
w 
Fig. 4. Local environment around Li+, showing 
coordination by three ether oxygens and oxy- 
gens from two neighboring triflate groups. 

with the phase diagram study of Vallke, Bes- 
ner, and Prud'homme (12). Several earlier 
reports have suggested stoichiometries of 
PE04:LiCF,S0, or PE0,,,:LiCF3S03 (1 3). 
This would require partial occupancy of the 
Li/CF3S0, sites in our model. In order to 
explore the stoichiometry, we fixed the tem- 
perature factors for the Li/CF3S03 species at 
0.08 A2. After refinement, the occupancy 
value was 0.96(1), which sets an upper limit 
on the PEO:LiCF3S0, ratio of 3.13(3). We 
can reasonably conclude that there is no 
significant deviation from the ideal 3:l stoi- 
chiometry. The latter two possible explana- 
tions for the high thermal parameters were 
explored by carrying out low-temperature re- 
finements. The relatively smooth variation of 
U,, versus temperature observed for F and 0 
suggests that this phenomenon is associated 
merely with thermal and not static disorder. 
The relatively large displacements (0.10 A) 
for F even at low temperature are not surpris- 
ing and may be expected from the very weak 
coordination of this part of the complex. 

Results of the Rietveld refinement for 
the room-temperature structure are given in 
Tables 1 and 2. The final model consisted 
of 113 variables refined against 2600 data 
points and 88 soft constraints. The data 
range covered was 8" < 20 < 60" (Fig. 1). 
Final agreement factors were R,, = 3.84% 
and X2 = 1.83. Views of the structure along 
b and c are given in Figs. 2 and 3, respec- 
tively. The helical arrangement of the PEO 
chain within the unit cell is similar to that 
for the previously determined 3: 1 com- 
plexes, NaSCN (5), NaI (6), and NaC104 
(7). However, the disposition of the inor- 
ganic portion of the structure relative to this 
is significantly different than in the previous 
cases, reflecting the different size and shape 
of the anion and the smaller size of the 
cation. Focusing on one PEO chain (Figs. 2 
and 3), the Li+ ions are located within it, 
forming a zigzag pattern along the axis of the 
helix (that is, b). Lithium is coordinated by 
five oxygens, composed of three PEO oxy- 
gens and one oxygen from each of two 
different CF3S03- groups (Figs. 3 and 4). 
The coordination is best described as trigo- 
nal bipyramidal, with the three PEO oxy- 
gens being almost coplanar. Each CF3S03- 
group associated with the chain bridges two 

adjacent Li+ ions, one oxygen being coordi- 
nated to each lithium, leaving the third oxy- 
gen free. There is little interchain interaction, 
the -CF3 groups being located in the space 
between the chains. The crystal structure 
demonstrates strikingly that these compounds 
are columnar coordination complexes, 
with long chains of Li+ ions being coordi- 
nated by ether oxygens and triflate anions 
(Fig. 2), the solid polymer results from chain 
entanglement rather than any ionic cross- 
linking. It is also evident from the crystal 
structure that replacement of the -CF3 group 
with a bulkier, preferably asymmetric group, 
would inhibit crystallization. This is presum- 
ably the origin of the wide range of amor- 
phicity exhibited by PEO:L~[(CF,SO,),N] 
and PEO:Li[ (CF3S0,),C] . 
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Fire History and Climate Change in Giant 
Sequoia Groves 

Thomas W. Swetnam 
Fire scars in giant sequoia [Sequoiadendron giganteurn (Lindley) Buchholz] were used to 
reconstruct the spatial and temporal pattern of surface fires that burned episodically 
through five groves during the past 2000 years. Comparisons with independent dendro- 
climatic reconstructions indicate that regionally synchronous fire occurrence was inversely 
related to yearly fluctuations in precipitation and directly related to decadal-to-centennial 
variations in temperature. Frequent small fires occurred during a warm period from about 
A.D. 1000 to 1300, and less frequent but more widespread fires occurred during cooler 
periods from about A.D. 500 to 1000 and after A.D. 1300. Regionally synchronous fire 
histories demonstrate the importance of climate in maintaining nonequilibrium conditions. 

Despite the complexity inherent in local 
fire regimes, regional fire activity often os- 
cillates in phase with year-to-year climatic 
variability. For example, the area burned 
annuallv across the southern United States 
tends td decrease during El Nitio years and 
increase during La Nitia years (1). This 
coupling between wildland fire and climate 
raises the possibility that intrinsic and sto- 
chastic factors. while contributing to local - 
ecosystem heterogeneity, are overridden by 

Laboratory of Tree-Ring Research, University of Arizo- 
na, Tucson, AZ 85721 

regional climatic events and trends. Rapid, 
regional changes in vegetation may result 
from extreme climate-linked disturbances, 
such as catastrophic crown fires, whereas 
relatively slow vegetation changes may fol- 
low gradual, climate-driven shifts in sur- 
face-fire regimes (2). A broad range of 
spatial and temporal observations is there- 
fore necessary to distinguish local- from 
regional-scale patterns and to encompass 
both high- and low-frequency changes in 
processes (3). 

A commonly observed but rarely quan- 
tified phenomenon of disturbance regimes is 
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a tendency for disturbance intensity and 
size to be inversely related to disturbance 
frequency (4). For example, large, high- 

I intensity crown fires tend to occur in forests 

o zoo 400 soo a60 1000 i i o o  1400 1600 1610 
Year 

Fig. 1. (A) Fire frequency computed as the 
number of fires per century in each of the five 
sequoia groves since 1 B.C. The frequencies 
are plotted on the first year of the indicated 
century. Symbols: triangles, Mariposa; dia- 
monds, Mountain Home; upside-down trian- 
gles, Big Stump; squares, G~ant Forest; circles, 
Atwell. (6) Fire frequency computed as the 
number of fires occurring in 50-year (top trace) 
and 20-year (bottom trace) moving windows. 
Combined fire dates from all five groves are 
included. The frequencies are plotted on the 
central year (25th and 10th years, respectively) 
of the moving periods. (C) Synchronous fire 
events in three, four, and five groves are plotted 
as vertical lines. 

with low fire frequency, and relatively 
small, low-intensity surface fires tend to 
occur in forests with high fire frequency (5). 
Traditionally, these heterogeneous fire re- 
gimes were thought to result from complex 
interactions of local-scale patterns of water 
balance, topography, soils, succession, and 
fuel dynamics (5). Asynchronous fire histo- 
ries would be expected among widely dis- 
persed forest stands if past fire regimes had 
been dominated by the local-scale pro- 
cesses. However, if fire events were signifi- 
cantly in phase at regional scales then 
large-scale climatic processes were domi- 
nant in  controlling fire regimes. I analyzed 
spatial and temporal fire-regime changes at 
local-to-regional and annual-to-millennia1 - 
scales by reconstructing a set of 1500- to 
2000-year fire histories in  five giant sequoia 
groves of the Sierra Nevada, California. 
Combined with dendroclimatic reconstruc- 
tions of winter-spring precipitation (6, 7) 
and summer temperatures (7, 8), these data 
provide multi-scale perspectives of climate- 
fire dynamics. 

Giant sequoias grow at mid-elevations 
(about 1800 to 2300 m) on the western 
slope of the Sierra in about 75 disjunct 
groves (9). The five sampled groves are 
distributed along a 160-km transect from 
Yosemite National Park in  the north to 
Sequoia National Park and Mountain 
Home State Forest in the south (Mariposa, 
Big Stump, Giant Forest, Atwell, and 
Mountain Home groves). The five groves 
are sufficiently isolated that fire spread from 
one grove to another is unlikely. Other 
conifer tree species in the groves included 

Table 1. Synchrony of fires per century in five giant sequoia groves. Expected (Ex) and observed 
(Ob) numbers of fires co-occurring in different combinations of groves are shown. 

Number of co-occurring fire dates* 

0 1 2 3 4 5 
Century Groves Grove Groves Groves Groves Groves Total? 

-- x2 
Ex Ob Ex Ob Ex Ob Ex Ob Ex Ob Ex Ob 

500 34.9 41 40.9 33 19.2 17 4.5 8 0.5 1 0.0 0 5.9 
600 34.0 42 40.9 34 19.7 13 4.7 9 0.6 0 0.0 2 11.3$ 
700 30.0 44 40.8 31 22.2 6 6.1 12 0.8 7 0 . 0  0 4 1 . 8 0  
800 26.7 40 40.4 31 24.4 14 7.4 7 1.1 4 0.1 4 18.10 
900 16.3 27 35.7 31 31.2 19 13.6 12 3.0 8 0.3 3 14.611 

1000 9.9 20 29.1 29 34.2 16 20.1 21 5.9 9 0.7 5 22.55 
1100 11.6 29 31.2 27 33.6 14 18.1 9 4.9 12 0.5 9 39.95 
1200 10.4 17 29.8 35 34.1 19 19.5 11 5.6 14 0.6 4 12.211 
1300 17.3 24 36.4 32 30.6 23 12.9 14 2.7 7 0.2 0 6.7 
1400 17.5 24 36.5 33 30.4 20 12.7 17 2.6 4 0.2 2 9.9$ 
1500 19.6 28 37.8 31 29.1 23 11.2 11 2.2 6 0.2 1 7.6 
1600 16.1 23 35.5 33 31.3 19 13.8 20 3.0 3 0.3 2 11.6j/ 
1700 21.3 32 38.6 28 28.0 21 10.1 14 1.8 4 0.1 1 13.911 
1800 47.0 57 38.3 26 12.5 8 2.0 8 0.2 1 0.0 0 28.70 

Total 312.8 448 511.9 434 380.4 232 156.7 173 34.9 80 3.3 33 

*The "0 Grove" category includes numbers of dates when no fires were recorded in any grove. Expected values 
were estimated from jo~nt probabilities of f~re (or no fire) occurring within the groves (13) .  tThe 3, 4, and 5 
grove categories were combined to achieve expected cell frequencies greater than 5.0-a necessary condition 
of this test. The expected number of 3, 4, and 5 grove events for the 1800s, however, was still only 2 2, so the xZ 
value for this period is suspect. $P < 0.05. $ P i  0.001. llP < 0.01 

white fir (Abies concolor), red fir (Abies 
magnifica) , sugar pine (Pinus lumbertiam) , 
ponderosa pine (Pinus ponderosa) , and in- 
cense cedar (Calocedrus decurrens) . 

I s am~led  16 to 29 dead seauoia trees 
(stumps, logs, and snags) in  each grove for 
a total of 90 sampled trees. The sampled 
trees were distributed throughout areas 
ranging from 13 to 69 ha. More than 500 
~ a r t i a l  cross sections were obtained with 
chainsaws from ground level inside deep 
fire-scar cavities at the base of the trees. 
The sections were sanded with belt sanders, 
and all tree rings were exactly dated by 
cross-dating (matching of ring-width pat- 
terns) (10). Dates (in years) of past fires 
were determined bv observing the location 
of the fire-caused lksions (fir;scars) within 
annual rings. Short-term ring growth surges 
(growth releases) that were closely associat- 
ed with the fire scars were also used to date 
past fires (1 1). 

Giant sequoia tree rings contain long 
and well-preserved fire records. The oldest 
dated fire occurred in  1125 B.C., but rec- 

Number of 
groves 
. - . o  
...... 1 

f 
Fire year 

Fig. 2. (A) Tree-ring reconstructed, winter- 
spring precipitation (6) departures from the 
mean (A.D. 1060 to 1850) during fire years (lag 
year 0) and the years lagged before and after 
the fire years. The fire years were sorted by 
their recorded occurrence in one to five groves 
(1 grove, 242 events; 2 groves, 149 events; 3 
groves, 114 events; 4 groves, 56 events; 5 
groves, 20 events). The set of nonfire years (no 
fires recorded in any of the groves) was also 
tested (0 groves, 214 events). Significance 
levels were estimated from confidence intervals 
derived from a bootstrap procedure, in which 
the same number of key years was randomly 
selected in 1000 trials (small asterisks, P < 
0.01; large asterisks, P < 0.001). (6) A similar 
analysis carried out with a precipitation-respon- 
sive, bristlecone pine tree-ring chronology 
(A.D. 500 to 1850) from the White Mountains, 
California (7) (0 groves, 448 events; 1 grove, 
434 events; 2 groves, 232 events; 3 groves, 173 
events; 4 groves, 80 events; 5 groves, 33 
events) 
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ords in most sampled trees extended back to 
about A.D. 500. An average of 63.8 fire 
dates was recorded per sampled tree. Even 
low-intensity surface fires burning up to the 
base of sequoia trees often radiate sufficient 
heat to kill living tissue along the edges of 
old fire-scar cavities where the bark is rela- 
tively thin. Because of the low flammability 
'of sequoia wood and resin, repeated fires 
usually do not burn off the lesions (scars) 
caused by older fires. Many replicated ob- 
servations of the same fire dates recorded on 
different samples from the same trees, and 
on different trees of varying age and size, 
demonstrate the consistency and reliability 
of the fire-scar record. Furthermore, there 
was excellent agreement between known 
fire dates from the late 1800s to the present 
and the fire record based on tree rings. 

Shifts in fire frequency and synchrony 
within and among the groves were apparent 

at time scales of centuries. decades. and 
years (Fig. 1). All groves sustained lower 
fire frequencies from about the A.D. 500s 
to 800. Fire frequency (within groves) dur- 
ing these centuries ranged from 13 to 29 
fires per century. Fire frequency increased 
regionally after about 800, and fire frequen- 
cies were highest in four of the five sampled 
groves from approximately 1000 to 1300. 
Fire frequencies during this period ranged 
from 27 to 46 fires per century. Fire fre- 
quencies generally declined after about 
1300, except for a short episode of in- 
creased fire frequency during the 1600s in 
one grove (Big Stump) and the 1700s in 
three groves (Big Stump, Mariposa, and 
Atwell). The longest fire-free intervals last- 
ed from 15 to 30 years during the low 
fire-frequency periods, whereas during the 
1000 to 1300 period the longest fire-free 
intervals were always less than 13 years. All 

Fig. 3. (A) Long-term variations in 600 800 1000 1200 1400 1600 1800 2000 
tree-ring reconstructed summer I 

(June to August) temperature 
(dotted trace) (8) (A.D. 1000 to 
1990) compared with regional fire 
occurrence (solid trace) in giant 
sequoia groves. Twenty-year non- 
overlapping means of the temper- 
atures, slightly smoothed with a 
cubic spline, were used in the 
graphical comparison to empha- 
size decadal-scale trends. The 
fire time series was the sum of the 
weighted fire events occurring in 
each 20-year period. For exam- 
ple, a fire date recorded in five 
groves had a value of 5, a four- 
grove fire date had a value of 4, 
and so on. Thus, both regional fire 
frequency and synchrony are re- 
flected in this time series. (B) A 
similar comparison with tempera- 
ture-responsive bristlecone pine 
from the White Mountains (A.D. 500 to 
solid trace) (7). 

5d  , . : . . , , . . , , . , . , , . . , , , , , , , , .I. , , Lo.4 
600 800 1000 1200 1400 1600 1800 2000 

Year 

1970) (tree-ring-width indices, dotted trace; fire occurrence, 

Table 2. Correlations between regional fire occurrence in giant sequoia groves and tree-ring 
reconstructed summer temperature [Sum temp (8)]; tree-ring reconstructed winter-spring precip- 
itation W S  precip (6)]; upper forest border, bristlecone pine tree-ring-width indices [BCP temp, 
inferred temperature record (7)]; and lower forest border, bristlecone pine tree-ring-width indices 
(BCP precip, inferred precipitation record (7)]. Each time series was composed of sequential 
20-year nonoverlapping means. The pearson correlation (r), probability level (P), number of 20-year 
data points (n), and time period tested (period) is listed for each combination. The shorter time 
periods corresponding to the length of the reconstructions and the longer time period encom- 
passed by the bristlecone pine tree-ring-width chronologies are indicated (STP and LTP, respec- 
tively) 

Sum BCP WS BCP BCP BCP 
temp precip temp precip temp 
(STP) 

precip 
(STP) (LTP) (LTP) 

r ,414 ,362 -. I71 - ,066 ,302 - ,066 
P ,006 ,017 ,290 ,684 ,012 594 
n 43 43 40 40 68 68 
Period 1000 to 1000 to 1060 to 1060 to 500 to 500 to 

1850 1850 1850 1850 1850 1850 

fire chronologies showed greatly reduced 
fire occurrence after about 1860. This sharp 
decline in regional burning was probably a 
result of intensive sheep grazing, a decrease 
in fires set by Native Americans, and fire 
suppression by government agencies (1 2). 

In addition to the general similarity of 
long-term fire-frequency patterns among 
the groves (Fig. lA) ,  year-to-year fire oc- 
currence was highly synchronous (Fig. 1C). 
I used a contingency analysis to estimate 
the statistical significance of the observed 
fire synchrony. Expected numbers of co- 
occurring fire dates among the five groves 
were estimated from the joint probabilities 
of fire occurrence in all combinations of 
two, three, four, and five groves (13). The 
co-occurrence of the same fire years in 
multiple groves and the co-occurrence of 
vears when no fires occurred in anv of the 
groves (non-fire years) was much higher 
than would be expected to occur by chance 
during most centuries (Table I). Climate is 
the most likely cause of such a synchronized 
pattern among widely dispersed sites. 

Comparison of the fire years and non-fire 
years with tree-ring estimates of past precip- 
itation (6, 7) confirms that multiple-grove 
fire events tended to occur during dry years 
(Fig. 2). A similar year-to-year comparison 
with temperature estimates (7, 8) did not 
show any statistically significant patterns (P 
> 0.05). Years when fires were recorded in 
three, four, or five groves were increasingly 
dry, whereas years when no fires were record- 
ed in anv of the groves were wet. This result - 
suggests that the extensiveness of fire and 
non-fire years was associated with the mag- 
nitude of winter-spring rainfall fluctuations. 

Decadal-to-centennial fluctuations in 
growing season temperatures generally 
matched similar long-term variations in re- 
gional-scale fire activity (Fig. 3 and Table 
2). The long-term variations in the precipi- 
tation time series (not shown). however. , . 
had no significant association with changes 
in fire frequency (Table 2). Thus, precipita- 
tion was most important to fire occurrence at 
time scales of years (Fig. 2), whereas summer 
temverature was most imoortant at time 
scales of decades to centuries (Fig. 3). I 
propose that these frequency-dependent cli- 
mate-fire patterns were a result of (i) ex- 
treme, short-term (high-frequency) changes 
in precipitation-related fuel moisture changes 
and (ii) long-term (low-frequency) tempera- 
ture-related shifts in vegetation and in the 
production of fuels (1 4). 

The fire-scar record also reveals the im- 
portance of fuel accumulation processes at 
the geographically local scale. The com- 
bined record indicates that some fires orob- 
ably burned throughout individual groves 
and some fires were smaller and burned onlv 
around a single tree or group of trees. The 
estimates of fire frequency and fire extent in 

SCIENCE VOL. 262 5 NOVEMBER 1993 



the groves apparently have a nonlinear rela- 
tion (Fig. 4A). The exponential shape of 
this relation suggests that the relative size of 
fires enlarged at an increasing rate as the 
average interval between fires lengthened. 
My interpretation is that during periods of 
high fire frequency the fuels were maintained 
at low levels, resulting in a patchy pattern of 
smaller fires and perpetuating an uneven 
distribution (a fine-grain spatial pattern) of 
vegetation and fuels. During periods of low 
fire frequency, more fuels accumulated and 
the resulting fires were more widespread and 
intense, producing a more homogeneous dis- 

Fires per century 

Fig. 4. (A) Fire extent versus fire frequency 
within the groves. The centennial fire frequen- 
cies from all groves (A.D. 500 to 1850) are 
plotted against the mean percentage of trees 
recording individual fires in each correspond- 
ing century in each grove. Percentages of trees 
recording fires are inferred to be estimates of 
relative fire extent within the sampled areas. (B) 
A similar inverse pattern of fire frequency and 
extent at larger spatial scales. In this case, fire 
synchrony among multiple groves is taken as a 
proxy of regional fire extensiveness. Here, the 
measure of fire synchrony is the x2 statistic 
[(observed number of co-occurring fire dates - 
expected number of fire d a t e ~ ) ~ i t h e  expected 
number of co-occurring fire dates] (13) for 
combinations of fire events (dates) recorded 
in three or more groves. Thus, although both 
fire and nonfire events were highly synchro- 
nous during the period A.D. 1000 to 1300 (Fig. 
1C and Table I ) ,  the high number of multiple- 
grove fire events was largely due to higher fire 
frequencies within the groves during this pe- 
riod. A relatively higher synchrony of multiple- 
grove fire events (that is, higher x2 vaales) 
was actually observed during lower fire-fre- 
quency periods 

tribution of vegetation and fuels (a coarse- 
grain spatial pattern). 

Regional synchrony of fire occurrence 
(and nonoccurrence) was also highest dur- 
ing low fire-frequency periods (Fig. 4), in- 
dicating that this pattern is a cross-scale 
phenomenon. The regional synchrony of 
fire dates does not indicate continuous bums 
between the groves; it suggests that large 
areas burned throughout the region during 
some years. Thus, during low fire-frequency 
periods fire-driven vegetation changes were 
relatively coarse-grain, whereas during high 
fire-frequency periods they were relatively 
fine-grain. Twentieth-century landscape 
patterns reflecting this scaling rule have also 
been observed in Mexico and Southern Cal- 
ifornia by Minnich (15). In these areas, 
frequent small fires were related to the het- 
erogeneous (fine-grain) structure of chapar- 
ral stands south of the border, but infrequent 
large fires north of the border were related to " 

homogeneous (coarse-grain) chaparral struc- 
ture. Similar patterns have been shown for 
ponderosa pine forests of the southwestern 
United States, where more than 70 years of 
fire suppression has shifted presettlement fire 
regimes from frequent low-intensity surface 
fires to infrequent, but increasingly numer- 
ous, large catastrophic crown fires (1 6). The 
occurrence of regional fire complexes in 
northern California in 1987, Yellowstone 
National Park in 1988, and Yosemite Na- 
tional Park in 1990 were caused in Dart bv 
severe regional droughts, but the accumula- 
tion of fuels and changes in forest structure - 
related to fire suppression may have also 
been involved (1 7). Increasingly synchro- 
nized regional fire regimes may be expected 
in such human-altered forest landscapes sub- 
iected to climatic extremes. 

Fires have profound effects on ecosystem 
structure and biodiversity because they alter 
the availability of habitats in space and 
time. For example, the coexistence of some 
early colonizing species with more compet- 
itively dominant species depends on the 
temporal phasing (or synchrony) of disturb- 
ances, even if the mean rate of disturbance 
remains constant (18, 4). Intensities of 
recent surface burns in sequoia groves were 
spatially variable (patchy), with important 
effects on sequoia growth and seedling es- 
tablishment (1 1). Thus, interpretations of 
the historical develo~ment and current het- 
erogeneity of forest ecosystems require 
knowledge of both the frequency and relat- 
ed spatial pattern of past disturbances. 

Observed heterogeneity at small spatial 
scales has forced ecologists to accept that 
the dynamics of most patches are nonequi- 
librial (1 9). But some have proposed that 
nonequilibrium patterns within patches 
might average to equilibrium patterns at 
larger scales [for example, the "shifting 
mosaic steady-state" (20)l. However, if an- 

nual-to-centennial-scale climate patterns 
synchronize fire histories across spatial 
scales, then nonequilibrium conditions are 
likely to exist at all scales (2 1). Over the 
long term, giant sequoia fire regimes were 
clearlv nonstationarv; fire freauencies and , , 
sizes constantly changed through time. 
Hence, it is reasonable to infer that many of 
the properties and components of these 
ecosystems (such as biodiversity and rates of 
nutrient and carbon cvclin~) were also non- , -, 

equilibrial. This long-term view supports an 
ecological paradigm that emphasizes the 
ubiquity of change in ecosystems, rather 
than tendencies toward stasis or climax 
communities (1 9). 
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Controls on Geyser Periodicity 

S. E. Ingebritsen* and S. A. Rojstaczer 
Geyser eruption frequency is not constant over time and has been shown to vary with small 

strains induced by seismic events, atmospheric loading, and Earth tides. The 
geyser system is approximated as a permeable conduit of intensely fractured rock sur- 
rounded by a less permeable rock matrix. Numerical simulation of this conceptual model 
yields a set of parameters that controls geyser existence and periodicity. Much of the 
responsiveness to remote seismicity and other small strains in the Earth can be explained 
in terms of variations in permeability and lateral recharge rates. 

I n  contrast to steady surface-discharge fea- 
tures such as fumaroles and hot springs, 
which are common in regions with active 
geothermal systems, periodic geysers are 
rare (I) .  Most occur in areas where the 
water table is near the land surface and 
hydrostatic boiling-point conditions are 
present to depths of about 200 m. Geyser 
svstems are commonlv described in terms of 
a' shallow low-permeability seal ( I )  or con- 
striction (2) underlaid by a chamber that 
periodically erupts a steam-water mixture 
(1-3) (Fig. 1A). In this model, eruption 
magnitude and frequency are governed by 
chamber and seal geometry. 

To examine geyser periodicity in a 
quantitative fashion, we invoke a modifi- 
cation of the chamber model. We aDorox- . . 
imate the chamber as a zone of fractured 
rock (Fig. 1B). Instead of being constrict- 
ed only at the top of the chamber, flow is 
controlled everywhere in the fracture zone 
bv fracture ~ermeabilitv. The fluid-satu- 
rated fracturi zone is a permeable, compli- 
ant column surrounded bv less ~ermeable 
and less compliant rock. w e  determined a 
set of parameters that controls geyser pe- 
riodicity by numerical simulation of the 
fracture-zone model. 

Geyser eruption frequency is not con- 
stant over time (4). For most geysers, erup- 
tion frequency is irregular, especially when 
other geysers exist nearby (5). Even fa- 
mously regular geysers such as Old Faithful 
of Yellowstone exhibit variations in their 
eruption intervals (6). Over various time 
scales. e ru~t ion  interval has been shown to , L 

vary with small strains (typically less than 1 
IJ.-strain) induced by variations in atmo- 
spheric loading, Earth tides, and seismic 
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events (4, 7-8). Much of this responsive- 
ness to small strains should be controlled by 
changes in model parameters. 

We investigate geyser behavior using a 
mathematical model of heat and mass trans- 
port in permeable media. The flow of fluid 
and heat is described by coupled, multiphase 
mass- and energy-balance equations (9) 

a (npf)/at - V . [ik,p,lp, (VP - pgVD)] 
- V . [I;k,p,l~w ' (VP - pdVD)] - q, = 0 

(1) 
and 

alat[npfhf + (1 - n)p,h,] - 

. [ ~ ~ T S P S ~ S I C L S  . (VP - MVD)I 
- V [I;krwpwhwlp, (VP - pdVD)] 

- v . [Km(aT/aP)hVP + Km (aTldh),Vh] 

- q,, = 0 ( 2 )  

respectively, where D is depth, g is= gravi- 
tational acceleration, h is enthalpy, k is the 

A. Constricted-pipe model 

Constriction 

Fluid-hlled chamber 

B. Fracture-zone model 

Fracture zone 

, Surrounding rock 

Fig. 1. (A) Commonly cited model of geyser 
geometry and (B) fracture-zone model. In (B), 
characteristics for the fracture zone include 
high permeability and high compressibility, 
whereas the surrounding rock exhibits low per- 
meability and low compressibility. 
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