALLEGRI
et al., 1983; ME1, 1984; NErRSesov, 1984; FRIEDMANN, 1985; L1 et al., 1985; WAKITA
et al., 1985; SANTOYO et al., 1987), most have spanned periods of a few hours to a
few days (CHALOV et al., 1977, BARSUKOV et al., 1979a, 1985; TALWANI et al., 1980;
TeNG, 1980, 1984; HAUKSSON, 1981b; HAUKSSON and GODDARD, 1981; TALWANI,
1981; TENG et al, 1981; WAKITA, 1982; Cal et al., 1984; ZHU et al., 1984; CHUNG,
1985; L1 et al., 1985; Liu et al, 1985; SANTOYO et al., 1987). Some studies have
also suggested that short-term decreases in radon activity should be considered to
be earthquake precursors (TALWANI er al, 1980; WakiTa, 1981, 1984; CaIl et al.,
1984). In at least two cases (CAl et al, 1984; SANTOYO et al, 1987), a decline in
radon activity at one water source was contemporaneous with an increase in a
second one.

- Radon anomalies, possibly associated with volcanically induced earthquake
activity, have been shown to occur in thermal wells and in fumarolic discharges by
several investigators (CHIRKOV, 1975; GAasPARINI and MONTOVANI, 1978; HAUKSSON,
1981b). A related study conducted on Vulcano Island (Italy) (DeEL PEzzo et al,
1981), showed that such anomalies can also occur in shallow, nonthermal, ground-
water supplies. This study showed radon increases that occurred prior to the volcanic
activity, whereas the former reported both precursory and contemporaneous radon
variations.

The occurrence of hydrogen anomalies on fault systems has been recognized
only relatively recently. NAGATA (1979) found a strong hydrogen response in both
shallow and deep groundwaters to a micro-earthquake swarm on the Izu Peninsula
(Japan); he also reports a weaker response to the later 1978 Izu-Oshima-Kinkai
earthquake. SUGISAKI et al. (1980), in an analysis of soil and spring gases, determined
highly variable concentrations of hydrogen, and other gases, within and between
faults, depending on rock type and on fault activity. This study also found greater
enrichment of hydrogen in soil gases (see following) than were typically found in
groundwater discharges.

The application of hydrogen as an indicator of impending seismic activity was
prompted by the detection of hydrogen anomalies, either prior to or contempor-
aneous with seismic activity (NAGATA et al., 1979; LI er al., 1985; SuGrIsaki, 1985;
SucGisakl and SUGIURA, 1986). Monitoring programs typically employ discrete
sampling of gas from groundwater and subsequent analysis by gas chromatography.
Results of these efforts have shown variable hydrogen enrichments, but there is little
agreement regarding the timing or amplitude of the anomalies and the associated
seismic events. Whereas SUGISAKI (1985) found a general correlation between the
hydrogen concentrations observed and earthquake magnitudes along a particular
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fault, other investigators have found no clear relationship between the anomalies
and the magnitude or the intervening distance of seismic activity.

Environmental interferences

A common clement in all the investigations of groundwater geochemical pre-
cursors has been the difficulty in differentiation between true earthquake precursors
and background noise. The environmental conditions that produce the largest
variations in groundwater ion concentrations have been seasonal changes in the
rates. of recharge and groundwater pumping. Although relatively little detailed
research has been conducted on these effects, most studies attempt to minimize them
by sampling only from deep wells or springs that are fed from deep aquifers (Car et
al., 1984; L1 et al,, 1985).

Analysis of secondary impacts on dissolved gas anomalies has been more inten-
sive. Groundwater pumping has been shown to either increase or decrease radon
activities (TENG et al., 1981; KING, 1985a; WAKITA et al., 1985), but increased rates of
rainfall were usually found to depress radon activities (TALWANI e al., 1980; TENG et
al, 1981; CaI et al, 1984; WAKITA et al, 1985). Other studies have shown that
rainfall does not exert a significant influence over radon activities at depth, if a
monitoring well is of sufficient depth or is hydraulically isolated from surface aquifers
(WAKITA et al, 1985). Barometric pressure changes reportedly have a relatively
modest effect on groundwater radon in most cases (WAKITA, 1984; WAKITA et al.,
1985), but if declining pressures result in supersaturation of another dissolved gas,
the trace gases can be stripped from groundwaters, resulting in large and erratic
variations (SUGISAKI et al., 1980; KAWABE et al., 1981; SHAPIRO et al., 1982, 1985).
Other effects that produce nonprecursory changes in gas concentrations include:
dilution by biogenic methane or carbon dioxide (SUGISAKI, 1978), earth-tide effects
(SUGISAKI, 1980; WAKITA, 1984; WAKITA et al., 1985; SUGISAKI and SUGIURA, 1986)
and thermo-elastic strain changes (SHAPIRO e al,, 1985). Although most studies have
dealt with these interferences on an ad hoc basis, Shapiro and coworkers have
employed spectral analysis techniques in order to clearly identify the impact of each
effect and thereby differentiate between true precursory anomalies and chemical
changes that are due to nonseismic effects (SHAPIRO et al., 1985).

Ground-Gas Geochemical Anomalies

During the last several years a number of investigators have begun monitoring
the concentrations of trace gases in ‘soil air.” Radon and hydrogen have been the
focus of most of this work, although a few studies have also investigated ground gas
helium as an earthquake precursor.
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The association between earthquakes and anomalies in ground gas radon
concentrations has been intensively investigated for more than 30 years (see reviews
by TANNER, 1964; 1980 and KING, 1980a; 1980b; 1985a; 1986). These studies typically
measured integrated average radon activities in the shallow ( < 2m depth) soil layer,
using nitrocellulose films (FLEISCHER and MOGRO-CAMPERO, 1978; Cox et al., 1980;
TALWANI et al., 1980; STEELE, 1981, 1985; THOMAS et al., 1986) or less temperature-
sensitive allyl diglycol carbonate chips (FLEISCHER and MOGRO-CAMPERO, 1985). The
low sensitivity of these detectors requires averaging times of one to three weeks,
depending upon soil radon concentrations. Hourly averaging intervals have been
achieved in other studies using ionization chamber pulse counting devices (YAMAUCHI
and SHIMO, 1982) or field portable electronic semiconductor detection equipment
(KInNG, 1985b; THoMAs and KoyaNAaGl, 1986). Gamma counting of radon daughter
products in the soil horizon has also been employed to determine long-term average
profiles of subsurface radon (FERNANDEZ, 1983; KURATA and TSUNOGAL 1986).

The most frequently reported precursory radon anomalies have been increases in
activities prior to, or contemporaneous with, seismic events. The apparent durations
of the radon anomalies ranged from a few hours, using the semiconductor detectors
(K1NG, 1985b), to periods of weeks or months (FLEISCHER and MOGRO-CAMPERO,
1985; THOMAS et al., 1986). Anomaly amplitudes have ranged from an increase of a
factor of two above prior backgrounds (KING, 1978; TALWANI et al., 1980; STEEL,
1981, 1985; ABDUVALIYEV et al., 1984) to increases of factors of ten or greater (KING,
1978, 1985b; MOGRO-CAMPERO et ai., 1980; THOMAS et al, 1986). In one case
(FLEISCHER and MOGRO-CAMPERO, 1985), decreases in radon activity by factors of
more than 500 were attributed to seismic effects. Anomaly amplitudes appear to be
at least partly controlled by the integration period: hourly integrations showed
‘spike-like’ anomalies exceeding prior averages by factors of five to ten, but longer
integrations typically showed broader, less intense, increases.

Some investigators have suggested that the intensity of the radon anomaly
declines with increasing distance between a monitoring station and the epicenter of
the earthquake and with decreasing magnitude of the event (KNG, 1978; BIRCHARD
and LiBBY, 1980; FLEISCHER and MOGRO-CAMPERO, 1985; THOMAS et al., 1986); how-
ever, others have encountered highly nonlinear radon anomalies in which distant
earthquakes produced stronger responses than did those located closer to the moni-
toring station (FLEISCHER and MoOGRO-CaMPERO, 1985; STEEL, 1985; KING, 1986).
The period between precursory anomalies and associated earthquakes generally
ranged from several days prior to the earthquake in question (KING, 1978, 1985b;
TALWANI et al., 1980; ABDUVALIYEV et al., 1984; THOMAS et al., 1986; SANTOYO et al.,
1987) to as long as several months (BIRCHARD and LiBBY, 1980; STEELE, 1981, 1985).
In some cases, anomalies have also occurred contemporaneously with, or after, the
events (BIRCHARD and LiBBY, 1980; KING, 1985b; THOMAS et al., 1986).

Studies on Kilauea have found that ground gas radon anomalies can also
accompany volcanic activity. KING (1980) reported a correlation between radon
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concentrations and seismic activity associated with an eruption and, more recently,
other investigators (Cox et al, 1980; Cox, 1983; THOMAS et al., 1986; THOMAS and
KoYaNAGI, 1986) have suggested that thermal changes or deformation can produce
radon anomalies that are contemporaneous with the onset of intrusive or eruptive
activity.

Recent analyses of hydrogen in fault gases have shown that hydrogen can be
enriched in these gases by more than four orders of magnitude above that present in
air (SUGISAKI et al., 1980; 1983; WAKITA et al., 1980b). Repeated analyses at narrowly
spaced sampling points along these fauilts found orders of magnitude variation in
concentrations from place to place and over short time intervals. Both groups of
investigators have postulated that a genetic relationship exists between fault activity
and hydrogen generation. SUGISAKI et al. (1983) have also suggested that a
correlation exists between the age of fault activity and hydrogen concentrations, but
that the rock type and degree of alteration can affect the concentrations of hydrogen
present, regardless of the age of activity. WARE et al. (1985) confirmed the latter
result in hydrogen surveys on several fault systems, both inactive and very recently
active, but found little correlation between age of activity and hydrogen content.
They suggest that both hydrothermal activity and oxidation of iron hydroxide are
capable of generating strong enrichments of hydrogen, independent of age of
movement on a particular fault. Isotopic analysis of hydrogen in fault gases (KiTA et
al, 1980) indicated that its depth or origin was 20 km, or possibly much less,
suggesting a relatively shallow origin for the hydrogen.

Hydrogen concentrations have been monitored for precursory variations in a
number of fault systems, using either discrete sampling and laboratory analysis
(SucisaAkl, 1985; Sucisaki and SUGIURA, 1986) or continuous monitoring of ground
gas, using hydrogen-sensitive fuel cells (SATo and McGEE, 1981; SATO et al., 1985;
1986). Results suggest that increases in hydrogen concentrations can occur either
prior to or contemporaneous with seismic activity. SUGISAKI (1985) also reports a
general correlation between hydrogen concentrations and earthquake magnitudes,
but SATAKE et al. (1985) and SATO et al. (1985, 1986) find more variable hydrogen
responses to both the magnitude and intervening distance of earthquakes and creep
events.

Ground gas helium concentrations, as earthquake precursors, have been most
intensively studied by -REmMER (1980, 1981, 1985), who has reported apparent
decreases in its concentration prior to earthquakes in California. During a fifty-four
month study period, fifteen of eighteen individual earthquakes or earthquake clusters
were preceded by helium anomalies. WaKITA (1978) reports high helium concentra-
tions associated with a volcanic earthquake swarm; elevated isotopic ratios of the
anomalous helium suggest that its source was magmatic volatiles released by a rising
diapir.
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Environmental interferences

Even though soil gas concentrations are not as sensitive to hydrologic changes as
groundwater chemistry is, they are extremely susceptible to a number of other
environmental effects. Natural variations of radon in ground gases have been the
most intensively researched during the last several decades, and have been reviewed
by TANNER (1964, 1980). Because of its effect on the exchange rate of air with
subsurface gases, one of the most important factors that controls the concentration
of crustal gases in the ground is the soil permeability. Soil morphology and such
factors as frozen or rain saturated ground can produce orders of magnitude spatial
and temporal variations in soil gas concentrations (KovacH, 1946; KRANER et al.,
1964; GUEDALIA et al., 1970; MEGUMI and MAMURO, 1973; MOCHIZUKI and SEKIKAWA,
1980; REIMER, 1980; FINCK and PEearsoN, 1981; KirusMaN, 1981; KLusMAN and
WEBSTER, 1981; YAMAUCHI and SHIMO, 1982; FLEISCHER, 1983; RoBINSON and WHITE-
HEAD, 1986). Soil moisture also has a more specific influence on radon concentrations
due to recoil-implantation and diffusional effects (TANNER, 1980; FLEISCHER, 1983).
Several investigators also report that diurnal and synoptic barometric pressure
changes can influence shallow gas compositions by pumping air into the ground or
drawing soil gases out of the ground (HATUDA, 1953; KRANER et al., 1964; KLUSMAN,
1981; KLusMaN and WEBSTER, 1981; SCHERY et al., 1982); wind speed and turbulent
pumping can generate similar effects on ground gas compositions (KRANER et al.,
1964; PEarsON and JONES, 1965; GUEDALIA et al., 1970; ISRAELSSON, 1980; REIMER,
1980). There is, however, no general agreement as to the relative importance of these
effects in the detection of ground gas precursors; some studies report significant
diurnal and meteorological interferences (FLEISCHER and MoOGRO-CAMPERO, 1978;
KiING, 1985b; REIMER, 1985; SATO et al., 1986), others have found none (FLEISCHER
and MoOGRO-CAMPERO, 1985; THOMAS et al., 1986). Although these differences may be
the result of variations in monitoring protocol or in local soil and meteorological
conditions, their occurrence suggests that meteorological effects need to be con-
sidered in a ground gas precursory monitoring effort.

Analysis of Mechanisms Responsible for Geochemical Anomalies

Because the underlying phenomena associated with the earthquake preparation
process are physical in nature, it is clear that a physical mechanism must underlie
the precursory chemical anomalies that have been observed. Although many
nominally different mechanisms have been proposed to account for geochemical
precursors, most are based on one of the following processes:

1. Physico-chemical release by ultrasonic vibration (UV model);

2. Chemical release due to pressure sensitive solubility (PSS model);

3. Physical release by pore collapse (PC model);
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4. Chemical release by increased loss from, or reaction with, freshly created rock
surfaces (IRSA model)

5. Physical mixing due to aquifer breaching/fluid mixing (AB/FM model).

These processes are supported, to some degree, by the available field or
laboratory data. A careful examination of each, in terms of its ability to account for
the reported anomalies and its consistency with what is known of the earthquake
preparation process, should enable us to identify which of these mechanisms can
best account for the wide range of chemical precursors observed.

Ultrasonic vibration model

Several investigators (MAVLYANOV et al., 1971; CHALOV et al., 1977; BARSUKOV et
al, 1979a, 1979b, 1985) have suggested that loosely bound elements or compounds
in subsurface rocks can be mechanically freed by ultrasonic vibrations that are
postulated to occur prior to seismic events. Laboratory studies have shown
that rocks react more rapidly with water when exposed to ultrasonic treatment
(BARSUKOV et al., 1985) and other investigations have shown that groundwater
chemical anomalies can be artificially induced by nearby explosive discharges (Cal
et al., 1984, BARSUKOV et al., 1985).

In spite of this apparently supportive data, it is questionable whether ultrasonic
vibrational energy can account for the majority of the reported chemical earthquake
precursors. The increased reactivity of rock surfaces under ultrasonic treatment in
the laboratory is more likely the result of cavitation and enhanced mixing at the
rock-water interface at the extremely high rates of energy applied. Field data also
show that the high-frequency component of micro-earthquakes that might con-
ceivably generate this ultrasonic vibration (TENG, 1984; TENG and HENYEY, 1984) is
far weaker than that applied experimentally and is therefore unlikely to contribute
significantly to the release of ions or gases from subsurface rocks. Similarly, the
explosion-induced changes in groundwater chemistry were much smaller than many
reported chemical precursors and were delayed by several hours after the explosions
occurred (BARSUKOV et al., 1985; Li et al, 1985). This delay clearly suggests that
the increases in ion concentrations were generated by something more than the
vibrations alone. On this basis, it is considered unlikely that simple vibrational
release of ions and gases from the subsurface rock matrix is responsible for the
observed geochemical precursors.

Pressure sensitive solubility model

The sensitivity of ion and gas solubilities to changes in fluid pressure is well
established (HELGESON, 1969; KHARAKA and BARNES, 1973) and it has been suggested
that precursory stress changes can increase the concentrations of a variety of
dissolved species in groundwater (CAl et al., 1984). An analysis of hydrologic anom-
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alies that accompany stress changes suggests that this mechanism is unlikely to
contribute significantly to changes in fluid chemistry. The pressures needed to change
ion solubilities by a significant factor (e.g., 50%) are on the order of tens to hundreds
of bars. Even though a stress change of this magnitude may be associated with rock
fracture, there is little evidence that such changes are transmitted to the fluid phase.
Groundwater head levels and flow rates, which would reflect subsurface pressure
variations, have typically been on the order of a few bars or less (Cal et al, 1984;
WANG et al, 1984), and many groundwater precursors have been accompanied by
no detectable head changes. Although dissolved gas concentrations are more
sensitive to pressure changes, most reported anomalies involve gases (H,, He, Rn)
that are well below saturation and are therefore insensitive to the small changes in
hydrostatic pressure that do occur. The effects of pressure sensitive solubility on
dissolved ion and gas concentrations are thus not indicated to play a significant role
in precursory geochemical anomalies.

Pore collapse model

The pore collapse (PC) model has been suggested to account for increases in the
concentration of dissolved ions in groundwater (BARSUKOV et al., 1979b; 1985; JIANG
and L1, 1981b; Li er al., 1985), changes in the absolute and relative concentrations of
dissolved gases in groundwater (SUGISAKI, 1978; BARSUKOV et al., 1979b, 1985; SuGl-
saKI and SUGIURA, 1986), and increases in radon concentrations in shallow ground
gases (KING, 1978, 1980b, 1985b; MoGRO-CAMPERO et al, 1980; FLEISCHER and
MoGRO-CAMPERO, 1985). Its basic rational is that, at increasing stresses prior to an
earthquake, the pre-existing pore volume collapses and expels chemically distinct
pore fluids into the circulating groundwater system, generating a chemical anomaly.
Collapse of pore volume in the vadose zone is believed to generate an upflow of
ground gas that displaces the normal radon concentration gradient in the shallow
soil layer.

Loss of pore volume in rocks exposed to stress has been demonstrated in several
laboratory studies (ZoBACK and BYERLEE, 1975b; BRACE, 1977, 1978a, 1978b; BYER-
LEE, 1978). These studies have shown that unconsolidated materials and fault gouge
display the greatest volume changes, but that sandstone (BRACE and RILEY, 1972)
and tuffs (HonDA et al., 1982) also undergo significant losses as well. Field evidence
supporting this mechanism includes cyclic changes in inert gas ratios associated with
tidal strain variations (SUGISAKI, 1978; SUGISAKI and SUGIURA, 1986) and explosion
induced radon anomalies. The latter study reported a decline in the amplitude of the
anomalies with repeated events, suggesting that the locally produced radon was
gradually being exhausted from the pre-existing pore volume (BARSUKOV et al., 1985).

The significance of the PC model to precursory earthquake phenomena is open
to question on several counts. Laboratory data show that volume losses in most
competent rocks occur at relatively low stress levels and are usually quite small; at
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higher stresses pore volume increases in most rocks and, in some cases, can exceed
that intitially present (BRACE, 1978a). More porous rocks typically show greater
volume losses; this decline is irreversible and is unlikely to account for repeated
precursory anomalies or cyclic chemical changes in groundwater. Investigation of
gas emanation from rocks shows that gas release declines at low to intermediate
stresses, due to closure of the channels through which gases escape, and only at
higher stresses does gas emanation increase appreciably (HoLUB, 1981; GIARDINI et
al, 1976; HoLuB and BRrADY, 1981; HONDA et al, 1982). The latter increase is
accompanied by acoustic emissions associated with micro-fracturing and is believed
to be the result of new pore volume formation associated with dilatency (SOBOLEv,
1984; VARSHAL et al, 1985). The pore collapse model is not likely to be a major
factor in the precursory groundwater chemistry anomalies that have been observed.

The application of the PC model to precursory ground gas radon anomalies is
subject to additional uncertainties. Radon activities in near-surface soil gas are
controlled by specific emanation rates, radioactive decay, diffusive loss to the air
column, and dilution by downward mixing of air. The interaction of these effects
produces an increasing radon concentration gradient from near zero at the soil-air
interface to an equilibrium concentration at depth. The PC model suggests that pore
collapse expels gases from subsurface rocks and generates an upward flow of gas
that displaces the equilibrium soil radon profile and is detected as an apparent
increase in shallow soil radon activities. Studies by KRANER et al. (1964) and more
recent investigators (CLEMENTS and WILKENING, 1974; FLEISCHER and MOGRoO-
CAMPERO, 1978; MOGRO-CAMPERO ¢t al., 1980; TANNER, 1980; KURATA and TSUNOGAI,
1986) show, however, that radon profiles in most soils approach equilibrium
exponentially and reach maximum concentrations at depths of two to three meters.
Radon activities at depths of 0.5m to 1.0m, under no-flow conditions, are typically
about half the equilibrium concentrations. Upward flow of ground gas, regardless of
rate, can therefore only increase the detected radon concentration by a factor of two
or three; however, several precursory anomalies have been detected at depths of
0.5m to 1.0m that were higher than long-term average activities by factors of five to
ten (FLEISCHER and MOGRO-CAMPERO, 1985; KING, 1985b; THOMAS et al., 1986;
THoMAS and KOYANAGI, 1986). Similarly, surface winds, which are known to produce
an upward flow of ground gas (WooDcock, 1987; WooDcock and FRIEDMAN, 1979),
have not generated activity variations of magnitudes similar to those associated with
earthquake precursors (THOMAS, unpublished data). It is considered unlikely that
pore collapse, and resultant upward migration of ground-gas, can account for large
precursory radon increases.

Increased reactive surface area model

Several investigators have proposed that micro-fracturing prior to major seismic
events is responsible for precursory increases in ion and gas concentrations
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(HAUKSSON, 1981a; WAKITA, 1982; CaI et al., 1984; SUGISAKI et al., 1983; THOMAS et
al., 1986). The exposure of fresh silicate surfaces, resulting from mineral fracture, is
believed to both increase the rate of alteration reactions with groundwater and to
allow the escape of trapped gases from the rock matrix.

Laboratory studies of whole or jointed rocks have shown that dilatancy and
pervasive microfracturing can increase porosities from 209 to as high as 4009, prior
to failure (ZoBacK and BYERLEE, 1975a, 1975b; BRACE, 1977, 1978a, 1978b; BYERLEE,
1978; WANG et al., 1978; SOBOLEV, 1984; SOBOLEV et al., 1984). Dissolution or altera-
tion of fresh rock surfaces could significantly increase ion concentrations present in
groundwater and would be especially noticeable in well-established aquifers where
older rock surfaces have been passivated by the formation of equilibrium alteration
assemblages. As noted previously, laboratory studies have shown that the rate of gas
release from rocks is enhanced at stress levels associated with microfracturing
(HorLuB and BraDy, 1981; SOBOLEV et al., 1984; KATOH et al., 1985). Field investiga-
tions have reported coincident trends in regional stress changes and groundwater
radon concentrations (WAKITA et al., 1985), and in regional deformation changes
and ground gas radon activities (THOMAS and KoYANAGI, 1986). It is therefore sug-
gested that radiogenic and other trapped gases (e.g., He, Ar, Rn, CO,, CH,, or H,S)
within the rock matrix are released by microfracturing associated with regional stress
changes accompanying the earthquake preparation process.

Extension of the increased reactive surface area (IRSA) model to include hyd-
rogen, which is not normally present in the rock matrix at high concentrations,
requires further explanation. This has been provided by Kita and others (KitA ef al.,
1980; Kita and MATsuo, 1982; SUGISAKE et al., 1983) who have shown that silicate
radicals created by the fracture process are capable of producing significant quantities
of hydrogen. Observations of hydrogen spectra generated by water-saturated rocks
during fracture (BRADY and ROWELL, 1986) and isotopic data that suggested that
hydrogen had been lost during a precursory episode due to water-rock reactions
(O'NEeIL and KING, 1981) further substantiate this mechanism.

Other mechanisms proposed to explain these anomalies do not seem as well
supported. Oxidation of iron minerals (WARE ef al., 1985) may explain long-lived
sources of fault hydrogen, but cannot easily account for the episodic nature of some
of the anomalies observed (SuGisakl and SUGIURA, 1986). Release of deep-seated
hydrogen due to dilation of a fault by serpentinization of deep crustal rocks (SATO et
al.,, 1985, 1986) is also open to question. The anomalies typically observed during the
latter studies consisted of short duration spikes against a background of undetectable
ambient hydrogen concentrations. Because of hydrogen’s high diffusion rate, its peri-
odic release from the base of the crust would be expected to produce much broader
anomalies against a low, but still measurable, background. The occurrence of an-
omalies in association with creep events on the San Andreas fault which, on the
basis of geophysical data, are believed to be near surface events (R. SIMPSON, oral
communication), further suggests a shallow, rather than deep, hydrogen source.
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Uncertainties have, however, been raised about the IRSA model because many
of the laboratory investigations of rock dilatancy show that microfracturing becomes
significant in rocks only as its failure strength is approached. On this basis, it is
generally accepted that the preseismic dilatant zone is confined to a small volume
surrounding the impending hypocenter and does not extend into the far field where
many of the geochemical anomalies occur (ScHOLZ et al., 1973; Moci, 1977; RICE
and RUDNICKI, 1979; ScHOLZ, 1987). It can be argued, however, that more realistic
models of rock fracture under field conditions are those observed in studies of stress
corrosion cracking (ANDERSON and GREw, 1977) and subcritical crack growth
(ATKINSON, 1984) in which fracture propagation is observed at very slow strain rates
and under moderate to high levels of humidity. These investigations have shown
that crack propagation rates are highly dependent on moisture content and stress
rates and, more importantly, that subcritical fracture growth continues at stress
levels that are less than 20% of those required for catastrophic failure (MEREDITH
and ATKINSON, 1983; ATKINSON, 1984; FREIMAN, 1984). Recent papers by CRAMPIN ef
al., (1984) and CraMPIN (1987) have suggested that several geophysical earthquake
precursors could be explained by pervasive subcritical crack growth and T would
suggest that this same phenomenon could also account for many of the dissolved
gas and ground gas chemical anomalies that have been observed at substantial
distances from an impending earthquake. The contribution of the IRSA model to
precursory changes in dissolved ion chemistry is, however, likely to be limited be-
cause of the slow reaction rate of most minerals with groundwaters.

Aquifer breaching/fluid mixing model

Precursory changes in groundwater chemistry are often attributed to mixing of
fluids from two or more chemically distinct aquifers. This mechanism has the
advantage of being able to account for not only increases in dissolved ion or gas
concentrations (CAa1 et al., 1984; L1 et al,, 1985), but also for concentration decreases
(KING et al, 1981; WAKITA, 1982; BARSUKOV et al., 1985) and for concurrent
temperature changes that accompany chemical anomalies (CRAIG et al., 1981; KING
et al, 1981; WaKITA 1982, 1984). The precise mechanism of fluid mixing is most
often suggested to be precursory fracturing of hydrologic barriers between isolated
aquifers that allows them to subsequently mix (SiBsoN, 1981; BARSUKOV et al., 1985;
CAlI et al., 1984; L1 et al., 1985).

Because the characterization of chemically distinct water sources requires
analytical data for several different ions or isotopes, a clear demonstration of the
mixing hypothesis has seldom been achieved. The two studies which best de-
monstrate groundwater mixing are those of CRAIG et al. (1980; 1981) and King and
others (KING er al.,, 1981; O’NEIL and KING, 1981). Craig’s investigation used gas
concentrations and isotopic abundances to show that several thermal springs and
wells discharged mixtures of deep crustal fluids and shallow meteoric components,
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and that precursory changes in fluid compositions were the result of increasing
contributions of the deep component to the total flow. King and coworkers suggested
a similar conclusion from dissolved ion and hydrogen and oxygen isotopic data.
Several other monitoring programs, although not reporting full data sets, have shown
that coincident changes in chemical composition, temperature, and water level or
flow rate often occur (JIANG and Li, 1981a, 1981b; WakiTA 1981, 1982, 1984; ME;j,
1984; ZHU et al., 1984; BARSUKOV et al., 1985; Li et al., 1985). The reported anomalies
include examples of falling chloride and cation concentrations that are accompanied
by decreasing temperatures and increasing flow rates or water levels (JIANG et al.,
1981a; CarI et al., 1984; LI et al., 1985), or declining radon concentrations that are
accompanied by falling temperatures (WAKITA et al., 1980a; WAKITA, 1982, 1984).
Hence, the chemical and hydrologic observations strongly suggest that mixing of
chemically distinct groundwaters is the predominant effect responsible for many of
the decreases in ion concentrations as well as the substantial increases in dissolved
ion concentrations observed.

The physical mechanism responsible for the mixing of fluids is, however, not well
established. Laboratory investigations have shown that rock porosities increase
substantially when loaded to near their failure stress (ZoBack and BYERLEE, 1975a;
BRACE, 1977, 1978a, 1978b, BYERLEE, 1978), however, resistivity and permeability
changes indicate that most of the fracture porosity created is not interconnected
(ZoBack and BYERLEE, 1975a, 1975b; WANG and MORRISON, 1975; WANG et al., 1978)
and that the absolute increase in matrix permeability is still very small (BRACE,
1978a, 1978b). Other investigations, conducted on jointed or artificially saw-cut
samples, have reported increases or decreases in fluid flow through existing fractures
of several hundred percent, in response to small changes in stress normal to, or
parallel to, the joint face (BRACE, 1978a, 1978b; BYERLEE, 1978). The permeability
response of clays or other fault-gouge materials to changes in stress, and their impact
on these results is, as yet, unclear (BRACE, 1978a; BYERLEE, 1978). Nonetheless, the
question of whether far-field stress changes would be sufficient to generate the per-
meability changes required to allow large scale mixing of groundwaters remains a
serious impediment to the general application of this model.

Other uncertainties about this mechanism include how such mixing could be
accomplished without massive displacement of groundwaters, and how aquifer
breaching could account for episodic precursors that show short-term concentration
changes that subsequently return to normal baseline levels. Significant questions still
remain regarding the ability of far-field stress changes to effect broad scale fluid
mixing between separate aquifers.

An alternative physical mechanism that I believe might more effectively account
for groundwater chemical precursors is based on the changes in hydraulic head that
have been observed in wells prior to, or concurrent with, some earthquakes
(ROELOFFs and BREDEHOEFT, 1985; ROELOFFS and RUDNICKI, 1985, 1986; ROELOFFS,
1987). The physical and chemical composition of a mixed fluid discharged from a
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well or spring that draws fluids from two or more chemically and thermally distinct
aquifers is critically dependent upon the hydraulic head within each aquifer. A
change in the relative pressures among the aquifers, brought about by a precursory
stress change, could substantially alter the discharge chemistry without requiring
large scale mixing of fluids away from the fluid discharge conduit. An attractive
feature of this mechanism is that it can account for episodic anomalies and for cyclic
variations in fluid chemistry that have a tidal frequency (SuGisaki, 1980; SUGISAKI
and SUGIURA, 1986); earth-tide driven fluctuations in hydraulic heads of subsurface
aquifers have been widely documented (ROELOFFs and BREDEHOEFT, 1985; ROELOFFsS,
1987). Such fluctuations could generate periodic chemical variations in spring dis-
charges for an indefinite period of time, without causing progressive or irreversible
changes in the up-flow zone, as would be required by the PC and IRSA models.
The field and laboratory data suggest that fluid mixing can account for precur-

- sory changes in water chemistry as well as associated changes in temperature, flow

rate, and water level that have been widely observed. Although the precise
mechanism that produces these changes has not been established, it is suggested
that variations in differential hydraulic head between distinct feed zones may account
for episodic and cyclic changes, but that permanent or long-term changes in the
physical (e.g., temperature, flow rate, head pressure) or chemical characteristics of a
water source may be the result of barrier breaching between formerly separate
aquifers.

Summary

The models that seem best able to account for the reported precursory geo-
chemical and hydrologic anomalies are the increased reactive surface model and the
aquifer breaching/fluid mixing model. The former can account for many of the gas
concentration anomalies that have been reported, but only for modest increases in
ion concentrations. The latter best explains the major changes in ion and isotope
chemistry, as well as associated variations in water level, flow rate, and temperature
that have been observed. Models invoking ultrasonic vibration, pressure sensitive
solubility, and pore volume collapse seem less able to explain the range of chemical
anomalies that have been detected in precursor monitoring programs.

Application to Earthquake Forecasting

Even though the above mechanisms appear to account for precursory phenom-
ena, a major remaining question is how, or whether, geochemical precursors can
be used to forecast inpending earthquakes. Several researchers have claimed that the
timing, rise time, magnitude, or distribution pattern of precursory anomalies can be




258 Donald Thomas PAGEOPH,

used to predict the location, timing, and magnitude of future earthquakes; none of these
claims has- held up under close scrutiny or, more importantly, to a test of reproduc-
ibility. The reasons for this can be attributed in part to the mechanisms responsible
for the anomalies and in part to the protocols followed in the geochemical moni-
toring programs and interpretation of the data gathered.

Examination of the aquifer breach/fluid mixing model shows why attempts to
extract earthquake magnitude information directly from the magnitude of geo-
chemical anomalies is destined to failure. Even if the extent of fluid mixing
accompanying stress induced changes in aquifer head or flow rate were a function of
the magnitude of the stress changes, the resultant impact on a water source will be
strictly a function of the heads and fluid compositions of the aquifers; extensive
mixing of fluids having identical compositions cannot produce a chemical anomaly,
whereas only minor changes in the relative flow rates of two markedly different
aquifers will generate substantial changes in the composition of a mixed discharge.
Prediction of the magnitude of an impending earthquake on the basis of the intensity
of observed geochemical anomalies would, therefore, require a complete knowledge
of the chemical and hydrologic characteristics of all aquifers that interact with the
water source being monitored.

Even if the uncertainties of fluid mixing could be resolved, there is the larger
issue of how precursory stress/strain changes are distributed around the hypocenter
of an impending earthquake, and how these stresses are translated to the hydrologic
system. Some of the simpler models of stress distributions around an impending
epicenter (DOBROVOLSKY et al., 1979; FLEISCHER, 1981) show complex distributions
of compressional and dilational stress in the far field that, when imposed on a
hydraulic system, could have effects that will be very difficult to interpret without an
excessive monitoring effort. More importantly, these theoretical models have only
been able to evaluate stress/strain fields around faults as though the surrounding
volume is an isotropic, homogeneous, half-space. It clearly is not; subsidiary faults,
elevation changes, and variable shapes and orientations of asperity volumes will all
have profound effects on stress distribution patterns around a hypocenter. Hence the
expectation of a uniform, predictable, distribution of precursory hydrologic and fluid
chemistry anomalies around an asperity volume is unrealistic given the complexities
of multiply faulted terrain.

Anomalies in the concentrations of hydrogen and radon in ground-gas are not
believed to be as sensitive to hydrologic variables as groundwater chemistry
variations are. Nonetheless, they are subject to the same uncertainties of distribution
and transmission of the stress/strain field and to interferences from environmental
variations. Even though ground-gas variations may not have the inherent un-
predictability of the response of groundwater chemistry anomalies, their interpreta-
tion is still far from straightforward.

In spite of these difficulties, useful data can be obtained from presursory
geochemical variations. In order to best extract this information, it will be necessary
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to institute a long term, continuous (rather than an intermittent) monitoring program
of several geochemical and hydrologic variables. This effort should include analyses
of water head pressures, temperatures, ion and dissolved gas chemistry and ground-
gas chemistry. The regional choice of a monitoring station should be based upon
geophysical considerations of where significant seismic events are likely to occur, but
site specific locations should attempt to maximize sensitivity to seismic stress changes
and minimize sensitivity to surface effects. Analysis of the data generated should
include statistical pattern recognition and Fourier, or other spectral, analysis
techniques such as that applied by SHAPIRO ef al. (1985). In order to alleviate the
currently unknown manner in which the anomalies are likely to be distributed
around an impending epicenter, the monitoring program would have to be broadly
based and, as the sensitivity, or lack thereof, of various sites is determined, the
distribution of monitoring stations should be modified accordingly.

A monitoring program similar to that outlined above, when conducted concur-
rently with a broad-based geophysical monitoring program, should be able to detect
both geologically anomalous conditions—such as those associated with creep events
or preseismic stress changes—as well as nongeologic interferences that may
impede the identification of preseismic conditions. The identification of geologically
anomalous conditions would make it possible to then forecast the probability of a
seismic event in a given region. The absolute prediction of the precise location and
time of a seismic event, using either geochemical or geophysical methods, is
considered unlikely until many of the current uncertainties related to the geologic
structure of a given area and its probable response to a changing stress field, can be
resolved.
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