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Figure 5. Probability of a new volcano forming during the next 10,000 years varies in the YMR because
of the tendency for volcanoes to cluster. Here the logarithm of probability of a volcano forming within a
8 km? area during the next 10,000 years is contoured using (a) nine nearest neighbors and all volcanoes in
data set 1, (b) eight nearest neighbors and all volcanoes in data set 1 formed <5 Ma, (c) seven nearest
neighbors and all volcanoes in data set 2 formed <5 Ma, and (d) 11 nearest neighbors and all volcanoes
in data set 2 formed <10 Ma. The four maps reflect different regional recurrence rates A, (Figure 3),
ranging from A, = 3 v/m.y. (Figure 5d) to A, = 8.5 v/m.y. (Figure 5a). In these and all of the following
maps, the solid triangles indicate the positions of volcanoes used in the calculation (data set 1 or 2), and
open triangles indicate the positions of volcanoes that are part of the data set but are not included in the
calculation because of their age. The location of the proposed repository (solid rectangle) is indicated. The

contour interval is 0.25 log (P[N = 1, 10,000 years]) (e.g., —4 is a probability of 1 X 104 of a new )

volcano forming within an 8 km? area in 10,000 years). Map coordinates are in universal transverse
mércator, North American Datum 1983.
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8-18 Example of a cracked fuel cross section. (From Clark et al. [4].)

-

T:\c\uﬁ-fé 3 ’

s

Egow  Tooeems ado Kazimi (89 ) . Nocy swe Sysrems L

Tueema H‘Ioo.fsuv\.m Tunoamemas - Houseuees I?Ueu\s_uwg
MNew \‘mm; Mew Yoer.




F:ROMa‘« Flaues 3 1T (S  ASSUMER THAT THE Qlsmmiauils,] oF

V0, mass wimd THE  10G,_  OF PAANCLE DIAMETER. \s(m(c\fﬂ

e . o ] .
o —.,,Lo(‘.,(d.) A= PATICLE OWWMETEL. sl Cim (e E= ‘:vﬂ-\‘

S

e

| 7 N

-
r

-3 -2 - o i

N}

4o

1
\/\}HEDJ A DIWKE  ZNRUDER  OFod A eepesitott (T 1S ASSQRER. TN

TUE  ComTAMHMENT. AND.  CLAD . ORE.  ARSENT

From  Saczemas C1885) (15 ASSOUMED THAT THE ASH IS LOG- NORMAN

DISTRIRVIEDR ( £ (a‘f‘)) SUCH  THAT

‘F(?A) /l' / \

3 i o
v M M v L

- -2 -\ % o \ o”

S Hsn \aalsl

\ - 2 CuToFR
T

, ' ‘ £
ASTNJMPT\OA L 2 R A UL = UL)7 N/ D~
. 4 t ¢

O NS RMLUY

Tue U0y preTicUlATE  perecemooecteireremorts- usy taslat

= ®
TSRl g~ HMASS Wit 0O L p

CRCREE, U\ Eor LY
) v
T™E ‘A

: v
DISTRAGITES ITSELE 1MTO ASYH  PALTICLE MASS Wit P~ VO, curTare
AY

\N ND  CASE. ok anl AsH.  CARTICLE  WAANE Mo E THAr

J )} / .
: /m OB VIO . MASS: cereasen o - (JO,

FZ,\’:?' CDF  of FC@“3~

; AN — \ ““ ( a_h )1 ] : o ~ T e \
' ¥ (9 )= ex ~ A8 e, EANA— “'\(g\“ CDE.__oE: W\{f\) ) J
. - 2 ] : N /
> Nen dy L : L7 J = Q = Tomal mMAsS oF  asu EIEED
| U = T AN S OF _URANLUM DIOKIDE  eTesen  (Pua ) -

o= Loy (&M

¥

Prueni = SAMPLED [ Tagzecan (\‘3‘:'\5'.‘)] ,

SL S SKMeLEn [ Saceemon (395D

EF ((l;\:,‘f TUE  MASS ee. U0, /H’Ixss OF _ASH. __ n) & EARTCULATE

\

SI—\ADE‘D RREN  SGONE LS ASONCATINGL LBAASS  OF ASW  TAAT BWAS

THE  AQILATY 10 enelt aa~ U  civen  oisterastiod o pe. b
Rl | y




T R S e

PR ol

Mosr  MORMALIZE  To ASSOLE  THAT MO MseE MASS o VO, ¢

e FF (e R |
RS IWEL FE (M) = o 5
.
F "1< bA < Pi.u + 4 FF(?A)-: \/|o - ) N EECRT) T op
: Ql1-F(@y] £10UM (&) “
i Pt <" € ot L EE()= UM (-1 thalae | Demvares se  Tomenss M () L | ey
QLL-F(MN]>10 U H(gh-1) @ [i- Ecp™) oy ¢
m('—f): m(?\) Fog. NOTATI2NAL. SiMeLICTT  Rog.  Now .
?A 2 (\D:—‘ +1 EE(eM= Yo ' -
Qll-F(M<10-U M(p) = 2 (R-lwn) - G D) o ot
I A = (Pm: e iﬁ\_(p_ = 0 \J ' ) !
£-2 Punt1 EE(pM=_\ _ ‘
q Li-Feh] 21000 Q Li-Feei) = T (CCen) = ko (CChedd) (0 oun

(\:3.4).1" (!3“.-.\' (;(‘3 A "?umﬁu\

s L £~
N - K| (rMCd —Pﬂnn)

BEc DISTRAGUISO  TuAdl TAT wetien (s @evensen (U) - o : ELSEWISE

“sy -] - .
{ M(‘P) = (f Ke (YVD—,PM.A) dtP

Less mass prsreiauren  nias pevoneerm 1 OV Sice. Tuges Pmm :

AN NOT  PE ENSUGH  ASH MASS AT cNvEN 9 ‘s o _cprert’ THI§

N

L2k, P -k, m.ﬁjl

>sac>:u'r BOEL AW, VA THILS ME(A—U&N\SV\;

£

2
k ?t _kIPPMIN _Z.Klpm\..\ + Ky Prain

1

Z_.K p - K'PPMln +‘£KI Pmln

' ) Chac A
TO T ASH__MASS  OlsTm guien = ( FF(?)“Q"F(\:\”\ 0\9

i

1K (P T PPt va\lmv

O el
Al

M) =

\

N 2
7"K ((3 Ipmln\

Craia S P € Pmed

ToraL AsH mAss  eaiewes = \J

FE (") = noemauizen mrss Prack ol
\

53

I"kﬂ (epPred). K (e - N1 dp + 0.5

) [ | i 4 L B ey | Sy | v

il

J> _((“ Er (e P(p“\ch_\

FE(P) e
' Pl

? P :
( szp—pmaaﬁo\f/ + J( K.()omm"(’m,\) cl'o + 0.5

il

N-FFE) e

UL (™ EEG) 0 B dp”

\

Pmed. ) fred.

4

L4 ;
2 K, p - lcxppuﬂ + K.-(emec).—Pm.,.\,(F..?m\) + 0,5

.Ml
\

Pered




10

PN
=-=i..-_' z(P ‘ZPPmedL\\“ A Ki .Wmmw —
= S ¥ (P -1el>r«e¢ Prad. & gmeg_) + kK, (pM,,cL Pm-n)(p Pmecx3+® 5 |
£ b K (\> 2pm\\gpL tpmed ) + K (pmeox Pein)(p- pmedﬂ +t 0.5 |
‘::"'IS K~ (O pmaA\z- -+ k (Dme,)\ prvnn\({) DMeqL\ + 0.5 !

r N F 7. . h :

, I
‘\ (P ): J“ZKL_(.'P‘PNeoL) +~ K, (pmeok Dwnt\)(p Pmeok.) +OS )
L

11

{fad lae Derivamn = ©F MEW  ASH DENSITY _Eusciian - ‘-PL‘ ((‘33

M53
'Dm_____ﬁ(_lAM \Watree e aL, (“\"\3 SOGLERT s THAT EALNCUE
DENSITY AS A _pencnod o Qo Rewapi  COERESToND NG T |

rsnoERMAs = 254 fee

INTEX.Chanic ® Rt

£ |
ek < < O o , ~ \
\' J i \
: _
= ,..'v" \ AchguM\‘r\\ = 0.8 g [ce
1 ~F " ‘. .
Fee—mr st _o ., (P L MeT 1-23-9(
Ny < : ' 1; .
L < S en, £\ — T =
0 <Pua = M= O | | ;
. E i ' Al L4
1
= 2\ -
\ > UP A M (p ) - i i \ .
Ya (p) = Asuesimag QL -2
4 )
) Wale)= aAsupedmax - (e+2) [asupmiman - Asuoe ] 24<p <)
b N
4 Y ((333 ASHOEM N r\3>“' \
|
v,
Lyt . 3 -- . B 9 e ’
Nore . o ANE FsED fl

GPL \'\ln_go.q L. rBaw‘g\_;__ ELG - Exessive

Rerseercr »'. Whckee

Veorcraice Saupnonsg — T ls-ug —RN‘g o Fal o (‘In.au../&xr-\

gOPk}:(,S)g,m‘ ;;Qg NAy oF THE %V/&L ASM\_.DC \C Ay, SsC(m,
Vou. 22 0p.377-3¥3 (1371)




2/2(ac Cacconnon or Exeeceo Dosa  \[avom=  poa  oifeecews- , DOSES WITH  VOLOMETmIC DCE's  poe  TuicienEzsEs > \m
s POI L AND DICTANCES D ousniudy 4(3,
ALL Dosed  comuiesen Usitg  sorfant  OCE s . Vorumerroic
CE s unavAILas £ AT THIS TIME ' -
MR ; wQ . — . ) rMeem
POL Distance Dovuwinn (Km) Exemreo Dose (. v: ] Max Dose 7 PoX - Digmasce. Pownwing (km) Expecen 'Doztg_(ﬂv_a) Max Dese (’T‘@)
| 1Ok AT o7 b.bx 10 lo K - 2Zem 25.9 2L %o
| - |
‘ . 6 [
“ oK 5 K q 7x10 |ox 5 Km 2.9 2.9% (o
I
Lo (O km 0.% 2.6%10° 10w 1O ¥om 0.5 S ox o
Tol 4 2.0 (e 1.3 23810 v 20K m ] 3 2 2 \oF
’ T
[Sg-Qo DOM I ACEN 1 . Z'._S_KTO, [EN
?
Hi ,
LM 2 Ky 54 | 3,0 % (o LM 2k 105 49% \o
LM Skm 56 La X 1o B! 5 K - 24 L x 10°
TR | 3
LK \O Ken b 19RO LA 1O Ky 4,5 Laxio
- \ EI - g Hsj/ ,E 4-“%3_
“J\ 2.0 km O.q '\&lbq IM 20 Kwa 0'8 (N \O-&

o
0yt




14

\3/2'8/C'b MDR’F_ DOSE. .  CALCULAT Owl g

PTS. O EneiH $ SU’FACE ™ RE CM_CVLATED (C.a_om\

Pt X (lem ) N (ikm )

(7

o
w
N

(o 4.5 =45

| SaMelEn  wiun DIRELN =)

N W

15

(w) win




16 .
. ’ / Zek
G/‘\-/‘ifo Asgg_ssm:wr OF TME RELATIVE (MPSRTANCIE OF THE @ADIONUCCIRES o \o k¢ 3 - S : Arm (qo-q\)
' = ] EXTEN
MsT Foll THE  VoLeA~NiSM  SCEIARLS . (0.0 \"30.03 AV"‘\ <4~"“°)
~ o] v
I Pu (2.3)
™ » 73
PoT (\ll?_-) Dose Pr. : l\lU(,L\r)E (D/o CowT, TO E (D)) s ! * PU (l .633
. . 75
. . ‘\\P (0.,65)
Xy Lo
1Ok \ Am (883) ] mromers (023
(0.0,-25.8) Am (537)
"opy (259) - = 5
. 2
Py ( 2.02) (0.0 ,-30.:0 ) Ne (34.0) P, (6,42.)
""Np_ ( 083) “° Py (30.6) ‘Z: T (o31)
2 9
Aomees  ( 0.29) T, (20.9) Te (0.35)
| : TR (o) U (onn)
5 .
- \ Ne (363) 0, (0a4) L, (255 V0 (0.93)
(0.0 .-208.0) P00 (b)) T (e.3%) o (1L86) S Pu (020)
?2q'Th a4 “ Te  (0.32) T Ac (130 oms (238)
Pe@n (5.34)  PU (6.11) \ |
it T. € 223) >y (o0.V2) j)csc—‘_ Pr  aAverAGED
“3 Pa ( 1.06) e Pe  (o. \’?) -
£3] T
: Ac ( 275)  an omiees (0,43} ok, - Am (BQ.ZJ
24 o
ok Z : Po_ (2.53)
, T
(c.0 )'-2_5.9) * A ( 1.9 ) L, 1 Yo (V.] (97
am (542) | - " Np_ (e.80)
2
- Po ( .96 ) ALL. OTUERLS (0.7—6_)
oo (2.22) :
- v 5 7R
“"Nep (e.a1) M ' Ne (34.9) P (0.5%)
. - I3 129
' \ Al oniges( O ,2_‘\) “ Py (28.1) T (032)
229 D .
« - Ty (21.2) o (0.33)
23 . - 23% :
™ L "Ne_(343) ey (o022) R (589) U (04%)
(0.0~ 5.0 op (30.1). T (0.31) o7, (2.42) Y e
T @) T (e34) o (194) TPy (on19)
U, . 3 p ) f 2]
Ra (6.04) U “(o1), Ae (250 A omens (0.36)
230 pE ‘ # :
T (250) U (o.43)
T
P (181) Po (o022)
27
AL ('z‘-\o-) Ay, OTHERS, (040)




1/‘—'/% Eivae Docuﬂmu-;m?u OF CM_CUAG LIS
MSY i g .7
s N
. L | . CONTENTS "
Section Page
1 INTRODUCTION -+« e e e ettt e e et ettt 1
. 11 STATEMENT OF PURPOSE . ... ...cvonnnnaninnninnnnenenes 1 ——
| : 12 BACKGROUND ... onvtentene et aae et e e 1
| PRELIMINARY CALCULATIONS OF EXPECTED DOSE FROM , O ESCRIPTION OF MODELING APPROACH —
.......................... 4
| EXTRUSIVE VOLCANIC EVENTS AT 51 EXPOSURE SCENARIO . . v osesneieeeeeeenneeennnn 4 —
| YUCCA MOUNTAIN 2.2 PROBABILITY OF VOLCANIC DISRUPTION .. . ..o 8
! 53" VOLCANIC ASH DISTRIBUTION CALCULATIONS . .......... e 8 I
24 RADIONUCLIDE DISTRIBUTION WITHIN THE ASH BLANKET . .. ... .. 8
25 DOSECONVERSION . ... .\ovriironanenianennennsnns e 17
26 CALCULATION OF THE EXPECTED VALUE OF THE PEAK
‘ DOSE TO THE AMARGOSA DESERT FARMER/RANCHER
! . IN THE TIME PERIOD OF INTEREST .. ... ..vvovenvennnennnns 17 - I
‘ : : : 27 RESULTS . v v e oveee e eeee e aiieanngeann 26 |
1| ‘ Prepared for ‘
. 3 ASSUMPTIONS AND LIMITATIONS . ..o @vvveennevnneannneeeennns 28
| oL 31 ASSUMPTIONS . - .« v e eeete e et et e e aee e 28 s
1 . Nuclear Regulatory Commission 32  SUGGESTIONS FOR FUTURE WORK . .. ... ..uvvvunennennnnanns 28 |
pr— Contract NRC-02-93-005 ) . ,
4 SUMMARY/CONCLUSIONS . ...... e 29
, 5 REFERENCES .. ..vnvmveeennnnn PP 29 A
Prepared by .
Mark S. Jarzemba and Patrick A. LaPlante  °_ . —
Promepcsm—————"
Center for Nuclear Waste Regulatory Analyses .
San Antonio, Texas
\ f -
J h —
May 1996 . .
\ iii ’




i -
5
— FIGURES
l J Figure ‘ Page
1 The dése points considered in these analyses; water table contours in meters below .
j B 5
2 \Diagram of the exposure SCEMATIO « v v v o ornmranm e sty 7.
3 Cross section of a fuel pellet after irradiation and fissioning in a reactor .. .....--« - 9
!
ll 4 Assumed probability density of mass of fuel versus log-diameter of fuel particle ......- 11
3 5 A diagram describing the fuel fraction as a function Of P2 < v v s e e 13
ﬁm 6 A spent-fuel isopleth map following an eruption with the parameters shown in Table 1.
‘ All densities shown are in g of spent-fuel/cm 2 In this particular realization, the event
ocrrod G 182 Y « e 16
B 7 A plot of the normalized fuel fraction as a function of p? for the realization .. ......-- 19

-

AV

Table

TABLES
Page

Radionuclide concentration in the spent-fuel in curies per gram of spent-fuel for the
realization shown in figure D 18
Listing of the sampled parameter for the realization shown in Figure 6 .. .....«---- 20
Dose conversions factors for the animal product ingestion pathway . ... ... 21
Dose conversions factors for the terrestrial food ingestion pathway .. ......co-°" 22
Dose conversion factors for the groundshine PAhWay . oo oo oo 23
Dose conversion factors for the inhalation pathway . ........--- P 24
Total pathway dose COMVEISION FACKOLS « o -« v o oo v m s ossr s s sttt n i n s 25

Expected values and standard deviations as a function of position and the timé period

s S 26

The rnos; important radionuclides along with their percent contribution to the expected ”

dose Valles .o .. ow ettt ‘




23

preliminary estimate of radi
(YM) site. Calculations are based in
developed by Suzuki (1983) and extended by Jarzemba (199

. spent fuel within the

* radjonuclide distributions on

. exposures from the contami
" these analyses were: ingestion (from
resuspension and ext
pathways, and as a total of all the p
that described in LaPlante et al., (1995) for an Amar

-

PRELIMINARY CALCULATIONS OF EXPECTED DOSE
FROM EXTRUSIVE VOLCANIC EVENTS AT
YUCCA MOUNTAIN

Mark S. Jarzemba and Patrick A. LaPlante

1 INTRODUCTION

1.1 STATEMENT OF PURPOSE

The purpose of this report is to demonstrate a calculational technique and to provide a

ation doses for the scenario of extrusive volcanism at the Yucca Mountain’
part on a probabilistic volcanic ash (tephra) distribution model

6). In addition, a new model for distributing
ash particles has been developed to more realistically model (than previous methods)
the earth’s surface after a volcanic event. Dose modeling of radiation
nated ash blanket has also been performed. The dose pathways considered in
contaminated animal products and crops), inhalation from
ernal radiation. Dose Conversion Factors (DCFs) as a function of these important
athways, were derived for contaminated soil in a manner similar to
gosa Desert farmer/rancher residing at the point of

s surface (the dose point) immediately after the volcanic event occurs. The analyses

interest on the earth’
herein were performed for two different time periods of interest: 10,000 yr and 1,000,000 yr.

1.2 BACKGROUND

This section summarizes the modeling that

Jarzemba (1996) to calculate radioactive volcanic ash distributions after an event. - ;

In Suzuki (1983), the theoretical di:
using a two-dimensional, simultaneous convect|
processes:

ion/diffusion model. The model was based on the following

P
e lateral diffusion of volcanic particlés while in the vertical eruption column

o horizontal transport of these particles in the direction of the prevailing wind

e horizontal diffusion of these particles perpendicular to the direction of the prevailing wind
due to atmospheric turbulence‘

e sinking of the particles in the atmosphere due to gravitational settling

The model in Suzuki (1983) is valid only for yolcanic particles -larger than about 15 microns as
atmospheric turbulence is generally great enoug/h to keep smaller particles aloft for a greater time than

1

was done in Suzuki (1983) and extended by
e

stribution of volcanic ash after an event was investigated &

[;._t;_'_-._._._;-.ﬂ S

this modc?l' woqld predizct [Suzuk@ (1983), Cember (1983)]. Suzuki’s model predicted the areal volcanic
ash de'nsmes‘(m g/em?) at specified points on the earth’s surface, hence it can be used to
volcanic ash isopach maps after an event. generate

In order to make predictions of volcanic ash isoj i i
ict pachs, the model in Suzuki (1983 i
numerous parameters characterizing the eruption be known. These parameters are ag follg‘:/:flmred s

The total mass of erupted volcanic ash () - The mass of ash i
‘ B e . .
Sives wroter TupLed 1o rupted in the event with particle

The volcanic column height (H) - The height of the volcanic column above the vent.

The distribution of volcanic ash mass with particle log-diameter [f(p“)] - Suzuki (1983) assumed

a log-normal distribution that was characterized by the mean particle log-diameter (pa ) and
the standard deviation of the particle log-diameter (od). e

Beta - A constant d ini iffusi i .
g (B) nstant determining the diffusion of volcanic ash particles outlof the eruption

The volcanic eruption velocity at the vent exit (Wg)- Th i ani ,
o)~ The velocity of the volcani i
as they exit the vent. ( ) Y © esh parciles

The particle shape parameter (F)- The ratio of the sum of the i i
. ! . ( two minor particle i
the major particle axis (assuming an ellipsoid particle shape). P axes fo fiice

The air viscosity (ﬂa) - The viscosity of the air to which the particle is exposed.
The air density (‘l’a) - The density of the air to which the particle is exposed.
The particle density (¢P) - The density of the ash particles.

The eddy diffusivi - i P
e dy diffusivity constant (C) - A constant relating the eddy diffusivity to the particle fall

The wind speed (u) - The speed of the prevailing wind. In Suzuki (1983) the x-axis of the x-y-z .

coordinate system was parallel to the prevailing wind direction.

In Suzuki (1983) it was assumed that all of the above
S parameters were ail ing, i
their values could be selected independent of each other. owed o b freely varying, 1.

In Jarzemba (1996) distributions for the aforementioned

' ) dis 0 parameters were developed usi

pest avall?ble S'(ucca Mountain site-specific and analogous data. Jarzemba (1996) also attemp[t’ed tl;Scl::gntll::
interrelationships between several of the volcanic parameters. For example, it was found fronl: the
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literature that \empirical relationships exist between: the total m'ilss 9f eruf:rt:::;lt ;21(;:13:; asstgait:l: (::Icl)llyumnfor
i v duration, the later two volcanic par
height, the ewent power and the event , : % g studied only 1or
ir i atiohshi It was found that by sampling the values of any _
their interrelationship and for future use. ' I e
. The wind parameters (speed amn )
hat ail four parameter values were determlned. ) C
pa:ﬁﬁsfefi ;ased on dsta contained in the Site Characterization Pl_an [DOE (1988)] ar.ld the f()llloz;ni
;’arametef values were held constant based on values found in Suzuki (1983): the volcanic particle shap

factor (0.5), the eddy diffusivity constant (400 cm2/s5/2), the air viscosity (0.00018 g/cm-s) and the air

i ide i hs could be calculated
i 3). Further, Jarzemba (1996) noted that radionuclide 1.sopac (
(ffﬁtgléo\;g?clazngicgg;ni:opachs by assuming that the radionuclides released in the event were unifornily

distributed throughout the ash mass ejected in the event.

The following is a summary of the how the previously mentioned parameters and distributions
were sampled in Jarzemba (1996):

i ion i i led from a loguniform distribution
tion duration (T) - This parameter (in s) was samp! : !
‘T:;;re‘: l:ﬁe log of the duration is sampled over the range [3.25,6.83]. This range was detern}lfled

from analogous data.

i rmal distribution. The value

i wer - This parameter was sampled from a logpo mal )
ge;l‘e?slplilszzptz detérI:r)line the mean value for the lognormal dlstrlbgtllon from ;;mt;a:;nlg:rs(tl

i alogous volcanoes. The

fit of a plot of event power Vs. durzftlon for an:
fi%:?:iin of the lopgnormal distribution is determme.d pydthe s;)r(;aadlgf3tl;%mzai:i<;:i 3::: gat:gu;
i t squares fit. The value of P was hmltg to 7.0% , corres '

::tcl)eiulxlrllfgeil;ﬁ: osfq24 km, which is an estimate of the highest stable column height observed in

the analogous events.

The total mass of erupted volcanic ash (q) - This parameter (i.n g) was chosen deterministically
based on the values of P and T and interrelationships found in the literature.

The volcanic column height (H) - This parameter (in km) was als9 chosen deterministically
based on the values of P and T and interrelationships found in the literature.

¥

The distribution of volcanic ash mass with particle log-diameterl[f(p“)l -1 ’I;h&f?sg zctlt:;it ;tt::tcllzrni
jati ‘this distributi ined from logtriangular and lo, ributions
deviation for this distribution were determined o e e
i ini de and maximum values for the mean particie we
e 10 em respectivly. ini d imum values for the standard deviation
.01,0.1 and 10 cm respectively. The minimum and maximt .
?)f(illléopmicle log-diameter wge -1.0 and 0.3 respectively. These ranges were determined from

data given in Suzuki (1983).

Beta (B)- This parameter was sampled from a loguniform distribution over the range {0.01,0.5].
This range was chosen based on data in Suzuki (1983).

} i i hosen
The volcanic eruption velocity at the vent exit (Wo) - This parameter (in m/s) was

deterministically based on the values of ¢ and T.

25

The wind direction (u,)- This parameter (in degrees) was sampled in 22.5 degree increments
over the range [-180,180] with zero degrees being due east. The relative probabilities of the
22.5 degree “bins” were determined from data in the Site Characterization Plan [DOE (1988)]. -

The wind speed (u) - The wind speed (in cm/s) was sampled from an exponential distribution
with the mean wind speed in the prevailing wind direction being a function of that direction,
i.e. different wind directions have different mean wind speeds. These directionally dependent
mean wind speeds were determined from the Site Characterization Plan [DOE (1988)].

These same parameter sampling procedures are used for the current study.

2 DESCR;PTION OF MODELING APPROACH
2.1  EXPOSURE SCENARIO "

The exposure scenario for these dose estimates is based on the assumption that the critical group
is composed of an Amargosa Desert farmer/rancher residing on a plot of land at a specified point in the
region (the dose point) immediately after a volcanic eruption occurs. The critical group is defined as a
relatively small group of individuals (or individual) whose membership includes the maximally exposed
individual, using cautious but reasonable assumptions, and other individuals whose ‘projected dose is
within an order of magnitude of the maximally exposed individual [ICRP 1991; 1985; 1977)]. For the
purposes of these analyses, the critical group is the maximally exposed individual as defined by the !
lifestyle characteristics in LaPlante et al., (1995). For these preliminary analyses, no other possible
critical groups were considered. The Amargosa Desert farmer/rancher is selected as the critical group
because of current lifestyle practices in the YM region. Figure 1 shows the dose points chosen for this
report and the depth to the water table. The depth to the water table together with land slope were key
parameters in deciding where this group would most likely exist. A great depth to the water table would
make this scenario economically infeasible. Similarly, a high land slope would seem to limit the
desirability of a sight for arid-region farming. Due to large uncertainties in predictions of parameter
values over the long term, a static biosphere assumption was used that relies on current site
characteristics, of the region south of YM for dose estimates (i.e., today’s biosphere). Details of the
farmer/ranchers lifestyle activities were based upon reasonable assumptions that would result in a
reasonably maximal exposure. The resident farmer/rancher was assumed to raise (locally) half of his
consumed beef, milk, fruit, grain, and vegetables and was assumed to obtain all pork, poultry, and fish
products from other, uncontaminated sources. The assumption that the farmer/rancher consumes half of
his beef, milk, fruit, grains, and vegetables is similar to assumptions made for low-level waste repository
performance assessments where it is assumed that 50 percent of a person’s diet is from contaminated,
locally grown food [Yu et al., (1993)]. These assumptions are based on the best available site specific
information about the lifestyle activities of this group [LaPlante et al., (1995), Wescott et al., (1995)].
A detailed description of the lifestyle characteristics of the exposure scenario and parameter selections
is provided in LaPlante et al. (1995), however, the present analysis used soil concentration from volcanic
ash deposition as the source of contamination rather than groundwater. In this region, no farms exist that
sell food crops for export, but some raise livestock using both pasture land and feed crops irrigated with
local groundwater.! The primary livestocks in the county encompassing the potential exposure area are

Y

Ipersonal Communication, Las Vegas Agricultural Extensionf;Qfﬁce,' Nevada, January 27, 1995.
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beef cattle, while hogs, chickens, and milk cows are raised in lesser numbers [U.S. Department of
Commerce (1989)]. Feed crops are predominantly hay (e.g., alfaifa) and limited amounts of grain. At

present, alfalfa farms in particular are located in the Amargosa Desert region [Nevada Division of Water
Resources (1995)].

Parameter distributions were determined from the literature or estimated from reported ranges.
Agricultural information was collected for southwestern Nevada [U.S. Department of Commerce (1989);
Nevada Agricultural Statistics Service (1988)]. Soil characteristics were assumed to be similar to those
in the Amargosa Desert area and information on these characteristics was obtained from local and national
offices of the Soil Conservation Service [LaPlante et al. (1995)]. Future analyses may include updating
these soil characteristics with ones more representative of volcanic ash. ‘

Nevada Test site studies provided information for modeling doses from resuspension [Anspaugh
et al. (1975); Otis (1983); Breshears et al. (1989)] and crop interception of contaminated air [Anspaugh
(1987)]. For the present analysis, a resuspension factor for soil was used, however, future analyses may
be improved by using resuspension factors for volcanic ash. A range from 30 to 82 percent of animal feed
for milk and beef was assumed to be from contaminated fresh forage [Breshears et al. (1992)]. Generic
parameter values from prior NRC assessments [Kennedy and Strenge (1992)] were used when information
was not available from local sources. Food transfer factors, while not from local sources, were from
recent work [International Atomic Energy Agency (1994)] supplemented as necessary with additional data
[Baes III et al. (1982); Hoffman et al. (1982)]. External dose conversion factors in the GENII-S code
[Leigh et al., (1993)] were updated using recent Environmental Protection Agency (EPA) federal guidance
[Eckerman and Ryman (1993)]. ) .

A diagram of this exposure scenario is presented in Figure 2. The progression of events in the
exposure scenario shown in Figure 2 is as follows:

M
@

€))

@

&)

Magma enters the repository and becomes contaminated with spent fuel particles.

Ash forms into contaminated particulate matter. The level of contamination of the
particles as a function of particle size of the volcanic ash is as given later in this report.

Eruption paraméters are sampled according to the procedure given in Jarzemba (1996)
and summarized in the background section of this report.

Eruption column and contaminant plume form and produce volcanic ash fallout at
distances and directions as determined by the methods in Suzuki (1983) and Jarzemba
(1996). :
Doses received by an Amargosa Desert farmer/rancher at the dose points were calculated.
It is assumed that the farmer/rancher exists immediately after the particle plume laid
down the contaminated blanket. The pathways accounted for in the calculated doses were

‘inhalation (from resuspension), ingestion from both contaminated animal products and

crops, and external dose from groundshine. Contamination of the water table from water
percolating through the ash blanket and subsequent doses from the drinking water
pathway have not been accounted for in these analyses. '
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Figure 2. Diagram of the Exposure Scfm.

22 PROBABILITY OF VOLCANIC DISRUPTION

In order to calculate the expected value of the peak dose to the critical group due to extrusive
volcanism in the Time Period of Interest (TPI), the probability of volcanic disruption must be known.
Connor and Hill (1995) modeled volcanism in the YM region as a spatially inhomogeneous and time
homogeneous process to estimate the probability of a new cone forming in an 8 region, including
the repository footprint plus a 500 m buffer zone, over the next 10,000 yr. They found that the
probability ranges from about 1 X 104 to 5% 10™4. For the purposes of these analyses, a centroid value

of 3x10™ per 10,000 yr, leading to a recurrence rate (\,,) of 3x 1072 per yr was assumed.

Two TPIs were considered; 10,000 yr and 1,000,000 yr. Multiple events in the TPI were not
explicitly considered, however, in determining the probability of new cone formation they were treated
as a single event. If it is assumed that the above recurrence rate is constant in time (i.e., no waxing or

wanning) and that volcanism occurs as a homogeneous Poisson process, then the probability of no
volcanic disruption in the TPI is given by:.

p(TPD) = exp (-1, TPI) g @)
Conversely, the probability of at least one disruption during the TPI is given by:
P(TPD) = 1-exp(~Agp TPI) @2
Explicitly, the probabilities of at least one disruption in TPIs of 10,000 yr and 1,000,000 yr are:
p(10,000 yr) = 3.0x10™ @3
(1,000,000 yr) = 3.0x1072 ‘ 24)

23 VOLCANIC ASH DISTRIBUTION CALCULATIONS

Volcanic ash distributions after an event were calculated using the methods and data outlined
earlier. The point on the earth’s surface at which volcanic ash thicknesses and subsequent radionuclide
densities were calculated, (the dose point), was assumed to be at a specified location and is treated as a
parameter in these calculations. Possible dose points used in these calculations were 20, 25, and 30 kin
directly south of the repository. These points were chosen based on: knowledge of the present day
population [LaPlante et al., (1995), Wescott et al., (1995)], depth to the water table, and land slopes
considered to be favorable to farming/ranching under the present condition.

2.4 RADIONUCLIDE DISTRIBUTION WITHIN THE ASH BLANKET

In Jarzemba (1996), the radionuclides released in the volcanic event were assumed to be
uniformly distributed within the volcanic-ash mass released in the event. In these analyses, a different

distribution was used, which is thought to be more realistic even though no experimental data is available
to confirm this assertion. . ’
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Spent nuclear fuel is highly fractured from the buildup of fission fragment gasses in its ceramic
matrix during irradiation in the reactor. Figure 3, abstracted from Clark et al., (1985), shows a cross
section of an irradiated spent-fuel pellet. For these analyses, it was assumed that the log of the fuel
particle diameter has a triangular probability distribution. The minimum and maximum fuel particle
diameters were assumed to be 0.01 cm and 1.0 cm which correspond to log-diameters of —2 and 0
respectively. The median particle diameter was assumed to be 0.1 cm corresponding to a log-diameter

of —1. Figure 4 shows the probability density function for the mass of fuel of the log-diameter[m(pf )]
using these assumptions. The upper limit of of =0 was assumed because spent-fuel pellets are about 1 cm

in diameter before irradiation in the reactor. The median value of of=-1 was assumed from the visual
evidence presented in Figure 3, as the median fractured particle diameter appears to be about 1 mm. The

lower limit of pf=-2 was assumed based on this same evidence since very few particles in Figure 3
appear to have diameters smaller than 0.1 mm. This distribution of the fuel particle size was used
independent of the timing of the event. Future work on this topic may include use of a time dependent
distribution of the fuel mass with particle size to account for changes in fuel structure with chemical
composition and age.

Tt was conservatively assumed in these analyses that all canister cladding and containment have
been breached and are ineffective at preventing exposure of the fuel to the magma or volcanic ash
particulate matter as it is being formed. This assumption will be investigated further in future work on
this topic. Since the magma is typically at temperatures of about 1,000 °C, which is above the melting
point of zircalloy, the conservative assumption that the cladding was also ineffective at preventing spent-
fuel incorporation was made. This assumption may also be updated as further information on waste
package performance under these conditions becomes available.

This scheme for partitioning fuel into an erupting magma requires the introduction of a new
function into the previous analyses of Jarzemba (1996) to determine the mass of fuel per unit mass of
volcanic ash as a function of the log-diameter of the ash after the ash has been contaminated with spent

fuel [FF (p%)]. As in Jarzemba (1996), the volcanic ash mass is assumed to be distributed lognormally

a _ 5% 2
6 = ——cxp| - &~ Loend @)
: V2mo, ¢ 205 ‘
where:
o = the log-diameter of ash particle size, with particle size in cm
pfnean = the mean of the log-diameter of ash particle size, with particle size in cm
7 = the standard deviation of the log particle size

f(p% = the normalized probability distribution of ash mass with o?

The mass of fuel as a function of the log-diameter of the fuel [m(o”)] is defined as

10
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P ¢ < Pl
m(e) = k0 ~ Ohet) * fPht — Plan)  Po< 0 <Pl @6

m(p) = 0 otherwise

where:

k1= 2

(Ffmax - mem )(p{ned - pfmin )

2
. i) Gz - Fhred)
of = the log-diameter of fuel particle size, with particle size in cm
p{nin = the minimum log-diameter of fuel particle size, with particle size in cm
pfmax = the maximum log-di/ameter of fuel particle size, with particle size in cm
p(ned = the median log-diameter of fuel particle size, with particle size in cm

m(e ) = the.normalized probability distribution of ?el mass with o/

The motivation for limiting the amount of fuel mass available for incorporation into the volcanic
ash particles of a given size is that for smaller volcanic ash particles an amount of fuel mass will be too
large to be incorporated into these small particles. For example, a 1 cm fuel particle cannot be
incorporated by a 0.5 cm volcanic ash particle. For the purposes of these analyses, the cutoff on the ratio
of “incorporable” fuel dia\meter to volcanic ash diameter was assumed to be 0.1. This assumption means

that the incorporable fuel mass must havq a log-diameter (,of ) less than p® —p. where p, is equal to one.
The parameter p. can be revised as future information becomes available. A sensitivity analysis ofp,

/may also be conducted to determine the importance of this parameter. Another example, p'c equal to zero,

is equivalent to allowing all fuel mass of size less than or equal to the volcanic ash particle size to be
available for incorporation, : ‘

The assumption that p, is equal to one was made from the authors’ observations of actual
particles presumably transported by volcanic convective columns and subsequent plume fallout. The
observed incorporated matter (wall or other rock fragments) in these particles appears to be about one
order of magnitude or less in size than the particle size itself. A search of the literature in this area found

no corroborating eviderice for this assumption. The value of p. should be updated as future evidence on
this topic becomes available.

, . :
To determine FF(p?) the fuel fraction (ratio of fuel mass to ash mass) as a function of 0%, one

must consider that all fuel particles of size smaller than (pa-pc) have th;ab‘ility to simultaneously be

t
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incorporated into volcanic ash particles of size p? or larger. This situation is shown in Figure 5 by
considering that all the fuel mass in area 1 of the lower curve is available to all the volcanic ash mass
in area 1 of the upper curve. Similarly, all the fuel mass in area 2 of the lower curve is available to all
the volcanic ash mass in area 2 of the upper curve. This partitioning scheme was done to reflect the fact
that larger volcanic ash has the ability to incorporate a relatively larger amount of spent-fuel. The fuel

fraction as a function of p? was determined by summing all the incremental contributions of fuel mass

to the volcanic ash mass from fuel sizes smaller than (p“ -p c). An expression for the fuel fraction is given
as

et = 2 o S ap

- 1-F(p)
where: . @
q = the total mass of ash ejected in the event in g
U = the total mass of fuel ejected in the event in g

Flp?) the cumulative distribution of f{p®) ‘

Equation (2-7) assumes the resulting contaminated particles follow the same size_distribution as the
original volcanic ash particles. This seems reasonable since for most events sampled in these analyses,
the total mass of volcanic ash is on the order of 1013 to 10'5 g and for these preliminary analyses, each
event was assumed to disrupt one waste package, or 107 g of fuel. The assumption that one waste package
was available for incorporation was used as a baseline and will be updated by future work. For example,
it may be possible to relate the number of waste packages available for incorporation to the energetics
of the event. — \

Very dense particles cannot be transported significant distances by a convective column (from
observations made with this model, “very dense” means “with density greater than about5 glem?”). In
these analyses, if the fuel fraction was greater than one then it was truncated to zero (to remove the
contamination that these particles carry from the transport scenario). A fuel fraction of one corresponds
to a contaminated particle composed of equal masses of fuel and volcanic ash. Since the average ash

density is about 1.5 g/em® and spent-fuel has an initial density of about 11 glem?, FF(pa)=1 roughly
corresponds to a particle with a density of 5 glem?. :

To clarify this procedure further, consider the following simple, albeit unrealistic, example.
Assume that the total quantity of volcanic ash released in the event (g) occurs in the following way:

one-third of the volcanic ash /mass has p%=-1; one-third of the volcanic ash mass has p%=0; and

one-third of the volcanic ash mass has p?=1. Assume that the total quantity of spent-fuel released in the

event (U) occurs in the following: one-third of the fuel mass has pf =-2.01; one-~third of the fuel mass
has pf=-1.01; and oné-third of the fuel mass has of=-0.01. For reasons previously stated, it is assumed

that p,=1. For this simplistic example, it is only necessary to describe the fuel fraction at p?=-1,0 and
1 to completely describe the system. : ) . -

14
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i Tfi_e‘ fuel fraction at these three values of p? is given as follows:

L 1

' U
v 2-8
FF(p“=—1)—§-—- -1U @)
q 3¢q
\ %U %U .
FP(pa=0)=_+—="5‘g 2-9)
q Zq 6 g
3
wow oW,
FRlpe=1)=2-+3_ ,3 11U @10)
¢ 2, 1, 64
3 3 :

¥
If it is assumed that U and g are equal then FF(p“= 1) is greater than 1, and hence its value
must be truncated to zero because these particles are too dense to be transported significant distances by
a convection column, Finally, the fuel fraction becomes:

1
FF(p%=-1 = =
(p®=-1) 3
FF(p®=0) - _2_ @-11)
=O Al

FF(p®=1)

~4

P

An isopleth map. of the areal density of spent fuel as a function of position for a part{ficular?":';‘

realization of the spent-fuel distribution is provided in Figure 6. The realization for which the spent-fuel
contours are shown in Figure 6 occurred at a time of 829 yr. The sampled time of 829 yr is an arbitrary
choice and any other event time within the TPI is equally as valid. Table 1 shows the radionuclide content
of the spent-fuel at that point in time (in Ci/g of spent-fuel). The important simulation parameters that

/ \ were sampled in the realization shown in Figure 6 are shown in Table 2, and the fuel fraction as a
1
i

function of p? for this case is shown in Figure 7. The volcanic parameters (and their interrelationships)
that were held constant in these analyses are described in Jarzemba (1996) and re-stated in the background
section of this report. These parameters include such constants as the particle shape parameter, air
viscosity and density, and the eddy diffusivity constant. In calculations presented in this report,
radionuclide inventories have been determined by using the INVENT computer module described in
Lozano et al., (1994). The time of event occurrence was sampled uniformly over the TPI with events
occurring in the first 100 yr having zero dose to account for and active institutional controls for the first
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Figure 6. A spent fuel isoach map following an eruption with the parameters shown in Table 1.

All densities are shown in g of spent-fuel per cm2, In this particular realization, the event
N occurred at t=829 yr. :
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2.5 DOSE CONVERSION
ntrations to dose was done using the GENII-S [Leigh et al.

Conversion from radionuclide conce:
dose equivalents (TEDEs) were calculated for each of 42

(1993)] code. Individual annual total effective
radionuclides for a resident Amargosa Desert farmer/rancher based upon unit radionuclide concentrations

on the soil. The 42 radionuclides modeled in these calculations are as follows:

246, 245, 244, 243

Curium isotopes:
243, 242m, 241

Americium isotopes:
Plutonium isotopes: 242, 241, 240, 239, 238

Uranium isotopes: 238, 236, 235, 234, 233, 232

Thorium isotopes: 230, 229 .

Cesium isotopes: 137, 135 .
Other isotopes: BT\, 21py, 27Ac, 226Ra, 210Pb, 1lSm, 129y 126g, 121mgp,

lde, 99TC, 94Nb, 93M0, 9321., 9081', 7986, 63Ni, 59Ni, 36Ci, 127}

This list matches the one given in the Sandia TSPA-1993 [Wilson et al., (1994)], with orie
hich data to perform the dose conversion analyses was

exception. That exception is 08mpg. for w

unavailable. In any case, this isotope is not expected to be a major contributor to dose. A Monte Carlo
style analysis with 125 realizations is used to generate TEDE distributions. Input parameter values were
sampled from distributions using Latin Hypercube Sampling. Tables 3 through 6 present the results as
the expected values and distributions for each pathway calculated
for each radionuclide assuming that the radionuclides were deposited on the surface of the soil with unit

_ concentration. Table 7 gives the total pathway DCFs assuming that the individual consumes 50 percent

- of his food from contaminated sources.

standard deviations of annual TEDE

2.6 CALCULATI
DOSE TO THE AMARGOSA DESERT FARMER/RANCHER

IN THE TIME PERIOD OF INTEREST A%

«

Values of the peak annual effective dos
Desert farmer/rancher in the TPI for each realization were calculated for TPIs of 10,000 yr and
ns were obtained. The dose to the farmer/rancher was

1,000,000 yr. For each TPL, 1,000 dose realizatio
caléulated based on the dose conversion factors in the previous section. The expected value of the peak

dose in the TPI to the farmer/rancher is given by:

Ng
EWD,TPD = pTPD ¥, — D) @12)
n=1 NR
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ON OF THE EXPECTED VALUE OF THE PEAK -

e equivalent (hereafter called dose) to the Amargosa

o

Table 1. Radionuclide c ion i
realization shown in Figllll:ee létratlon fn the spent-

fuel in curies per gram of spent-fuel for the

Radionuclide
s Ci of radionuclide per g of spent fuel
Am-241 3.00E-10 .
Am-242m :-;0‘3'03
Am-24 _80E-07
Cid 2 1.40E-05
CI36 1.20E-06
Cm-243 1.20E-08
Co24d 3.40E-14
Cm243 2.80E-17
Cm24t 1.20E-07
Cs-135 2.30E-08
o137 3.50E-07
1-129 4.60E-10
Mo-93 2.90E-08
Nb-94 8.60E-09
Ni5o 4.90E-07
NG5 2.40E-06
Np-237 6.40E-07
Paz3i — 8.90E-07
P6210 = 3.20E-10
Pa107 2.00E-09
Pu-238 1.00E-07
Pa230 , 3.30E-06
Pu240 -/ 3.00E 04
Pu24l : ' 4.70E-04
Y] 1.20E-07
Ra-236 1.60E-06
Se79 2.10E-09
Sm-151 3.80E-07
Sn-121m 5.80E-07
Sn136 9.20E-12 —
Sr-90 7.10E-07 ] N
o9 , 1.80E-10
Tha2d 1.20E-05
Th230 7.80E-11
U-232 1.40E-08
U233 9.30E-12
U254 2.40E-09 ,
U235 1.90E-06 ‘
U3% — 1.70E-08
023 - 2.50E-07
Zr-93 3.20E-07

1.80E-06

/7
2
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FF(p?) x 10°
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:‘ | Table 2. Listing of the sampled parameters for the realization shown in Figure 6
30 - [ - Parameter Distribution Type Range Sampled Value

[ ] Total volcanic ash mass (g) | Described earlier 3.73%x10%3
2.5 [ ] Event duration (s) Loguniform _[3.25, 6.83] 3.3%x10*

X ) Event power (W) Lognormal [0. 13.8] 8.23x 101!

[ 1 Column height (km) Function of power 7.809
20 | ]

| ] Mean particle diameter (cm) | Logtriangular [-2, 1] 0.068

- i Standard deviation of particle
L5 - . log-diameter Loguniform [-3,0.3] 0.995

" " Beta! Loguniform [0.01, 0.5] 0.305

I ] Wind speed (cm/s) Exponential 832.4
1.0 |- E Wind direction (degrees- -112.5

[ h relation toldue east) "Described earlier

[ . Mass of fuel ejected (g) Constant 1.0x107
05 | ]

[ b ~ 1 Beta is a constant controlling particle diffusion in the eruption column.
o [ N where: _ ‘

[ ] D(n) = the peak dose to the farmer/rancher in the TPI for realization n

3 - N, = the number of event realizations N

T TSP SR IS S LSS S S S 8 ] - :
-4 3 2 -1 ) 1 £ g o
o The quantity D(n) is calculated as:
p? P ) a2 :
D) =Y, TDCF, - C; , @13)
i=1

where:

TDCF, = the total pathway DCF for radionuclide { (Table 7)
C; =the radionuclide surficial concentration at the dose point

. .
The expected doses generated by Equation (2-12) assume that the only scenario for delivering doses to
the farmer/rancher is extrusive volcanism. The summation in Equation (2-12) represents the expected
value of the dose given that an extrusive event occurs in the TPI within the repository zone and disrupts

Figure 7. A plot of the normalized fuel fraction as a function of p? for the realization shown
in Figure 6. ’

.

J—
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i ' Table 3. D._olse Conversion Factors (DCFs) for the animal product ingestion pathway

Sk Expected value of the DCF Standard Deviation
Radionuclide: [rem/yr/Ci/cm?2] [rem/yr/Ci/cm?2}
Ac-227 1.70E+08 1.40E+08
T————— Am-241. - 3,10E+07 2.40E+07
Am-242m 3.00E+07 2.30E+07.
mm— Am-243 3.10E+07 2.40E+07
C-14- 0.00E+00 0.00E+00 .
C1-36 2.70E+08 2.20E+08
—————— Cm-243 1.50E+07 1.50E+07
Cm-244 1.20E+07 1.20E+07
mm— Cm-245 2.30E+07 2.10E+07
, Cm-246 2.30E+07 2.20E+07
S—— Cs-135 8.50E+07 6.50E+07
Cs-137 5.90E+08 4.50E+08
T 1-129 2.70E+09 2.10E+09
Mo-93 1.10E+06 9.50E+05
Nb-94 1.30E+03 {.10E+03
m———— |INi-59 1.10E+06 1.00E+06 .
) 3.10E+06 2.70E+06 ’
S———— o Np-237 1.10E+09 8.30E+08
. Pa-231 3.60E+07 2.80E+07
— Pb-210 1.00E+09 8.00E+08
Pd-107 5.40E+05 4.80E+05
Pu-238 1.10E+05 8.70E+04
e ———— Pu-239 1.20E+05 8.80E+04
) . ) Pu-240 1.20E+05 8.80E+04
———— . Pu-241 4.40E+03 3.40E+03
Pu-242 1.10E+05 8.30E+04
Ra-226 5.00E+08 3.00E+08
Se-79 3.50E+07 2.60E+07 ! s
Sm-151 3.90E+05 3.00E+05 F
. ASn-121m 3.60E+07 2.80E+07
Sn-126 3.40E+08 2.60E+08
—————— Sr-90 3.60E+08 2.60E+08
. Tc 99 1.50E+06 1.20E+06
S———— Th-229 5.30E+07 4.70E+07
L Th-230 1.40E+06 1.10E+06
U-232 1.30E+07 1.10E+07
U-233 4.50E+06 3.70E+06
U-234 1.10E+05 3.70E+06
Z U-235 4.60E+06 3.90E+06
= U-236 4.10E+06 3.50E+06
mm————— U-238 4.40E+06 3.60E+06
; _Z_r-93 6.00E+02 4.70E+02
21
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Table 4. Dose Conversion Factors (DCFs) or the terrestrial food ingestion pathway

Expected value of the DCF Standard Deviation
Radionuclide [rem/yr/Ci/cm?2] [rem/yr/Ci/cm?2]
Ac-227 2.70E+10 1.70E+10
Am-241 6.90E+09 4.40E+09
Am-242m 6.70E+09 4.20E+09
Am-243 6.90E+09 4.40E+09
C-14 0.00E-+00 0.00E+00
Ci-36 4.10E+08 2.50E+08
Cm-243 4.80E+09 3.00E+09
Cm-244 3.80E+09 2,40E+09
Cm-245 7.10E+09 4.50E+09
Cm-246 7.20E+09 4.50E+09
Cs-135 1.40E+07 8.30E+06
Cs-137 9.50E+07 5.80E+07
1-129 4.90E+08 3.00E+08
Mo-93 4.80E+06 2.20E+06
Nb-94 1.40E+07 8.80E+06
Ni-59 4.00E+05 2.50E+05
Ni-63 1.10E+06 6.70E+05
Np-237 1.00E+10 6.40E+09
Pa-231 2.10E+10 1.30E+10
Pb-210 1.10E+10 6.70E+09
Pd-107 3.30E+05 1.90E+05
Pu-238 8.34E+07 5.28E+07
Pu-239 9.50E+07 6.00E+07
Pu-240 9.60E+07 6.00E+07 .
Pu-241 2.30E+06 {.50E+06
Pu-242 9.00E+07 5.70E+07
Ra-226 1.90E+09 1.20E+09 "_
Se-79 1.60E+07 1.00E+07
Sm-151 1.30E+05 + 4.60E+05
Sn-121m 4.30E+06 2.70E+06
Sn-126 4.00E+07 2.50E+07
Sr-90 3.70E+08 1.90E+08
Tc-99 4.40E+07 . . 2.60E+07
Th-229 . 7.10E+09 4.50E+09
Th-230 . 1.00E+09 ' 6.50E+08
U-232 1.60E+08 1.00E+08
U-233 5.10E+07 3.20E+07
U-234, 5.00E+07 3.10E+07
U-235 5.40E+07 3.40E+07
U-236 4.70E+07 2.90E+07
U-238 5.90E+07 3.70E+07
Zr-93 3.10E+06 2.00E+06
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Table 5._ﬂ9se Conversion Factors (DCFs) for the external radiation pathway

4

' Expected value of the DCF Standard Deviation
Radionuclide [rem/yr/Ci/fcm2] [rem/yr/Cifcm?2]
Ac-227 1.40E+05 7.70E+03
Am-241 4.60E+07 2.60E+06
Am-242m 2.60E+06 1.50E+05 ’\
Am-243 .4.60E+07 2.60E+06
C-14 1.40E+04 7.90E+02
Cl-36 5.90E+05 3.30E+04
Cm-243 1.10E+08 6.20E+06
Cm-244 7.80E+05 4.40E+04
Cm-245 7.60E+07 4.30E+06
Cm-246 6.90E+05 3.90E+04
Cs-135 3.00E+04 1.70E+03
Cs-137 4.80E+08 2.70E+07
I-129 2.20E+07 1.30E+06
Mo-93 4.60E+06 2.60E+05
Nb-94 1.30E+09 7.50E+07
Ni-59 0.00E+00 0.00E+00
Ni-63 0.00E+00 0.00E+00
Np-237 2.60E+07 1.50E+06
Pa-231 3.50E+07 2.00E+06
Pb-210 2.20E+06 1.30E+05
Pd-107 0.00E+00 0.00E+00
Pu-238 5.47E+05 3.06E+04
Pu-239 3.20B+05 1.80E+04
Pu-240 7.00E+05 4.00E+04
Pu-241 1.70E+03 1.10E+04
Pu-242 5.90E+05 3.30E+04
Ra-226 5.60E+06 3.10E+05 :'7
Se-79 1.80E+04 1.00E+03
Sm-151 4,40E+03 2.50E+02
Sn-121m 4.30E+06 2.40E+05 N
Sn-126 4.80B+07 2.70E+06
Sr-90 2.40E+05 1.40E+04
Tc-99 6.90E+04 3.90E+03
Th-229 7.40E+07 4.20E+06
Th-230 6.50E+05 3.70E+04
U-232 8.90E+05 5.50E+04
U-233 6.30E+05 3.50E+04
U-234 6.50E+05 3.70E+04
U-235 1.30E+08 7.30E+06
U-236 5.70E+05 3.20E+04
U-238 4.80E+05 2.70E+04
Zr-93 0.00E+00 0.00E+00
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Table 6. Dose Conversion Factors (DCFs) for the inhalation from resuspension pathway

Expected value of the DCF Standard Deviation

Radionuclide frem/yr/Ci/cm2} {rem/yr/Ci/cm2]
Ac-227 2.10E+07 | 2.70E+06
Am-241 7.00E+06 9.10E+05
Am-242m 6.70E+06 8.60E+05
Am-243~ 7.00E+06 9.10E+05

‘C-14 3.30E+01 4.20E+00
Cl-36 3.50E+01 4.50E+00
Cm-243 4.90E+06 6.30E+05
Cm-244 3.90E+06 5.10E+05
Cm-245 7.10E+06 9.30E+05
Cm-246 7.20E+06 9.30E+05
Cs-135 7.10E+01 9.20E+00
Cs-137 -~ 4,70E+02 6.20E+01
1-129 2.40E+03 3.10E+02
Mo-93 1.60E+01 2.10E+00
Nb-94 6.00E+03 7.80E+02

INi-59 1.40E+01 1.80E+00
Ni-63 3.50E+01 4.60E+00
Np-237 1.00E+07 1.30E+06
Pa-231 1.40E407 1.80E+06
Pb-210 2.10E+05 2.80E+04
Pd-107 2.20E+02 2.60E+01
Pu-238 4.26E4-06 5.56E+05
Pu-239 4.80E+06 6.20E+05
Pu-240 4.80E+06 6.20E+05
Pu-241 7.80E+04 1.00E+04
Pu-242 4.60E+06 6.00E+05
Ra-226 1.30E+05 1.70E+04 .
Se-79 1.50B+02 2.00E+0}
Sm-151 4.70E+02 6.20E+01
Sn-121m 1.80E+02 2.30E+01
Sn-126 1.50E+03 2.00E+02
Sr-90 3.20E+03 4.20E+02
Tc-99 1.40E+02 1.80E+01
Th-229 2, 70E+07 3.50E+06
Th-230 4,10E+06 5.30E+05
U-232 1.00E+07 1.40E+06
U-233 2.10E+06 2.80E+05
U-234 2.10E+06 "2, 70B+05
U-235 2.00E+06 2.50E+05
U-236 2.00E+06 2.60E+05
U-238 1.90E+06 2.40E+05
Zr-93 1.30E+03 _1.70E+02
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RN Expected value of the DCF Standard Deviation
Radionuclide * [rem/yr/Ci/cm?2] frem/yr/Ci/fcm?]
Ac-227 1.36E+10 1.70E+10
Am-241 3.52E+09 4.40E+09
Am-242m 3.37E+09 4.20E+09
Am-243 3.52E+09 4.40E+09
Cc-14 ~ 1.40E+04 7.90E+02 *
Cl1-36 3.41E+08 3.33E+08
Cm-243 2.52E+09 3.00E+09
Cm-244 1.91E+09 2.40E+09
Cm-245 3.64E+09 4.50E+09
Cm-246 3.62E+09 4.50E+09
Cs-135 4.95E+07 6.55E+07
Cs-137 8.23E+08 4.55E+08 ¥
I-129 1.62E+09 2.12E+09 i
Mo-93 7.55E+06 2.41E+06
-iINb-94 1.31E+09 7.55E+07 ¢
Ni-59 7.50E+05 1.03E+06
" JINi-63 2.10E+06 2.78E+06 '
: Np-237 5.59E+09 6.45E+09
Pa-231 - 1.06E+10 1.30E+10
Pb-210 6.00E+09 6.7SE+09
Pd-107 4.35E405 5.16E+05
Pu-238 4.66E+07 5.28E+07
Pu-239 5.27E+07 6.00E+07
Pu-240 5.36E+07 6.00E+07
. | Pu-241 1.23E+06 1.50E+06
Pu-242 5.02E+07 5.70E+07
Ra-226 1.21E+09 1.24E+09
Se-79 2.55E+07 2.79E+07 ¢
Sm-151 5.65E+05 5.49E+05
Sn-12im 2.45E+07 2.81E+07
Sn-126 2.38E+08 2.61E+08
Sr-90 3.65E+08 3.22E+08 =
Tc-99 2.28E+07 2.60E+07
Th-229 3.68E+09 4.50E+09
Th-230 5.05E+08 6.50E+08
U-232 9.74E+07 1.01E+08
U-233 3,05E+07 3.22E+07
U-234 2.78E+07 3.12E+07
U-235 1.61E+08 3.50E+07
U-236 2.81E+07 2.92E+07
U-238 3.41E+07 3.72E+07
| Zr-93 1.55E+06 2.00E+06
25

one waste package containing 10 Metric Tonnes of Uranium (MTU) of s iplyi
: ini pent-fuel. By multipl
summation by the probability of the event occurring in the TPI, the overall expected vaﬂxe waspo}t:ltZign;ge

. Table.8‘ shows the expected value of the peak annual effective dose equivalent in the TPI as a
function of position of the dose point on the earth’s surface. The x-y coordinate axis is oriented with

positiye x in the due east direction, the positive y in the due north direction and i

repository. Appendix A shows the Complementary Cumulative Distribution chtioms(égl]?;:;lazz Eﬁ:
stack histograms c:»f the common logarithm of the doses for the 1,000 realizations for each of the positio
and ’I.‘Pls. shown in Table 8. Table 9 shows the most important radionuclides along with theh? er ni
gontnbutlon for calculating the expected dose valuse shown in Table 8. For a TPI of 10,000 tlf nos
important radionuclide was 2*!Am, with lesser contributions from 243Am, 249py, 239py and ;7N; ng)os:

a TPI of 1,000,000 yr the most important radionuclide was 23’Np, with signi ibuti
from a large number of radionuclides. > “lgailicant contribitions mads

2.7  RESULTS

The results sh6w a generally decreasing dose with distance from the

CCDFs and th{: st_ack histogram of doses for the three dose points and two TPIs are g\f:rtx 1(1’11‘ :l;aleexglzi‘ix’r:e
These results indicate that increasing the TPI from 10,000 yr to 1,000,000 yr generally incfeases thé
faxpected _value of the peak doses in the TPI by a factor of two to four, although the magnitude of this
increase is somewhat uncertain due to the large standard deviation on the éstimates. Increase in the
importance of volcanism is more pronounced when one compares the low dose rate ranges of the CCDFs
for the .two TPIs for the same dose point, as shown in Appendix A. The differences in the high dose rate
ranges in the CCDFs are an artifact of the sampling scheme. Since 1,000 realizations were achieved for
each TPI, the 10,000 yr TPI case has proportionately more realizations at times when the waste is more
hazardous, thus a more accurate estimate of the “maximum hazard” of the exposure scenario is achieved

Results affirm that by merely increasing the TPI, the importance of low probability, high conse uence:
events such as volcar;ism has significantly increased when compared with scenarios’ that are cer?ain to
occur such as an ‘undlsturbed repository leaching small amounts of radionuclides to- the water table with
subsequent. dl"mkmg water pathway doses. These analyses assumed that 10 MTU (one waste packa e) of
spent-fuel is incorporated in the volcanic ash ejected during the event. This assumption canl:;)é upgdated

as more information becomes available. Future models ma; i i
' . y couple the amount o; - i
the energetics of the event. i * sper-fuel ejected with

3 ASSUMPTIONS AND LIMITATIONS
31  ASSUMPTIONS

The following assumptions/have been made in the calculations described in this report:

¢ The volcanic ash dispersal model and parameter ranges are valid for modeling volcanic ash

dispersals at YM ~

The doses are calculated for an Amargosa Desert farmer/rancher i i
C as described
et al. (1995) with all of the associated assumptions and limitations in LaPlante

The selected dose points describe the possible location's.of the critical group

26 -
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\

\ ‘2,1
Table 8. E;gtpgcted values and standard deviations as a function of position and the time period
of interest’ *

¥

e Variances in the DCF are small compared with other parameter variances in the calculation,
hence the mean values for DCFs can be used without greatly affecting the expected doses

e Volcanic ash particles carry only spent-fuel particles less than or equal to one-tenth of the
volcanic ash particle diameter

e Consistent with the above assumption, a contaminated particie can have no more than
one-half its mass comprised of spent-fuel

¢ One waste package container (10 MTU of fuel) is available for incorporation in each event

e The farmer/rancher receives 50 percent of beef, milk, fruit, grains, and vegetabies from
% contaminated sources. ' ,

32 SUGGESTIONS FOR FUTURE WORK N

e Incorporate resuspension factors and “soil” properties of volcanic ash into the analyses

/7 o Incorporate time dependent spent-fuel particle size distributions into the analyses .
e
o Investigate waste package performance under exposure to magma at the aforementioned:

m conditions v
: o Investigate the relationship between the volcanic event magnitude and the number of waste
packages available for incorporation
‘ §

{
|
!
i

27

Dose- | Period of | Dose Point Location Expected Annual

Point Interest Effective Dose Standard Deviation
Number o1 x (km) y (lam) Equivalent (rem/yr) (rem/yr) .
1 10,000 0 —-20 2.7x107° 22%1073
2 10000 | © -25 7.5%x1077 7.6%103
3 10,000 0 -30 2.5%1077 3.4%x1074
1 1,000,000 0 —-20 7.7x107° 6.1x10~%
2 1,000,000 | 0 -25 1.8%107° 1.4x107% "+

1,000,000 0 -30 4.4%1077 4.1x1073
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Table 9. The most important radionuclides alo ith thei ibuti
et p ng with their percent contribution to the expected

Period of | Dose Point Location

Dose Point | Interest
Number (yr) x (km) y (km) Important Nuclides [% contribution]

1 10,000 0 -20 241Am [88.9]
28Am [5.4]
240Pu  [2.6]
239Pu  [2.0]
237Np {0.8]
others [0.3]

2 10,000 0 -25 41Am [87.8]
) 243Am [5.9]
™ . 240Pu  [2.9]
239Pu [2.2]
237Np ~ [0.9]
others [0.3]

3 10,000 0 -30 241Am [90.9]
243Am [4.5]
240Py  [2.1]
239Pu  [1.6]
27Np [0.7]
others [0.2]

1 1,000,000 0 -20 237Np {36.3] 23%Pu [0.8])
210Pb [26.6] 1291 [0.3]
229Th [22.4] 99Tc  [0.3]
26Ra [5.3] 23U [0.2]
27A¢ [2.7] 242Pu  [0.2]
230Th [2.2] 24U [0.1]
21Pa  [2.1] others [0.5]

2 1,000,000 0 -25 237Np [34.3] 2%Pu_[0.5]

. 210Pb  [30.1] 1291 ~ [0.3]
29Th [20.7] 99Tc  [0.3]
26Ra  [6.0] 23U [0.2]
230Th [2.5] 242Pu . [0.2]
2IAc [2.4] 24U [0.1]
231Pa  [1.9] others [0.5]

3 1,000,000 0 -30 237Np [34.9] 29Pu  {0.6]

. 210Pb  [29.1] 1291  [0.3]
29Th [21.2] 99Tc  [0.3]
26Ra  [5.8] 23U [0.2]
2IAc [2.5] 24P [0.2]
230Th - [2.4] 234U [0.1]
21Pa  [1.9] others [0.5]
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)

2

.

o I;i;restigate the sensitivity of the analyses to the parameter o..

4 SUMMARY/CONCLUSIONS

i described in this report were based
ive dose equivalents calculated from the analyses s report
Elga?tug:la:hiﬁ;fglt::ﬂc ash dcilspersion model described in Jarzemba (:1996) zﬁld out(liu;e;ih ;n ;?Sl; i‘:&?;:{ })r;
: - ode
ition, i ts to this model have been made to more r¢ istically m
:gg:tl ofun;llglipﬂrl(i)x‘ll ‘tall::ee:xtruded particulate matter. Expected peak dos::.P cialculattlorlls ?1)9?5 )Amafigs:ig:rs:g
. i i i te et al.
made assuming a lifestyle as described by LaPlan (1995

farmt‘ia;gsm:)?t‘:isvﬁlrcgvidual on the earth’s surface after the event. The analyses in this .re‘[:ort shm:rl :1111:;
inorecasi the TPI has the effect of increasing the importance of low probablh_ty, high conseq e
u‘l;;r:;s IIsllglch as extrusive volcanism, when compared with scenarios that are certain to occur regardies
e b .7
of the TPI (e.g., undisturbed repository).
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Figure A-2. The CCDF of the peak annual TEDE (rem/yr) at dose point 1 for a TPI of 1,000,000 yr
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c

Qaoaaaan

Program Ashplume

This program calculates the mass per unit area of ash and

spent fuel distributed around a volcancic vent after an eruption.
Ashplume is based the dispersion model in Suzuki, 1983, and the

parameter sampling "philosophy" in Jarzemba, 1996

ch‘vabbbbbbbbbbLLLbbbbbbbbbb(abbLbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

caoaoaaaqn

parameter (maxd=500)

parameter (number=6)

parameter (nmy=1000)

implicit double precision (a-h,o0-z)
implicit integer (i-n)

common /one/ beta,q,ashdenmin,ashdenmax,dmeah,dsigma,fshape

common /two/ h,werupt0,airden,airvis,c,u

common /three/ fdmin, fdmax, fdmean, hmin, hmax, xmin, xmax
common /threel/ dmin,dmax,rhomin, rhomax, rhomean
common /four/ ymin,ymax,acutoff

common /five/ x,y,udir,frhomin,frhomax,frhomean,rhosigma,drho

common /six/ numptsx, numptsy

common /seven/ Uran

common /eight/ rhocut

common /nine/ v, icount

common /eleven/ ashrholow,ashrhohi

common . /twelve/ power,tdur

dimension v(lOOOO),xash(maxd,maxd),xfuel(maxd,maxd)
open(unit=10,file="multiromb.out",status="unknown")

Uran is the amount of extruded waste in g

icount is a counter for the string of random numbers stored in v

iseed is the random number seed

max is the number of random numbers to get- eight random numbers

per realigzation

icount=1

iseed=3

write (10, *)"iseed= ",iseed
write (6,*)"iseed= ",iseed
write (6,%*)

write (10,*)

max=10000

pi=dacos(-1.d40)

call rand(iseed,v,max)
ichoice=0

while (ichoice.eq.0)

write (6,*) "Do you want stochastic sampling of numerous

& volcanoes (ENTER 1)"
write (6,*)
write (6,*) " OR "
write (6,*)

write (6,*) "one volcano for a specific input parameter

& set  (ENTER 2)?"
write (6,*)

write (6,*) "For the stochastic sampling routine, the code

& will take input data"

write (6,*) "from the file -multiromb.in-; else you will be

& asked to input some"
write (6,*) "of the paraméters from the keyboard"
write (6,*)

F
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Q

aaQa

-

read (5,*) ichoice
if (ichoice.ne.l.and.ichoice.ne.2) then
write (6,*)
write (6,*)"*** TRY AGAIN- must enter a 1 or a 2 **%"
write (6,*)
ichoice=0
end if
send do
if (ichoice.eq.1) then
write (6,*) "Number of volcanoes to evaluate? (max=1000)"
read (5,*) num
else
num=1
end if

xash, xfuel in g/cm#**2

do k=1,num - -
write (6,*)
write (10,*)
write (6,*) "Volcano Number ",k
write (10,*) "Volcano Number "k
write (6,%*)
write (10, *)

inputdata selects the parameters for the realization

call inputdata
if (ichoice.eq.2) then
call userinput

end if

call outheader

write (6,%*) -

write (10, +)

write (6,50)"x (km)","y (km)", "xash (g/cm~2) ",
"xfuel (g/cm~2)"

write (10,50)"x (km)","y (km)", "xash (g/cm~2)",
"xfuel (g/cm"~2)"

format(2al2,2a18)

write (6,*)

write (10, %)

determine the grid spacing

if (numptsx.ne.l) then
deltax=(xmax-xmin)/(numptsx-l)

end if

if (numptsy.ne.l) then
deltay=(ymax—ymin)/(numptsy-l)

end if .

X=xmin

/ itempl=0

start scrolling through x starting at xmin
do i=1,numptsx
y=ymin
temp2=0.40
blahold=0.do

start scrolling through Yy starting at ymin

do\j=l,numptsy

8:05 AM' MSJ:Applications: Languages :MPW: Volcanism ...:Multironb. £
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A

don'i_calculate if x=y=0 invalid at volcano vent.
temp variables to determine when the balnket has
been "scrolled through" for this realization.

aaoaQaan

if (x.ne.0.d0.or.y.ne.0.d0) then
T call ashcalca(xash(i,j))
c call ashcalcf(xfuel(i,j))
blah=xash(i,j)
if (blah.lt.acutoff) then
blah=0.40
end if
temp2=temp2+blah
if (temp2.ne.0.d40) then
itempl=1
plemeor— end if ,
write (6,100) x,y,xash(i,j),xfuel(i,J)
\ write (10,100) x,y,xash(i,j),xfuel(i,j)
/ 100 format (2£12.3,2e18.4)
end if
I if (blahold.gt.0.d0.and.blah.eq.0.d0) then
go to 20
end if
blahold=blah
y=yt+tdeltay
end do
20 continue
if (temp2.eq.0.d0.and.itempl.eq.l) then
go to 10 '
end if
x=x+deltax
write (6,*)
write (10,%*) :
end do .
10 continue
end do
close(unit=10) - .
end : :
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee
c : ’ —
subroutine outheader :

c
CLLLbbbbbbbbbbbbbbbCLLLLbLbbbbbbbbbb(—LLbbbbbbbbbbbLLLLLLLLLLLLLLLLLLLLLLbbbLbLbLL

parameter (nmx=200, nmy=200)

parameter (maxd= 200)

implicit double precision (a-h,o0-2)

implicit integer (i-n)

common /one/ beta,q,ashdenmin, ashdenmax, dnean,dsigma, fshape

common /two/ h,weruptO,airden,airvis,c,u

common /three/ fdmin, fdmax, fdmean, hmin, hmax, xmin, xmax -

common /threel/ dmin,dmax,rhomin, rhomax, rhomean

common /four/ ymin,ymax,acutoff

common /five/ x,y,udir, frhomin, frhomax, frhomean, rhosigma,drho

common /six/ numptsx,numptsy

common /seven/ Uran

common /eight/ rhocut ‘

common /twelve/ power,tdur

g

)

|

T

LD

write (6,100) "wind speed (cm/s) =",u

write. (6,100) "wind direction (deg) =",udir

write (6,100) "mean particle diameter (cm)=",dmean
write (6,100) "log- std dev=",dsigma

write (6,100) "column ht (km)=",hmax

7/19/96 8:05 AM NEU}Applications:Languages:MPW:Vblcanismgn:Multiromb.f

100
110

write (6,110) "event duration (s)=",tdur

write (6,110) "ash mass (g9)=",q

write (6,110) "event power (W)=", power

write (6,100) "beta=",beta

write (6,100) "vent exit velocity (cm/s)=",werupt0

write (10,100) "wind speed (cm/s) =",u

write (10,100) "wind direction (deg) =",udir

wr@te (10,100) "mean particle diameter (cm)=", dmean
write (10,100) "log- std dev=",dsigma

write (10,100) "column ht (km)=", hmax

write (10,110) "event duration (s)=",tdur

write (10,110) "ash mass (g)=",q

write (10,110) "event power (W)=", power

write (10,100) "beta=",beta g
write (10,100) "vent exit velocity (cm/s)=",werupt0 ¢

format(a30, £15.4)
format(a30,el5.4)
return

end

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

(o}

[ e

subroutine userinput

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

parameter (nmx=200, nmy=200)

parameter (maxd= 200)

implicit double precision (a-h,o0-2)

implicit integer (i-n) .

common /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape
common /two/ h,werupt0,airden,airvis,c,u

common /three/ fdmin,fdmax,fdmean,hmin,hmax,xmin,xmax
common /threel/ dmin, dmax, rhomin, rhomax, rhomean

common /four/ ymin, ymax,acutoff

common /five/ x,y,udir,frhomin,frhomax,frhomean,rhosigma,drho
common /six/ numptsx, numptsy

common /seven/ Uran .

common /eight/ rhocut

cowmon /twelve/ power,tdur

wr}te (6,*) "NOTE: the folowing parameters are still input"
write (6,*) "from the input data file -multiromb.in-*

write (6,*)

wr;te (6,*) " . grid parameteres"

wr}te (6,*) " " air properties (viscocity,density)"
wr}te (6,*) " fuel particle size characteristics: "
wr}te (6,%) " (min,med, max diameters)"

wr;te (6,*) " ash particle shape parameter"

write (6,*) " eddy difusivity constant”

wr%te (6,*) " «max ash particle diameter for transport"”
write (6,*) " cutoff ash blanket density”

write (6,*)

wr}te (6,*) "please input the following parameters"
write (6,*)

write (6,*) "the event duration (in sec)"

read (5,*) tdur

write (6,*) "the column height (in km)"

read (5,*) hmax

write (6,*) "the magical constant beta"

regd (5,*) beta

write (6,*) "the mean ash particle diameter (in cm)*
read (S,f) dmean
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%
write (6,*) "sigma for the ash lognormal dist. (unitless)”
read (5,*) dsigma
write (6,*) "the incorporable fuel diameter cutoff ratio"
read (5,*) rhocut ’
write (6,*) "the mass of fuel to incorporate”
read (5,*) Uran
write (6,*) "the wind direction- relation to due east (deg)"
read (5,%*) udir
write (6,*) "the wind speed (cm/s)"
read (5,*%) u

rhomean=dlogl0 (dmean)

rhomin=rhomean-7.d0*dsigma

rhomax=rhomean+7.d0*dsigma

power=_hmax/0.0082d0) **4

qdot=(hmax/0.24)**4.d0

g=gdot*tdur*1l.0d3

rlog=-2.069d0+2.dO*dloglO(ashden(rhomean))+0.27435d0*

& dlogl0(qdot*1.d3)

vrad=10.d0**rlog

werupt0=qdot*l.d3/(ashden(rhomean)*3.141592d0*(vrad*1.d2)**2)

write (6,*) vrad, werupt0, rhomean, ashden (rhomean)

return

end
CLLLLLLULLLLLLLLLbLLLLQLCCCCCCCCLLLLLLLLLLLCCCLLbbbLbbbbbLLLLLLCbbLbbbLbbLLLLbLLC
c

subroutine ashcalca(ash)
c .
CCbLLbbbbbbbbbbbbbbbbbbbbLbbbbbbbbLbLbLLLCCCCCCCCCDLLLLbLLLLLbLLbbbbbbbbbbbbbbbbb

This subroutine calls the integrator for the outer integral
to calculate the ash deposition at the current X~y point as
per equation (1) of Jarzemba 1996

aQoaoaaaa

implicit double precision (a-h,o-z)

implicit integer (i-n) .
external dinnerf,dinnera :
common /threel/ dmin,dmax,rhomin, rhomax, rhomean

do integration up to rhomax or a max corresponding to the user
input depending on which is greater

naaoan

cmax=rhomax .

blah=dlogl0 (dmax) ’

if (cmax.ge.blah) then

* cmax=blah

end if

call grombl(dinnera, rhomin, cmax,ash)

return -

end
CCuubbuubbbuubuubbuucbbbccCccCCCCCCCCCCCCCCCCCCCCCCCCcccccuLuuubbbuubbbubbbuubbbc
c

subroutine ashcalcf (fuel)
c
CCCLLbbbbbbbbbbbbbbbbbbbbbbbLbbLL.LbbLLLbLLbLbLbbLl,bbbbbLLbbbbbbbbbbbbbbbbbbbbbbbb

This subroutine calls the integrator for the outer integral

to calculate the fuel deposition at the current X-y point as

per equation (1) of Jarzemba 1996 and the adjustments for mass i
of fuel per unit mass of ash :

aaoaaoaaoanaaQ

!

B
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implicit double precision (a-h,o-z)

implicit integer (i-n)

external dinnerf,dinnera

common /threel/ dmin,dmax,rhomin, rhomax, rhomean

do integration up to rhomax or a max corresponding to the user
input depending on which is greater

QaQnaQ

cmax=rhomax

blah=dlog10 (dmax)

if (cmax.ge.blah) then

cmax=blah

end if

call grombl(dinnerf,rhomin,cmax, fuel)

return

end
CCCCCCCeCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOCCCCCCCOCCCCCCCCCCCCCECCCCCCCCCCCCCCCCCCeee
c o o

function dinnerf(rho)

c
CCCCCCCCLLLLbLLLLLbbbbbbbbbbbbbbbbbbbbbbbCbbbbbbbbbbbbbbbbbLCCCCCCCCCCCCCCCCCCCCC
c
c This subroutine does the inner integration of equation (1) of
c Jarzemba 1996 while accounting for fuel mass/ash mass to calculate
c the fuel depostion
o '
c .
implicit double precision (a-h,o-z)
implicit integer (i-n)
common /three/ fdmin, fdmax, fdmean, hmin, hmax, xmin, xmax
external dintegrandf
c
c dintegrandf is the integrand of Eq 1 of Jarzemba (1996)
c including the fuel fraction )
c

call gromb(dintegrandf;hmin,hmax,s,rho)

dinnerf=s .

return

end ’
CCCCCCCCCLLLLQLLbLLLCLLLLLLLLLLbLLLLLLLLLCCCLLLLbbbbbbbbbcccCCCCCCCCCCCCCCCCCCCCC
[¢]

function dinnera(rho)

‘c

CCbbbLbbbLbbbbLLLbbbbbLLLDLLLLLUCCCCCCCbbbbbbbbbbbLLLbbLLLCCCCCbLLLLbLLbLLLLLLbLC
c !
c This subroutine does the inner integration of equation (1) of
c Jarzemba 1996 to calculate the ash deposition
c
c
implicit double precision (a-h,o-z)
implicit integer (i-n) ‘
common /three/ fdmin, fdmax, fdmean, hmin, hmax, xmin, xmax
external dintegranda
c
c dintegranda is the integrand of Eq 1 of Jarzemba (1996)
e ;
call qromb(dintegranda, hmin, hmax, s, rho)
dinnera=s :
return
end :
(((ll((((((ll((l’((l(ll(((l((ll((l(l(ll((l((l(l(((((ll((((((l((((ll((l(l.l(l((ll(b(‘
C 2

‘function dintegrandf(z,rho)

Page 6
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g ccceee
cccccccccééccccccccccdccccccccccccccccccccccccccccccccccccccccccccccccccccc

1 ine i i ition- the coordinate
is subroutine is the.integrand for fuel_dep051 L
zgéiem has to be adjusted to match the main coordinate system

aQaaQ

implicit double precision (a-h,0-2z)
i icit integer (i-n) .
;2;;on /one/ beta,q,ashdenmin,ashdgnmax,dmean,d51gma,fshape
n /two/ h werupt0,airden,airvis,c,u .
ggmxgn ;fivé/ %,y,udir,frhomin,frhomax,frhomean,rh051gma,drho

pi=dacos(-1.40)
must perfrom a ‘coordinate transformation from the main system [x,¥]

to the plume calculation system [xp,yp] that has x direction
aligned with the wind

naaQaan

if (x.ne.0.d0) then
theta=datan(y/x) .
else if (x.eq.0.d0 .and. y.1t.0.d0) then
theta=-pi/2.40 )
else if (x.eq.0.d0 .and. y.gt.0.d0) then
theta=pi/2.d0 o
et 180.d40/pi
theta=theta* . Pi
if (y.1t.0.d0 .and. x.1t.0.40) then
theta=theta-180.d40
else if (y.gt.0.d0 .and. x.1t.0.40) then
theta=theta+180.4d0
else if (y.eq.0.d0 .and. x.1t.0.40) then
theta=-180.40
else if (y.eq.0.d0 .and. x.gt.0.40) then
theta=0.d0
end if @
thetap=theta-udir
if (tﬁetap.ge.—BGO.dO .and. thetap.le.-180.40) then
thetap=thetapt+360.40 .
else ifp(thetap.gt.lao.do .and. thetap.le.360.d0) then
thetap=thetap-360.40 )
end if . /180.40
thetapr=thetap*pi . .
if (tﬁetap.ge.o.do .and. thetap.1t.90.d0) then
xpﬁdsqrt((x**2+y**2)/(1+(dtan(thetapr))**2))
yp=dsqrt( (x**2+y**2)/(1+(1/(dtan(thetapr) Y**2))) 7
else if (thetap.ge.90.d0 .and. thetap.le.180.d0) then
xp=—dsqrt((x**2+y**2)/(1+(dtan(thetapr))**2))
yp=dsqrt((x**2+y**2)/(1+(1/(dtan(thetapr))**2))) )
else if (thetap.ge.-90.d0 .and. thetap.lt.0.d40) then
xp=dsqrt( (x**2+y**2)/(1+(dtan(thetapr) Yy**2))
yp=-dsqrt((x**2+y**2)/(1+(1/(dtan(thetapr))**2))) .
else if (thetap.ge.-180.d0 .and. thetap.lt.-90.d0) then
xp=—dsqrt((x**2+y**2)/(1+(dtan(thetapr))**2))
yp=-dsqrt((x**2+y**2)/(1+(1/(dtan(thetapr))**2)))
end if
xpcm=1.0d5%xp -
cm=1.0d5*yp
§§g=-5.do*((xpcm-u*tf(z,rho))**2+ypcm**2)/
(8.d0*c*(tf(z,rho)+ts(z))**(2.5d0))

C e ~FF (rho) * (5.d0*P(z, rho) *q*f(rho) )/ ,
& dlntegra?g§dg§éi*cl(éf(z,rhé)+ts(z))**(2.5d0))*
& » dexp(arg)
return )
end

75
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeee
e c
function dintegranda(z,rho)
A c
LLL(—bLL(.LLL(.LbLbbbLLLLbCCCCCLbbbLLbLbbbbbbbbbbbbbLbLLbbLLLLbLLLLLLLLbbLL’LLLbbbbLL
- implicit double precision (a-h,o-2)
implicit integer (i-n)
B common /one/ beta,q,ashdenmin, ashdenmax, dmean, dsigma, fshape
common /two/ h,werupt0,airden,airvis,c,u
common /five/ x,y,udir, frhomin, frhomax, frhomean, rhosigma,drho
s pi=dacos(-1.40)
c
B c must perfrom a coordinate transformation from the main system [x,y]
c to the plume calculation system {[xp,yp] that has x direction
L c ) aligned with the wind
c
. _if (x.ne.0.d0) then
theta=datan(y/x)
3 else if (x.eq.0.d0 .and. y.lt.0.d0) then
theta=-pi/2.d0
else if (x.eq.0.d0 .and. y.gt.0.d40) then
i , theta=pi/2.d0
- end if :
8 theta=theta*180.40/pi
if (y.1t.0.d0 .and. x.lt.B\dO) then
theta=theta-180.d0
else . if (y.gt.0.d0 .and. x.1t.0.d40) then
theta=theta+180.d40
else if (y.eq.0.d0 .and. x.1t.0.d0) then
theta=-180.d0
N else if (y.eq.0.d0 .and. x.gt.0.d0) then
i theta=0.d0

end if
thetap=theta-udir

if (thetap.ge.-360.d0 .and. thetap.le.-180.d0) then
thetap=thetap+360.40

else.if (thetap.gt.180.d0 .and. thetap.le.360.d0) then
thetap=thetap-360.d40

end if
thetapr=thetap*pi/180.40

if (thetap.ge.0.d0 .and. thetap.1t.90.d0) then
xp=dsqrt ((x**2+y**2)/(1+(dtan(thetapr))**2))

yp=dsqrt( (x**2+y**2)/(1+(1/(dtan(thetapr))**2)))
else.if (thetap.ge.90.d0 .and. thetap.le.180.d0) then
xp=-dsqrt ((x**2+y**2)/(1+(dtan(thetapr))**2))

else if (thetap.ge.-90.d0 .and. thetap.lt.0.d0) then

__i:> yp=dsgrt ( (x**2+y**2)/(1+(1/(dtan(thetapr))*+*2)))

Xp=dsqrt ( (x**2+y**2)/(1+(dtan(thetapr))**2))
yp=-dsqrt((x**2+y**2)/(1+(1/(dtan(thetapr))**2)))

Xp=-dsqrt ((x**2+y**2)/(1+(dtan(thetapr))**2))

I
SL_//’/ﬁTS elsel.if (thetap.ge.-180.d0 .and. thetap.lt.-90.d0) then

b ; yp=-dsqrt((x**2+y*+*2)/(1+(1/(dtan(thetapr))**2)))
P

i : end if
™ xpcm=1.0d5*xp
? ypem=1. 045*yp
: arg=-5.d0*( (xpcm-u*tf (z, rho) ) **2+ypcm**2)/ .
I~ & (8.d0*c* (tf(z, rho)+ts(z))**(2.5d0))

dintegranda=(5.40*P(z,rho)*q*f(rho))/

(8.Q0*pi*c* (tf(z, rho)+ts(z) )**(2.5d0))*
dexp(arg)

- o)

end

7 return
bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbLbbbbbbLbbbbbLLLLLLLLbbbbbbbbbbbbbbbbbbbbbbbb
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c Lt

furiction tf(z,rho)

(o] ~

ccccccccccccgcccccccccccccccccccccccccccccccccccccccccccc
implicit double precision (a-h,0-2)
implicit integer (i-n)
tf=0.752d06*((1-dexp(-0.0625d0*z))/vO(rho))**0.926d0

CCCCCCCCCCCCCCCCCCCecces

return

end o
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

function ts(z)
c

=
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc/'
implicit double precision (a~h,o0-z) )
implicit integer (i-n)
common /two/ h,werupto,airden,airvis,c,u

zem=z+*1,0d5 .

ts=((5.0d0*zcm**2)/(288.d0*c))**(0.4d0)

return

end
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

function £(rho)
C .
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c : . .
c This function in the pdf of ash mass with the log-particle diameter
a .

implicit double precision (a-h,o-z)

implicit integer (i-n)

common. /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape

common /threel/ dmin,dmax,rhomin,rhomax,rhomean

pi=dacos(-1.d0) .

arg=-((rho-rhomean)**2)/(2*dsigma**2)

f=1/(dsqrt(2*pi)*dsigma)*dexp(arg)

return -

end .
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

function dm(rho) -
c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

This function is the pdf for fuel mass as a:function
of the log-particle diameter

eeaa

implicit double precision (a-h,o0-2)

implicit integer (i-n)

common /five/ x,y,udir,frhomin,frhomax,frhomean,rhosigma,drho

dkl=2.d0/((frhomax-frhomin)*(frhomean-frhomin))

dk2=-2.d0/((frhomax-frhomin)*(frhomax-frhomean))

if (rho.le.frhomin.or.rho.ge.frhoméx) then
dm=0.40

end if

if (rho.gt.frhomin.and.rho.lt.frhomean) then
dm=dkl*(rho-frhomin)

end if

if (rho.ge.frhomean.and.rho.lt.frhomax) then
dm=dk2*(rho-frhomean)+dkl*(frhomean-frhomin)

end if .

return

end

71
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CCCCCCCFKKK‘l(l"(‘(l(‘!llLLbLCCCCCCCCCbLDLDLLLLLbbLLbbbbbbbLLbLLLLLLLLQLLLLLLLLC
c
function FF(rho)
c

LbbbbbbbbbbbbbbbbbbbbbLLLbl—LbbbbbLLCCbLbLLbbLLbbbbbbbbbbbbLbbbbbbbbbbbbbbbbbbbbbb
g This function calculates the fuel fraction as a function of log-diameter
c
implicit double precision (a-h,o-z)
implicit integer (i-n)
external Fcumm,FFintegrand )
common /five/ x,y,udir,frhomin,frhomax,frhomean,rh051gma,drho
common /seven/ Uran
common /eight/ rhocut
cmin=frhomin+rhocut
call qromb3 (FFintegrand, cmin, rho, s)
FF=g
if (FF.ge.1.d0) then
FF=0.d0
end if
return ~
end ~
CCLbLbLDLLLLLLLbbbbbbLbbbLLbbbbbCCCCCCLbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
c

function FFintegrand(rho)
gCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLLLLbbbLLbbbLLbbLLLL

implicit double precision (a-h,0-2) B

implicit integer (i-n)

external Fcumm

common /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape

common /seven/ Uran ‘

common /eight/ rhocut

-FFintegrand=Uran/q*dm(rho-rhocut)/(1.dO-Fcumm(rho))

return

end
CCCCCCOeCCeCCCCCCCCeCCCeCtCtCCCCCCCCCCOCCCCOCCCCaCCCCCCOCCCCCCCCCCCeCCCCCCECCCaas
c ;

function Fcumm(rho)
gCCCCCCéCCbbLLLLbLbbbbbbbbLLLCCCCCCCCCCCCCCLLLLLLQQLLLLLLLbbbbbbbbbbbbbbbbbbbbbcc
implicit double precision (a-h,o-z)
implicit integer (i-n)
. common /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape
‘common /threel/ dmin, dmax, rhomin, rhomax, rhomean
external f

Fmax=1.d0
Fmin=0.d0
call qromb2(f,rhomin,rho,s)
» Pecumm=s N
if (Fcumm.ge.Fmax) then
Fcumm=Fmax
end if
if (Fcumm.le.Fmin) then Y
Foumm=Fmin
end if
return
end
CCCCCFFF(I((((ll(((lLJ(((l((ll((l((((ll((((lgb((((((ll((((((((((Fﬁﬂﬁﬂﬂﬂﬁﬂﬂﬂﬁccccc
c ,
function P(z,rho)
gcCCCCCCCCCCCCCCCCCCCccﬂﬂﬂﬂﬁﬁﬁﬂﬂﬂﬁrt(Ll(((((l(((l(lW((l(ll((((l((l((ll(((((ll(bbg
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implicit double precision (a-h,0-z)

implicit integer (i-n)

common /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape
common /two/ h,werupto,airden,airvis,c,u

common /three/ fdmin,fdmax,fdmean,hmin,hmax,xmin,xmax

wz=werupt0* (1-z/hmax)
yz=beta*(wz-v0(rho))/vO(rho)
=beta*(werupt0-v0(rho))/vO(rho)

yO
anum= beta*werupto*yz*dexp(-yz) ¢
denom= vO(rho)*hmax*(l.dO—(1.d0+y0)*

dexp(-y0))
p=anum/denom
if (P.le.0.d0) then

p=0.40
end if
return
end

CCCCCCCCCCCCCCCCCCCCCCCCCCel

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

function vO0(rho)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

t d is the diameter of particles
terminal fall velocity of particles at sea-level
rminal velocity at sea level is given in

the argumen
velsea is the
the equation of the te
Suzuki, 1983.
g : gravitational accelleration in cm/s**2
implicit double precision (a-h,0-z) '
implicit integer (i-n)
common /one/ beta,q,ashdenmin,ashdenmax,dmean,dsigma,fshape
common /two/ h,weruptO,airden,airvis,c,u
g=980.d0
d=10.d0**rho
terml=9.dO*airvis*fshape**(-O.32d0)
term2=81.dO*airvis**2*fshape**(-.64d0)
term3=1.5d0*airden*ashden(rho)*d**3*g*dsqrt(1.07d0-fshape)
anum = ashden (rho) *g*d**2 . ) .
denom = terml+dsqrt(term2 + term3)
v0 = anum/denom
return
end

r

v

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

function ashden(xrho)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

jmplicit double precision (a-h,0-2)

implicit integer (i-n)

external f£,FF
ashdenmin,ashdenmax,dmean,dsigma,fshape

common /one/ beta,q,
common /eleven/ ashrholow,ashrhohi

if (rho.ge.ashrhohi) then

ashden=ashdenmin
else if (rho.le.ashrholow)ithen

ashden=ashdenmax

else '
slope=(ashdenmin-ashdenmax)/(ashrhohi-ashrholow)
yint=ashdenmax
ashden=slope*(rhOrashrholow)+yint

end if - : )

ashden=ashden*(1.d0+FF(rho))

g
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o
c. et i
£ get input parameters from data file
open (unit=8,file=" i i
read (8,%*) ymin, ymax
read (8,*) numptsx
read (8,*) numptsy
read (8,*) tlogmi
) read (8,%*) powgzin,tlogmax
. i:zg gg,:) betalogmin, betalogmax
read ,*) dmeanmin, dmeanmed ; dmeanm:
. (8,*) dsigmamin,dsigmaméx o
i::g gg,:; asﬁdenmin,ashdenmax
’ as; i
;eag g, fShggzlow,ashrhoh;
. ead (8,* i irvi
read (8:*; 21rden,a1rv1s
read (8,*) dmax
read (8,* i
read (8:*; ﬁg?;n, fdmean, fdmax
- read (8,*) acutoff
read (8,*) rhocut
read (8,*) Uran
frhomin=d1og10 ( fami
= in
. grgomax=dlog10(fdmax;
rhomean=d1og10 ( fdm
close (unit=8) ( san)
$=1100.d40
Distributions
Power: lognormal

QaaQaaoo
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.
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC cccececeecee
'C

ccecce
?CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

parameter (nmx=200 -
E;rimeter (maxd= 260?my 290
implicit double precisi -
implicit integerp(i-nflon (a-h,o0-2)

CC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

common /One/ beta 4, ashdenl'ﬂln ’ ashdenmax ,dmean ’ d51gma ’ fshape

common /tW / 1%
O, h, WeIuPtolalIden, airvis c,u
common ree in, ax, fdmean ’ hnu-ul hmax

»xmin, xmax

common /thre i
/ el/ dmln,dmax,rhomin,rhomax,rhomean

common /four/ ymin, ymax,acutoff

common /five, Y., u ir homi rho ome: ’ ’ O
/ / X,y,ud , Ex] min, frh max, frhom an rhosig‘ma drh

common /six/ numptsx,n
, num

common /seven/ Uran prey
common /eight/ rhocut
gg:mon 5nine/ v,icount

on /eleven/ ashrholow i
cgmmon_/twelve/ power,tdui'ashrhOhl
dimension v(10000)

)

i

ERERnm
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aaaogaaQaaoaaaan

QaQa

Q aaaq

Qaa

Q

s

. “* Duration:loguniform

.beta: loguniform .
vrad: deterministic ,
dmean: logtriangular
d51 a: loguniform

o exponent1al with directionally varying lambda
udlr quasi-uniform

volcanic duration-logtriangular

rnd2=v(icount)

icount=icount+l -
tlog=tlogmin+(tlogmax- tlogmln)*rndz

tdur=10.d0**tlog

tdur in sec

gauss=gasdev()
plog=gauss*powvar*+*0.5d0+16.73-0.962d0*tlog
power=10.d0**plog
if (power.gt.7.d13) then

power=7.d13
end if

hmax=(8 .2d0*power**0.25)/1000.40
qdot=(hmax/0.24)**4.40
g=qgdot*tdur+*1.0d3

wind direction-quasi-uniform using éCP 5,000 ft data
call winddirect(udir) .

wind speed-exponential with direction dependent lambda
call windspeed (udir,u)

dmean, dsigma-logtriangular

rnd4=v(icount)

icount=icount+1

rnd5=v(icount)

icount=icount+l )

rhomean=dmeanmax-dsqrt( (1-rnd4)* (dmeanmax-dmeanmin) *
& (dmeanmax-dmeanmed) ) -

dmean=10.d0**rhomean i ‘

dsigma= dsigmamin+rnd5*(dsigmamax-dsigmamin) .

beta-loguniform

rnd6=v(icount)

icount=icount+l
betalog—betalogm1n+(betalogmax-betalogmln)*rnd6 » N
beta=10.d0**betalog

rhomin=rhomean-7.d0*dsigma
rhomax=rhomean+7 .d0*dsigma

7/19/96 8:05 AM MSJ:Applications:Languages :MPW:Volcanism ..:Multironb. £

rlog=-2.069d0+2.d0*dlogl0 (ashden(rhomean) )+0.27435d0*
& dloglO(gdot*1.d3)
vrad=10.d0**rlog

werupt0=gdot*1.d3/(ashden(rhomean)*3.141592d0* (vrad*1l.d2)**2)

return
end

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeea
c

subroutine winddirect(udir)

c

CDLLLLLLbbbbbbbbbbbbbbbbbbbbbb( CCCCCCCcCCecCccccecececececeececeecececeee

implicit double precision (a h,0-z)

implicit integer (i-n)

common /nine/ v, icount

dimension cutoff(17),angle(17),v(10000)

data cutoff/0.017804d0,0.053412d0,0.136498d0,0.267058d0,
0.3768484d0,0.43026040,0.460923d0, 0.4826844d0,
0.496532d0,0.523238d0,0.563792d0, 0.635998d0,
0.776448a0,0.887228d0,0.95349940,0.98515140,
1.000000/ —_—

data angle/0.d0,22.5d0,45.40,67.5d0,90.40,112.5d0,135.d0,
157.540,180.40,-22.5d0,-45.40,-67.5d0, -90.40,
-112.5d0,-135.d0,-157.5d0,1000.40/

rnd=v(icount) v

icount=icount+1 '

do i=1,17
if (rnd.le.cutoff(i)) then

udir=angle(i)
go to 10

<IN~ -]

-1 -<]

end if
end do
-10 return
end

LbbbbbbbbbbLbbbbbbbbbbbbbbbbbLLLLLLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
.C

. subroutine windspeed(udir,u)
c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLbbbbbbbbbbbbbbbbbbbbLbbb
: implicit double precision (a-h,o0-2)

implicit integer (i-n)

common /nine/ v,icount

dimension angle(17),ula(17),v(10000)

data angle/0.d0,22.5d0,45.40,67.5d0,90.d40,112.5d0,135.40,

& 157.5d40,180.40,-22.5d0,-45.d0,-67.5d0,-90.4d0,
& -112.5d0, -135.40, -157.5d0,1000.d0/
data ula/0.313d0,0.222d0,0.1494d0,0.139d0,0.15640,
& 0.21740,0.323d0,0.4d0,0.417d0,0.2444d0,
- & 0.213d0,0.18940,0.172d0, 0.185d0,0.208d0,
& 0.294d0,99999.40/
do i=1,17

if (udir.eq.angle(i)) then
ulambda=ula(i)
end if
end do
if (udir.eq.1000.d0) then
udir=0.d0
u=0.d0
end if
rnd=v(icount)

icount=icount+1l ’ Sl

u=-dlog(1l-rnd)/ulambda
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u=u*100,d0

return ¥

end
bbbbbbbbbbbbubbbbCCbbbbbbLLbbbbbLLLLLbbbbbbbbbbbbbbbbbbbbbbCCCCCC
c o

subroutine gromb3(func,a,b,s)
C

CbbbLLbbbbbbbbbbbLLLLbbbbbbbbbbbbbbbbbbbbbbLDLLLLLbLCCCCCCCCCCCCC
implicit double precision (a-h,0-z)
implicit integer (i-n)
parameter (eps=5.d—5,jmax=20,jmaxp=jmax+l,k=5,km=k-1)
external func
dimension ss(jmaxp),h(jmaxp)
h(l)=1.40
it=0
do j=1,jmax
call trapzd3(func,a,b,ss(j),j,it)
if (j.ge.k) then .
call polint3(h(j-km),ss(j-km),k,O.dO,s,dss)
if (dabs(dss).le.eps*dabs(s)) then

7/19/96 s:osémlg’ MST:Applications:Languages :MPW: Volcanism ...:Multironb. £

83

Page 15

7/19/96 8:05 AM MSJ:Applications:ILanguages:MPW:Volcanism ...:Multiromb. f

g;minsion xa(n),ya(n),c(nmax),d(nmax)
dif=dabs(x-xa(l))
do i=1,n
dift=dabs(x-xa(i))
if (d%ft.lt.dif)then
ns=i
dif=dift
end if
c(iy=ya(i)
d(i)=ya(i)
end do
y=ya(ns)
ns=ns-1
do m=1,n-1
do i=1,n-m
ho=xa(i)-x
hp=xa(itm)-x

Page 16

return
engngflf w=c(i+l)-d(i)
ss{j+1)=ss(3) den=ho-hp
h(j+1)=0.25d0*h(3) if (den.eq.0.d0) then .
_hd# . - write(6,*) "error in polint3"
write(6,*) "integration has too many steps 3" ze@urn
write(10,*) "integration has too many steps 3" ggn=;§den " /
zigurn v d(§)=hp*den
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc eng(ég=h°*de“
c :
subroutine trapzd3(func,a,b,s,n,it) lfdéiz?:éiiin'm) then
e .
CCDLLLbbbbbbLbbbbbbbbLbbbbCCCCCCCCCCCCCCbbbbbbbbbbbbbbbbbCCcCCCCC elge 4 :
implicit double precision (a-h,o-z) Y= (ns)
implicit integer (i-n) . o 35725'1
external func ; : +é
if (n.eq.l) then eng g y
—0.5d0* (b-a)*(func(a)+func(b)) retu o
it=1 : and
else :
Jtom=it gcccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
del=(b-a)/itnm . .
xx=a+0.5d0*del : c subroutine qromb2(func,a,b,s)
sum=0.d0
R CCCCCCCCCCCCCececccCcCCCCCCcCe
do _1 , lt N oy CCCCCCCCCCCCCCCH
h_————‘j:) ’ sum=sum+func (xx) }mpl}01t double precision (a—h,o-z)bbbbbbbbbhcccccccccccc
”“”‘:;)/,\\ xx=xx+del implicit integer (i-n) {
parameter (eps=5.d-5,jmax=20, jmaxp=j = =k -
oo :Zg.ggo*(s+(b-a)*sum/it;m egterngl func. ! Primaxtl k=5 dmmle L)
; it=2%it ﬁt‘i‘eiilgf; ss(jmaxp) , h(jmaxp)
end if it=3 '
zsgurn § do j=1,jmax .
bbbbbbbbbbubbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbLbbbbbbbbbCLbLbbbbbbcc . g?l%jt;gpi?zéﬁgncla,b/SS(j)ljrit)
E— c . - -ge.k) n
subroutine polint3(xa,ya,n,x,y,dy) gzl%dggétggzgh{;'zg;;gzégng;,tﬂo.do,s,dss) -
Pe) . - en
LbbbbbbbbbbbbbbbbbbbbbbbbbbbbbL(““““““(‘((‘(llll(‘(lhbbbbbc 3 N} enﬁeF;rn
implicit double precision (a-h,0-z) ‘ end ifl
implicit integer (i-n)- ) : ss(j+1)=ss(3)
parameter (nmax=10) h(3+1)=0.2530*h(§)
end do . ;
write(6,*) "integration has too man
s : . y steps 2"
e i write(10,*) "integration has tooc many stzps 2"

A —— [,
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] . T :Lan
96 8:05 AM MSJ :App. :
7/19/ S if (2*ns.lt.n-m) then
\ ) dy=c(ns+1)
turn cC
Z§d ] ccccccccccccccccccccccccccccccccccccc elze
ceceecece . y=d(ns)
CCECCoCCCCCCeeeee . ns=ns-1
c sbroutine trapzd2(func,a, b, s,n,it) ccce end if
<) lelolelele el —
c cccccccccccccccccccccccccccccccccccc ’ﬁg~§:dy
Cccccccc?cciigiicgguble precision (a-h,0°2) return
o implicit integer (i-n) end
oxternal func ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
T i .eq.l) then +func(b)) €
if (n qs=0_5d0*(b_a)*(func(a) subroutine qrombl (func, a, b, s)
rm—— it=1 c
e :
els Ltnm=it

del=(b-a)/itom

CCCCCCeCCCeCeCeCeCeeeceeecoeeeceae
sxx=a+0.5d0*del

CCCCCCCCCCCCCCCCCCaCCCCCCOCCCer
implicit double precision

. P . . (a‘h,O“Z)
1mpllclt>1nteger (i-n)
parameter (eps=5.d-5,jmax=20,jmaxp=jmax+1,k=5,km=k—1)
sum=0.d0 external func
do j=1l,it — dimension ss(jmaxp),h(jmaxp)
s h(1)-1.d0 /
= it=
end do _ itom) . do j=1, jmax
5=0.5d0* (s+(b-a) *sum/ call trapzdl(func,a,b,ss(3),j;it)
it=2*it if (j.ge.k) then
end if g;l%dpgligtlgh{j-km);sséj;k?;,tﬁo.do,s,dss)
i abs (dss).le.eps*dabs(s en
return . CCCCCCCCCCCCCCCCCCCeeee return
end CCOCCCCCCCECCCCeCCCeCeree end 1s
CCCCH
[Sle o s slels slalelele! n,%,7,4Y) end if
¢ subroutine polint2(xa,ya,n X CCCCCECCceeeee ss(j+l)=ss(J)
C
¢ ccccccccccccccccccccccccccccccccccc
CCCCCCCCCeceeee

implicit double precision (a-h,0-2)

h(3+1)=0.2530%h(3)
implicit integer (i-n)

end do

write(6,*) "integration has too many steps 1"
) write(10,*) "integration has too many steps 1"
ter (nmax= nmax) return
giiiﬁzion xa(n),ya(n),c(nmax),d( -~ end .
ns=1 : ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc :
dif=dabs(x-xa(1)) -~ c
i=1,n .
dodift;dabs (x-xa(i))

subroutine trapzdl(func,a,b,s,n,it)
if (dift.lt.dif)then

C s
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
ns=i implicit double precision (a-h,o0-3z)
dif=dift implicit integer (i-n) .
end if . external func
e e(i)=yva(i) if (n.eq.1) then-
___,__——i> d(iy=va(i) 5=0.5d0* (b-a)*(func(a)+func(b))
et end do it=1 ' .
: lse
y=ya(ns) e ) ) ‘
s=ns-1 . itnm=it . -
7 go m=1,n-1 >, del=(b-a)/itnm
3% do i=1,n-m xx=a+0, 5d0*del
et | ho=xa(i)-x sum=0.do
- i hp=xa(itm) X do j=1,it
: w=c(itl)-d(1) sum=sum+func (xx)
—_—{ den=ho-hp then xx=xx+del :
: if (den.eq.0.d0) i 1lint2" end do
e \ : *) "error in po .
‘ write(6,*) §=0.5d0* (s+(b-a) *sum/itnm)
— i return it=2%it
end if end if
den=w/den return
d(i)=hp*den . end
c(i) =ho*den
end do

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

T ke
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¢ subroutine polintl(xa,ya,n,X,¥,dy)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCQLQLLLbbbbbbb(.l CCCCCCCCCCCCCCCCCCeee

implicit double prgcision (a-h,0-2)
implicit integerlét-n)
ameter (nmax=
g?iension xa(n),ya(n),c(nmax),d(nmax)
ns=1
dif=dabs(x-xa(l))
do i=1,n N
dift=dabs(x-xa(i))
if (dift.lt.dif)then
ns=i
dif=dift
end if )
c(i)=ya(1) . .
- d(i)=ya(i)
end do
y=ya(ns)
ns=ns-1
do m=1,n-1
do i=1,n-m
ho=xa(i)-x
hp=xa(i+m)—g
w=c(i+l)-d(i)
den=ho-hp .
if (den.eq.0.d0) theg i . ,
write(6,*) "error in polintl
return
end if
den=w/den
d(i)=hp*den
c¢(i)=ho*den

|

end do )

if (2*ns.lt.n-m) then
dy=c(ns+1) -

else :

dy=d(ns)
ns=ns-1
end if
y=y+dy
end do
return .

b cccecccee
CCCCCCCLbLbLbLbLbbLLbbbbbCCC(,LLbbbbbbbbbbbbbbbbbbbbbbbbb

; ° subroutine gromb(func,a,b,s,rho)

ceceecececccececCol Lbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbc
CCCCCCCCCCCCCELL

implicit double precision (a-h,0-z)
i icit integer (i-n) ] . ~ s
" ;ggi;gter (epg=5.d-5d0,jmax=20,jmaxp=3max+1,k-5,km k-1)
external func ]
dimension ss(jmaxp),h(jmaxp)
h(1l)=1.d40
it=0
do j=1,jmax . )
ocgll'?crapzd(func,a,b,ss(j),J,rho,lt)
i j.ge.k) then .
lfcéilgpolint(h(j-km),ss(]-km),k,O.dO,s,dss) N
if (dabs(dss).le.eps*dabs(s)) then
return .

'8’,\7
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end if
end if
ss(j+l)=ss(j)
h(j+1)=0.25d0*h(7)
end do
write(6,*) "integration has too many steps _"
write(10,*) "integration has too many steps _"
return
end : . N
ccccacccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

subroutine trapzd (func,a,b,s,n,rho,it)
c
ccccccccccccccccccccccccccccccccccccccccccccccccccccCcccccccccccc
implicit double precision (a-h,o0-z)
implicit integer (i-n)
external func .
if (n.eq.1l) then C -
s=0.5d0*(b—a)*(func(a,rho)+func(b,rho))
i it=1 .
else
itmm=it
del=(b-a)/itnm
xx=a+0.5d0*del
sum=0.d0
do j=1,it
sum=sum+func(xx, rho)
XxX=xxt+tdel
end do
s=0.5d0*(s+(b-a)*sum/itnm)
it=2*it
end if
return
end
cccccccccqccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

subroutine pglint(xa,ya,n,x,y,dy)
c .
ccccccccccccccccccccccgcccccccccccccccccccccccccccccccccccccccccc '
implicit double precision (a-h,o-z)
implicit integer (i-n)
parameter (nmax=10)
dimension xa(n),Ya(n),c(nmax),d(nmax)
ns=1
dif=dabs(x-xa(1))
do i=1,n ‘
dift=dabs(x-xa(i))
if (dift.lt.dif)then
ns=i
dif=dift
end if
c(i)=ya(i)
d(i)=ya(i)
end do
y=ya(ns)
ns=ns-1
do m=1,n-1
do i=1,n-m
ho=xa(i)-x
hp=xa (i+m)-x
w=c(i+1)-d(i)
den=ho-hp
if (den.eq.0.d0) then
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- write(6,*) "error in polint"
. return
end if
den=w/den
d(i)=hp*den
c(i)=ho*den
end do
if (2*ns.lt.n-m) then
dy=c(ns+1)
else
dy=d(ns)
ns=ns-1
end if
y=y+dy
end do
return

end
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

c
function gasdev()

c
cccccccccccccccccccccccccccccccccc
implicit double precision (a-h,0-2)
implicit integer (i-n)
common /nine/ v,icount
dimension v(10000)
iset=0 .
if (iset.eq.0) then
1 ranl=v(icount)
icount=icount+l
ran2=v(icount)
icount=icount+l
vl=2*ranl-1.d0
v2=2*ran2-1.40
r=yl**2+v2k*2
if(r.ge.1.d0.or.r.eq.0.d0) then
go.to 1

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

end if K
fac=dsqrt(-2.dO*dlog(r)/r)
gset=vl*fac
gasdev=v2*fac
iset=1
else
gasdev=gset
iget=0 :
end if
return :
)

end
_ /

subroutine rand(iseed, v,max)

Random number generator.

g Q

implicit double precision (a-h,0-2)
implicit integer (i-n)

dimension v(max)

data ia / 1021 /

data m / 1048576 /

data am / 1048576.d0 /

do 100 i = 1, max

igeed = mod{ iseed * ia, m )
v(i) = dble( iseed ) / am

7/19/96 8:05 AM MSJ:Applications:Languages:MPW:Volcanism ...:Multiromb. £

100 continue
Cc\._-
return
end
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeceerceeceecceccecccccccece
c -
: function Pcumm{rho}

—————————— c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCeCceeeceeee
implicit double precision (a-h,0-z)
implicit integer (i-n)
common /one/ beta,q,ashdenmin, ashdenmax,dmean, dsigma, fshape

common /threel/ dmin,dmax,rhomin, rhomax, rhomean
_— dimension fc(400)

This subroutine will only accurately sample from the
cdf of the standard normal distribution out to the fourth

decimal place

oQaQaaQ

data fc/0.0000d40,0.004040,0.008040,0.012040,0.016040,
0.0199d0,0.0239d0,0.027940,0.031930,0.0359d0,

.039840,0.043840,0.047840,0.0517d40,0.055740,
0596d40,0.0636d0,0.0675d0,0.071440,0.0754d0,
0793d0,0.0832d0,0.0871d0,0.091040,0.0948d0,

0987d40,0.102640, 0.1064d0,0.110340,0.114140,
11794d0,0.121740, 0.1255d0,0.1293d0,0.1331d0,

1368d0,0.140640,0.14434d0,0.148040,0.1517d0,
.15544d0,0.1591d0, 0.1628d0,0.16644d0,0.170040,

173640,0.1772d0,0.180840,0.1844d0,0.187940,
.19154d0,0.195040,0.1985d0,0.20194d0, 0.205440,

208840, 0.2123d40,0.2157d0,0.219040, 0. 222440,
2258d0,0,2291d0, 0.232440,0.235740,0.238940,
.242240,0.245440,0.2486d0,0.2518d40,0.254940,

.258040,0.2612d0, 0,2642d40,0.2673d0,0.270440,
2734d0,0.276440,0.27944d0,0.2823d40,0.2852d0,

,2881d0,0.291040,.0.2939d0,0.2967d0,0.2996d0,
.30234d0,0.3051d40,0.307840,0.3106d0,0.313340,
.3159d0,0.318640, 0.3212d0,0.323840,0.326440,

.3289d0,0.3315d0,0.334040,0.3365d0,0.33894d0,
.3413d0,0.3438d0,0.346140,0.3485d0,0.3508d0,

.3531d40,0.3554d0,0.3577d0; 0.359940,0.3621d0,
.3643d0,0.3665d0,0.368640,0.3708d0,0.3729d0,

.374940,0.3770d40,0.3790d0, 0.3810d0, 0.38304d0,
.384940,0.386940,0.3888d0,0.3907d0,0.3925d0,
.39444d0,0.3962d0, 0.3980d0,0.3997d0,0.40154d0,

.4032d0,0.4049d0,0.4066d0,0.4082d0,0.409940,
.41154d0,0.413140,0.4147d0,0.4162d0,0.417740,

.4192d0,0.4207d0,0.4222d0, 0.4236d0,0.4251d0,
.4265d0,0.4279d0,0.4292d0, 0.4306d0,0.43194d0,
.4332d0,0.4345d0,0.4357d0,0.437040,0.4382d0,

.4394d0,0.440640,0.4418430,0.4429d0,0.4441d0,
.4452d0,0.4463d0,0.4474d0,0.448440,0.4495d0,

.4505d0,0.4515d0,0.4525d0,0.4535d0,0.454540,
.4554d0,0.4564d0,0.4573d0,0.4582d0,0.4591d0,

.459940,0.460840,0.461640,0.4625d0,0.4633d0,
.4641d0,0.464940,0.4656d0,0.4664d0,0.4671d0,

.467840,0.468640,0.4693d0,0.4699d0,0.4706d0,
.4713d0,0.4719d0,0.472640,0.4732d0,0.473840,
.47444d0,0.4750d0,0,4756d0,0.476140,0.4767d0,

.4772d0,0.477840,0.4783d0,0.4788d0,0.479340,
.4798d0,0.4803d0,0.480840,0.4812d0,0.4817d0,

.4821d0,0.4826d0,0.483040,0.4834d0,0.48384d0,
.4842d0,0.4846d0,0.485040,0.4854d0,0.485740,

.4861d0,0.486440,0.4868d0,0.4871d0, 0.4875d0, \
.4878d0,0.4881d0,0.4884d0,0.4887d0,0.489040,
.4893d0,0.489640,0.4898d0,0.4901d0,0.4904d0,
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.490640,0.4909d0,0.49114d0,0.491340,0.4916d0,

0.4987d0,0.4987d0, 0.4987d0, 0. 498840, 0 498

' /0. /0. /0. 8do, : |
0.4989d0,0.4989d0;0.4989d0,0.4990d0,0.4990d0, f R
0.4990d0,0.4991d0,0.4991d0,0.4991d0,0.4992d0, : ~

0.4992d0,0.4992d0,0.4992d0, 0.4993d0, 0 499
. .<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>