TIME TREND ANALYSIS OF BASALTIC VOLCANISM

NEAR THE YUCCA MOUNTAIN SITE AW
Chih-Hsiang Ho

Department of Mathematical: Sciences

University of Nevada, Las Vegas

4505 Maryland Parkway

Las Veges, NV 89154 (U.S.A.);

A Final Report Submitted to the Nuclear Wiste Project Office

State of.Nevada

. September 30, 1991
; . 300002

| Uj m,
" 921002 20N '
PDR. GASTE T10930 % ~ l\HJ‘rO9
WM-11 PDR |

— - e r—tn o X7 o . o

e




U

t(‘

OBJECTIVE OF THE RESEARCH

The task of quantifying volcanism at Yucqa Mountain is as complicated as
trying to predict the time of the next catch only based on a few piles of dead fish.
[People would debﬁte on the unknown fishing technique(s) used (fishing net, a single
hook, etc.) to define a; single event. They would also disagree on the freshness of
each fish measured.] The issue of the high-level nuclear waste repository at Yucca
Mountain has many geological and political considerations. Some proponents of the
repository will denounce opposition based on volcanic considerations as farfetched,
while others will insist that any risk of site disruption poses an unacceptable threat
to population. In the belief that a decision based on available information and
educated estimates is preferable to one based on ignorance, the challenge is to
adaress the question: Does the possibility of a volcanic eruption pose a great enough

risk to the public to disqualify Yucca Mountain as a nuclear waste repository?

MAJOR RESULTS
I use a preliminary data set based on the Quaternary volcanism (< 1.6 Ma)
in the AMRV to demonstrate and check the sensitivity to the models used to predict
the future eruptions during the next 10,000 years.
Data
There are seven Quaternary volcanic centers: the sequence of four 1.2-Ma

centers in Central Crater Flat, two centers of the 0.28-Ma Sleeping Butte site, and

the Lathrop Wells center. The age of the Lathrop Wells center has been refined from




)

the original 0.27 Ma (Crowe et al. 1982) to 0.01 Ma (Crowe and Perry 1989). The
sequence of four 1.2 Ma centers in central Crater Flat includes Red Cone, Northern
Cone, Black Cone, and two Little cones. The dates are: 1.2, 1.2, 1.2, 1.2, 1.2, 0.28,

0.28, 0.01.
Sensitivity Analysis
Three models are considered in the following analyses:

1) Based on the assumptions of a simple Poisson model, the estimated recur-
rence rate is A = E/T = 8/(1.6 x 10%) = 5 x 10~%/yr (see Appendix I, Ho
et al. 1991). The estimated risk (= 7 = probability of at least one major

eruption for an isolation time of 10* years) is about 4.9%(= 1 — e~10*}),

2) The second model estimates the instaneous recurrence rate using a nonho-
mogeneous Poisson process with Weibull intensity and uses a homogeneous
Poisson process to predict future eruptions. In this case, A=55x10"° [yr
and # = 5.0% (see Appendix II, Ho 1991).

3) If the prior historical trend continues, the second model can easily be updated
‘to incorporate this requirement. In this case, the estimated risk is about
5.3%, which shows a slight increase as compared to a predict.ive homogeneous
Poisson model. '

FUTURE WORK: Modeling of Volcanic Disruption
Crowe et al. (1982) assume that every eruption has the same probability of

repository disruption p, and provide a point estimate for p(= a/A). Their estimated



values of p range from 10~* to 10~3, The calculations are based on a fixed value of
a(= area of the repository = 8 km?), and several choices of A, an area ranging from
1,953 km? to 69,466 km?, corresponding closely to a defined volcanic province and
satisfies the requirement of a uniform value of A\. This approach offers computational
simplicity. However, the existing data base is inadequate to reasonably constrain
A. A more informative approach 'to model the volcanic disruption of the repository

is in progress.
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ABSTRACT

Investigations are currently undervay to evaluate the impact of
potentially adverse conditions (e.g., volcanism, faulting, seismicity)
on the vaste-isolation capability of the proposed nuclear waste
repository at Yucca Mountain, Nevada, U.S.A. This paper is the first
in a series that will examine the probability of disruption of the
Yucca Mountain site by volcanic eruption. In it, we discuss three
estimating téchniques for determining the recurrence rate of volcanic
eruption (1), an important parameter in the Poisson probability model.
The‘first nethod is based on the number of events occurring over a
certain observation period, the second is based on repose times, and
the final is based on magma volume. All three require knowledge of the
total number of eruptions in the Yucca Mountain area during the
observation period (E). Following this discussion we then propose an
estimate of E vhich takes into account the possibility of polygenetic
and polycyclic volcanism at all the volcanic centers near the Yucca
Hountain site.

INTRODUCTION

The Yucca Mountain region is located within the Great Basin portion
of the Basin and Range physiographic province, a large area of the
vestern United States characterized by alternating linear mountain
ranges and alluvial valleys. Crove and Perry (1989, figure 1) divide
the Cenozoic volcanism of the Yucca Hountain region into three episodes
that include 1) an older episode of large volume basaltic volcanism (12

to 8.5 Ha) that coincides in time with the termination of silicic



volcanic activity; 2) the formation of five clusters of small volume
basalt scoria cones and lava flows (9 to 6.5 Ha), all located north and
east of the Yucca Hountain site; and 3) the formation of three clusters
of small volume basalt centers (3.7 to .01 Ha), all located south and
vest of the Yucca Mountain site. The two youngest episodes form
northwest- trending zones that parallel the trend of structures in the
Spotted Range-Hine Hountain section of the Walker Lane belt. Crowe and
Perry (1989) suggest a southwest migration of basaltic volcanism in the
Yucca Hountain area based on this structural parallelism, a pattern
that may reflect an earlier southwest migration of silicic volcanism in
the Great Basin. Smith et al. (1990a) suggest that there is no
preferred migration trends for post-6-Ha volcanism in the Yucca
Hountain region.

Concern that future volcanism might disrupt the proposed Yucca
Hountain repository site motivated the assessment of the volcanic risk
to the Yucca Mountain area, located within the Nevada Test Site (NTS).
Crove and Carr (1980) calculate the probability of volcanic disruption
of a repository at Yucca Hountain, Nevada using & method developed
largely by Crowe (1980). Crowe et al. (198§5 refine the volcanic
probability calculations for the Yucca Hountain area using the
folloving mathematical model:

Pr [ disruptive event before time t ] =1 - exp'Atp,
vhere A is the recurrence rate of volcanic events and p is the
probability of a repository disruption, given an event. The parameter
p is éstimated as a/4, vhere a is the area of the repository and /£ is

some minimal area that encloses the repository and the area of the



volcanic events. Crove et al. (1982) develop a computer program to
find either the minimum area circle or minimum area ellipse (defined as
1) that contains the volcanic centers of interest and the repository
site. 4 is defined to accommodate tectonic controls for the
localization of volcanic centers and to constrain A to be uniform
vithin the area of either the circle or ellipse. The rate of volcanic
activity is calculated by determination of the annual rate of magma
production for the NIS region and by cone counts ﬁsing refined age
data. Resulting probability values using the refined mathematical
model are calculated for periods of 1 year and 100,000 years. Two
procedures (explained below) are used for the rate calculations (Crowe
et al., 1982). As calculated by Crove et al. (1982), the probability
of volcanic disruption of a waste repository located at Yucca Mountain

falls in the range of 3.3 x 10-10

to 4.7 x 10°8 during the first year,
vhich increases approximatély linearly with isolation time.
ISSUES THAT ARISE IN CONNECTION VITH
THE VORK OF CROVE et al. (1982)

Although the procedure outlined in Crowe et al. (1982) represents a
more formal approach to this problem than ever attempted previously,
flaw; exist. The method must be modified because the existing data
base is inadequate to reasonably constrain A. Despite the fact that
there are well-recognized means of gathering data in the NTIS region
(field mapping; determinations of the eruptive history of basaltic
centers; petrology; geochemistry; geochromology, including magnetic
polarity determinations; tectonic setting; and geophysical studies)
many considerations are still unknown, e.g., age of volcanism and vent

counts.



Present understanding of eruptive mechanisms is not yet advanced
enough to allow deterministic predictions of future activity. The only
attempts at long-term forecasting have been made on statistical
grounds, using historical records to examine eruption frequencies,
types, patterns, risk, and probabilities. Reliable historical data
make possible the construction of activity patterns for several
volcanoes (Vickman, 1966, 1976; Klein, 1982, 1984; Mulargia et al.,
1987; Condit et al., 1989; Ho, 1990). Uhfortunatély, detailed geologic
mapping of volcanic centers is in its infancy in the Yucca Mountain
area. A formal structure, with conclusions depending on the model
assumptions, needs to be developed to evaluate volcanic risk for NTS.

This paper investigateg important parameters required to calculate
the probability of site disruption and provides estimates for the
unknown parameter(s) that are meaningful both statistically and
geologically, taking into account the limited availability of precise
ages in the NIS region.

The Poisson Nodel

The application of statistical methods to volcanic eruptions is put
onto a sound analytical footing by Vickman (1966, 1976) in a series of
papers that discuss the applicability of the methods and the evaluation
of recurrence rates for a number of vo;canoes. Vickman observes that,
for some volcanoes, the recurrence rates are independent of time.
Volcanoes of this type are called "Simple Poissonian Volcanoes".
Theoretically, the probability formula (Crove et al., 1982) is derived

for this type of volcanic activity from the folloving assumptions:



1. Volcanic eruptions in successive time peridds of length t for
each period are independent and should follow a Poisson
distribution wvith a constant mean (average rate) it, i.e., a
simple Poissonian volcano.

2. Every eruption has the same probability of repository
disruption p. That is, there is no heterogeneity with respect
to disruptiveness. |

3. The disruptiveness of the eruptions are independent of omne
another.

This very brief description is purely mathematical and has no direct
interpretation in geologic terms. Since the Poisson model is both the
state- of- the- volcanological-art (e.g., Vickman, 1966, 1976) and used in
actual risk assessment (e.g., Gardner and Knopoff, 1974; McGuire and
Barnhard, 1981), we do not question the above assumptions in this
article. Therefore, the following statistical development is based on
the assumptions of a simple Poisson model. Of course, exploring
alternative models derived from different assumptions based on detailed
geologic data and statistical analysis would be valuable, as well
(e.g., See Ho, 1991).
Probability Formsle

The probability model of Crowe et al. (1982) is based on the
following relationship:

Pr [disruptive event before time t ] =1 - exp'At’.

The pover series expansion for exp'ltp (Ellis and Gulick, 1986, p. 545)



k 2 3
exp"\tp = g (”\tp) =1- /\tp + g_tﬂ) - ()tﬂ) + o 0 e
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Therefore, the final probability calculation can be simplified as:

Pr [ disruptive event before time t ]

atp- G, O
21 31

£ )tp, for small ) and p relative to t.

The approximation. is reasonable and is trﬁe for virtually all of the
calculations in Crove et al. (1982) since all of their estimated values
of both A (<10'5) and p (<10'3) are small. Therefore, the accuracy of
estimating the unknown parameters A and p directly influences the
significance of values for the probability of repository disruption.
Recxarrence late

The Poisson process is used to describe a wide variety of stochastic
phenomena that share certain characteristics and phenomena in which
some "happening" takes place sporadically over a period of time in a
manner that is commonly thought of as "at random." We will refer to a
“happening" as an event. If events in a Poisson process occur at a
mean rate of A per unit time ( 1-yr, 10° yr, etc.), then the expected
nunber (long-run average) of occurrences in an interval of time in t
units is At. In quantifying volcanism at Yucca Hountain, ve define a
volcanic eruption as an event. Therefore, the collection of data is
directly or indirectly based on the number of eruptionms.

Crove et al. (1982) try three methods to calculate A in their

probability calculations. These are: 1) evaluation of intervals of



volcanic activity for evidence of periodicity, 2) counts of volcanic
events in Quaternary time, and 3) evaluation of the ratio of magma
production rate and mean magma volume. Based on method 1, they
conclude that the data suggest no distinct patterns or periodicity of
basaltic volcanism in late Cenozoic time. Therefore, the data are
insufficient to analyze interval patterns and thus cannot be used to
calculate future'rates_of volcanic activity (Crove et al., 1982). Ve
believe, however, that according to thg Poiéson model assumptions,
intervals of volcanic activity should follow an exponential
disfribution and thus A can be estimated statistically. We shall
demonstrate such statistical sampling and estimation techniques in the
following section.

Based on method 2, Crove et al. (1982) calculate A as N/T where N is
the number of scoria cones and T is the period of time repreSented by
the age of the cones or some other specified time period. Thus J is
the average number of eruptions per unit time. In their calculation of
N/T, they define no statistical sampling technique that is associated
vith the assumed model. HMoreover, they do not provide evidence that
counting cones is equivalent to counting eruptive events. Crowe et al.
(1989) and Vells et al. (1990) now recognize and classify the Lathrop
Vells volcanic center as a polycyclic volcano and hence that some cones
nay have erupted more than oncé.,-Note that the Lathrop Wells volcanic
center is only tvelve miles avay from the proposed Yucca Hountain
repository site. We shall introduce a statistical estimation procedure
to interpret the estimator. | \ ‘

Based on method 3, Crowve et a1.4(1982) determine the rate of magma

production for the NIS region by fitting a linear regression line to a



data set of four points collected from four volcanic centers. Each
value thus represents magmatic volume of a single eruption at a
corresponding volcanic center. The mean magma volume for 4 m.y. is
calculated by taking the average of these four values. The ratio
(rate/mean) is then calculated as an estimate for the annual recurrence
rate A. Similarly, the annual recurrence rate for Quaternary time is
obtained using only the tvo Quaternary data points. We consider this
approach questionable, since a simple Poisson model requires a constant
rate of occurrence, vhich is not the same as steady-state magma
production in a volume-predictable model (e.g., see Wickman, 1966,
1976; Vadge, 1982). Ve shall show that such calculations based on
magma volume duplicate those of method 2, if the rate of magma volume
is constant. MHoreover, we shall also point out that, in this case,
they apparently assume only four (two) eruptions in the NTS region
during the last 4 m.y. (Quaternary time). This apparent assumption
explains vhy their final probabilities based on magma volume are
consistently smaller than those based on cone counts (Crowe et al.,
1982, tables IV and V). |

The rate of volcanic eruption, 1, is a critical parameter for the
probability calculation. Ve shall nowv examine various statistical
methods for calculating A, how the geologic record of volcanism in the
Yucca Hountain can be used to estimate values of A, and the limitations
in calculating A.

ESTIMATION BASED OX POISSON COUNT DATA

In dealing with distributions, repéating a random experiment several

times to obtain information about the unknown parameter(s) is useful.

The collection of resulting observations, denoted Xqs Xy « + =y Xpo is



a sample from the associated distribution. Often these observations
are collected so that they are independent of each other. That is, one
observation must not influence the others. If this type of
independence exists, it follows that Xis Xgy + + +y X, @T€ observations
of a random sample of size n. The distribution from vhich the sample
arises is the population. The observed sample values, X1y X9y o o oy
xn ’
distribution).

are used to determine information about the unknown population (or

Assuming that X{s X95 + - .+ X, Tepresent a random sample f;om a
Poisson population with parameter A, the likelihood function is
n
n i iom
L(A) =0 f (xi;A) =e AT /T x.!
i=1 i
Hany good statistical procedures employ values for the population
parameters that "best" explain the observed data. 0One meaning of
"best" is to select the parameter values that maximize the likelihood
function. This technique is called "maximum likelihood estimation,"
and the maximizing parameter values are called "maximum likelihood
estimates," also denoted HLE, or 3. Note that any value of A that
maximizes L(A) will also maximize the log-likelihood, 1nL(A). Thus,
for computational convenience, the alternate form of the maximum
likelihood equation,
d
- 1nL(A) = 0
vill often be used, and the log-likelihood for a random sample from a

Poisson distribution is:



n n
1nL(A) = -nd + ¥ x;lnd - In( 0 x;1).
i=1 i=1

The maximum likelihood equation is:

d Lox
) lnL(A) = -1 +i§1 X = 0,

~ n Xt
vhich has the solution A =.::1 =1~ = x. This is indeed a maximum
1=
because the second derivative
& IL(}) = - & —3
it T g1 a2

is negative when evaluated at x.

Let us demonstrate this estimation technique. Let X denote the
number of volcanic eruptions for a 105-year period for the NIS region
from this assumed Poisson process. Then X follows a Poisson
distribution vith average recurrence rate g , wvith g = At = 109, 1If
ve vish to estimate A for the Quaternary using the Poisson count data
for the NIS region, the successive number of eruptions from the last
sixteen consecutive intervals of length 10° years (16 x 10° = 1.6 x 108
% (Quaternary period) must be estimated. The number of observed
eruptions per interval are denoted as Xis X9y + + +3 Xy Thus, these
sixteen values represent a sample of size sixteen from a Poisson random
variable vith average recurrence rate y. Estimating the mean of the

Poisson variable from these count data gives

-~ _ 16
p=x= % xi/ 16,
i=1

10
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A 16
and ) = p/10% = I x;/(1.6x 10%)
1= '

y

This shows that the estimated annual recurrence rate, A, is the average

number of eruptions during the observation period (in years). Based on

this estimation technique, A can be defined as

A = E/T, (1)
vhere E = total number of eruptions during
the observation period,
and T = observation period.

Note that for the estimation of A in this model, an individual
observation X5 is not required. However, the distribution of x;’s can
provide information for model selection, for model-adequacy checking,
and for parameter estimation in general.
ESTINMATION BASED ON REPOSE TINES

Vith any Poisson process there is an associated sequence of
continuous waiting times for successive occurrences. If events occur
according to a Poisson process with parameter A, then the waiting time
until the first occurrence, Tl’ follows an exponential distribution, T,
~ exp(f#) with § = 1/A. Furthermore, the waiting times between
consecutive occurrences are independent exponential variables with the
same mean time betweenm occurrences, 1/A ( Parzem, 1962, p. 135).
Several simplifying assumptions must be made in treating eruptions as
events in time. Although the onset date of an eruption is generally

well-defined as the time vhen lava first breaks the surface, the

~ duration is harder to determine because of such problems as

11



slowly- cooling flows or lava lakes, and the gradual decline of
activity. Ve adopt the same definition for repose time as used by
Klein (1982). Therefore, we ignore eruption duration, we choose the
onset date as the most physically meaningful parameter, and we measure
repose times from one onset date to the next. Thus, our definition of
"repose time" differs from the classic one as a noneruptive period.
This procedure seems justified because most eruption durations are much
shorter than typical repose intervals. The mean time between two
events (eruptions), f#, is inversely related to the volcanic recurrence
rate A. Assumptions of the Poisson process are rather restrictive, but
at least a very tractable and easily analyzed model can be proposed.
The maximum likelihood estimator for # = t (Hogg and Tanis, 1988, p.
336) is:

2 e o ol _ -1

f=t=13 t;/myandd=6"=¢%t 7,

i=1

vhere ty» - - ., t, represent values of a random sample of size m from
an exponential population with parameter #. For the NIS region, the
exact values of t,’s (repose times) are difficult to obtain because the

precise date of each eruption is not known. However, based on the

definition of repose times we can calculate:

m R
I t, = time betveen the first and last eruptions during
121

the observation period,
and

n = total number of repose times = E - 1, vhich gives

12



1= (E1)/(1y 1), (2)

vhere

E = Total number of eruptions between TO and Ty, inclusive,
vith

T0 = age of the oldest eruption,

Ty = age of the youngest eruption.
Note that the numerical values of E in both Equations 1 and 2 are
identical for the same observation period.of length T. In practice,
hovever, the observation period for the exponential model (Equation 2)

must be trimmed to a period between T0 and T, inclusive, to reflect

that exactly m (= E - 1) repose times (t; thiough t,) are obtained.
Theoretically, the tvo estimates obtained for A (Equations 1 and 2)
should be consistent, but not identical.
ESTIMATION BASED ON MAGNA VOLUME
Let V be the total volume of basaltic magma erupted at the surface
in the NIS region during the observation period of length T. From |

Equation 1, we obtain

A = E/T = EV/IV = (V/T)/(V/E) = t/¥ (3)
vhere
r = V/T, the annual rate of magma production,
and
¥ = V/E, the mean volume of magma during the
observation period of length T.
Equation 3 is valid, but it also requires an accurate estimate of E for

v. If E (or r) is underestimated, so is 1. The most efficient way to

13



calculate r is V/T. Crove and Perry (1989) present a refined method to
calculate r. They evaluate r as the slope of the curve of cumulative
nmagma volume plotted versus time. It is essentially identical to V/T,
assuming a constant rate of magma volume (an assumption that Crowe et
al. (1982) and Crowve and Perry (1989) have been striving to prove). In
this case, the degree of erosional modification of volcanic landforms
should be studied to estimate volumes of missing volcanic deposits.
The overall error, which is multiplicative,‘is compounded in the values
of Crove and Perry (1989) for r. Koreover, E must be estimated vhen
calculating v, the mean volume of magma. Therefore, we see no econémy
in Equation 3 and consider it to duplicate Equatioﬁ 1. Ve derive
Equation 3 merely to demonstrate that the estimation procedures used by
Crove et al. (1982) and Crove and Perry (1989) are flawed and therefore
must be modified.
ESTIMATION OF E

A1l of the statistical estimation methods considered for A
(Equations 1-3) require knoving the value of E (total number of
eruptions during the observation period). An accurate count of E is
possible for volcanoes with a complete historical record. Identifying
E, hovever, depends strictly on a clear understanding of eruptive
processes and reliable dating techniques for the NTS region, since no
historical record is available. Scientists differ in their opinions of
volcanism at the NIS area. The following is the view of Crowe et al.

(1983):

14



Basalt centers are composed of multiple vents, each

narked by a scoria cone. In the NTS region the comes are

divided into two categories: large central cones, referred

to as the main cones, and satellite cones. The average

number of cones at a single center, based on cone counts

of seven Quaternary basalt centers in the NIS region, is

about 2 to 3 cones. Thus, field data suggest a general

eruption pattern vhere the initial Breakthrough of magma

to the surface is marked by the development of an

eruptive fissure with two or three loci of effusion.

Each of these vents becomes the site of small scoria

cones. As the eruption proceeds, activity shifts or

concentrates at a single vent that becomes the site

of the main scoria cone. |
The above description indicates that a main scoria cone is the final
stage of a single eruption, and a single eruption could have several
small vents to accompany the main cone. However, the possibility of
polygenetic (and polycyclic) volcanism at all the volcanic centers
needs to be evaluated. A would be underestimated if nearby vents have
distinguishable ages. We, therefore, estimate E as follows:

Let I denote the number of volcanic centers under

investigation, and let J, be the number of main cones in the

ith volcanic center, where i=1, ..., I. The proposed estimate

of E is:

Po5 5 4
E =i=1 j (mij + eij) 9 ( )
vhere mij = number of multiple, time- separate

I b Sy

15



eruptions of the jth main cone in the ith
volcanic center,

and eij = number of vents that are separate in space
and time (with distinguishable age
measurements) from the jth main come in
the ith volcanic center.

. The rationale for this estimate is that significant information has
emerged that some of the volcanic centers afe polycyclic volcanoes
(e.g., Lathrop Vells center (Vells et al., 1990)). This estimation for
parameter E (total number of eruptions) given by Equation 4 takes into
account such a possibility for the NTS area. Studies are in progress
to attempt to evaluate the values of mij’s and eij’s for the Quaternary
volcanic centers of the Yucca Mountain.

ENPIRICAL RESULTS

Specifying the observation period (T) is important in modeling the
volcanism at NIS. Host of the volcanic risk assessment studies in the
Yucca Hountain area are centered around the post-6-Ma (Pliocene and
younger) and Quaternary (< 1.6 Ma) volcanism (Crove et al. 1982, Smith
et al. 1990a, and Vells et al., 1990). Ve shall use a preliminary data
set based on the Quaternary volcanism to demonstrate the estimation
techniques of the recurrence rate.

According to Crove and Perry (1989), the younger zone of basaltic
activity in the vicinity of Yucca Hountain is characterized by basaltic
centers occuring as clusters of scoria cones and lava flows. There are

seven Quaternary volcanic centers: the sequence of four 1.2-Ma centers

in Central Crater Flat, tvo centers of the 0.28-Ha Sleeping Butte site,

16



and the Lathrop Wells center. The age of the Lathrop Vells center has
been refined from the original 0.27 Ha (Crowe et al. 1982) to 0.01 Ma
(Crowe and Perry 1989). This date (0.01 Ha) is in the range of 0 to
0.02 Ha, the period of the most recent volcanic activity of the Lathrop
Vells Cone as reported b& Vells et al. (1990). The sequence of four
1.2 Ma centers in central Crater Flat includes Red Cone, Northern Cone,
Black Cone, and two Little Cones (Figure 1)3 Smith et al. (1990a)
concentrate on this group of five cinder cone complexes in the central
part of Crater Flat in Figure 1. Based on their discussion, the cones
form a 12-km- long arcuate chain. Details of vent alignment are best
observed on Black Cone and Red Cone in the central part of the chain.
In the Blacf Cone complex, the cinder cone is the most prominent
topographic feature (about 100 m high and 500 m in diameter), but it
may only account for a small volume of flows. A larger'volume of
basalt erupted from at least 10 vents located north, south and east of
Black Cone. These vents are commonly represented by scoria mounds
composed of cinder, ésh; and large bombs. Vents are aligned along two
sub-parallel zones that strike approximately N35E. (ne zone includes
Black Cone and 4 scoria mounds; the other zone lies 300 m to the
southeast of Black Cone and contains at least 7 mounds. Dikes exposed
in‘eroded mounds strike northeast and parallel the trend of the vent
zones.  The Red Cone complex contains three vent zones; two trend
approximately N4SE and a third zone strikes N50V (Figure 2). This
provides substantive justification of our treatment of the total number
of eruptions (E), and demonstrates that data for the Yucca Mountain
region are incomplete at this preliminary stage of the site

characterization studies.
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Another key issue in the volcanic risk assessment studies is the

disagreement over age-dating of the rocks. For example, the K-Ar dates
for Red Cone presented by Smith et al. (1990b, table 4) are: 0.98 =
0.10 Ma for dike, 1.01 £ 0.06 Ha for amphibole bearing unit, and 0.95 #
0.08 for basalt on top of Red Cone. Until more reliable dating
techniques are available, ve have no vay to distinguish the ages of the
cones within eack cluster of volcanic centers. Notice that, although
an individual observation (xi or ti) is not'required for the estimation
of E developed in this article, the limited availability of precise
ages would affect the counts of both mij and €

J
Consistent vith the notations used in the previous sections, the

in Equation 4.

. Quaternary volcanism yields:

T=1.6Ha, E=8, T, =1.2 Ka, and Ty = 0.01 Ha.
Therefore, based on Equation 1,
A=E/T=8/(1.6x100 =5x108yr
Based on Equation 2,
b= (E1/(1- 1) = (8- 1)/12x 108 - 0.01 x 105)

=5.9x 10'6/yr
Of course, the estimated rate based on Equation 3 is 5 x 10'6/yr
regardless of the value of V, since the magma volume is really never
needed in this calculation.

DISCUSSION AND CONCLUSION
The statistical estimation of recurrence rate A requires a reliable

count of distinguishable vents. This approach ié based on the geologic
record of volcanism at the NTS region. The nethods.of the approach are

supported by sound statistical sampling theory. Crowe and Perry

18




(1989) , hovever, object that vent counts record only the recognition of
a volcanic event, not its magnitude, and so they refine the parameter
estimation by concentrating on the cumulative magma volume, which is a
continuous variable. Nometheless, their model assumptions and
development are still based on a discrete simple Poisson model, vhich
treats each eruption equally in order to calculate the final
probability.

Ve nov conclude this section with a few comments and point to some
further work.

a) Their recommended method for estimating A is to construct a

curve of cumulative magma volume versus time, which is also

affected by the counts of vents (ﬁ) in the observation period
(T). Their ignorance of the critical factor E in Equation 3
leads them to believe that estimation based on magma volume is
the most acceptable method (Crowe and Perry, 1989); this
questionable belief, in turn, handicaps their estimates for ¥
and thus for 1.

b) All of the published results that demonmstrate statistical
sampling techniques for volcanic activity require a
representative sample and a sufficiently large sample size to
calculate a reliable long-run average with precision at a '
desired level (flipﬁing a coin twice does not tell the whole
story of the fairness of the coim).

c) Their recognition of the fact that short periods of eruptive

activity are bounded by long periods of inactivity at NIS

19



indicates that their choice of a simple Poisson model should be
adequately checked based on more detailed geologic data. So
far, the problems of model assumptions and parameter
estimations have been treated only separately by Crowe et al.
(1982) and Crowe and Perry (1989), despite the fact that the
nodel (simple Poisson, or Volume-predictable model) assumptions
and parameter (occurrence rate, or magma effusion rate)
estimation methods virtually always'depend on each other in
volcanic hazard and risk calculations.

Yucca Hountain is remote from human habitation. There is no
historical record of volcanism near Yucca Hountain. Therefore, the
volcanic record must be developed by detailed field, geomorphic, and
geochronologic studies. Precise ages are critical for volcanic rate
calculations, but traditional K-Ar dating commonly has a large error in
the age range recorded by the volcanoes near Yucca Yountain (1.1 Ma to
20 Ka). Until more precise techniques are developed, there will be
uncertainties with regard to the age and duration of volcanism. Since
predictions are needed, one possible improvement would be to reconfirm
all of the crucial assumptions using data that are the only basis we
have for making necessary plans, calculations, and model selections.

Ve have no choice but to form our notion of governing laws on the basis
of data and to act accordingly. This is particularly true in volcanic
studies, vhere data are rare and expensive ( * $300 - §600 per age of a
vent at Yucca Mountain). Our efforts for future studies will be
devoted to considerably more detailed data collection and statistical

nodelling. At this preliminary stage of our'vork, all wve can conclude

20



is that the probabilistic results of Crowe et al. (1982) are based on
idealized model assumptions, a premature data base, and inadequate
estimates of the requiréd parameters. For the reasons discussed, we
think that Crove et al. underestimate the risk of volcanism at the
proposed Yucca Hountain repository site.
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Figure Titles

Fig. 1. Generalized geologic map of Crater Flat volcanic field area
and boundary of proposed radioactive waste repository; inset
map shows location of the Crater Flat volcanic field.

(Source: Wells et al. 1990, figure 1)

Fig. 2. Geologic map of Red Cone, Crater Flat, Nevada
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ABSTRACT

Ho. C.-H..
hl=72.

1991. Time trend analysis of hasaltic voicanism tor the Yucca Moumain site. J balcanni. Geotherm. Res.. 36

The possible recurrence ot volcanic acuvity near the proposed nucicar waste repository at Yucca Mountain, Nevada,
L S.A. 1» cvaluated by estimating (ne instantancous recurrence rate using a nonhomogencous Poisson process with Weibul!
:ntensity and by using a2 homogeneous Powsson process to predict tuture cruptions. Analvsis on the post-6-Ma volcanism
near the Yucca Mountain region indicates a4 moderate developing time trend (p-value = .01 of voicamc activity. A similar
ume trend 15 obtained by tnmming the observation peniod to 3.7 Ma and vounger (penod of the voungest episode). Data
trom the Quaternary basaluic volcanism aiso show a slight developing time trend. although the deveioping volcamic activity
s not sigmticant at the 0.05 level. Thus. 1t would oversimplify the assessment of the volcanic nisk (o the proposed Yucca
Mountain repository site if a simpie Poisson model were used to modet the volcanism. Based on the Quaternary data. the
¢stimated instantancous recurrence rate is about 5.5 « 107" /vr. An esumate of the mean ume 1o tne next eruption 1s about
1.4 x 10° years from now. if it is assumed that the intensity remains constant thereatter. Also. the nisk (probability of at
least one major eruption dunng the projected time frame) increases approximately hincariv with the time frame chosen as
the required interval for radioactive waste to decay to an acceptable level. Our study concludes that the estimated risk for

al

an 1solation ume of 10* ycars 1s about $7, which increases to 427 if 10* ycars 1s uscd as the required isolation time.

Introduction

In the United States. spent fuel and high-
level radioactive waste will be permanently
disposed of in a geologic repository. Dis-
posal of the spent fuel and high-level waste is
scheduled to begin in the vear 2010. The can-
didate site for the first U.S. geologic repos-
itory is located at Yucca Mountain. Nevada,
approximately 100 miles, or about 160 kilo-
meters. northwest of Las Vegas. Nevada.
Comprehensive studies are underway on the
potential host rock formation. These studies
are called site characterization.

An important element in assessing the suit-
ability (or lack of suitability) of the Yucca

0377.0273/91/503.50 O 1951
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Mountain site is an assessment of the poten-

" tial for future volcanic activity. A potentially

adverse condition with respect to volcanism is
judged to be of concern at the Yucca Moun-
tain site (Department of Energy, 1986) be-
cause of the presence of multiple basait cen-
ters of Quaternary age.

Present understanding of eruptive mecha-
nisms is not yet advanced enough to allow de-
terministic predictions of future activity. The
only attempts at long-term forecasting have
been made on statistical grounds. using his-
torical records to examine eruption frequen-
cies, types, patterns. risks. and probabilities.
Reliable historical data make possible the
construction of activity patterns for several
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volcanoes (Wickman. 1966. 1976: Klein. 1982,
1984: Mulargia et al.. 1985. 1987: Condit et

al.. 1989: Ho. 1991). Unfortunately. there is

no historical record of volcanism near Yucca
Mountain. located within the Nevada Test
Site (NTS). The volcanic record must there-
fore be developed by detailed field. geomor-
phic. and geochronologic studies.

Concern that future volcanism might dis-
rupt the proposed Yucca Mountain reposi-
tory site motivated the assessment of the vol-
canic risk to the Yucca Mountain area. Crowe
and Carr (1980) calculate the probability of
volcanic disruption of a repository at Yucca
Mountain using a method developed largely
by Crowe (1980). Crowe ct al. (1982) re-
fine the volcanic probability calculations for
the Yucca Mountain arca using the tollowing
mathematical model:

Pr [nu disrupiine cvents betore ume II

~
= Z Pr [lhurc are n crupnona]

nst

«Pr [nunc are dusruplwc]

= exp(-\p) (1)

where \ is the recurrence rate of volcanic
events and p is the probability of a repository
disruption, given an event (a volcanic erup-
tion). Theoretically. the probability formula
(Crowe et al.. 1982) is derived from the fol-
lowing assumptions:

Volcanic eruptions in successive time peri-
ods of length ¢ for cach period are inde-
pendent and should follow a Poisson distri-
bution with a constant mean (average rate)
M. ic.. a simple Poissonian volcano (see
Wickman. 1966).

Although the simple Poisson model has
proved successful in a wide range of situa-
tions. it might be inadequate to model the
volcanism at NTS for the following reasons:

(a) A simple Poisson model does not allow
for the possibility of a waning (or develop-
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Fig. 1. Times between successive cruptions of three volcanoes
in thesr chronological orders.

ing) volcanic time trend. which is one of the
major concerns in quantifving the volcanism
at the Yucca Mountain region. It should be
obvious that the chronological order in which
the volcanic cruptions occur is an extremely
important aspect of a historical cruptive data
sct. In order to demonstrate this point. we ex-
tend the idea of Ascher (1983) to the volcanic
studies. In Figure 1. we use the pseudo-data
provided by Ascher (1983). For example. cven
an eveball analysis of Figure | is adequate
to strongly suggest that volcanic activities are
“waning”. “random”, and “developing"”. since
as time increases. the cruptions occur less
frequently. about as frequently, and more
frequently. respectively. The simple Poisson
model. however. assumes that the average re-
currence rate (A) is constant throughout the
entirc life of the volcanic activity. Once this
assumption is made. the model would treat
these data sets as equivalent and. therefore.
would take the average of the five numbers
(14, 34, 42, 72, and 244) as the estimated re-
pose time and its reciprocal as the estimated
recurrence rate (A). It is emphasized that this
would occur even for an arbitrarily large num-
ber of reposc times. rather than just the five
repose times in the data sets used here for
illustrative purposes.

A new development in volc.mlc studies is
the possibility that the scoria cone of the
Lathrop Wells volcanic center. one of the

_ youngest volcanic centers in the Yucca Moun-

tain region. is significantly younger than asso-
ciated lava flows (Wells et al.. 1988). Further
studies have shown that at least three. and
possibly more. of the seven Quaternary vol-
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canic centers in the region exhibit polycyclic
activity (Crowe et al.. 1989: Wells et al.. 1990).
It is therefore of interest to explore alter-
native model(s) derived from less restrictive
model assumptions to see how the ume trend
could be evaiuated.

(b) Given the extremely limited nature of
the geologic data at the Yucca Mountain
area. the use of the most elementarv statis-
tical model (i.e.. a simple Poisson model) is
hard to justifv. As has been mentioned ear-
lier. there is a large and growing body of
literature on probabilistic modeling tor vol-
canism. Much of the debate in the literature
1 centered on the choice ot distribution mod-
cls (principally homogeneous Poisson versus
nonhomogeneous Poisson models). There are
several variations possible 1in goodness-of-fit
testing. For the homogeneous Poisson model.
the chi-square goodness-ol-fit test (e.g.. see
steel and Torrie. 1980, p. 329) based on
count data s often not reliable because of
tow degrees of freedom or fow expected cell
counts for some volcanic cruptive data. The
Kolmogorov-Smirnov test (e.g.. see Steel and
Torric. 1980, p. 335) is considered more reli-
able and is based on the repose times between
cruptions. but does not take into account the
relative positions of repose times {Ho. 1991).
In other words. any random permutations of
the same data set of repose times (e.g.. data
in Fig. 1) vield the same result as applving the
Kolmogorov-Smirnov test. Thus. in general.
relatively large samples are usually required
to verity the validity of a specified model (at
some probability levei).

There is a developing literature on vol-
canic recurrence models that include plots of
cumulative volume of volcanic cvents versus
time (Shaw. 1980, 1987: Bacon. 1982: Wadge.
1982). Crowe and Perry (1989) use the curve
ot cumulative magma volume plotied versus
time to evaluate whether the volcanism at
NTS indicates steady-state eruptive behaviour
in magma production. They then evaluate the
slope of the curve as an estimate of the an-

nual rate of magma production. We consider
this approach questionable. First. a simple
Poisson model requires a constant rate of oc-
currence. which is not the same as magma
production. Also. the trend of magma volume
has not proved relevant to that of the fre-
quency of the volcanic events (eruptions) at
the NTS area. For example, the data set which
has a waning time trend can also have an
increasing trend in magma volume. The fol- -
lowing data demonstrate this possibility:
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Second. the “degree of erosional modifi-
cation ot volcanic landtorms tor the Yucca
Mountain region should be studied to esu-
mate volumes ol missing volcanic deposits.
Third. Crowe ct al. (1982) determine the rate
of magma production tor the NTS region by
fitting a linear regression line to a data set
of four points collected from four volecanic
centers. Each value thus represents magma
volume of a single cruption at a correspond-
ing volcanic center. The mean magma volume
of 4 m.y. is calculated by taking the average
of these four values. The ratio (rate/mean) is
then calculated as an estimate (\) for the an-
nual recurrence rate A, Ho et al. (1989) show
that the magma volume s really never needed
i this cafculation. Let 17 be the total volume
of basaltic magma crupted at the surtace in
the NTS region during the observation period
of length T. The annual rate of magma pro-
duction. calculated as the slope of the curve

- of cumulative magma volume plotted versus

time. is essentially identical to V7 'T. assum-
ing a constant rate of magma volume [an as-
sumption that Crowe ct al. (1982) and Crowe
and Perry (1989) have been striving 1o prove|.
Thus:

the annual rate ot magma production

A=

the mean solume of maema duning the ohswenation period



_w/mn
= Vb (Ho et al., 1989, eqn. 3)
=E/T (Ho et al.. 1989, eqn. 1)

where E is the total number of eruptions
during the observation period. Therefore. the
method using the cumulative magma volume
to calculate the recurrence rate in the Yucca
Mountain site reduces to the simple Poisson
mean rate of occurrence which is the most
efficient method to estimate the Poisson pa-
rameter (A) based on the maximum likelihood
principle (Ho et al.. 1989).

Crowe and Perry (1989). however. object
that cone counts record only the recognition
of a volcanic event, not its magnitude. and
s0 they refine the parameter estimation by
concentrating on the cumulative magma vol-
ume which is a continuous variable. Nonethe-
less. their model assumptions and develop-
ment are still based on a discrete simple Pois-
son model. which treats each eruption equaily
in order to calculate the final probability (see
eqn. 1). So far, the problems of model as-
sumptions and parameter estimations have
been treated only separately by Crowe et al.
(1982) and Crowe and Perry (1989), despite
the fact that the model assumptions and pa-
rameter estimation methods virtually always
depend on each other in volcanic hazard and
risk calculations (Ho et al.. 1989).

For the reasons discussed. a formal struc-
ture. with conclusions depending on the
model assumptions, needs to be developed to
ensure that volcanic risk assessment is based
on an adequate model and a complete vol-
canic record of the Yucca Mountain region.
In this paper, we evaluate the time trend of
volcanic activity near the proposed nuclear
waste repository at Yucca Mountain by esti-
mating the instantancous recurrence rate us-
ing 2 nonhomogeneous Poisson process with

Weibull intensity and by using a homoge- -

neous Poisson process to predict future erup-
tions. :

C-H.HO

The Weibull process

A simple Poisson process is more specifi-
cally known as a homogeneous Poisson process
(HPP) since the rate A is assumed independent
of time ¢. The homogeneous Poisson model
generally gives a good fit to many volcanoes
for forecasting volcanic eruptions. If erup-
tions occur according to a homogeneous Pois-
son process. the repose times between consec-
utive eruptions are independent exponential
variables with mean 6 = 1/\. The exponential
distribution is applicable when the eruptions
occur “at random” and are not due to aging,
etc. If we replace the constant A with a func-
tion of 1. denoted by A(¢), then another type
of Poisson process can be derived. known as
a nonhomogeneous Poisson process (NHPP). If
X (t) denotes the number of occurrences in a
specified interval [0, ¢| for a NHPP. then it can
be shown that X'(¢) is distributed as a nonho-
mogeneous Poisson random variable (Parzen
1962, p. 138) with parameter u(t), where:

u(t) = /o‘ A(s) ds

The choice for the nonhomogeneous intensity
function, A(r), is important in modeling the
volcanism at the Yucca Mountain area. In this
paper, our choice of A(t) is:

Me) = (3/6)(t/6)°"!

which gives:
u(e) = (1/6y°

In this case, the time to first occurrence fol-
lows a Weibull distribution. WEI(6.3). This
intensity parameter is an increasing function
of ¢t if 8 > | and a decreasing function of
t if B < 1. Of course the Weibull process
is a generalization of the exponential case
(8 = 1, which assumes a no-memory prop-
erty), so it is useful for situations which entail
waning, growth, etc. (Ho, 1991). For exam-
ple. the birth process (new volcanoes) and the
death process (extinction) of volcanoes are
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included. Clearly, the Weibull model does in-
clude the simple Poisson model. since when
J = 1 the Weibull reduces to the exponen-
tial (a simple Poisson model). Therefore. our
approach in modeling the volcanism at NTS is
to consider a general family of distribution.
such as WEI(@. 8), and then to decide whether
some subset of this family such as WEI(6.1)
= EXP(#) is valid. Thus. in this case. the test
of Hy : 3 = 1 may be considered a goodness-
of-fit test. We shall demonstrate that this test
is possible even when the geologic data at the
Yucca Mountain area are extremely limited.
In a Weibull process the time to first occur-
rence, say 7,, follows a Weibull distribution.
WEI(#. 7). The time to second occurrence. or
the time between occurrences. does not fol-
low a Weibull distribution. This is in contrast
to the exponential case in which the times be-
tween occurrences are also exponentially dis-
tributed. Since the successive times of occur-
rences from a single Weibull process are of
main interest, some statistical results in this
framework are discussed in the next section.

Statistical analysis for the Weibull model

The Weibull emerged in the 1960s and
1970s as perhaps the most widely used life
distribution. Research was particularly heavy
during this period. Many of the statisti-
cal methods developed for this model are
now routinely used in life testing and re-
liability work. Books by Bain (1978). Law-
less (1982). Mann et al. (1974). and Nelson
(1982) review much of the work in this area.
The Weibull process will be referred to as
failure-truncated, in reliability terminology, if
it is observed until the first n failure times.
. .... tn, have occurred. and it will be re-
ferred to as time-truncated if it is observed
for a fixed time ¢. Ho (1991) has recently used
the failure-truncated Weibull model to ana-
lyze the following five volcanoes: Aso, Etna.
Kilauea. St. Helens, and Yake-Dake. He con-
cludes that the Weibull model can be con-

sidered a goodness-of-fit test for a simple
exponential model (a homogeneous Poisson
model) and that it is preferable for practical
use in volcanic studies. For volcanic eruptive
forecasting near the Yucca Mountain region.
the time-truncated case makes more sense.
since ¢ can be extended to the present date
to include the repose time following the last
eruption.

Suppose we assume that the successive
volcanic eruptions (or eruptive cycles) at
the Yucca Mountain region follow a simple
Weibuli process. For a time-truncated Weibull
process. let ¢ be predetermined and suppose
n > 1 eruptions are observed during [0.¢] at
times 0 < t; <1, < ... <1, The maximum
likelihood estimates (MLE) are given (Crow.
1974) by:

d=nr) Inge/t)

=)
g = ,/nl/.':

These are similar to the failure-truncated case
if ¢ is replaced by ¢,. Simple calculations vield
the following estimates for the data sets in
Figure 1:

Volcano J
waning 0.63
random 0.99
developing 54

The ¢ estimated for the simple Poissonian
volcano (random) clearly is consistent with
4 = 1, that is with the homogeneous Pois-
son process. Since the recurrence rate is pro-
portional to ¢'=!, the :4's estimated for the
waning and developing volcanoes imply de-
creasing and increasing recurrence rates at
which eruptions are occurring, respectively.
These results are in complete agreement with
an eyeball analysis of Figure 1.

The gain of a Weibull model therefore is
obtained with virtually no loss in predictive
ability. In sharp contrast, if we fitted the
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simpie Poisson model to these data sets. we
would obtain exactly the same parameter es-
umates for all volcanoes. This demonstrates
the rationale of our choice of a Weibull in-
tensitv 1o model the volcanism at the Yucca
Mountain region. Basic properuies of the
time-truncated Weibuli model that are useful
tor volcanic eruptive studies will be consid-
ered furtner in the remainder of this section.

(rvodness-ol-fit test

In practice. we may not be willing to as-
sume that the volcanic recurrence rate s
strictly monotonic during the observation pe-
riod (i.c.. the volcanism is waning or develop-
tng). but we may want to test this hypothesis
bv staustical means. Observe. in particular.
that testing the hypothesss that the volcanic
cruptions toliow a HPP 1s cquivalent to testing
H,: = 1 vs. Hy o= | To do this we use
the resuit (Crow. 1974) that:

233~ C(2n)

a chi-square random variable with 21 degrees
of freedom.

Prediction of future eruptions

Suppose a Weibull model is assumed dur-
ing the observation time period [0.¢]. At
time 7. the intensity (instantaneous recurrence
rate) is ML) = (3/0Me/4)' ", Furthermore.
assuming that the intensity. A(f). remains con-
stant thereafter. then the subsequent repose
times between eruptions are independent ex-
ponential variables with rccurrence rate A(r)
and the mean time to the next eruption at
cumulative observation time ¢ is expressed
as M(ny = 1/M(1). In the application of the
Weibull process model to volcanic eruptive
forecasting. cstimates and confidence inter-
vals for M(t) are of considerable practical in-
terest since M(f) represents the instantaneous
eruptive status of the volcanism at the end of
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the observation time ¢. (In reliability termi:
nology. M(¢) is defined as the achieved mean
time between failures at cumulative test time .
1.} Crow (1982) derives the MLE for M(¢) as:

f’(’) = [..\(l]l" = [(-.’/’é)(l/é)j-']"

and he provides a table (Crow. 1982, table 2)
for constructing confidence intervals for this
quantity. Since the number of eruptions dur-
ing some specified length of time 1, would
be distributed as a homogeneous Poisson ran-
dom variable with constant rate \(r),. esti-
mates ol probability of future cruptions are
readily available from A(/) and the Poisson
probability distribution function. Note that
while we use historical cruptive data during
[0.1] 1o esumate the instantaneous recurrence
rate A(¢) at time ¢ based on a NHPP with
Weibull intensity. we then use a HPP to pre-
dict tuturc eruptions based on a recurrence
rate \(f ). tor future time. [t.¢ + 1.}, In other
words. we incorporate the time trend (devel-
oping or waning) into our cstimate of the
recurrence rate and description of the gen-
eral trend. but we take a ncutral position
(i.e. ignore time trend) when predicting fu-
ture cruptions. The rationale for this proce-
dure is that. although eruptions are caused
by specific physical events or processes. there
might be many causal factors with random
influences on the sequence of eruptions. As a
resuit. the tuture time trend could be assumed
to be described by a HPP for torecasting pur-
poses.

Geological setting

Yucca Mountain is located in the south-
central part of the Southwestern Nevada Vol-
canic Field (SNVF). a major volcanic province
of the southern Great Basin first defined by
Christiansen et al. (1977) and extended by
Bvers et al. (1989). Interested readers are
referred to the paper of Byers et al. (1989)
for the location of geographic features of the
SNVF.
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Crowe and Perry {1989. tig. 1) divide the
Cenozoic volcanism of the Yucca Mountain
region into three episodes that include: (1) an
older episode of large-volume basaitic voican-
ism (12 to 8.5 Ma) that coincides in time with
the termnation of silicic volcanic acuvity: (2)
the formation of five clusters of small-volume
basalt scoria cones and lava flows (9 to 6.5
Ma). all located north and east of the Yucca
Mountatn site: and (3) the formation of three
clusters of small-volume basalt centers (3.7
to 0.01 Ma). all located south and west of
the Yucca Mountain site. The two voungest
cpisodes form northwest-trending zones that
paraliel the trend of structures in the Spotted
Range-Mine Mountain section of the Walker
Lane belt. Crowe and Perry (1989) suggest
4 southwest migration ot basaltic volcanism
in the Yucca Mountain area based on this
structural parallelism. a pattern that may re-
flect an carlier southwest migration of silicic
volcanism in the Great Basin. Smith et al.
(1990) provide a different point of view of the
migration trends of volcanism in the Yucca
Mountain region.

The important questions that we attempt
to answer for assessment of volcanic risk for
the Yucca Mountain site include:

(1) What is the overall time trend of the
volcanic activity?

(2) Can the next episode be predicted?

(3) What does the voungest episode (3.7 to
0.01 Ma) tell us? Is the time trend increasing”

{4) Can the probabilities of future erup-
tions be predicted?

Applications of the time-truncated Weibuil
model are shown in the next two sections.

Time trend analysis based on episodes and
age cycles

Episodes as major events
Regarding the beginning of the oldest

episode. 12 Ma. as time zero (ie. ! = 12
Ma). the midpoints (10.25. 7.75 and 1.855)

of the intervals of three episodes are recalcu-
lated from this date. The data. therefore. are
time-truncated. The MLE of .3 is computed.
giving ;7 = (0.96. Based on .3, the data suggest
a waning trend in the overall volcanic activ-
ity through time from 12 Ma until present tor
the Yucca Mountain region. However. the p-
value (= 0.79) indicates that the waning time
trend is not significant. Furthermore. the data
vield # = 3.81 « 10" Atr) = 2.40 x 10-". und
M(t) = 4.18 x 10". Theretore. an esimate of
the midpoint of the time interval for the next
episode is about 4.18 Ma from now.

Age coveles of the voungest cpisode as major
cvents

According to Crowe and Perry (1989). the
voungest zone of basaltic activity is character-
1zed by basaltic centers occurring as clusters
of scoria cones and lava tlows. These clus-
ters include the 3.7-Ma basalts in southeast-
ern Crater Flat, 2.8-Ma basalt of Buckboard
Mesa. the sequence of four 1.2-Ma centers
in Central Crater Flat. two centers of the
1).28-Ma Sleeping Butte site. and the Lathrop
Wells center. The age of the Lathrop Wells
center has been refined from the original 0.27
Ma (Crowe et al.. 1982) to 0.01 Ma (Crowe
and Perry. 1989). This date (0.01 Ma) is in
the range of 0 to 0.02 Ma. period of the most
recent volcanic activity of the Lathrop Wells
Cone. reported by Welis et al. (1990). It we
divide the basalts of the voungest episode into
tive age cycles of 3.7, 2.8. 1.2. 0.28. and 0.01
Ma. then the time trend can be anaivzed. and
the next age cvcle can be predicted. We are
ready to tit a time-truncated Weibull model to
the above five age cycles. Again. we define the
beginning of the voungest ecpisode (3.7 Ma)
as time zero. so + = 3.7 Ma. The data yield
1= 212,68 = 1.92 x 10" A1) = 2.29 x 10—,
and M(1) = 0.44 « 10", Based on .4. the
data suggest a nonsignificant developing time
trend (p-value = (1.2S). An estimate of the
mean time to the next eruptive cycle is .44
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TABLE 1

Summarv of time trend anatvss
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Observauon penod Event J ¥ (Ma) Risk
\p-vaiue) {90% C.1.) Isolation period (vr)
] 104 10
0.96
12.0 Ma - present Episode 10.79) 418
.12 0.43 3 x10-" 0.02 u.2l
17Ma- Cycle 10.25) 10.14. 2.62)
.29 0.20 S0x 10-* 0.05 0.39
ni) Ma - Cone {0.01) (011, 0.45)
2.58 .16 62x 10" .06 ndn
My - Cone {0.02) (007, 0.44)
1.9 0.18 $S5x 10-" .08 0.42
16Ma- Cone {0.90) * (0N, 0.55)

Ma. if it is assumed that the intensity. A(t), re-
mains constant thereatter. A 90% contidence
interval for M(r) has the form MM(r) <
M(t) < MM(1). where M(t) (= 0.44 Ma)
is the MLE of M(f) and 1N, and [1, are the
values given by Crow (1982. table 2). The cor-
responding Y0% confidence interval for M(r)
is: 0.312 x 0.44 < M(1) < 5.947 x 0.44, or
(0.14 Ma, 2.62 Ma). In other words. a 90%
confidence interval for the next eruptive Cy-
cle near the Yucca Mountain site is between
0.14 and 2.62 Ma from now. Furthermore, if
it is assumed that each of the five age cycles
represents a major event. then the number of
occurrences of such an event X'(¢) in [0.4)]
follows a Poisson random variable:
ey = SRNOINOIOE,
The probability of at least one event during
the next 1, vears is of considerable practical
interest and is quoted as “risk” in Table I.
which summarizes the hierarchical time trend
analysis. ‘

Time trend analysis based on main cones

In order to answer the last question (can
the probabilities of future eruptions be pre-
dicted?). some other relevant issues have to

be addressed. An accurate count of the num-
ber of eruptions is possible for volcanoes
with a complete historical record. To iden-
tify the number of eruptions. however. de-
pends on clear understanding of eruptive pro-
cesses and reliable dating techniques for the
Yucca Mountain region. since no historical
record is available. Crowe et al. (1983) in-
dicate that a main cone is the final stage
of a single eruption. and a single eruption
could have several small vents to accompany
the main cone. Therefore. for the next stage
of the hierarchical trend analysis. we count
each widely recognized main cone as a major
event, but do not require that the main cones
in each center (or cluster of centers) be ot
separate ages. since traditional K-Ar dating
commonly produces large errors in the age
ranges recorded by the volcanoes near Yucca
Mountain which would mask the differences
of dates and would lead to an underestima-
tion of the recurrence rate. For instance. the
3.7-Ma basalts include at least four volcanic
centers (as indicated by a referee). To be
consistent with our discussion. we count four
main cones in the 3.7-Ma units (an estimate
suggested by geologist Daniel Feuerbach).
The sequence of four 1.2-Ma centers in cen-
tral Crater Flat includes Red Cone. Northern
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Cone. Black Cone. and two Little Cones (see
Vaniman et al.. 1982. table 1). Now jointly
with two Sleeping Butte Cones. one Lath-
rop Wells Cone and the basait of Buckboard
Mesa. we form a slightly more detailed set of
data for the ume trend analysis. Until more
reliable dating techniques are available. we
have no way to distinguish the ages of the
cones within each cluster but to assign the

respective cycle age to each cone. The dates

then are: 3.7.3.7.3.7.3.7.2.8. 1.2. 1.2. 1.2. 1.2,
1.2. 0.28. 0.28. 0.01. This may slightly atfect
the estimation of .7 since. in.contrast to the
exponential model. the Weibull model is sen-
sitive to the locations. numbers. and relative
sizes (to r) of the ordered ¢ 's. If early sparse
1,'s are accompanied later by dense /s toward
r. then .7 would be large. showing a develop-
ing trend through time. and vice versa (e.g.
see Ho. 1991). We shall use these dates to
investigate the time trend of volcanism dur-
ing the following three observation periods:
Pliocene and younger (<6.0 Ma). youngest
episode (<3.7 Ma). and Quaternary (<1.6
Ma). :

Analvsis on Pliocene and vounger volcanism

Let the beginning of the Pliocene period
(= 6.0 Ma) be time zero. so ¢ = 6.0 Ma. The
data vield .+ = 2.29. which suggests a signif-
icant developing time trend (p-value = 0.01)
at the 0.05 level. Thus. it would oversimplify
the assessment of the volcanic risk to the pro-
posed Yucca Mountain repository site if a
simple Poisson model were used to model the
post-6-Ma volcanism near the Yucca Moun-
1ain region. The estimated instantaneous re-
currence rate is about 5 x 10~*/yr. An esti-
mate of the mean time to the next eruption
is 2 x 10* years from now, if it is assumed

that the intensity remains constant thereafter.

Also. the estimated risk for an isolation time
of 10* yr is about 5%, increasing to 39% if
10° yr is the required isolation time. Table |
shows the results.

Analvsis of volcanism dunng the voungest

episode (<3.7 Ma)

It is necessary to study the time trend dur-
ing the shortened observation period which
ignores the inactivity period during 6.0 Ma
to 3.7 Ma. Thus. let the beginning of the
voungest episode (3.7 Ma) be time zero. then
t = 3.7 Ma. In this case. all four dates evai-
uated at 3.7 Ma must be discarded. since the
recalculated cumulative times are zero. The
data(2.8.1.2.1.2. 1.2. 1.2. 1.2.0.28.0.28. 0.0
vield .3 = 2.55. which also suggests a signifi-
cant developing time trend (p-value = 0.02).
The estimated instantaneous recurrence rate
is about 6 x 10-" ‘yr. Also. the estimated risk
for an isolation time of 10* yr is about 6%,
which increases 1o 46% if 10° vr is the re-
quired isolation ime. Resuits are summarized
in Table 1.

Analysis on Quaternary volcanism

In this case.r = 1.6 Ma. and the dates are:
1.2, 1.2, 1.20 1.2, 1.2, 0.28, 0.28, 0.01. Data
from Quaternary basaltic volcanism show a
slight developing trend (. = [.09. p-value
= 0.90) of volcanic activity. although the de-
veloping volcanic activity is not significant at

‘the 0.05 level. The estimated instantaneous

recurrence rate is about 5.5 x 10~*/vyr. An es-
timate of the mean time to the next eruption
is 1.8 x 10° vears trom now. if it is assumed
that the intensity remains constant thereatter.
Also, the estimated risk for an isolation time
of 10* yr is about 5. which increases to 42%¢
if 10° yr is the required isolation time. The
risks are slightly lower than those obtained
from the data set of the youngest episode
treating main cones as major events. Again.
Table 1 shows the results.

Projection of the time trend incorporating
polycyclic volcanism

So far, we have not taken into account
the possibility of polycyclic volcanism. since
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at this preliminary stage of our work data tor
the Yucca Mountain region are incomplete.
However. Crowe et al. (1989) and Wells et al.
(1990 now recognize and classify the Lathrop
Wells volcanic center as a polvcyclic voicano.
i.e. the Lathrop Wells Cone may have erupted
more than once. If we extend our analysis one
step turther. assuming that there are three ad-
ditional eruptions associated with this cone.
the data become: 1.2. 1.2. 1.2, 1.2, 1.2. 0.28.
(.28, 0.01. 0.01. 0.01, 0.01. This hvpothetical
data set vields 1 = 1.50. suggesting a stronger
developing time trend although it is still not
signiticant (p-value = (.25) at the (.05 level.
The estimated instantancous recurrence rate
is 1077 vr, about twice as large as the pre-
vious calculation. An estimatc of the mean
time to the next cruption is 9.7 - 1 vears
from now. about 0% sooncr than the previ-
ous estimate. Also. the estimated risk for an
isolation time o 10° vr is about 10, increas-
ing to 64 it 10° vr is the required isolation
time. The aumerical results demonstrate that
the Weibull model reflects the time trend and
the probability calculations property.

Summary and conclusions

Either 10 or (¥ vears is recommended as
the required isolation period during which ra-
dioactive waste may decay to an acceptable
level (see Crowe. 1986). Thus. this period is
the minimum length of time for which fu-
ture voicanic hazards must be forecasted. The
evaluation of probabilities are bascd on this
time trame. We now conclude this scction
with a few comments and point to some fur-
ther work.

(1) Analysis on the post-6-Ma volcanism
near the Yuccu Mountain region indicates

a moderate developing time trend (p-value -

= (.01) of volcanic activity. A similar trend
is obtained by trimming the observation pe-
riod to 3.7 Ma and vounger (period of the
voungest episode). Thus, it would oversim-
plify the assessment of the volcanic risk to the
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proposed Yucca Mountain repository site if a
simple Poisson model were used to model the
volcanism. '

(2) Data from the Quaternary basaltic vol-
canism also show a slight developing time
trend. although the developing volcanic ac-
tivity is not significant at the 0.05 level. A
point estimate of the next major eruption is
1.8 x 10° yr. which is approximately twice as
long as the required time trame (10° yr), and
the lower bound of a 90% confidence interval
tor the next eruption is 8 = 107 vr.

(3) The risk (probability ot at least one
major eruption) during the isolation time. 1,
vr. is lincar in v, for s, _ 10 -

Pr (at least one major cruption during ¢, vr)

I = exp[= Ao

= :\(()’" - l'\“’)"nl‘ + I'\(""lul. .
- J.
= :\(‘ )'ll [= ’nl"c’(l)ll r(,r o . l()J

(4) Based on the Quaternarv data. the nu-
merical value of the estimated instantaneous
recurrence rate. 5.5 x 10°". is the same as that
of the risk during the first vear. However. this
probability should be interpreted with cau-
tion. It should not be stated and evaluated
on the vearly basis in volcanic risk assess-
ment. For example. the following statements
are misleading:

The annual disease-tree survival rate atter

operation of lung canccr pauents is xx per-

cent.

The estimated annual probabiline of future

volcanic eruptions is 5.5 « 10=".

The following statements. which refiect the
projected time frame. are more informative.

The overall cumulative tive-vear disease-
free survival rate is xx percent.

The estimated risk for an isolation time of
1P vears is about 5C¢. which increases to
2% if ¥ vears is the required isolation
ume.
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(5) Despite the fact that there are welil-
recognized means of gathering data in the
NTS region. many considerations are still
unknown (e.g.. the precision and accuracy
of dates. number of buried volcanic centers.
ctc.). The following points are extremely im-
poriant for statistical modeling: Crowe et al.
(1989) and Wells et al. (1990) now recognize
and classify the Lathrop Wells volcanic cen-
ter as a polycyclic volcano so some cones
may have crupted more than once: a ref-
eree points out that the 3.7-Ma units include
at least 4 centers: and. according to geolo-
gist Danicl Feuerbach (pers. commun.. 1989).
there arc R-12 vents at Red Cone volcanic
center. The last point indicates that the recur-
rence rate would be undcerestimated if these
nearbv vents have distinguishable ages (see
Ho et al.. 1989). We have also shown the esti-
mated recurrence rate would be doubled. pro-
vided the Lathrop Wells volcano has erupted
4 times. These considerations are valuable.
Further developments are necessary to com-
plete and document those points previously
mentioned to cnsure that velcanic risk as-
sessment is based on an adequate character-

f2ation of the volcanic record of the Yucca
Mountain region. In this article. the time
trend analysis does not completely take into
account such possibilities as polvgenetic and
polvcyclic volcanism. since at this preliminary
stage of our work data for the Yucca Moun-
tain region are incomplete. Our efforts for
future studies will be devoted to considerably
more detailed data collection and statistical
modecling of site disruption.
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ABSTRACT

Ve present a mathematically-based model for predicting the
likelihood of future eruptions of Vesuvius and, by implication, other
volcanoes. The volcanic activity of Vesuvius in the period 1630- 1989
is described by a compound Poisson distribution with a gamma
compounding density. The frequency distribution of eruptions in any
given interval of equal length follows a negative binomial distribution
(NBD). The assumptions of the NBD model are less restrictive, so the
observation time can be extended to include the long repose followving
the 1944 eruption of Vesuvius. Yoreover, this exceedingly flexible
model has only two parameters which can be determined easily from the
eruptive count data. The future probability of x number of eruptiomns
is predicted on the aggregate behavior of past volcanic activity. This
capability would be useful for long-term planning, such as for land-use
development, although not for short-term forecasts of volcanic hazards.

INTRODUCTION
Vesuvius is a volcano on the shore of the Bay of Naples in central
Italy. Located in an area of Europe that has been populated for almost
3000 years, more is known of the eruptive history of Vesuvius than of
almost any other volcano (Bullard, 1984).

Since AD 79, Vesuvius has been rather active, with major eruptions
occurring in 472, 512, 685, 993, 1036, 1049, 1138, 1139, and 1631. The
eruption of 1631 is particularly significant, as previously, Vesuvius
had a pattern of long periods of repose betveen eruptions. Since 1631,

however, Vesuvius has been in a constant state of activity, vith



notevorthy large eruptions im 1779, 1794, 1822, 1838, 1850, 1872, 1906,
and 1944. There has been no major activity since 1944, although that
eruption did not seem to signal the end of a cycle.. In view of the
last years of the history of Vesuvius, the repose following the 1944
eruption is so long that a complete probability model of the Vesuvius
activity in the last 360 years (1630-1989) needs to be developed.
Vickman (1966) uses a series of repose states characterized by
time- independent rate parameters to describe the repose-period patterns
of Vesuvius. In other words, Vesuvius is modeled as a sequence of
activity states (Markov chains), vith the duration of the states being
random variables distributed according to an exponential probability
density function. Vickman’s assumptions are verified by Carta et al.
(1981), vho divide the periods into a series of eruptive cycles. These
cycles are characterized by four states: repose (R), persistent
activity (A), intermediate eruption (IE), and final eruption (FE). To
model the duration of the states, Carta et al. (1981) favor Vickman’s
hypothesis that they are random variables from exponential
“AsX vhere s labels the states. To

determine As' Carta et al. (1981) suggest two methods: X = s = /g

distributions of form fs(x) =g €

vhere x is the sample mean, and s2 is the sample variance; and
minimizing F(t) - ]3f(x)dx, vhere f(x) is the exponential probability
density function, and F(t) is the cumulative distribution function of
the data. However, the models presented by Vickman (1966) and Carta et

¢l. (1981) are based on the assumption that the conditions of Vesuvius



mainly changed stepvise. Moreover, the period from 1944 to the present
is excluded, because their aim is obviously not the prediction of the
outbreaks of Vesuvius, but rather a description of'its general pattern
of activity. In spite of these limitations, their results have
positive relevance and serve as the foundation of the present work,
vhich providés a more general model for Vesuvius.
' . COMPOUND POISSON MODEL

As observed by Vickman (1966) and Carta et al. (1981), Vesuvius has
complex distribution functions vhich can be reproduced, at least
qualitatively, by simple statistical models. These models are
characterized by chains of different states of the volcanic activity
(Markov chains). The times of permanence in each state are assumed to
be distributed according to an exponential distribution and the
transition probabilities from one state to the subsequent one are
assumed to be time independent. In other words, the number of volcanic
eruptions in [0,t] follows a Poisson process with recurrence rate u=it;
hovever, the average recurrence rate in unit time A may be different
from one state to the subsequent ome, or, more generally, from one
period of time to the subsequent one. Notice that we have directly
transformed their results from a’sequence of repose times between
eruptions to Poisson count data, because if eruptions are occurring
according to a Poisson process, the repose times between comsecutive
eruptions are independent exponential variables. The following
nathematical deéelopment is based on the eruptive count data, which are

more physically meaningful, reliable, and consistent than measurements



based on repose times, magmatic volume, or other geologic variables.

In searching for a more flexible model for Vesuvius, ve use the idea of
Ho (1990) and assume that A is a continuous random variable that
follovs a probability demsity function g(A). There is one more reason
that suggests this gemeralization, which is also suitable for other
volcanoes. Although eruptions are caused by specific physical events
or processes, there might be many causal factors with random influences
on the sequence of eruptions. Asg a result, parameter A is a random
variable. Ve nov turn to the modification of the Poisson scheme which
is derived by supposing that the average recurrence rates in successive
time periods of equal length are not the same. Without loss of
generality, each observation period will be treated as unit time, i.e.
t=1. One naturally commences with the assumption that g(A) has a
normal distribution. But the assumption of a mormal distribution
cannot be justified because values of A may range from zero far in the
positive direction so that g(A) would be skewed. The distfibution of A
ve adopt is the gamma distribution. This is plausible, because such a
distribution is fairly flexible (having two adjustable parameters) and
the right shape (i.e. a continuous distribution for non-negative values
that is reversed- j- shaped or hump- backed and alvays positively skewed).

If A follows a gamma distribution, GA¥(r,a), then

r
£ = 1y 3l )5 05, 0> 0.
Treating the average eruptive rate as a random variable 1 means that

the probability distribution function f(x;1) is actually a conditional



probability, the condition being that A is in state A. Thus, when
using a probability distribution for 1, it is more appropriate to use
the notation f(x|A) for the data X, so

f(x]A) = eM¥/xl, x =0, 1, .. ..
From the conditional distribution of X and the given distribution for
A, we can calculate the joint distribution of (x,):

f(x,4) = £(x|A)e(4),

and the corresponding marginal or absolute distribution of X, with

probability

P(x) = B [£(x,1)] = [£(x|))g(A)d)
® -
R e

=_§;{%§_[7f.i..]r[71r]x,x=o,1,..., (1)

vhich is a form of negative binomial distribution (abbreviated NBD)

that is referred to as a compound Poisson distribution with a gamma
compounding density. Interest in the marginal distribution centérs
around the fact that, if X has the conditional density f(x|A) and A
actually is random vith dénsity'g(A), P(x) is the probability
according to which x will actually occur. For this reason, P(x) is
sometimes called the predictive distribution for X because it describes
vhat one would "predict" that X would be. If the future observation
time interval increases by a factor of t, e in the right-hand side of
(1) is replaced by at.
ENPIRICAL RESULTS OF VESUVIUS
In spite of the fact that maximum likelihood estimates for the NBD



vere given (implicitly) by Anscombe (1950), the two common techniques
for estimation of (r,a) [required to evaluate (1)] have been the method
of moments and fitting the mean and zeros (Anscombe, 1950). The second
method is more attractive in terms of efficiency. The technique is to
equate the observed proportion of zero counts Po to its theoretical

value, 7.e. to write

[ ‘& ]5i= PO’ (2)

and

it
-1
»”

t (3)
vhere X is the observed sample mean. Equation 2 is solved for 2 by
iteration. Once & and T are estimated, the probability of future
eruptions can be calculated based on (1). The eruptive data of
Vesuvius (Simkin et al., 1981) for the period 1630-1989 (Table 1) will
be analyzed in detail. Based on Table 1, the year 1630 vas taken as a
starting point and the period 1630-1989 vas divided into 72 five-year
intervals. The empirical distribution provides sample variance s2 =
0.873, sample mean X = 0.833, and Po = 0.444. Ve then use the
generalized model (NBD) to fit this data set. Equations 2 and 3 yield
F = 19.104 and T = 15.914, and the observed and theoretical values of
P(x) based on Equation 1 are summarized (Table 2). Note that the
observed and theoretical frequencies at x = 0 are always identical
(except for some rounding errors) because the parameter estimates are
obtained by fitting the sample mean and observed proportion of zero

eruptions. Therefore, this model reflects 100 perceat accuracy for



fitting the theoretical value of P(0) to the observed data, and thus
fully incorporates the information provided by the present reposé time
from 1944 till present. Though the fit looks extremely good, a

chi- square goodness-of-fit test (e.g., Steel and Torrie, 1980, p. 529)
is performed to check thé adequacy of the fit}of the NBD. The test
statistic is 0.02, wvhich leads to p-value ¢ 1, and indicates that the
fit is near perfect (a rule of thumb suggests that the test is not
reliable if some expected counts are less than 5 or if the degrees of
freedom are too small, which is often the case for volcanic eruptive
data).

Present understanding of eruptive mechanisms is not yet advanced
enough to allow deterministic predictions of future activity to be put
forvard. Attempts at long-term forecasting can only be made on
statistical grounds, using historical records to select an adequate
model and to calculate eruptive probabilities. For example, according
to Equation 1, if a time span of 5 years is chosen for the future
observation,

Py = 0.444, Py = 0.352, P, = 0.148, P, = 0.044, P, = 0.010, P, = .002,
vhere the subscript indicates the number of eruptions in the interval.
Hence, no eruptions most likely will occur for Vesuvius during
1990-1994; hovever, the probability of at least one eruption is 0.556.
Indeed, for a compound Poisson model, the recurrence rate vhich has
been postulated as a random variable need not be observable in any

sense. It is only necessary to assume that in any one period of time



the recurrence rates behave as if they vere a random sample from a
gamma distribution.
CONCLUSION
The evaluation of eruptive probabilities for a given volcano remains
an open problem in the definition of volcanic risk. ¥Yany volcanoes
with repose times of hundreds or thousands of years are commonly
regarded as extinct, with activity occurring before written records
remembered only in myths and legequ. With an unexpected renewal of
activity, this lack of awareness often generates a panic which can
cause more economic damage than the eruption itself. A knowledge of
eruptive mechanisms might provide information about the probability of
an eruption. However, the only available defense against an eruption,
apart from evaluation, remains the implementation of suitable land
management policies such that the potential losses in vulnerable zones
are brought to 2 minimum (Tazieff and Sabroux 1983, Ch. 6). Little has
been done successfully to modify the course of an eruption. For
-Vesuviué, the exact time and consequences of an eruption in the near
future are difficult to assess vith certainty. The probability model
developed in this paper deals with some of the purely statistical
studies vhich can be incorporated into a social framework. Social and
economic studies of the problems related to the volcanism of Vesuvius
are as important as the study of why Vesuvius behaves as it does.
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TABLE 1

YEARS OF ERUPTIONS OF VESUVIUS
FOR THEE PERIOD 1630 - 1989

1631
1649
1649
1660

1663
1680
1682
1685
1694
1696
1696
1698

1699
1701

1707 .

1712
1737
1744
1751
1754
1760
1764
1766
1767

1770
1M
1779
1783
1794
1798
1804
1810
1813
1822
1826
1834

1837
1839
1841
1850
1854
1855
1856
1858
1861
1864
1868
1870

* Periods of low-level constant activity are ignored.
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TABLE 2
SUMMARY OF THE FIT OF A NEGATIVE BINONYAL DISTRIBUTION

*Number of Frequencies
Eruptions Observed Theoretical
0 32 32.0
1 25 25.3
2 11 - 10.6
3 3 3.2
4 1 0.7
5+ _ 0 0.2

* Based on 72 five-year intervals (1630-1989)
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IV. Review of the Los Alamos National Laboratory Study Plan 8.3.1.8.1.1, Prob-

ability of Magmatic Disruption of the Repository



Review of Los Alamos National Laboratory Study Plan 8.3.1.8.1.1
Probabllity of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

Can the Issue be Resolved?

Study plan 8.3.1.8.1.1 deals with questions of great importance. There is no doubt
that the phenomenon is stochastic, and the answer is necessarily probabilistic.

This study plan has many pitfalls. The plan is compartmentalized into activities
without a well-defined procedure for unifying the data obtained in each activity. In
some instances, the results of one activity could have a drastic effect on another
activity. The plan does not adequately address how it will incorporate the data
collected in the various activities into a single model which answers the question at
" hand. Additionally, some of the mathematical techniques proposed do not apply to
this problem. Some of the models are based on faulty assumptions, and others are
just plainly misused. There are places where the plan lacks detail as to how it will
address certain issues. The plan does not have a complete and convincing method
for determining the probability of future disruption by volcanic activity at the nuclear
waste repository.

The reviewer suggests a less divided approach to solving this problem. One must
be prepared to handle all foreseeable problems such as the detection of the
presence of magma. More care needs to be taken in combining the data collected
in the different activities. A detailed plan for incorporating all reasonable ‘
mathematical models must be developed.



Review of Los Alamos National Laboratory Study Plan 8.3.1.8.1.1
Probabllity of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

Activity: 8.3.1.8.1.1.1 Location and Timing of Volcanic Events.

Will Proposed Activity Achieve Objective(s)?:
This activity will provide greater knowledge of the volcanic history of the Yucca
Mountain region.

Is the Scope Of The Activity Reasonable?:

The activity will provide information from many different sources concerning the
location and timing of volcanic activity in the past. The investigators must, however,
insure the data collected from other sources are suitable for use in other activities
discussed later in the plan.

Will The Proposed Methodologles and/or Techniques Provide

Representative Data?:

There really are no methodologies and techniques other than using data from
another study (see Los Alamos National Laboratory Study Plan 8.3.1.8.5.1). Itis
extremely important, however, to insure the data is representative. Depending on the
procedures used in the other tests, the data collected may or may not be a tair
representation of the location and timing of future volcanic events. - There have been
criticisms that some of the dating tools mentioned in Los Alamos National Laboratory
Study Plan 8.3.1.8.5.1 are untested and controversial. Other techniques are felt to
be not as well suited to certain tasks as others available (see Smith, Eugene, "Review
of Los Alamos National Laboratory Study Plan 8.3.1.8.5.1 Characterlzatlon of
Volcanic Features.”). Have these criticisms been addressed?

Other Comments:

During this activity, the investigators should never lose sight of their higher goal.
That goal is to predict the location and timing of future volcanic events. This is an
extremely complicated task and must not be taken lightly. It is not enough to simply
quantify the location and timing of past volcanic activity, and even that goal may not
be so simple.



Review of Los Alamos National Laboratory Study Plan 8.3.1.8.1.1
Probabillity of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

Actlvity: 8.3.1.8.1.1.2 Evaluation of the Structural Controls of Basaltic Volcanic
Activity.

Will Proposed Actlvity Achleve Objective(s)?:

Various limitations and flaws mentioned below raise doubts as to the applicability of
results from this activity as currently planned. The activity assumes sufficient models
will be developed to accomplish this task. Some of the models already developed
and presented in this plan are based on faulty assumptions.

Is the Scope Of The Activity Reasonable?:
The activity assumes many different models will be tested and used, but it does not
mathematically define how it will be determined if a model! is good or not (p. 21).

WIll The Proposed Methodologies and/or Techniques Provide

Reasonable Parameter Values?:

No, some of the models are based on faulty assumptions. Model 1 (p. 22) of the
deterministic models mentioned lacks validity. The investigators use a simple linear
regression mode! based on the longitude and latitude of volcanic centers to derive
confidence bands for the fitted regression line. The probability of disruption is
calculated as P, = 1 - C,, where G, is the level of significance of the confidence band
that intersects Yucca Mountain. There are several flaws in this approach:

Flaw No. 1 No randomness remains after the investigators construct a particular
confidence band. Probability (1 - C) in its interpretation as long-term
relative frequency makes no sense in this situation.

Flaw No. 2 There is an assumption that all future volcanic activity will occur only
along that regression line (with normal variation). There are two
problems with this assumption. No geophysical reasons appear to be
given to justify this restriction, and it is assumed that the regression
lines shown are the best fit. The similarity of the lines (Fig. 3, p. 23),
however, is due to the presence of two influential extreme cases. Were
these cases treated as outliers and removed, the new regression lines
would be far different, probably approaching far closer to Yucca
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Mountain. Also, the small number of data points used make it difficult
to test normality of the error. In the absence of normality, the 'best fit’
need not be the line found by linear regression. In any case, latitude
and longitude are both random variables, and while a linear regression
can be done of one random variable on another, there are certain
restrictions on their underlying conditional probability distributions for
such a regression to be statistically valid.

Flaw No. 3 The investigators assume in calculating the probability of repository
disruption as Py = 1 - C, that only a bullseye volcanic event at the site
could cause repository disruption, which is questionable.

Other Comments:

Model 2 (p. 24) may assume correctly that the strike-slip fault of Crater Flat will
control future volcanic activity, but the plan does not mention how the data in Table
2 (p. 26) will be used to determine the probability of disruption at the repository. The
same argument can be made for the data in Table 3 from Model 3. Legitimate
mathematical models must first be developed and shown to be reasonable for
predicting future volcanic events. A detailed plan must also be developed to
incorporate these models if more than one reasonable model is found.



Review of Los Alamos Natlonal Laboratory Study Plan 8.3.1.8.1.1
Probabllity of Magmatic Disruption of the Reposlitory

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas
Activity: 8.3.1.8.1.1.3 Presence of Magma Bodies in the Vicinity of the Site.

Will Proposed Activity Achleve Objective(s)?:

This activity will provide useful data to detect the presence of magma bodies in the
vicinity of the site. However, the plan does not propose a detailed procedure for
confirming the presence of magma.

Is the Scope Of The Actlvity Reasonable?:

The activity uses different types of tests for detecting the presence of magma. The
presence of magma would have a significant impact on the results of the rest of the
plan. Therefore, a detailed procedure of how the investigators intend to handle the
situation of the presence of magma is essential.

Will The Proposed Methodologles and/or Techniques Provide

Representative Data?:
Insufiicient knowledge to comment.

Other Comments:

How long will it take to develop a plan if the possibility of the presence of magma is
determined? What will be the impact on the other activities of positive identification
of magma? This seems to be the most critical activity, but the plan does not seem
to recognize this fact. The investigators can not fail to keep the "big picture" in mind.
The results of this activity could greatly alter the other activities and the final resuit.
This issue needs to be addressed by something more than is currently found in the
plan.
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Review of Los Alamos National Laboratory Study Plan 8.3.1.8.1.1
Probabllity of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

Activity: 8.3.1.8.1.1.4 Probability Calculation and Assessment.

Will Proposed Activity Achleve Objective(s)?:

This activity has many areas that could preclude finding a true answer to the
probability of future disruption by volcanic activity at the repository. The probability
mode! developed is incorrect and much of the data to be collected in other activities
is suspect (e.g, data from the Cima and Lunar Crater fields, see p. 39). The
collection of the data will also be difficult.

Is the Scope Of The Activity Reasonable?:

No, the activity attempts to incorporate many different models to estimate the
probability parameters. This will be a difficult task for which there is no plan (e.g.,
model adequacy checking, parameter estimation techniques related to each model,
etc.) developed. The weighting system, by expert opinion (p. 40), is not well-defined.
The proposed spreadsheet matrix (p. 40) is not really a plan to assemble the data.

Will The Proposed Methodologles and/or Techniques Provide
Reasonable Parameter Values?:

This activity has some major problems and some minor problems. The major
problems seriously endanger the cogency of the investigators’ work. These are:

1. Equation 2 (p. 30) is not suitable for the stated purpose. The plan calls
Equation 2 a conditional probability. It is not a conditional probability because
there are no defined events.

2. Equation 3 (p. 31) requires restrictive and hierarchical model assumptions that
are treated rather casually by the investigators. The investigators seem to be
unnecessarily limiting themselves in the choice of available statistical models
to a simple Poisson mode! even before the completion of Activity 8.3.1.8.1.1.1
(location and timing of volcanic events).

3. The investigators claim that a probabilistic approach requires a random or
exponential distribution of the data (p. 42). This is a misleading or erroneous
claim. Data, even when random, can show an overall structure, temporally or
spatially. Also, the investigators state a uniform rate of activity is required for a
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stochastic approach (bottom of p. 42). Wrong. Consider the
nonhomogeneous Poisson process as just one counterexample.

4. There is no such thing as "annual probability" (p. 32, 33, etc.) in volcanic risk
assessment studies unless the projected life of the geologic repository is only
one year.

Other Comments:

The proposed methods of estimating the recurrence rate parameter and the
disruption parameter will almost certainly produce a wide range of results. if this is
s0, the proposed method of combining all the models into a spreadsheet which
produces a combined probability distribution is questionable. A probability model
suitable for this activity must be developed after the completion of Activity
8.3.1.8.1.1.1. Additionally, a method of combining all the inputs from the different
proposed models must be defined.



Review of Los Alamos Nationa! Laboratory Study Plan 8.3.1.8.1.1
Probability of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

Sequence of Activities:

There is a possibility that the sequence of events could be seriously disrupted. The
decision document to amend the study plan (p. 46) is done after everything else. If
magma is found, there is no need to do anything else because everything else is
affected by the outcome of Activity 3. A decision document to amend the study plan
in the event of the presence of magma needs to be developed before any probability
decisions are made. Perhaps, the investigators could combine Activities 1 & 3.



Review of Los Alamos National Laboratory Study Plan 8.3.1.8.1.1
Probabllity of Magmatic Disruption of the Repository

Prepared by Chih-Hslang Ho, University of Nevada, Las Vegas

References: '
The reference list is incomplete. Some texts on introductory probability and statistics

should be adequately referenced to eliminate noted errors that undermine
confidence in the validity of the study resuilts.
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Prediction of Volcanic Eruptions: A2An Application
to the'Yucca Mountain 8ite, U.B.A.

by
Chih-Hsiang Ho

Department of Mathematical Sciences
University of Nevada, Las Vegas
4505 Maryland Parkway

Las Vegas, NV 89154 (U.S.A.)

Ahstract_

In the United States, spent fuel and high-level radioactive
waste will be permanently disposed of in a geologic repository.
Disposal of the spent fuel and high-level waste is scheduled to
begin in the year 2010. The candidate site for the first U.S.
geologic repository is located at Yucca Mountain, Nevada,
approximately 100 miles, or about 160 kilometers, northwest of
Las Vegas, Nevada. Comprehensive studies are underway on the
potential host rock formation. These studies are called site
characterization. An important element in assessing the
suitability (or lack of suitability) of the Yucca Mountain site
is an assessment of the potential for future volcanic activity.
A potentially adverse condition with respect to volcanism is
judged to be of concern at the Yucca Mountain site because of the
presence of multiple basalt centers of Quaternary age.

The possible recurrence of volcanic activity near the
proposed nuclear waste repository at Yucca Mountain, Nevada,
U.S.A. is evaluated by estimating the instantaneous recurrence
rate using a nonhomogeneous Poisson process with Weibull
intensity and by using a homogeneous Poisson process to predict
future eruptions. Based on the Quaternary data, the estimated
instantaneous recurrence rate is about 5.5 x 10%/yr. An estimate
of the mean time to the next eruption is about 1.8 x 10° years
from now, if it is assumed that the intensity remains constant
during the projected time frame. Also, the risk (probability of
at least one major eruption during the projected time frame)
increases approximately linearly with the time frame chosen as
the required interval for radioactive waste to decay to an
acceptable level. Our study concludes that a 90% confidence
interval for the risk for an isolation time of 10* years is
(0.02, 0.13).

Key words: Geologic repository; Volcanic risk; Weibull distribution.

Sclentific session: Volcanic Hazard and Risk Mitigation

Preferred Type of Presentation: Oral
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V1. "Statistical Analysis of Basaltic Volcanism Near the Yucca Mountain Site,”
presented to the United States Nuclear Waste Technical Review Board in

the March 1, 1991 meeting in Tucson on volcanism.



STATISTICAL ANALYSIS OF BASALTIC
VOLCANISM NEAR THE YUCCA MOUNTAIN SITE

C.-H. Ho

Department of Mathematical Sciences

University of Nevada, Las Vegas

( This work is supported by the Nevada Nuclear Waste Project Office )



One of the site characterization studies is the

VOLCANISM
near thé Yucca Mountain site (approximately
100 miles .northwest of Las Vegas, Nevada),
candidate site for the first U.S. geologic
repository for spent fuel and high-level

radioactive waste.



FACTS

1. An important element in assessing the
suitability of the site is an assessment of
“the potential for future volcanic disruption
of the repository.

2. The phenomenon is stochastic, the answer
is necessarily probabilistic !




GOALS

To estimate

1. the recurrence rate
2. the waiting time of the next eruption
3. the probability of at least one eruption during the next 10,000 years

1. the probability of volcanic disruption of the repository during the
next HLO000 yvears (in progress)




Need a model that captures the basic elements of the study :

1. Objectivity
2. Trend
3. Predictability

4. Mathematical Simplicity



TIME SERIES

generated by stochastic phenomena ( events )

Data : 34, 14, 244, 72, 42 (inter-event times)

34540 244 0 72 0420

carthquake, volcanic eruption, etc.
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WHAT IS A SINGLE EVENT?

1. Need a clear definition

2. Based on the understanding of fishing techniques
(or eruptive processes, etc. )






WHAT TO MEASURE?

- variables of interest

1. length

weight
Y
OB
volume i
Hkn
age
. freshness

SEEC



-1. Define a single event

2. Measure each event

~3. Count them all

generate a TIME SERIES



TIME TREND

140 34 O 42 : 72 : 244 '

M

244 : 72 : 42 3 34 :140




244 72 42 34 14 .
———— i Ouie(Os)  (eveloping



A Simple Poisson Model
(a homogeneous Poisson Process, HPP)
ig.nores the time trend, and assumes
A CONSTANT RATE OF QOCCURRENCES ( L).

A = # events/ obs. time

= reciprocal of average inter-event time



1. GENERALIZE a constant A with A(t), a
function of time

2, Model X(t) = number of events in [,t]

X(t) follows a nonhomogeneous Poisson
process (NHPP) with parameter pi(t)

t
L (t) =j A(s) ds
0

(Parzen, 1962, p. 138)



Choice of At) = (B/e) (t/@)P-1
yields Mt) = (t/0)P

implies a Weibull (0 , B)

(> 1 increasing

= 1 simple Poisson

L=

< 1 decreasing |



Letty,t,, ..., 1, be the first n successive times

| of events in [0,t]: ¢ <ty,<..<t,
° n
* B=n/3In(t/t)
i=1

. () = l/n”fs

- A =(plg) o)’

( Crow 1974, 1982 )



1~ 34~ 42 72 244
| 0.63

3.4 14 244

0.99

244 O 72 O 4% O I‘ﬂ OI4O 5.4



Goodness-of-fit test

HO:le
HA:B¢1

> 1
<1

X’= 2n/B~ x*(2n)



Instantaneous Recurrence Rate

t ( present time )

A1) = (B/O)(t/O)

B-




~ Volcanism Near the Yucca Mountain Site

t="?
e Post-6 Ma (Pliocene and younger)

e Quaternary ( < 1.6 Ma)

( Crowe et al. 1982, Smith et al. 1990, Wells et al. 1990)




GOALS
To estimate

I. the recurrence rate

2. the waiting time of the next eruption

at

the probability of at least one eruption during the next 10,000 years

4. the probability of volcanic disruption of the repository during the
next 10,000 years (in progress)




Identify a single event (eruption)

o cluster of centers (volcanic belt) ?
e a volcanic center ?
e a2 main cone ?

e asmall vent ?




A main cone is the final stage of a single
eruption, and a single eruption could have

several small vents to accompany the main cone

( Crowe et al. 1983)



Count each widely recognized main cone as a
single event, but do not require that the main

cones in each center be of separate ages.




A. 3.7 Ma basalts

1T 1T 1

3.7 3.7 37 3.7

Daniel Feuerbach ( personal communication 1990)

B. Buckboard Mesa

2.8




C. Red Cone, 1.2
Northern Cone, 1.2
Black Cone, 1.2
Little Cones (2) 1.2,1.2

(Vaniman et al. 1982)




D. Sleepirig Butte Cones (2)
| |

0.28 0.28

E. Lathrop Wells Cone

|
0. 01

( Crowe and Perry 1989, Wells et al. 1990 )



Preliminary Data Set |

3.7,3.7,3.7,3.7,28,1.2.1.2.1.2.1.2.1. 2. 0. 28, 0. 28, 0. 01
(B) Quaternary

(A) Post-6 Ma

(A) . B = 2.29 (one-sided p-value = ¢ (05)
e =5x'10-6 [yr
®) B = 1.09 (one-sided p-value = (.45)
e A =5.5x10-6 /yr |



A =5.5x 10%yr

e The estimated instantaneous recurrrence rate

e It represents the instantaneous eruptive status
of the volcanism at the end of the observation

time t (present)



Interval estimate of Alt)

A 90% confidence interval for At) is

(g, 22) = (1.85 x 10-6 , 1.26 x 10-5), which

is more informative than A = 5.5 x 10-6 / yr



1.6 Ma 104= 0.01 Ma

Quaternary l
(observation period) prediction period

1. The projected time frame is about 0.6% of the OP

2. 1Itisonly 5% of the average repose time

U

~ Suggests switching from a NHPP to a predictive
HPP model




It is further justified on the basis of

mathematical simplicity

objectivity (given the uncertainty of
future geophysical phenomena)

a slight increasing trend ( [3: 1.09 for

the Quaternary volcanism



Model X(t,) = # of eruptions during

the next ty years.

X(ty) ~ Poisson (Aty)



Predictions

Average waiting time to the next eruption is A

~ (a confidence interval is possible)

Pr( at least one eruption during the next ty years)

=1- exp{xto}



Observation
period

Empirical Results

0.0 Ma-

1.6 Ma-

R Probability
B 1/A (Ma) Isolation Periqd (yr)
(p-value) (90% Cl) 1 10  10°
2.29 0.20 5x10% 0.05 0.39
(0.005)  (0.11, 0.45)
1.09 0.18 55x 10¢ 0.05 0.42

(0.45) (0.08, 0.55)




- o

Polvcyclic Volcanism

Lathrop Wells volcano is a polycyclic volcano

( Crowe et al. 1989, Wells et al. 1990 )

One Step further: assuming there are 3 additional eruptions,
1 .2, 1.2,1.2,1.2,1.2,0.28, 0.28, 0.01, 0.01, 0.01, 0.01
Then 1. B = 1.50 (p-value = 0.125)

2. A = 10~yr (doubled)

3. 5\‘ = 9.7 x 10 years ( 50% 'sOmier)




