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RECURRENCE MODEES:OF VOLC_IC EVENTS:
APPLICATIONS TO VOECANIC RISK ASSF_.SSMEN!F

Bruce M, Crowe, Los Alamos National Laboratory, Lls Vegas, NV 89109
R. Picau'd and G. Valentine, _I_s ./'-alamosNational Laboratory, Lx_s Alamos, NM, 87545

F. V: Perry, University of New Mexico, Albuquerque, NM 8713]

: INTRODUCTION perspective for making judgements of significance for.!

volcanism studies are tile regulator 3, requirements for
Nn assessment of tile risk of future volcanism has assessing the suitability of tile potential Yucca

! been conducted for isolation of high.level radioactive Mountain site.
_.; waste at the potential Yucca Mountain site in soutltern,

Nevada. l Risk used in this context refers to a Tllis paper attempts to begin ttle process of helping
combined assessment of tile probability and establish the probabilistic framework for making those
consequences of future volcanic activity, Past studies judgements. There are three objectives. Firm, we
established: bounds on tile probability of magmatic describe tile tripartite probabilityused_todefine tilt: risk
disruption of a repository. These bounds were revised of volcanism and tilt: geologic _msumptians required for
as additional data were gathered from, site the probability model. Second, we examine and define
ctiaracterization studies. The probability of direct tile first part of tl|is probability, tile recurrence of
interseetionofapotentiairepositorylocated'inaneighr volcanic events. Studies are reviewed from the
km z area of Yucca Mountain by ascending basalt volcanohK,,icalliteraturewtieretime_vohlmebehaviorof
magnna was bounded by tile range of 10"8to 10't°yrt, z volcanic centers and fields have been _eval uated. These

The consequences of magmatic disruption of a evaluations include Imthconventionaistatistical analysis
repository were estimated in previous studies to be of time-series of volcanic events andapplications using
limited, Ttie exact releases flora such an event are newly developing t:cmcepts of fractal ;malysis and
dependent on the strike of an intntding b_;alt dike deterministic chaos. "Fhird, we tabulate past
relative to tilt: repository geometry, tile timing of tile c_dculations and dmive new values for tile reculTence of
basaltic event relative to tile age of tile radioactive volt, mit events using a simple Poissnn mt)del.
waste and the mectmnisms of release and dispersal of

tile waste radionuclides in:he accessible environment, 3'4 Tile primary conclusion of this paper is that tile most
The combined low probability of rel_)sitory disnlptitm reasonat)le approach to estimating tilt: recurrence of
and tile limited releases associated with this event w_lcanic events in the Yucca Mountain region is
established tilt: basis for tile judgement that tile risk of through applituition of a sixnple Poisson mt)del: This
future volcanism was relatively low. It was reasoned model is justifietl based on tile current state of
that tile risk of future volcanism was not likely to result knowledge of tilt: ct)|nph:x dynamics of volcanic
in disqualific_ttion of tile potential Ync_t Mountain processes andthe limited record of past voh:anic events

site. _ in tilt: Yucca Mountain region, "File approach
introduces a degree of uncertainty into lilt: problem,

Volcanism studies for tilt: Yucca Mountain Site but tile uncertainty can be bounded by examining the
Characterization Project llave progressed to a sufficient recurrence of vohnmic events in mt)re aclive l)asaltic
de[wee that it is now prudent to work toward w}icanic fields of lhc southwestern United S/ales.

concluding aspects of the work. An advantage of a
probabilistic approach to volcanic risk is that it assigns PROBABILITY MODEL
a structured formalism to tile problem. This formalism

subdivides a complex issue into logical sections. The Tlte probability of magmatic: disnlpficm of a
significance of uncertainty or differences in scientific repository and release of rndicmuclides to tile accessible
opinion concerning volcanism issues can be tested for environment during the I0;0tlt)-yr isolation perit)d tiara,)
each section of a probabilistic problem, The
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is modeled:as a tviparrtite probability: basalt centers, with one exception, ocmu" in, a mtra-ow
' norrthwest-trending zone loeated_ sOl.lttiwesI of Yucca,

Pr,u - Pr(E3given. E2,EIO_Pr(E2 given El:)Pr(t£l}i Mountain: This zone has been named, the Crater F'lat

volcanic zone (CFVZ): a The one exceptiml is tile
wilere E1 denotes tile remwrence rate of volcanic basalt of Buckboard Mesa: whicti crops out in tile

i events in tile Yucca Mc,antain region+ E2'denotes tile norrtheast part of file moat zone of tile Timber
I probability ttiat tile future magmatic event intersects Mountain,caldera, 37km from tile exploratoryblc)ck of

tlie repository, and F_ denotes ttie probability tlmt the Yucca Mountain site. Another assumption_used in
magmatic disruption of the repository leads to direct evaluating Pr(_E1) isthat interpretations of tlie geologic
releases of radionuclides to,the accessible environment, record are reliable, an assumption tllat is difficult to
Only tliose events tliat result in formation of new quantify. An incre_ed de[wee of confidence in the
volcanic centers are included in Pr_'EI_), Such events continuity of file geologic record is provided by the
have a: defined probability (Pr_E2))of disrupting tile length of the observed geologic recc_rd: The past
potential Yucca Mountain site. Studies in progress 6'7 volcanic events in tile CFVZ span a period of abuut 4
suggest that there may be more than one time-distinct Ma. However, as the observation length increases, the
event (_polycyelic activity) at individual centers, likelihot_d_ofrecognizingsmalllorshort-termevents may
However, polycyclic activity is not factored into tile decrease. For example, interrpretaticms c_m lte
Pr(EI_) because these succeeding eruptions occur at an hampered where tlm geologic record has been
existing volcanic center. They do not represent a obscured, This is especially true at imlyc3,clic centers,
unique breactiing event. Tilt." pt_ssibility of polycyclic where more. recent events may t)ul'y older events,

voh:anism is used in calcuhttit_ns of Pr(E3). _ "Fhc Currently available geochronolt_gy mettlt_tts lack the
tripartite protmlfilityassumes that each successive evenl resolution to distinguish closely spaced events 0trees
is dependent on tilt', occutTence of the previtm,; scales of a few thousand.to tens of thousands of yea_),
event(s), This uncertainty is mitigated because the estimations of

Pr(EI_ requit'e only recognition of ()tmternm 3, voh:anic
We use tile most current data from site centers, forasimph: Poisson moth'A. "rhis is a relatively

characterization studies for revised l_robability easy field task. Finally, use of the get,logic record for
calculations. InR)rmation on tile distribution and predictions presumes that there have not been recent
chronology, of w_lcanic activity is ust:d from Crowe, 6 (Holocene orPleistocene),drastic changes in the rate of
Wells ct al. v, Smith ct al._ and Turf-in ct al. m Data for operation,of processes which:drive tile overall magmatiu
tile volume of volcanic units is mottifit:d from_(Tmwe el system. Perry and Crowe _4summarized mt)vph(_h)gic:tl
ai. 3 using tilt: revised geologic mapping of Crowe el al. _ and get,chemical evidence intlicating tilt: proces.*a:s
and Crowe and Perry az for respectively, the Lathrop controlling magma production, ascent and enq)lion
Wells volcanic center and:tlm Sleeping Butte w)icanic haw: waned through time in tilt: Yttcca Mtmntain
centers. Our new calculations use mean values for regicm.
geologic data. Past studies used CmlSmwative d|lta
assumptions to establish probability bounds. El: RECURRENCE ()IS VOL(TANIC EVENTS
(Tonservativedata assumptions are di:fined as numerical

assignments that, because of uncertainty in data "Fht: first part oi:the tripartite prol)al)ilily ccmt:crns
distribution, are skewed toward estimates which the recurrence ofw_h:anic events. Here, there is a Ic_gic
produce a higher level of risk. This approach, while paradi)x. The primary problem is the small number of
useful in estai)iishing proimbility btmnds, introduces a Pliocene and Quaternary volcanic centers in tlie regitm
systematic but unquantit_ed bias toward higher (7 Quaternary centers, 13 to 16 Plitmene and
probability values. Quaterna W centers), II is impossible, with this numbt:r

of centers, to develop and test cmmeplual or statistical
Several assumptions are required to estimate Pr_E1). models of tile time-distribution of events. Conversely,

First, tile past record of basaltic volcanic aclivity in tile if tllere were more volcanic centers, there would bc a
Yucca Mountain region is judged to provide tile most more rol)llSt data set to dt.'velop and thoroughly tc:;t
reliabh', indicator of tile rates of future volcanic events, time-distribution models. Becau,;e of the increased

This assumption is supported by tile consislenm/of tilt: number of centers however, there would be an
record of volcanism in the region during tile last 10 increased risk of timwe volcamism. This paradox can bc
Ma. 6 During this time, ali volcanic centers formed from examined in reverse. If a potential rept_sitory siR: were
eruption of small volumes (< 1 km3)of basaltic magma, lo=lied in an area that hud no record of Cenozoic

This activity produced spatially isolated centers volcanism, voicanismwoaidarguably be regar(h:d;m not
composed of scoria cone(s)and associated lawl flows, an important issue. But by vimm of tilt: absence of
The only variability in tile past patterns has been in tilt: data, ii would be difficult to eslal)lish a nmneric:d basis



data set applies equally tc), tilt: seccmdi probability assumt:s also, tliat tile times be_wet:n events are
(_Pr(_E2))_ We wiil_ consider this problem in a exponentially distvibuted_ and the number of events in
subsequent paper, time intewa[s of,t are Poisson, digtributed_witti, mean M.

The mathematical_ mt)dell used i:;

There are clear elements of uncev-tainty introduced_

by applying a probabilistic appmacll, to sucli_ a small! Pr[no disruptive event t_efore time tj .= e"z-p,
data, set. Unfortunately the: current level of kn¢_wledge
of volcanic processes precludes tile use of a fully where p is the prc_bability that an event is dimaq_tive.
deterTninistic approach, to_ predicting volcanic events Tilts model was deveh_pedifor tilt: case of di.,:l_ptitmof
over periods of thousands of years. The strengtlls anti a repository by a single vol_mic event. Scandone l"
weakness of using a probabilistic approach to risk reviewedvoleanic risk studies, He regarded_ the timing
assessment llave been debated for many applications, of erruptions _Lsa Poisson process bm noted tlii_ modt:ll
However, rather than di_ess on tilts issue, it is more could be used only h_r volcanoes wllere it could be
important to evaluate three questions for assem,;ing the demonstrated that eruptive rates are independent
recurrence of voh:anic events for the region through time. He summarized data for Vesuvius
encomp_tssing the potential Yucca Mountain_site. First, volcano, wheret tile duration of each state of activity
what are reasonable time-distribution, models of could be described by an, exponential distribution, and
voi_mic events to use with,the small,data set'? Second, transitions from one state to anottter were constant in,
can those models be stramtured to nut underestimate time. Predictions of voltmnic activity for this c_lse can
volcanic risk? Thirdi can tile uncertainty of a small_ be made if eruptitm,pattel,'ns remained:ctmstant over a
data set be bounded by ct_mparison with_ analogue Icing period;of time.
studies of mt_re active volcanic [ields in tlte
scmthwester'n United_ States? Mulargia et_ai. z°'analyzedl tilt: tixne-selfes ot: flank

eruplions tfr Etna volcano, Theyused_ttle Kohnogorew-
Time-Distribution Models: The subject of time- Smirnov statistic for a goodness of fit test and

distribution models (_r repose-periott patterns t_f concludt'_d tliat tile data cc_ultl,be fitted tc_a Pt)issem
volcanoes has been,discussede×tensively in,the getflogic distribution, They coxTelated eruption durations with
literature. The topic has received increased attention extrusion volume and applied extreme value static;ritz,
in the lust several years primarily because of both with.duration as a dependent variable, to estimate tlm
improved field and chronology data h_r p_tst volcumic probability t_f major eruptive events. Chester zs argnmd
events and increased interest in eruption tt_recasting, that the approach used by Muhtrgia et al'.z° is invalid
We present a general survey of this literature focusing primarily betmuse the tin'm-voluxnt: data fbr tlm vtflt:ant_
on data concernt:d with estimating Pf(El), may be nonstatic_nary. He sug4,rested there is ;1strong
Wit:kman! _'16'17argqmd that the distribution of volcanic chant:e of nonstationavity in tlm dam when event time:;
events in time can be treated as a stochastic are ct)mbined with tile magmatic volume of b_)th

phenomena. He su[_;ested that volcanic events should summit anti flank erupticms. In respfm,,;e, Mulargia et
be treated as independent Poi,;s(m processes with al. zz stated their dam set met standard statistical tests
time-indepenctent rates. He also modified tilt."simple for ranttc_mne:;s. Tht:y emphasized that their analyst,;
Poisson model using six renewals.type Markov models was ccmfined to event times and were consistent with a
and applied tht:se models to d_l:ta,sets from five active staticmary Poisstm proces.,;. They emphasize¢t tilt:
volcanic: centers. Klein _atreated eruptions of Hawaiian statistit_fl difficulty of idt:ntit)ing different regime:; in a
volcanoes as random phenomena with no periodicity, set of data and argued timt these c_mt:erns were
He suggested that a random behavior is produced by reduced by tbt:u,;ing their analy._is on /lank eruptitms.
multiple simultaneous processes effecting tile timing of Tile questions of ._;tatiozmry versus non,,;latitmary
eruption events. He also _aoled, however, that Poisson processes and cc_rrelati_m,,;bt:tween tile timing
large-volume era_ptions tend to be followed by hmger _f en_ptive events anti the volume tfr lnugxna discharged
repose periods. He suggestedthat enaptionsassociated are recurring topic,; of ctmtroversy in prol)abili,;tit:
with tlm longest repose peric_ds of Kilauea anti Mauna studies of volcanic events.
Loa volcanoes are nonrandom phenomena with activity

at one volcano possibly affecting tile other. Some stati,;tical studies of time-series t_l:wilt:ante
events have considered ¢.he problem of ncmstatitmary

Crowe et al.z used a Poisson_distribution model to rates by attempting to identify change states in eruptive

asse_ the probability of disruption of a repository at beh_wior. Mulargia et ak, z3 examined the problem of
the potential Yucca Mountain site. They assumed the identifying different regimes in eruptive activity for data
probability of n eruptions over time t is constant and sets from Etna volcano. They argued ".hat plots of
the individual eruptions occur independently. This cumulative magma vt)lume versus time provide only a
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subje,ctive basis for evaluating w,_luanic trenct._. Tlmy events from,some voh:anoe.:;, it, may not_be apF_ropriate
examinedi tile trends of Etna volt:axu._using, inter-event, in all!cases. He prolmsed, two, alternative models. The
times, magma outpuL, and_ mean_ effusion rates andJ first, is a negative binomiali distribution where tilt'.
appliedl ctlange-point_ (,stability analysis) statiuticali Poisson,process is expancted, to,include agnmma,-mixing
methods to time-series analyses of ttiese data, "Fliey dii;tribution on_ 2, z'' Tlm sec:ond, is for a
concluded ttiat, the inter-evem time:; of flank mruptions nonliomo_eneous Poiss(m, proce:;s witli a Weibulll
define two, regimesj tile magma Outl)Ut rates ot) flank intensity:" Thin model; can, accommodate volcanoe.,;
eruptions define tllree regimes, ;rod; tile effusion, rates exhibitingdecreasing rate.,; oferrupticms, increasing rates
define two regimes. Further, they noted ttlat tile of eruption_ on: steady state (sixnilar to tilt:
change points in these data, sets dt_: not_ coincide, tiom0gcneous Poisson process), Ho z9'3° modeled
Eruptive activity was considered to be controlled, by a, publislied_ eruption data for a range of voic_moes using
bahmce of several_ contributing factors with, tile net tile nonliomogeneous Poisson models. These modified
history of eruptive events behaving as random Poisson, processes provide alternative models to tile
nongtationary,events, Sibmific_mtly,theyZ3recogmized_no, approach used by Mulgaria et ai., z_ where regime
correlationbetween tilt: volume of large flank eruptions ctianges are identified for w_lt::moes and_each regime is
and subsequent inter-event times, treated ,as indt:pendent with a unifc_x,'m2.

A numher of approaches to estimation of w_l_mic In a related paper, Ho :u_ attempted time-trend
reeunwence rates have been,basedlon,assessments of tile analysis of past patterns of basaltic voh:anism in tile

time-volume relationships oferanptive eventsat volt:ante Yucca: Mountain retgiona Fie estimated tilt:
centers an¢t for volcanic fields. BaconZ4 suggested that instantaneou,; recurrence rate of v(gh:anic events using
basaltic and rhyolitic volcanism in tile Coso volcanic a nonhomogeneous Pott;stm process with Weibull_
fieldofeast.-centraliCaliffn'nia extlibits time-predictable inten,,dty, The time trend am@si,,; was based on,
behavior analogous totime-predictable seismic models, episodes and_ ag(: c'ycles R_r tilt: regiom Tile
He related these observation,'; to tile tectonic control.,; observationai_ interval ranged fl'om I2 to 1.6 Ma anti

of tile extensional patterns of deformation fbr tilt: varied assumptions were used, for tilt: nature and
setting of tile w_lcanic riehl, I(untz el al;,z5 pre:;ented ctlront_lc_gD,ofvoh:anic ew:ats at Im:;altic centers. Using
data indkatting tilt: Holocene and Pliocene eruptions of tilt: nonhom_geneous Poi,';son mo|lell Mo3t estimated
the Great Rift Jn tile Snake Rivet" plains of Idaho, sliow midpoints of tile tim{:, intmwal for tile next eruptitm,
steady-smtevohnme-predictai_h: behavitm He. ictentified These trite(vg:is ranged_ ft,ota, 4:2 to 0:6 million yem.'s.
a possible change in magma otxtput rates on a plot of For all but , one estimation, a slight developing trencl
cumulative magma volume versus time for tilt: Great was ith:ntified _// values of L09 to 2.55), Ho at
Rift basalts. Similar plots were used: by Wadge za to concluded i on this ba:;is, thai a simph: Poisson model
describe steady state behavior ofpolygeneticvoh:anoes, could underestimate tilt: _it;k of vok:anism R)r thf:
King z7 described volume predit:tability fc_r tilt: potential Yucca Mtmntain sit(:. I-[t_wever, tilt://v-rh|es
cumulative magma wglumes of the histot'ical eruptions of > I were obtained in pm-t by assmning polyc'yclic
of [Glauea and Mauna I_xmvoh:ancms. Iqe suggested_ m_uptitmt;at some or allof tilt: Pli{0t:ene and ()uaternary

t'" I *

the volt:ante events respondtt_pres._:|n'edrol_:;prodtxced volt:ante centm.'s. This u.,,q,¢, n{_ longer meets tilt:

in a reservoir from preceding eruption.';. Similar definition of til{: trips(life prol_nbility. Succ:eeding
behavit_r has been domtmented for tile hislt_rit: at:tivity eraxptions at a volcanic center ave depench:nt on the
of Pitcm de llt Fournaise on tile ishmtt of Reuxlioll 2zand prec.eding formatitmof a new w_h:anic center. [l is tilt:

close analobqes were drawn between thi.,;volcano and formation of a newvolcnnic celllt:Y that is (91"com:ern to
tilt'. Kilauea volt:an(3, Past behavior of Piton de la siting of a potential r(:pn:;itt_|y ;lt Yucca Mountain.

Fournaise wins inferred to be dt:scribed statistically by I-Io31argued that the v(dum{: combined with the timing
a Poisson process. 2n "File eratptions were linked: to of voh:anic events ax,e not requi|,ett attributes fc_r
refilling of magma reservoirs modified by external* l_retlicting the frequent 3, ()t: ft:lure volcanic events
oroces._;es sut:h as ear(:li tides. An es:;entiai differenue (lt:spite a si[_ificant negative, cox, rehttion between,these

between tim eruptive patterns of Eta and tilt: Kilauea, attlSi)utes. 2;la This :;ame c{gnt:elql wlts addressed by
Mauna I_xm, and Piton {lt:Fournaise voh:anoes may be Muigaria ct ai:_ for Etna v_._h:ano, They demonstratedi
tile presence, fi_r tilt: latter, of stiallow magma for a much larger data set, thai p_ints of change lte

chamt_er._, regimes in tile time st..ties t_f"tit{: inter-eruptitm times
and outputs of magma volumes d{) not ct_int:ide. This

FIo_ examined, tilt: applicability of the ,;imph: in part, lead:to tilt: sugge:;lion that eruptive events are
Poisson model (homo_reneolls Poi,;son prot:ess) ft)i: controih:d by a balallce of several t:cmtriimting fiR:tt3rs.
eruption forecaisting, [-'It: noted, that while tilt: simple Finally, t-tr33_ sugge._;ted that volcanic risk a_r the
Pot';son model can be used f(_r modeling eruptive potential Yucca Mountain, silt: rdlould be expressett as

a perot:stage relative lt) tilt', r¢:qtm'ett is{_htti{mtime {_f

|! I



lfigtideveJl vadMactive waste (_10_ yrs)_ He eslimnted tt_,a c(m_tant, value ar(,mnd, 2 [_v Pimn_de hl Ft_urnni_;e
ttiat, tile risk of volcanfi;m far tile potentia[i site for 11()_ alldi4! f(_r tile [-Iawniinnm(_)lt:ant,ms, 'File Iiigtier value ft,)r

, yrs is ablaut, 5%. Howe.vet I"{o3v misused* ttie term tilt: Hawaiian voltalnt,)cs may trove resulted from

volcanic visit, wllicti_ requires an, a.ssessment of Pv(,,_,); combining, in tlieir analysis, m,alptit.m, events _(_m botll_

! nor just, of Pr(E1)i tile probability of recutzence. KSlauea_ and_ Mauna Ecru volcanoes. They ta;cd:
Poincare sections to analyze tilt: eruptitm: intmwal_; and;

_! Recent, deveh)pments that may have impt_rlant_ t:tmcluded flint tile resulting retmTn, maps represent

implications for botti understanding and modeling pattcr, n_;ofa dt:terTnini_;tit: s3,slem _partly(wm_lrinted_l_y
complex volcanic systems are dm,Sved from ft'octal noise. Lorenz 39 l|a.,; introcltmed a nt_te of tnlution in

analysis and evaluation, of detenninistitmlly chaotic applying procedures fbr entilnating, tile ct_,-relation
systems. :_-aaa4as' Shaw _ examined tilt: time-volume dimension of the attractor of complex sy,_tem_:. He
fluctuations of the Puu Oo vent of [(.ilauea vol_mo_ thr: suggested unc of tliese approat:lies for systems sucll_ au
hintorric behavior of Kilauea and Mmma Laa, volt:anoes, weatlier or climate may product: tlm Mw wdues. He

tlm growth, of the Hawaiian Ishreds and the Hawaiian- provides examples in wliich the procedures yield
Emperor ctiain, [,-Ie argued that tllese volcanic system_; systematic underestimates. I.x_renz 3_ suggest_ tllat

show evidence of scaling self-similarity. Shaw _ applications of some procedures may me,'mure tilt:
modeled tliese systems using attractor ttteory with, dimensit,mofonlyasub.,;ystem, Similar argqtmentsmu,at
magma transporrt representing an iterative step ill, an, be conrddered regarding tile c_dculated low _

attractor aigorithm_ Duimis and Cli_:minee 37' used dimensionality of tilt: magma systems studied by
fi'actali analysis for mt_deling, the di,atribution of repose Solrnt:tte et ai:'_The ct_mplexity of proce::ses of magma
periods of basaltic voltamoes of Pimn_ de la Fournaise, supply, evolutit.m_ and eralption frt_,n_ stialh_w ma[,maa_
Reunitm_ Mauna Loaand [_ilauea_on, Hawaii, and:Etna chumbers which_ interat:l wilti tilt: lt,)cal stress field_;

volcanic, They applied a Cantor dust mt_del assuming allnost certainly requires tiigtltr (:ol_elatitm,dimensitm,a.
the. distribution of volcanic events in, time is a st:ale- So_nette et aL :m were unabh: tt_ deveMp _nonlinear

invariant process wlmre N i, the number of repose foretru;ting procedures from ma_ptitm data largely
perriodi; of lt:ngth:t i are related by Nj = t '°'(power law) because of insufficient data. "Iqiey ctgnt:hulettwith tilt:
where D is tile fractal_dimension of tilt: di_;tril:mtitm (_() general challenge that flwther annly,;fi; of this type

< D< 1), For oceanic ht_tspof volcani,':mi tlley 37 [_9und; would require oi_taining higli4]unlity data for multiple
two reFimes with stmvt interval_ erruptionu hnvinv D = phy._icai parameters wllich can be rt:latt:d tta tilt:
0i3 and erruptions after large intervals having D = 0.7, @namic2; of evolutitm _f a vtoh:anic :;ytaem.
For Etna voh:ant_, they tbund;a single regime withD =

f)_75. They ctmcluded that tilt: four .,;ludied volt:ant)es At present, tilt: number of retnurrenct: m(_del:; for
dt_ not follow a simple Poisson process and are belier voh:anic centers and riehl,,; are varied and: tilt:re is ht:)

mt_deled u:;ing a plower law relatitmship, ctm.,;en.,;us (:tmce_rning tilt: mt_s! appli_:able mt_del l:br
different voh:anit: s3,stcm,,;. Fonr clear ctmchl.,;it)n_; are

Sornt:ttt: ct ai,, _a in a provocative paper, (:on,,;idered apparent. Firstl tilt: paqmary ditticulty with modeling
tile questitmt)fwhetht:rsequencest)fw_h:anit:eraq_tit)nt; volt:slm: events i.,; attributai)le to limited data. It i.,;
arc: demrmini';tically chnt_tit:. They argued that= tram ditTficult_ tta oi)lain, a (:t)mph:le dcscrit)titm tgl: pa,,;l

randtgmm:ss in a voh:anit: system could result; ftore two volcanic events. Mort:twer, tilt: number of events i';

_pe of dynamics. The firr;.,t i'; a :;y.';tem tmving= many gt:nerally mar[phai for mnthematic:fl almly.,;is. "Fht: b,::;l
deg-rees of freedom thnt are ctmpled anti mny dcveh_p oppt)r/uni W figr obtaining large dnta :;et_ i:; :lt
random dynamit:s. The sectmd is a :;yntmn with only a hi,;tt_ricaily acnve voh:anic sy.';tt:m,;. Scctmd, voh:anit:
fewdegrees()ffreedt_myetstiilexhit_itingve_._ct_mph:x events have imlmrtant atlriimtes of liming, spatial

dynamical behavit_r. Tlm behavit_r of tilt: stu:t)ndsy.';tem: It,)catitm and magnitude, who.re mabmitude i.';
could ht: ctgntrolh:dby sen.,;itive (Iept:ndt:nt:e on initial represented as tilt: VO/lllne of an cnq_ti[gn. "I"llt:St:

ct)nditions and ntmlintar processes. Signifi[:antly, attribtltes are often inttr-(:t_rrehllt:d alld_ l'(:t]l:cl lilt:
analysb; of time secluent:es for tilt: sectmd;systemi which ct_mplex proce:;.ses of magma generation, anti chamber
have been called determini,';tically clintgtic,3 u are and:eruptitm:dynamit=. Modeling(gfvt.)h:ani[: event.'; by

classified as rnndt_m processes by all t_viditi_mal analyzing limited.datasets or only tilt: timing (_fvt_h:anit:
statistical tests. Sornt:lte et al:, :_ applit:d two tesi:; eruptitms may Ix: an, oversilnplitit:ati_m (gr tilt:

conventionally used to discover pt_:::dble dt:terminfi;tic t:t_mplexity of tile s3,stems. Third, specific v(gh:anit:

dynamics to repose period data fi_r voh:anic era_ptions (:tinters and= field.,; exhibit: a speclla_m of behavit)r.
of Piton de ht Fournaise and Kilaut:a and Mamm _m Generalizations of pallets,; observed at one voh:ano or

volcanoes. They ct_mputed tilt: dimen:;itm D of the voh:anic s'ystem are proi_ably nt._teasily applied to other
attractor a_; a flmctitm of tile dimen_;ion, d af tilt: voit:anoes or systems. Aa_ impt_r-tant diff_:rem:e whit:h

eml_edding phase space anti ftmnd thatD(d) satur:_les emerge:; from existing dnta i_: thai tilt: presence or

II!



aSsmu:e (offsllnlliowtunumlll mngma_ t:tmmbers slrt,mgly' st,cady,,-sm_e,_ dCc_ea_ing_, <oi_ COmlH_X/._liaot.ic.
al[eels evuptit0n, pate:vm;, Finally;. newly: emerging. A_,gum:ats can, be made concerning the magnitude of
cumt.,epts of free:ai! analysis,, andi detertrniniutie ctiac_s errm_s eveatedil._y' ansuming.a* simple Poismn, model_ for

' offer :lte appeali of explaining tile differences in, eacli,oftliesefourlms_it_le pat.terms. Fil_ts, ifreeurrrenee
interpretation, of erul,_tit,m, patm_ns using, standardl rates ave incre_Mng;wsimple Pt0i_;srm,modi_l!would!tendi
statistiuall approaclles, W,lietIit:r tttis _pt: of analysis to, underestimate tile [ht,are recurTence pate. 3_' Tlii_;
p_esents new. pt_ssibil%ies of est;ablistiing wouidinot, provide an_aceeptablt: estimatit,m,of volcanic:
dett:rmini_tit:ally _lmsedl metttt,_di; for predit'ting til:are risk. Secondi a, steady,.state system,is appropriate tQ,tlie

volt:anieactivilyremainsto,l_eexph,mM_byfuturewovk, applit:atit,m, of a simple Poisson_ model_ Tliirdi
decreasing vole.ante recurrence rates would lead to

RECURRENCE MODELS.' YUCCA MOUNT_ _ overestimati_n,_f reclwrence rates wliicll_would;produce
REGION! a conservative assessment, of vc_lcanic :risk. Tliiz; couidl

prove to,be an aet:eptable metliodi for definingvoltmnit:
An assessment of tilt: frisk of future volt'amism for rii:k it: it, can, be shown, ttmt, even witti tile canne_ative

tile pt,_tential! Nut:cut Mrmntain, site is restricted by tile appr¢0acti_ tile dr:fined frisk still' meets tilt: re_pflator,y

small, number of p_mt, v{01eanic events, Tlle iimiteffdata guidelines. Finally,, errors asst,_ciated wirli,
mare it, virrtually iinpr)ssil_le tr,), eit ltt'.r test or ct.)mplex/clmotit, patter_,; of voh::ulic activity are mitre
discriminate time-distr_imtit,m,mt0del,_,ofvolt:anit:events, diffimflt, t{_, estimate. [--[oweve_, ii' tlie :observation,

'Flit: t_ptitons available for assessing, volt:ante rrislt are pe_it0di of tile recordi of pa,';t v_,_leanit: at:tivily' exceed:;

eittier to, reve_rt_ to, tradit.it0na/! mettit,_dg (_f tia'zardi the t,angc tfr, ct_mplex/ctlar_th: l"Jut.,tuatjt.ms: ({parrticularly
assessmt:nt, wtiit:ti_ are rot._ted:, in, .,a,I}jcctive judgmnents iti t,tie patlm,'ns; are dete_ninistit:ally clia.t_tit:)i tile range

(.)t1t.gat;bgctd/,_git, pntte_ns _,)_lt0, at.tempt, tt,yq tm_ltify (.)r t0t',past, cllanges may be l:_,,mm:led[ W.e al_gut:, R.n_two
bl.mhd tilt: prol_lem, tllr ougtt_ pi:ol}at}ili.,;lit: assessment; t:[_mpellIng reasons, that, tilt: httler two, _pes of errors
We have ctio:_en, tilt: optit.m of attempting, to quantil._: are tile most, likely to, be ent:(,_unte.red_ fi,_r tilt,. Yum:a
_isk at_sessment tht,mgll_ u,,;e of a. simple Poissolv modeli Mountain, regiton, andi may, prove to. be aL,ceptable ft.n:

Tlie advantages of tIii:; appn,mcli_ are that, it is _iskstudies. "Flit: fimt, reast0n,ii; tlial, l'mSt-PIh._t:ene time-
t:t.mceptually simple, at;sump/itgns of the metht._d are v(._lttme-ct.._mp_,_sitit,mab pat te_rns of, bnsaltia: voli:anism in_
definedi and the pt_tentialIerr(._rs usingtliis mettlod'ean, tile Yut:ca Mountain, rebrit,nl, are ctmt;islent witli a.

be constrained. Staled simply, tile ju_tit_a:atit.m, R._r tile waning:syslem, _'_ Tlm set:tont.t_ reason, i,; tile:, tilt: pett:na
use of a simple 01omt_genet_us)_ Poisson, modeli fi,_r tile o[: tl.wmatitm, o[3smaili volume, spalially_ i_a.flatedi basal:it:
Yut:ca: Mt,mn:ata voh:anism,data is ttlat: ii: represents tile voh:anit: centers Ims persisled_ in, tilt: Yut:t:a Mount:fin,

mt._:;t:direct approach=toprolmbilistia:atsst-,:;slnents based t_ebrit,)n,[i._r alint._:;t, 1('1 Mm ¢' "Flti_; pin,it,Mt equait; and,
on. a_small _data set: "Flit: simple Poisstm rood:li dot::; :xr:eel.tS ttie litEtimes oi: evolutit_n, of most ba_;allic
rHgt. inlrodtu:e unwar.-rant¢:dl t:t.)mplt:xity: Moreover, volcanic f_t:Mi; iii: tilt'. _.;t._ubtiwt::;te_ll, Utfitedi Slates.
because of tilt: smail_ dill_t =st:l;, mt.Mt:IS int:t._porating These c¢,msl_aints suggesl, lth:l, tilt: ret:urrent:e

otlter parameters do not: gent:rally yield_ subslarltiaily eslimati{,ms c;ul _be boundt:diwit]i.,at:t:ept:fl}h: assurant:t:.
differ:lit, re:;ults. /Mmli.)gie:; Call, I)t'. di,ewa tr.)

eaFttlq!mRe ot:mn_rem:e modt:l_; tbr st:i:anit: llazard RuvisedCalmtlatitms of'El
analy';il;. Matliemut'it:ai_ |::pl:es:ale:it.m,'; oil tmNhtluake
events have ev(._lged ;Is knt,)wledge tfr. lilt: mt:uhanisms 17.:vised', calt:ulations c)t; tilt', ret:lwFellt:e Fail: t.)t:
diqving eairthquake events has impmvedi 'u_' "File trentta volcanit: :veals {tEll)are t:dmhm:tti in'Faith'. I; u,,;ing Iii::
in, seismic vi_:k studJt:s has been_ t{_ use a sltgt:tiastic mt,),,;l cui_rent, inft_nlnntit0n, ft:ore silt: ctttarat:le_izatitm,

approat:ti wlien,ttnta, are limitt:d but_ tt._,attempt_ to,apply startles, A simph: Pois';t.m, mtodeli i,; as:;umett, Tile nnly
more deterministic mt,Melt; as an, increased req!,i_ement llov ira:lading, events in_lilt: t:alt:ulillitgns Jt;

understanding of st:it;rate mechanisms is obtained: lh;lr tilt: eVelllb resulteM_ in_ tilt: ti,)t_lnatit.m, of a new
Volt:ehi:: recurrence mt.Mt:ii; are in, tilt: infancy of vt,flcanit: (:t:ntel_ and tile t:hr(mt._h,lgy:is :;uff_t:icntly welli

development with applit:atit,ms deveh,_pt:di primarily fi,_ e.sl:|blistiedi tt_,brrou p tilt: t:enter,._; by a_,t: [two.gr(,ntp:;: 1_)_

Iiiste|_ically active voh:anic centers. 1Even_h;ss i.,; known Plit,)cent: anttl 2) Plit,_t:t:nt: anttl ()uate_ntu,y]', The

about patte_,'ns:of smallivolume, basalt centers _pical of volume of vt._lt:anit: events is nt,_t u.,;t:tt!in tilt: catmdatit.)n_;
tilt'. Yuctza Mountain, area, I:-tcre predit:titons are and tile ctlroiloh,)t_ prt.)l_h:ms tbr lilt: younger voh:anit:

required: [igr tile timingi eraqgtive bt'.tiavJor and; spatial_ centers aFe llt.)l signifit::u,,t, in this a,mlysis. Addititmali
Iot:atit,m_of flm_re sites of small(voltune Imsaitic cenlers, t:almdalirms using a v(,flumt:-trigge_vdl simple Pt._is:;on,

ro:Mt:l! willi ht: dest:l_ibedi in a separate paper. "Flit:

Application of a Simple Poisstm Model tMlowing i:; a summary t)f t_elff and t:tirt,mt_ltggy data.

treed tt,_ group, tilt: vole:mit: events:
Four temporal pat:ro,ns of volcanic at:tivity are

pt_ssible for the Yuct:a, Mt_untain, region: int:reasing,. 3,7 Mat Event: 5, v(dt:anit: centers clustered on a

lilt



notrt,tVt_rending:alignm_mt;hl,Ci_ater, "Flth,sly, C_anyon, t,uff (!8;3, Mw)_, oventit_s t,tit: t,uff.
Flat. Exmnmatfi,)n, of t|tt_ mcs;r slh0ws tltat, it_ (:ml_;i_:ts oil

2'.8: Ma, Event,." li volPanie eente.v in, flh,. mult il_le lavw flows, evupted! from, a, clmaer, of; nol_ttb-
norrt,lleaut_ moati zone (0t_ the t;rending, sec0r_a, ecorles, ma_Rixllr, tile liiglb.starldixlg,
'Fimi,_er Mountain_eaiflimv toi,9og!_apli Y, of tlte lawv mesm "Flit: get_mo_plti(:

(ibasalti ot_ BUekboardi Mesa)l p_reserrvation, (of tile. lava) flows ;mdi eoale.'medi-seol_ia,
Ii.2 Ma, Event: 4!volt:aniu center: elUstevedi on_ (:ones is:sugg(_stive of a, ponsibi_ Pliot:(me- age _4t-5, MaL)i

a, norrt,li_-trending alignment; in, We ltave sul_mittedttltc, s;unplt_s a0r K-Ax, andi_'._@9_ta_
'_ centeall Crater Flat; age dL,tel,'rninatitm_;. IBet:auue tlm lava, mesa, i_;ltot:altnti

0,3 Ma_ Event: 2' volt:ante eente_ elUsteredi on, on, tlte C_7_L, we liave in(:lhdedi it, in, one set, of tlie
a, nor_heast,trendt 4:.5, km_ ret:utrmnt:e rate c_tleultttionn. Tliere are an_ estimated_

no_rtllwest, of tilt,. Yuet:;r tlWet,, centers annot:iatedi wittl_ tlti,,; volmmit: feature,

Mountain, site (li.tomtit, of

Slimping. Butte)i 'Flte calt:ulations summarizetf in, 'Fabli: I_ were
•<0tI_ Ma, Event: 1)volt:anie center loeatediat_ tlm coml,_lt_tedi over a span, of move tlhm, eleven, years,

soutt_t endi of Yut:ca_ Mountailh. Tltey/ use different, distribution, mt0di:lt; of w01t:anit:

201 k.m_ fl'om_ the potential! site events. (_simplt: Pt0i_mon_ volUme_trdggered/Poi,_soni.

_Latltrolo, W,ellt_ center)i Weil._ulli pmt:ess.)_ Ttie recun'ence _ate calt'ulatit0m;
e;mge ft,t0m 10 '3, to, 1(')!7 events yv I', "Flte mean, valtm

Recent, ret:onnai_)sanee fielHi studit_s, lmve sliown. (_geometlrit: me;m,))of ttW. ret:m_renee rntes (of 'Fablt: 1:i_;.
that, a_lava, mt:sa, lOt:sled!g. Rilt0meterscant, of tile I:_m;all, 4'.01 x I(')!_' e.vents ye v. 'Ftti_ i,,_ equivalL, nl, tr,)) flit:

(of Slt:eping. Butte,. wliit:ti, w'm tliougtit, tO, undt_vlie file l:'omnation, of ;r nt:w v(01i:anit: (:t:nter.. eve_3,<25(.1)Rm 'Flit,.
column, t.itli:di (]mtte_rnal,-y ]_vents (,)n_'Fat_lt,. I_ in ItW.

TABLE I: VOLATANIC RECURRENCE RA'le (tElO_

P'('JB'IL,ICA'_ONI Er¢ENTS _r't)> QUA'Ie,RNA:RY RA'le' MODEL TIM,E (dYla,)>
EVENTS'

Crowe andi Catrr, 1980) 4:0E-6 7<.2 Pt,)i_;._on:Cone Count, E8 2:8

Crowe, Jot|nsoxh. and; 6dlE-7 to, E l_E-6, l.:l_to. 1,9:8; Magma OutptH, (_2'101m3, yr- Ii)> t).8-3i7'
13cckmanl. 1982' 9:4E-6. 1:7;.li l)oit;s(m: C(.)Ilt:(S()IIIll lt._;g

&4E-6, 1_1_.5, l)(oil;sont COlII: Count, 2;_{
8;0E-6 1'4_4 Pott;son: COl|t: COllllt, 3;7

Crowe et al.,. 1989 2:8E-5. 73. Magma Outt)ut (t33' m3 yr-1_) 3'.7
(_Latllrop= b30 ka,),

7,:0E-6, 1,2.6. Maglnn, Output, _1:33:m3 yr-. 1_)> 3;7

5.01=_.-6, 9:(1_ Magma Output, (_()()m3' yr-19> E8
_Uttlh'ol):= t,30 ka_!

3:2E-6 5,8 Magma. OUtl)Ut _66, m3. yr- 1+), 1_.8:
(.:',_tttrop = 21) ka,)i

Crowe and Ft:n%. 15_)0. E9E-6. 3',4 Magma, Output. (!33,mB. yr-1_), 1.8
_lLatlirol)= lq{};Ra_)i

1).6E-6, 2:9' Magma Output< (,33 m3 yr- l)) 1'.8
(,,Eattirop = 21)>ka,)_

I_oi 1.991_ 2;3_-6. 3,7 W(:ill)uli_ Epimde b2
5,01E-6. 8;0) Wi:ilbullt Cyclt: 3:7'
6,21E-6 92!)' Wellbuilt Cone (.%mst, 6,0)
5,5E-6, 8;8: Wt:ilbullt Com: Count, l.I),

"Ftlit;,Rz:l)orrt, 3_9E-6 7,2 |){'_iSSOI1, COIW. COlIIII_ E8
ET,E-6 3,6 Poii;son, Clm;tm: Coulll, 1_._,{
3;5E-_i, 5,4' Pt_it;,_onCoiw. Cc}llil|; 3,7
L3E-6 2.3 Poi_;:;on Clu_;tt:r Count, 3,7
3,2E-6 5,(1 Plait;son, Collt'. (_-'Oilllt_ 5"(');
1..2F_-6 22 Pott;son, Clm;ler Counl, 5,01

• (_alcttllltodittttmlk, w, ot;_oRatlk'.eYetnt; luoje_-'ling tile tet"t|lrent_, mtt_ [()! tile Qtmlerniily Itel'i(_:li l'h_P. were ]_ttl//' _,mR'..'_nk' t,xetttt ittdile Ytit_a Mtnutlnin,tegiovldltdlle (_ttalt,ttlaly,



exl,1)al_(dittedi mtml_)ev {,)I.1voll.:an/t: (:t:))t(:_.,_.l_,nrm(:dlin, I).B 'Fib t ll)m l,JWoul_ll, 1,11(:data) i_: a) dil;tam,e-weigllted!

Ma, _Qunmrnnvy l_(_fitod_)_using imlividtmli vemmrmw(_ li,.a,,;t,-,;quur,e._;.t:i(, am,l) it;. ut:(:dl tr0, m;;;esr, t.lle llmm_(,y,,
ii;lte:;. RL't_tlITL_n(Levatt_s, t,/hH(Ltiv(_"IntOi_et,lhln_ (,:li0u[_/t_o_ (Isl,1)uct_wa/)(.'c011t,2_o1_))(,)[)t,J_t_. vent, dJ/_l.l_Jl.511tJ(,)ll/;.Fi_ul, e 2

,, l_ss. t,ltan, oneqial_ flit,., number ot_ events in, tilt,. Yut:ea_ ii). a, simiitw plOt_ f'ov t,ltt_ Cima, vol_'anie Ht:M) siting,
Mt0untain, vegiom ave judgedi to, I,_e unreali/_tit" lt0sat,/tms of Qtmt(_vnarry/vents, from, Dotirenwendi et_
gt,.ol0gieali_: If.-,t,ttese vatt,.s: are vemevedl Dom_'Fabl_ IL al{4'_1_1_'Tile (Clll-lll_vent, IOr.'lt.ionu. are more diupe_edl

tile wflhes cltu_tev in, {,tie pang(,. (0f;l_,x 1:(.)!6' events yv_). t,thm_ t,tlt,. Lunar Crater ventsi,/mi,_lying, less. strruetuvali
Tlm numl,_ers in, t,tlfl_._ang¢ ',irt: _:onsidiwed_, I,_eeause (0ri _:ont,vol) (0t_ venti lt0t:at,it0m_,fi0_ t,lte. [i,_trrnev t_elt,.t_ "[rlte
t,lie nnt,ure of file. calt:ulilt;iont;, to, I._enot, different_ wttem numi._er of idiznt,ifiedi Q.uaterrnary,, vents ti0_ eact|, fit,.lt_iis

.judgedl in, file l_erSl_et:five oI_ t,lie undi=tdying, somewliat_ aflfitva_,-y; I_ ttie._e was: tlnt:eITtaiilt_/ in_
unt:errtaillties. W,i_ note t,thtt, after over a, det:ad_. (of Quaterrnnry: agr.. as:_ignments,, we st(cwed_ tlm diita,

c{onuidi:ration_t.ttt,._e ltave I,_een)nto,sigl_iHuant, cliangt,.s.in, towardl lliglhw vent/mounts, 'Flit,. vents counts, can, be
t,lte ret:ut_enee _at(.. _,ali:ulhtit0ns: for volmmie events im _egard_,.di as: mmximum_ 'Irlte_e. are 82vents defining 28:

t4ie YIlt:t:ll)Mountain, regiom Moreover,,ealCulations by/ eltum,.rs of Qtmtewm_.'ag¢ in,tj|t,. El_ntlr Crate_ vol_:anit:
ot_lie._ wovktws using, dil!fe.rent, atgproat:ltes: _ ;irt,. fit,.l_i ant,t; 29' vents in, 22 elt_ntm,.'s in, tit{,. Chnw voltz:mie
censii_tent, wt{ii, our t_esults, fit:lr:lt A ells;tev inulUdL,s. elt0_m,ly' spacedl groups (of vents

t)ttnti I_rot_nMy, sltnredi a_commt0n, feedi_r dire sTstemt

'File unuerrtainty.of, file _e.t:uvrenc.e rate (:alt:uliit,Jt0nu.
d;lllllt0ti Ibr'.quantiHt:dl at:t:tlratt:ly/I_)et:lill,';e ttie dhtw are R'et:urrent:e rates oJi volttanit: at:tivily, ['tor I._tot,li)
tt0(,_limitedi to, attmnpt, unt:e_ainty, anui_,si_;. However,, volt:anti,: fit,.lid_ can_ I:_eestimatedl u,,;inga simple Poi_;son,

[_(011IldR t011 (:t,)lln(tlWIl|.iVt: l_a|t_S, (,)t_ aet.Jvity' can, I._t'. mto(.:lid!. Rates ti,)_ t,ttt,. L|||uw Ci_ater fielt..tl mm;t, falll
e.'¢tabli_dlt:tt! by.' examinlll,Jt,m_ ot_ {lh: _m:uv_ent:t,_ Dates. td! I,_t_.tw(:t:_l_4! x [:(,))_'t:venl_. y,lf _'_vmlt({:(,)unti)) andi It x I'(_)ls'y,l_
volt:anl(: a{:tivity, in, ot,lim_ I,_ateait.J(:voleanii: field.q. Hm',t.,, t_(_{:lh,,;lercount,)_ 'Fliig it_eq_fiv:fli:nt, to, t.th: fi0lrmation)oti
ttmre lmve been, a, suffer:lent, ntlmi_ev oi.ivolmmit: {:vents a, nt:w vt0ft:anit: center or clm;tm_ every,22;0{,)l))t(0> 1001001))

to attempt, statii;tiual_ anal_,:;iu, of rc{rut,Tense rates, years; Rates. f_,_rthtr Chna volt:aniu fit,.ldlare between)2'
Ht,_wcvc, r,. ttic majo_ limitat.it,m,_ (0f tttii; ty,pe of; analysfl;, x [(} 75`yF "1! OVellt) t.q,.)llllt;));llldi li x I(') !5' yr "l' (_dtu:tm_ Ct')tlllti)t

axle t_vofoltJt 1_):,(:titoic:e (,)f t.inne,-die_tvil_utiton_modi,.li; andl 'Flli_: lr. equiv'dt:nt, to, flit,, fox_matJcon_{0f a_ n(:w' voluanit:
2)_ inadequate ctiront01Ol_,' diitm 13et:au_m oI_ tttese e(:nter or clla_;t(:r evt,._/5(,)_(')1,)1)ito, 1(')0_001)_y.eal_. T]it _.
limit:ltionu, we again_ au._umt= t,liat, t,ttt: di_t_ibut.it0_l, (oi! vt,.nt, density, of t tie Lmmr Ci_;ltt:ll volt:mm: Ht:ld_(numl_er
voh:anjt: events in, t.ime in, tiles{,. [_elidi_:are Pois,%m,- ot! ve.nts per kin;'))apl._Voadtes valUes ti._r t,tie lliglmst,
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wollli.][4(i We mart: t_vt,), ai_gumt:nts dt0nt:elqling, tilt:

"Fll¢_voikanit: ct:ntt,.rs t,)f {.tie "Yucca, Mvmnt:lin_retgit.)n_ siglfit:ir;ln(:t: el')t,h(: data, for t.li(: ILt,.imv c'ratt,.r andl Cirus,
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States. Tilt-. CFVZ i_; towardi tlm endi ii; not_ an, end, {,lit'.i_;olUti{o||(l_e;_it,)dlt,)tlr:ldhom:l,Jve war;It: _lO_[')!)0'years)i

meml_t:r, of the. smullt:st, fit:li.l_;,dt:velt019t:t.llin, tilt: we:_lt:_n) Strut,mali tlie rt:t'lli_r(_nt:t,, l!;llt._sIi,)l_tilth.Ht-_ fit.'ltdt; provide
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Figure 1) is a, plO(, of tlm li,_(:atit,m (,)f Qual(.,rmwy FUqTURE DI_RECFI(0NS.
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t:oerdinat(." for ttiis tglot, for t:onvenientm of data analysh_. 191iy._i¢:;ll_bounds from, otJier field_; realS: it_unliltely tllat.
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