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RECURRENCE MODELS OF VOLCANIC EVENTS:
APPLICATIONS TO VOLCANIC RISK ASSESSMENT

Bruce M. Crowe, Los Alamos National Laboratory, Las Vegas, NV 89109
R. Picard and G. Valentine, Los Alamos National Laboratory, Los Aliimos, NM:- 87545
F. V. Perry, University of New Mexico, Albuquerque, NM 87131

INTRODUCTION

An assessment of the risk of future volcanism has
been conducted: for isolation of high-level: radioactive
waste at the potential Yucca Mountainsite in-soutliern
Nevada.! Risk used in this context refers to a
combined assessment of the probability and
consequences of future volcanic activity. Past studies.
established: boundi on the probability of magmatic
disruption of a repository. These bounds were revised
as additional data were gathered from: site
characterization: studies. The probability of direct
intersection of a potentinl repository located in an eight
km?* area of Yucca Mountain by ascending basalt
magma was bounded by the range of 10% to 10™%yr'?
The consequences of magmatic disruption of a
repository were estimated in previous studies to be
limited. The exact releases from such- an event are
dependent on the strike of an intruding basalt dike
relative to the repository geometry, the timing of the
basaltic event relative to the age of the radioactive
waste and the mechanisms of release and dispersal of
the waste radionuclides in the accessible environment.
The combined low prabability of repository disruption
and the limited releases associated with this event
established the basis for the judgement that the risk of
future voleanism was relatively low. It was reasoned
that the risk of future volcanism was not likely to-result
in disqualification. of the potential Yucca Mountain
site.®

Valcanism studies for the Yucca Mountain Site
Characterization Project have progressed to-a sufficient
degree that it is now prudent to work toward
concluding aspects of the work. An advantage of a
probabilistic approach to volcanic risk is that it assigns
a structured formalism to the problem. This formalism
subdivides a complex issue into logical sections. The
significance of uncertainty or differences in scientific
opinion concerning volcanism issues can be tested for
each section of a probabilistic problem.  The

perspective for making judgements. of significance for
volcanism. studies are the regulatory requirements for
assessing the suitability of the potential Yucca
Mountain site.

This paper attempts. to begin the process of helping

establish the probabilistic framework far making those
judgements. There are three objectives.  First, we
deseribe the tripartite probability used'to define the rsk
of volcanism and. the geologic assumptions required for
the probability model: Second, we examine and define
the first part of this probability, the recurrence of
voleanic events.  Studies are reviewed from the
voleanelogical fiterature where time-volume behavior of
volcanic centers and fields have been.evaluated: These
evaluations include both conventional statistical analysis
of time-series of voleanic events and applications using
newly developing concepts of fractal analysis and
deterministic  chaos. Third, we tabulate past
calculittions and derive new values for the recurrence of
volcanic events using a simple Poisson model.

The primary conclusion of this paper is that the most
reasonable approach to estimating the recurrence of
volcanic events in the Yucea Mountain region is
through application of a simple Poisson model; This
model is justified based on the current state of
knowledge of the complex dynamics of volcanic
processes and-the limited record of past volcanic events
in the Yucca Mountain region.  The approach
introduces a degree of uncertainty into the problem,
but the uncertainty can be bounded by examining the
recurrence of voleanic events in more active basaitic
volcanic fields of the southwestern United States.

PROBABILITY MODEL
The probability of magmatic disruption of a

repository and release of radionuclides to the accessibie
environment during the 10,K)-yr isolation period:(Pry)



is modeled: as a tripartite probability:
Pr,, = Pr(E3 given EZEL) Pr(E2 given E1) Pr(EL);

where El denotes the recwrrence rate of voleanic
events in the Yucca Mauntuain region; E2' denotes the
probability that the future magmutic event intersects
the repository, and E3 denotes the probability that
magmatic disruption of the repository leads to direct
releases of radionuclides to the accessibie environment.
Only those events that result in: formation of new
volcanic centers are included in Pr(El):; Such events
have a defined probability (Pr(E2)) of disrupting the
potential- Yucca Mountain site. Studies in progress®’

suggest that there may be more than one time-distinct

event (polycyclic activity) at individual centers.
However, polyeyclic activity is not factored: into the
Pr(ET) because these succeeding eruptions occur at an
existing volcanic center.  They do not represent a
unique breaching event. The possibility of polycyclic
volcanism is used in calculutions of Pr(E3).* The
tripartite probability-assumes that each successive event
is dependent on the occwrrence of the previous
event(s),

We  use the most current  data from  site
characterization.  studies  for revised  probability
calculations.  Information on the distribution and
chronology of volcanic activity is used from Crowe,®
Wells et al.”, Smith et al.? and Turrin et al.!* Data for
the volume of voleanic units is modified from. Crowe et
al.? using the revised geologic mapping of Crowe et al."”
and Crowe and Perry' for respectively, the Lathrop
Wells volcanic center and: the Sleeping Butte volcanic
centers.  Our new calculations use mean values for
geologic data. Past studies used conservative data
assumptions  to  establish  probability  bounds.
Conservative data assumptions are defined as numerical
assignments  that, because of uncertainty in data
distribution, are skewed toward estimates  which
produce a higher level of risk. This approach, while
useful in establishing probability bounds, introduces a
systematic  but  unquantified- bias  toward higher
probability values.

Severalassumptions are required to estimate Pr(E1).
First, the past record of basaltic volcanic activity in the
Yucca Mountain region is judged to provide the most
reliable indicator of the rates of future volcanic events.
This assumption is supported by the consistency of the
record of volcanism in the region during the last 10
Ma.® During this time, all volcanic centers formed from

eruption of small volumes (< 1 km?)of basaltic magma.
This activity produced spatially isolated centers
composed of scoria cone(s) and associated lava flows.
The only variability in the past patterns has been in the

basalt centers, with: one exception;, oceur i a nurrow
northwest-trending zone located southwest of Yucea
Mountain; This zone has been named: the Crater Flat
voleanic zone (CFVZ).'™ The one exception is the
basalt of Buckboard Mesa which crops out in the
northeast part of the moat zone of the Timber
Mountain caldera, 37 km from: the exploratory block of
the Yucca- Mountainsite.  Another assumption usediin
evaluating Pr(E1)-is that interpretations of the geologic
record: are reliable, an assumption that is difficult to
quantify. An increased: degree of confidence in the
continuity: of the geologic record is provided: by the
length of the observed geolegic record.  The past
volcanic events in: the CFVZ span a period: of abunt 4
Ma. However, as the observation:length increases, the
likelihood'of recognizing smallor short-term.events may
decrease. For example, interpretations can. be
hampered where the  geologic record hus  been
obscured. This is especially. true at polyeyclic centers,
where more recent events may bury older events,

Currently availuble geochronology methods lack the

resolution: to: distinguish: closely spaced events (times
scales of a few thousand-to tens of thousands of years),
This uncertainty is mitigated because the estimations of
Pr(E1) require only recognition of Quaternury voleanic
centers, for a simpie Poisson model. This is a relatively
eagy. field task. Finally, use of the geologic record for
predictions presumes that there have not been recent
(Holocene or Pleistocene)drastic changes in-the rate of
operation:of processes which - drive the overall magmatic
system. Perry and Crowe™ summarized morphological
and geochemical evidence indicating the processes
controfling magma production, ascent and eruption
have waned through time in the Yucea Mountain
region.

El: RECURRENCE OF VOLCANIC EVENTS

The first part of the tripartite probability concerns
the recurrence of volcanic events. Here, there is a logic
paradox. The primary probiem is the small number of
Pliocene and Quaternary voleanic centers in the region
(7 Quaternary centers, 13 to 16 Pliocene and
Quaternary centers), It is impossible, with this number
of centers, to develop and test conceptual or statistical
models of the time-distribution of events. Counversely,
if there were more voleanie centers, there would be a
more robust data set to develop and’ thoroughly test
time-distribution models.  Because of the increased
number of centers however, there would be an
increased risk of future volcanism. This paradox can be
examined in reverse. [f a potential repository site were
located in an arca that had no record of Cenozoic
volcanism, volcanism waould arguably be regarded as not
an important issue. But by virtue of the absence of
data, it would be difficult to establish a numerical basis



data set applies equally to- the second probability
(Pr(E2)):  We willl consider this problem in @
subisequent: paper.

There are clear elements. of uncertainty introduced:
by applying a probabilistic approach: to: such: a- small
data set. Unfortunately the current level of knowledge
of voleanic processes precludes the use of a fully
deterministic approach: to- predicting voleanic events
over periods of thousands of years. The strengths and
weakness of using a probabilistic approach: to- risk
assessment have been debated for many applications.
However, rather than digress on this issue, it is more
important to evaluate three questions for assessing the
recurrence. of volcanic events for the region
encompassing the potential Yucca Mountainssite. First,
what are reasonable time-distributions models of
volcanic events to-use with the small'data set?  Second,
can those models be structured. to: not underestimate
volcanic risk? Third; can: the uncertainty of a small
data set be Bounded: by compurison with: analogue
studics of moere active volcanic ficlds in: the
southwestern United: States?

Time-Distribution. Models:  The subject of time-
distribution: models or repose-period: patterns  of
voleanoes has beendiscussed extensively in the geologic
literature. The topic has received: increased: attention
in the lust several years primarily because of both
improved field and chronology data for past volcanic
events and increased interest in eruption forecasting,
We present a general survey of this literature focusing
on data concerned with.  estimating  Pr(E1):
Wickman!>%'7 argyied that the distribution of voleanic
events in time can be treated as a  stochastic
phenomena. He suggested that volcanic events should:
be treated as independent Poisson processes with
time-independent rates.  He also modified the simple
Poisson model using: six renewal-type: Markov models
and applied these models to data sets from five active
volcanic centers. Klein'™ treated eruptions of Hawaiian
voleanoes as random phenomena with: no. periodicity.
He suggested that a random behavior is produced by
multiple simultancous processes effecting the timing of
eruption events. He also noted, however, that
large-volume eruptions tend to be followed by longer
repose periods. He suggested that eruptions associated
with the longest repose periods of Kilauea and Mauna
Loa volcanoes are nonrandom: phenomena with-activity
at one volcano possibly affecting the other.

Crowe et al.? used a Poisson-distribution model to
assess the probability of disruption of a repository at
the potential Yucca Mountain site. They assumed the
probability of n eruptions over time ¢ is constant and
the individual eruptions occur independently.  This

assumes. also: that the times between: events  are
exponentially distributed’ and’ the number of events. in
time intervals of ¢ are Poisson. distributed with-mean: Az,
The muthematical: model used: is

Prino disruptive event before time ) = ¢ ™,

where pis the probability, that an event is disruptive.
This model was developedifor the case of disruption:of
a repository by a single volcanic event.  Scandone’?
reviewed volcanic risk studies. He regarded the timing
of eruptions as a Poisson: process but noted: this model
could’ be used: only for voleanoes where it could be
demonstrated  that eruptive rates are independent
through: time. He summuarized data for Vesuvius
volcano: where the duration: of each state of activity,
could be described: by an exponential distribution: and
transitions from one state to another were constant it
time. Predictions of volcanic activity for this case can
be made if eruption: patterns. remained: constant over a
long period: of time.
Mulargia et al.® analyzed the time-series of flunk
eruptions of Etna voleana. They usedithe Kolmogorov-
Smirnov statistic for a goodness of fit test and
concluded that the data could be fitted to a Poisson
distribution. They correlated eruption- durations with
extrusion: volume and applied extreme value statistics,
with duration as a dependent variable, to estimate the
probability of major eruptive events. Chester® argued
that the appronch used by Mulargia ct al.® is invalid
primarily because the time-volume data for the voleano
may be nonstationary. He suggested there is a strong
chance of nonstationarity in the data when event times
are combined with the magmatic volume of both
summit and flunk eruptions. In response, Mufargia et
al.” noted their data set met standard statistical tests
for randomness. They emphasized that their analysis
was confined-to event times and were consistent with a
stationary Poisson process.  They emphasized the
statistical difficulty of identifying different regimes in a
set of data and argued that these concerns were
reduced by focusing their analysis on flank eruptions.
The questions of stationary versus  nonstationary
Poisson processes and correlations between the timing
of eruptive events and the volume of magma discharged
are recurring topics of controversy in probabilistic
studies of voleanic events,

Some statistical studies of time-series of voleanic
events have considered the problem: of nonstationary
rates by attempting to identify change states in eruptive
behavior. Mulargia et al,” examined the problem of
identifying different regimes in eruptive activity for data
sets from Etna volcano. They argued that plots of
cumulative magma volume versus time provide only a



subjective Basis for evaluating veleanic trends.  Tliey
examined: the trends of Etna volcano- using: inter-event:
times, magma output, and mean: effusion: rates and
applied change-point  (stability analysis)  statistical
methods. to time-series analyses of these data. They
concluded that the inter-event times. of flank eruptions
define two: regimes, the magma output rates. of flank
eruptions define three regimes, and the effusion: rates
define two regimes.  Further,. they noted: that the
change points in these data sets db- not coincide.
Eruptive activity was considered to: be controlled by a
balance of several’ contributing factors with: the net
history of eruptive events behaving as random
nonstationary events. Significantly, they® recognizedno
correlation between the volume of large flank eruptions
and subsequent inter-event times.

A number of approaches to. estimation of voleanic
recurTence rates have been: based oniassessments of the
time-valume relationships of eruptive events.at voleanic
centers and for volcanic fields. Bacon™ suggested: that
basaltic and: rhyolitic voleanism: in: the Cosa voleanic
field of east-central California exhibits time-predictable
behavior anulogeus to time-predictable seismic models.
He related these observations to the tectonic controls
of the extensional patterns of d(-fm‘m.uion for the
setting of the volcanic field. Kuntz et al,” presented
data indicating the Holocene and Pliocene eruptions of
the Great Rift in the Snake River plains of [daha, show
steady-state volume-predictabie behavior. He identified
a possible change in magma output rates on-a plot of
cumulative magma volume versus time for the Great
Rift basalts.
describe steady state behavior of polygenetic voleanoes,
King® described  volume  predictability  for  the
cumulative magma volumes of the historical eruptions
of Kilauea and Mauna Loa volcanoes.
the valcanic events respond:to pressure drops produced
in a reservoir from preceding eruptions.  Similar
behavior has been documented for the historic activity
of Piton de la Fournaise on the isfand of Reunion®

the Kilnuea voleano.  Past behavior of Piton de la
Fournaise was inferred. to be deseribed statistically by
a Poisson process.”  The eruptions were linked to

refilling of magma reservoirs modified by external

processes such as earth tides. An essential difference
between the eruptive patterns of Eta and the Kilauea,
Mauna Loa, and: Piton de Fournaise voleanoes may be
the presence, for the latter, of shallow mugma
chambers.

Ho™* examined. the applicability of the simple
Poisson model (homogeneous Poisson process) for
eruption forecasting. He noted that while the simple
Poisson model cin be used for modeling eruptive

Similar plots were used by Wadge®” to

He suggested:

and:
close analogics were drawn: between this voleano and:

events. from some voleianoes, it may not be appropriate
in:all' cases. He proposed twa alternative models, The
first is a negative binomiall distribution: where the
Pou.son pracess.is expandeditoinclude a gamma. -mixing

distribution. on: 4% The sccondi is for a
nonlomogeneous Poisson process with: a Weibull
intensity:™  This model can' accommodate volcanoes
exhibiting decreasing rates.of eruptions, increasing rates
of eruption; or steady state (similar to the
homogeneous Poisson  process),  Ho™* modeled
published eruption data for a range of volcanoes using
the nonhomogeneous Poisson models. These modified
Poisson' processes provide alternative models to. the
approach: used by Mulgaria et al,® where regime
changes are identified for volcinoes and each regime is
treated: as independent with: a uniform: 4.

In a related paper, Ho' attempted time-trend
analysis of past patterns of basaltic velcanism in the
Yucea Mountain:  region He estimated  the
instantancous recurrence rate of voleanic events using
a nonhomogeneous Poisson: process with Weibull!
intensity.  The time-trend analysis was based. om
episodes and age cycles for the regioni  The
observational interval ranged: from 12 to- 1.6 Ma and
varied assumptions were used: for the nature and
chronology of volcanic events at bagaltic centers. Using
the nonhomogeneous Poisson model, Ho™ estimated
midpoints of the time interval for thc. next eruption:
These intervals ranged from: 4.2 to 0.6 million years,
For all but one estimation, a slight developing trend
was identified (g values of 109 to 2.55). Ho™
concluded; on this basis, that a simple Poisson: mode)
could underestimate the nisk of volcanism for the
potentinl Yucea Mountain site. However, the g values
of > 1 were obtained in: part by ;1r;summg polyeyclic
eruptions at some or all'of the Pliocene and Quaternary
valeanic centers.  This usage no longer meets the
definition: of the tripartite probability.  Succeeding
eruptions at a velcanic center are dependent on the
preceding formation of a new voleanic center. It is the
formation of a new volcanic center that is of coneern to
siting of a potential repository at Yucca Mountain
Ho™ argued that the volume combined with the timing
of voleanic events are not required attributes for
predicting the  frequency of future voleanic events.
despite a significant negative correlation between: thesce
attributes.™  This same concern was addressed by
Mulgaria et al.* for Etna volcano. They demonstrated,
for a much larger data set, that points of change in
regrimes in the time series 01 the inter-eruption times
and outputs of magma volumes do not coincide. This
in part, lead to the suggestion that eruptive events are
controlled by a balance of several contributing factors.
Finally, Ho" suggested that volcanic risk for the
potential Yucca Mountain site should be expressed as
a percentage relative to the required isolation time of
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high-level radioactive waste (10* yrs).  He estimated:
that the risk of volcanism: for the potentialisite for 10
yrs is about 5%. However Ho' misused the term
volcanic risk, which requires an: assessment of Pr(,),
not just of Pr(EL); the probability of recurrence.

Recent developments. that may. have impontant
implications for both understanding and' moedeling
complex volcanic systems are derived from: fractal
analysis and- evaluation of deterministically chaotic
systems. 22245 Shaw® examined: the time-volume
fluctuations of the Puu Qo vent of Kilituea voltzano, the
histeric behavior of Kilauea and Mauna Loa volcanees,
thie growth of the Hawaiian Islunds and: the Hawaiian-
Emperor cliain. He argued that these voleanic systems
show evidence of scaling self-similarity.  Shaw™
modeled: these systems using attractor theory with
magmu transport representing an- iterative step-in- an
attractor algorithm:  Dubois and Cheminee® used
fractal analysis for modeling the distribution of repose
periods of basaltic valeanoes of Piton de lo Fournaise,
Reunion, Mauna Loa and Kilauea on Hawaii; and Etna
volcano. They applied a Cantor dust model assuming
the distribution: of voleanic events in: time is a seale-
invariant process where N the number of repose
periods of length £ are related by N; = 2" (power law),
where D is the fractal dimension of the distribution (0
< D < 1), For oceanic hotspot volcanism, they found:
two regimes with short interval' eruptions. having D =
0.3 and eruptions after large intervals having D = (0.7.
For Etna velcano, they found a single regime with D =
(:75. They concluded that the four studied voleanoes
do not folloaw a simple Poisson. process. and. are better
modeled using a power law relationship.

Sornette et al,™ in a provocative paper, considered
the question of whether sequences of voleanic eruptions
are deterministically chaotic. They argued: that true
randomness in-a voleanic system could result from two
type of dynumics. The first is a system: having many
degrees of freedom that are coupled and may develop
random dynamics. The second. is a system with only a
few degrees of freedomeyet still exhibiting very complex
dynamical behavior. The behavior of the secondisystem
could be controlled by sensitive dependence oninitial
conditions and ponlinear processes.  Significantly,
analysis of time sequences for the second system, which
have been called  deterministically  chaotic,®  are
classifiecd as random. processes by all traditional
statistical tests.  Sornette et al,™ applied two. tests
conventionally used to. discover possible deterministic
dynamics to repose period data for voleanic eruptions
of Piton de la Fournaise and Kilauen and Mauna Loa
volcanoes.  They computed: the dimensior D of the
attractor as a function of the dimension d of the
embedding phase space and found' that D(d) saturates

to-a: constant value around: 2 for Piton: de lo Fournaise
andi 4 for the Hawaiinnvolcanees. The higher value for
the Hawaiian voeleanoes may have resulted: from:
combining, in: their analysis, eruption: events from: bath:
Kilsuen and: Mauna Loa volcanoes.  They used:
Poincare sections to-analyze the eruption intervalg and:
concluded' that the resulting return maps represent
patterns of a deterministic system, partly overpuinted by
noise. Lorenz” has introduced a note of caution: in
applying procedures for estimating the correlation:
dimension: of the attractor of complex systems, He
suggested use of these approaches for systems such: as
weather or climate may produce too low values. He
provides examples in which the procedures yield
systematic underestimates.  Lorenz® suggests that
applications of some procedures may measure the
dimension:of only a subsystem. Similir arguments must
be  considered  regarding,  the  caleuluted:  low:
dimensionality of the magmu systems studied by
Sernette et al.*® The complexity of processes of miagma
supply, evolution;, and: eruption: from: shallow magmu
chambers which: interact with: the local stress fields
almost certainly requires higher comrelition-dimensions.,
Somnette et al™ were unable to develop nonlinear
forecasting  procedures from eruption data largely
because of insufficient data. They concluded with the
general challenge that further analysis of this type
would: require obtaining high-quality data for muitiple
physical parameters which can be related to- the
dynamics of evolution: of a volcanic system.

At present, the number of recurrence models for
volcanic centers and: fields are varied and there is no
consensus concerning the most applicable modeld for
different voleanic systems. Fonr clear conclusions are
apparent.  First, the primary difficulty with modefing
voleanic events is attsibutable to limited. data, It g
difficult to obtain a complete  deseription of  past
voleanic events. Moreover, the number of events is
renerally marginal for mathematical analysis. The best
apportunity  for obtaining  Jarge  duta sets @5 at
historically active voleanic systems. Second, volcanic
events have important attributes of timing, spatial
location:  and maygnitude,  where  mgmitude s
represented: as the volume of an eruption. These
attributes are often inter-correlated and reflect the
complex processes of magma generation, and: chambyer
and eruption dynamics. Modeling of volcanic events by
analyzing limited-data sets or only the timing of velcanic
eruptions  may  be  an oversimplification. of  the
complexity of the systems,  Third, specific volcanic
centers and: fields exhibit a spectrum of behavior.
Generalizations of patterns observed: at one voleano.or
volcanic system are probably not easily applied to other
voleanoes or systems.  An important difference which
emerges from- existing duta is that the presence or
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absence off shallow’ enustalt magmao: chiambers strongly:
affects. eruption: pattemns,. Finally;, newly emenging:
conecepts. of fractall analysis,, andi dieterministic chaos
offer the appeall of expluining the differences i
interpretation: off eruption: patterns: using standard!
statisticall approaclies.  Whethen this type of analysis
presents. new  possibilities  of  establishing
deterministically Yased: methods for predicting future
voleanic activity remaing to be explored by future work.

RECURRENCE MODELS: YUCCA MOUNTAIN
REGION!

An- assessment oft the risk of future voleanism' for
the potentinl’ Yucea: Mountain: site is restricted: by, the
small number of past voltanic events, The limited: data
maKe it virtually impossiblie  to either  test or
discriminate time-distribhution models of voltanic events,
Tlie options available for assessing voleanic risk are
eitlier to revent to. traditionall methods of  hazard!
agsessment which: are rooted: in subjective: judgements
of past geolbgic pattenns on to: attempt to: quantify: or
bound! the problem: through probabilistic assessment.
We have chosen: the option: of attempting to quantity:
risk assessment though use of a simple Poisson modell
The advantages of this approach are that it ig
conceptunlly simple, assumptions of the method are
diefined; and the potentiali enrors. using this method' can
be constrained:  Stated'simply, the justifieation: for the
use of a simple (homogeneous); Poisson: model: for the
Yucca Mountain voleanismidinta is that it represents the
most direct approach:to.probabilistic assessments based
on a small data: set. The simple Poisson model does
not introduce unwarranted: compliexity:  Moreover,
because of the small duta set, models inconporating
other parameters do-not generally yield: substantially
different  results. Analogics  cane be  drawn to
carthquuke  occurrence models for seigmic  hazard:
analysis. Mathematical representations oft earthguake
events have evolved as knowledge of the mechanisms
driving earthquake events has improvedi® The trend
inseismic risk studies has been: to use a stochastic
approach when data are limited but to-attempt to-apply
more  deterministic  models as. an increased!
understanding of seismic mechanisms is obtained:
Voleanic recurrence models are in the infancy of
dievelopment with: applications developed: primarily for
histenically active volcanic centers, Even:less is known
about patterns of smallivolume, basalt centers typical of
the Yucca Mountain area.  Here predictions are
required: for the timing, eruptive behavior and' spatial
location of future sites of smalllvolume Basaltic centers,

Application of a Simple Poisson Model

Four temporal patterns of volcanie activity are
possible for the Yucea Mountain region:  increasing,

steady-state, decreasing,  or  complex/tliaotic,
Arguments. can: be made concerning the magnitude of
errors. created: by, assuming a simple Poisson model for
eachof these four possible patterns. First, if recurrence
rates are increasing; asimple Poisson modeliwoulditend!
to. underestimate the future recurrence rate.  This
woulidi not provide an acceptable estimation of voleanic
rigk. Second) a steady-state systemis appropriate to the
application: of a simple Poisson: modeli  Thirdj,
decreasing voleanic recurrence rates would: lead: to
overestimationof recurrence rates whichwould produce
a: conservative assessment of voltanic risk.  This. could:
prove tobe an acceptable method for defining volcanic
rigk if it can: be shown that, even witlt the conservative
appronch, the defined risk stll' meets the regulitory
guidelines.  Finally, errors associated:  with
complex/chinotic patterns of volianic activity are more
difficult to: estimate.  However, if the observation
peniodi of the record of past voltanie activity' exceeds
the range of complex/chaotic fluctuations: (particulirly:
ifi the patterns are deterministically chaotic)) the range
ofl pust changes. may: be boundiedi Wi angue, for two
compelling reasons, that the latter twos types. of errors
are the most likely to be encountereds for the Yucea
Mountain: region: andi may, prove to- be acceptable for
risk studies., The first reasoniis that post-Pliocene time-
volume-compaositional patterns of basaltic volcanism: in:
the Yueea Mountaine regjon: are  consistent with a
waning system. The secondireasonis that the pattern,
of formation of smallivolume, spatially isolitedsbasaltic
voleanic centers has persistedi i the Yueea Mountain
region: for almost 10 Ma."  This period equals and:
exceedt the lifetimes of evolution: of most basaltic
voleanie fields in the  southwestenn: United: States,
These  constraints  suggest that the  recurrence
estimations can be bounded with aceeptable assurance,

Revised Calcuiations of K1

Revised caleulations off the recumence rate of
voleanic events (Elyare tabulated in Table T using the
muost current information from: site  churacterization:
studies, A simple Poisson modeliis assumeds The only
requirement for inchding events in- the calculations is
that the event resulted in the formation: of a new
voleanic center and: the chronology: is sufficiently well
established o group the centers by age [two groups: 1)
Pliocene andi 2).  Pliocene andi Quatemnary],  The
volime of volianic events is not usediin the calealations
and' the chronology problems for the younger voleanic
centers are not sigificant ins this analysis.  Additionad
caleulations. using a volume-triggered, simple Poisson
model willi be deseribed’ in @ separate paper. The
following is a summary of ficld and chronology data:
uged: to group the voleanic events:

3.7 Ma Event: S voleanic centers clustered on-a



north-trendingalignmentiin Crater
Flaat.
2.8 Ma Event: 1 voltanic  center  in  the
northieast moat zone of the
Timber Mountain: caldera
(Basalti off Buckboard Mesa)
4 voltanic centers: clusteredi on:
a nonthrtrending: alignment in:
centrall Crater Flat,
2 voleanic centers: clusteredi om
a  northeast-trendl 45 kmy
northiwest of  the  Yucen
Mountaiin  site  (Basalt  of
Sleeping: Butte);
<01l Ma Event: 1 voltanic centern locatediat the
south end! of Yucea Mountain,,
20 kme from the potentiall site
(Latlirop: Wellk. center),

1.2 Mo Event:

0.3 Ma Event:

Recent reconnaissinee fleld studies. Have shown

that o livie mesa located! S Kilbmeters: east of the bagalt
of Sleeping Butte, which: was thouglit to undenlie the

Thirsty  Canyon: tuff (8.5 M), ovenlies the  wff
Examination of the mesa shows that it consists. of
multiple liava: flows. emupted! fram @ cluster of nontii-
trending. scorin: cones. marking  the  highestanding
topograply: of the lavar mesaw  The geomonpliic
preservation: of the lava flows. andi conlesced -sconin
cones. is sugyestive of a possible Pliocene age (445 Ma)
We have submittedithe sampless-for K-An and *An/* Ap
age determinutions. Because the liva mesa s locatedi
on: the CFVZ, we have includedi it in one set of the
recurrence rate caleulutions. There are am estimated
thiree centers. associated with this voleanic feature.

The caleulitions summuanized' in Table I were
complietted! aver a spanr of mare thane eleven: years,
They: use different distrithution models of voleanie
events.  (simplie  Poisson,  volume-triggered/Poisson,,
Weibulli process)  The recurrence pate caleulitions
range from: 10 to 107 events yr's The mean: value
(geometric mean) of the recurrence rates. of Table [is.
4 x 1O events yr'. This is. equivalint tor the
formation of @ new voltanic centen eveny 2500 ka. The
columni titled! Quaternary: Events. o Table T s the

TABLE [: VOLCANIC RECURRENCE RATE (€L):

PUBLICATION EVENTS (yr'): QUATERNARY RATE MODEL TIME (Ma);
EVENTS®
“rowe and! Carr,, 198() 4.0E-6 T2 Poigsan: Cone Count. 1L 2.8
Crowe, Jolinson, and: GOE-7 to 1L ME-6. 1.1t 198 Magma: Output (210'm3. ye- 1) L83
BecKmun,, 1982 DAE-G. 17:1 Paigson: Cone Count 18
6.4E-6. LS Poigson: Cone Counti 2.8
B0E-6 14.4: Poisson: Cone Count 3.7
Crowe et al;,, 1989 2.8E-5 75 Magmu Output (133" m3 yr- LY 37
(Lathirop= 130 Ka),
TANE-6. 12.6 Mugmu Qutput (133 m3 yr- 1) 3T
(LLathrop=20 ka):
5:0E-6 9.0 Migma: Output: (66 m3 yr- 1) L8,
(Lathrop:= 130 kay,
3.2E-6 5.8 Magma Output: (66-m3. yr-1). 1.4
(lathrop =20 kay;
Crowe and: Perry, 190 LIE-6. 34 Magma: OQutput: (33 m3. yr- 1), 1.8
(ILathirops= 130: Ray)i
LLOIE-6- 2.9 Magma Output (33 mid ye- 1), 1.8
(LLathrop:= 20 ka);
oy 1991 2.3E-6 3.7 Weilbullt Episodis 12
S0E-6. 8. Weaibull: Cyelt: 37
6.2IE-6: 99 Weilbull: Cone Count Gl
S.5E-6 8.8 Weilbulli Cone Count: L.t
This. Repor J9E-6 7.2 Poisson: Cone Count: L4
L7E-6. 3.6 Poisson: Cluster Count: L8
JSE-6: 54 Poisson: Cone Count 37
L3E-6 2.3 Poisson: Cluster Count. 3.7
3.2E-6 5.0 Puisson: Cone Count BAVE
L.2E-6 2.2 Poisson: Cluster Count: 5.0

* Calculsied inumbier: af: vokanic aevents projecting the tecurvence rmte (o the Quaternary Petind,. There were Jita 7 wakanic ovents insthie Yuceea:Mountainaegion in e Quaternary,



extnapolited! numbern off voltianic centens. formed!ini IL8
Ma (Quaternary peniod) using individuall recunrence
rates. Recurmence pates. thot give more than dbuble on
liess. tham one-half the number of events: in the Yueea
Mountain region: are. judjged’ tor Be unrealistic
geoltogically:  Iff these rates are removed! fromi Talble 1,
the values cluster inthe range of 156 x 10 events yo'!'
The numbers. in thig range ane considered), because oft
the nature of the caltullitiong, to be not different when
judgedi in the  perspective  of  the  undisnlying:
uncertainties,  We note that after oven a decadee of
considieration; there have been nossignificant changes. in
the recurrence rate calibulitions: for veleanic events in
the Yucea Mountain region: Moreaover,, caltulitions by
other workers using  different  appronches™  are
consistent with our pesults,

The uncertainty: of the recurrence rate caltulitions.
annot be quantified aceurately, because the dita ane
too: limited' to attempt uncertainty: analysis,  Howeven,,
bounds. on conservative  pates, of activity: cam be
established by examination oft the recumence rates. of
voleanic activity, inv other busaltic voleaniv fields. Here,.
there have beena sufficient number of volianic events
to attempt statisticall analysis. of recurrence rates.
However,, the major limitations. of this type of analysis.
ane twofold: 1) choice of time-distnitution modils. andi
2)  inadequate chronology, diutiae Because of these
limitations, we again assume that the distnibution of
voleanie events in time inc these flelds are Roissone
distrithutedi

The voltanic centers.of the Yueca Mountaineeiom
form: a very, smudll voltanic feldi in companiton: withh
basaltic voleanic fieldi in the southwestern: Uhnitedi
States. The CFVZ s towardi the endi iff not an end!
member, of the smallest ficldl develbpediin the westenn
WUnited States.”  The cumulitive volume of Mg
erupted during the Quaternary in the fieldiis liss. than
M5 km? (dense rock equivalent; DRE) By contmast,
major basaltic voltanic fields have emptedt mogmn
volumes. in: the Quatemuary: that exceed! severalt teny of!
km® (DRE). We are inthe process of determining: the
volume, number of vents,, andi number of vent clusters
formed: during the Quatesnary, ine basale fielids of the
Great Basing, southemm: basin-range and! the adjpining
areas of the plateaw transition zone.  To ditte,, we Bave
initinfidata only for the Clma veltanic fieldiine Califomin
(Mojnve desert)y, andi the Juunar Crater field! (eentrall
Neevadin)

Figure U is a plot of the location: of Quaterany:
voleanic vents ino the Lunar Crater voleanic fielidi
colluted: from. published: studies.*** The lutitude andi
longitude of each vent have been converted: to an x,y,
coordinate for this plot for convenience of data analysis,

The Hoe through the  duti s @ distance-weighted
leastegquunes. it and! is ased! to- assess the linearity,
(structural control) off the vent distoibutions.  Figure 2
it @ similin plot for the Cimw voltanic field! uring
lbeativns of Quuternary, vents. from Dolireawend! et
all®% The Cima vent hacations. are more dispensed!
than: the Lunar Crater vents,, implying: less. structurall
controll oft venti lbeations. for the formen fieldl The
number of identified Quaternary, vents for cach fieldiis
somewhnt arnbitrary.  Iff there was uncertainty in
Quatemnuary, age assignments,. we  skewed! the duta
toward! Bigher vent counts.  The vents counts. can: be
regardedias. muximume There are 82'vents diefining, 28
clusters of Quaternury age inthe Lunar Coater volianic
fieldy andi 29 vents. in 22 clusters i the Clma volianic
fieldl A cluster includiss. closely spuced! groups. of vents
thati probabsly shared! @ common feedier dike system

Recurrence rates off voltanic activity for botit
voltzanic flelds. can be estimatediusing a simplie Poisson:
moditl. Rates for the Lunan Crater fieldi must fall
Between dix 1O events. yo " (vent count) and! U x 1017 yo
" (clusten count) This. is equivalint to: the formation of
anew voluanic center or clister eveny, 22 (00 to: LOON
years, Rates fon the Chma voleanie fieldiare between 2
x 0% ye" (vent count) andi Ux 10 yr" (eluster count)
This: is. equivalent to e formation of a: new: voleanic
center on eluster eveny: S000: ta: 100000 years.  The
vent diensity of the Lunar Craten voltanic field (numtber
of vents per km”) approuches values for the highest
Rnown: vent densities oft basaltic voltanic fields in the
worlid™ Wi muke two anguments concerning the
significance of the data for the Lunar Crater andi Cimu
volizanie felids, Firsty, the recumence of voltzanic eventy
i these active fields are relhtively lonyg compuredi with
the isolation peniod of radioactive waste (L0000 years)
Secondi the recumence rates for these fields provide
reasonablie Bounds on muximum rates. of voltanic
activity fon the Yucea: Mountain regiom

Data: from: Table 1 constrain: the recurrence  of
volizmic events for the Yucea Mountain neggion in the
geneyal range oft anevent every: few hundied: thousands
years. It is physically implausibli to: assign recurmenae
pates for voleame events i the Yucea Mountain region
that approanch or equall estimatedi rates for the LLunan
Crater or Chmas voleanic fielids,  Anc event rate of
1 ye " must,, therefore, be regardiedi as a very robust
upper bound! to. pates of voleanic activity for the Yucun
Mountain: regiom

FUTWURE DIRECTIONS.

Wik will continue an refinementi of probability,
cafeulations and’ determination of values  using. @
volume-triggered, simple Poisson modell However, the
physical bounds. froms othier fields make it unlikely that
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Figure 1: Plot of vens lbeations. (latitude: and! longimide convented! to: x,y coordinates) for the
Lunar Crater voltanic fell of central! Nevaday  The line dirough the data s, a distance-weiglted!
least squares fit using a weighted quadratic multiple regression on every datar poine,. Veno
locations in the Lunar Crater are strongly structurally controlledl Individuallvene and!vent clugtens.

follow nontheast trends. whicly define several probable age distinet, fusure systeme. initlie voleania
fieldi*” There are 82 identified! vents: which. form: 29 clusters of probablis Quurernary: age ini the:
voltanic feldl
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Figure 2: Plot of vent locations (latitude and longinude converted: to X,y ecoordinates) for the Cima
voleanic field. The line fitted: to. the data is the same type as deseribed!in Figure 2. There are 29
vents forming 22 clusters, alli of probuble Quaternary age in the Cima voleanic field.




caltulited! values willl falll outsidie off the divtar ranges.
established i Table L We willl continue tor folliow:
developments. i the voltanolbgieall literature off time-
diistritbution: modeell: for epuptive events: off volzaniv
centers.. A impontant corollhry: area of nesearch we
ane pumsuing. {8 development' of time-space-volume
patterny. of basaltic volkanic events: im active voltznic
ticeldh off the southwestenn United! States,
little dietailied! work has: been completedi one eruptive
patterns. of Busaltic voltanic fields. im a continental
setting, However, the only physically  enedilblie
mechanism that  could! liead! tor Digher  estimated
recurrence pates. of voltanic activity in the Yuewy
Mountain negjion would! be. a cyelie oft increasedi rates. of
activity: Wi curmently: see no basis. for predieting: such
a style of activity using, the voltanic record off the
regiony Inisubseguent papers we willl present asimilln
assessment for the probability: of maygmatic disruption,
of the potentinll Yucew Mountaimgite (Pr(E2 given E1))
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