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A B S T R A C T
In volcanic risk assessment it is necessary to determine the appropriate level of sophistication for a given
predictive model within the contexts of multiple sources of uncertainty and coupling between models. A
component of volcanic risk assessment for the proposed radioactive waste repository at Yucca Mountain
(Nevada, USA) involves prediction of dispersal of contaminated tephra during violent Strombolian eruptions
and the subsequent transport of that tephra toward a hypothetical individual via surface processes. We test
the suitability of a simpliﬁed model for volcanic plume transport and fallout tephra deposition (ASHPLUME)
coupled to a surface sediment-transport model (FAR) that calculates the redistribution of tephra, and in light
of inherent uncertainties in the system. The study focuses on two simplifying assumptions in the ASHPLUME
model: 1) constant eruptive column height and 2) constant wind speed and direction during an eruption.
Variations in tephra dispersal resulting from unsteady column height and wind conditions produced
variations up to a factor of two in the concentration of tephra in sediment transported to the control
population. However, the effects of watershed geometry and terrain, which control local remobilization of
tephra, overprint sensitivities to eruption parameters. Because the combination of models used here shows
limited sensitivity to the actual details of ash fall, a simple fall model sufﬁces to estimate tephra mass
delivered to the hypothetical individual.
Published by Elsevier B.V.

1. Introduction
Predictive models of pyroclastic ﬂows, lava ﬂows, lahars, and tephra
fallout are becoming increasingly important components of probabilistic volcanic risk assessment (e.g., Baxter et al., 1998; Iverson et al.,
1998; Saucedo et al., 2005; Bonadonna et al., 2005; Damiani et al.,
2006; Magill et al., 2006). In many cases these models are developed as
research tools, and as such they tend to continually increase in
complexity as volcanologists delve deeper into the underlying physics.
Application of the models to speciﬁc risk assessments, on the other
hand, may require linking together many processes that each involve a
level of uncertainty. In some, if not most, cases, a point may be reached
where there is little payoff in improving the physical ﬁdelity of a given
volcanic process model because that improved ﬁdelity might have
negligible impact on the risk assessment. In addition, inherent
uncertainties in linked models may dwarf the effects of improved
physical modeling. Here we demonstrate for a particular risk
assessment application that a relatively simple model of tephra
dispersal can be applied where more sophisticated models would
⁎ Corresponding author. Tel.: +1 505 667 5902; fax: +1 505 667 1628.
E-mail addresses: gkeating@lanl.gov (G.N. Keating), jdpellet@email.arizona.edu
(J.D. Pelletier), gav4@buffalo.edu (G.A. Valentine), wstatha@sandia.gov (W. Statham).
0377-0273/$ – see front matter. Published by Elsevier B.V.
doi:10.1016/j.jvolgeores.2008.06.007

have negligible impact on the ﬁnal result. The purpose of this study is
not to compare theories or numerical codes of fallout, but simply to test
the impacts of simpliﬁcations in our approach to tephra dispersal
modeling, given that the results of the model are subsequently
“ﬁltered” through a second model that predicts the redistribution of
tephra by ﬂuvial processes, and in light of uncertainties in the overall
system. Our results provide an example of how model adequacy can be
determined for a complex risk assessment.
2. Volcanic risk assessment for the proposed Yucca
Mountain repository
The proposed high-level radioactive waste repository at Yucca
Mountain (Nevada, USA) is sited in a region that has experienced
sporadic basaltic volcanism since the end of major caldera eruptions in
mid-Miocene time (Crowe, 1986; Fleck et al., 1996; Valentine and Perry,
2007). Volcanic risk assessment for Yucca Mountain involves estimating
the probability of formation of a new basaltic volcano that might
intersect the ~300 m deep repository (Connor et al., 2000; Perry et al.,
2005; Crowe et al., 2006) and the consequences of such an event, should
it occur (Crowe et al.,1983; Woods et al., 2002; Dartevelle and Valentine,
2005; Gaffney and Damjanac 2006; Gaffney et al., 2007; Keating et al.,
2008; Valentine and Perry, in press). One class of consequences analysis,
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and the focus of this paper, is eruptive effects where radioactive waste is
entrained into magma and erupted and dispersed onto the Earth's
surface (Jarzemba et al., 1997). Risk is estimated, as deﬁned by
regulations, for a hypothetical individual (a.k.a. RMEI: reasonably
maximally exposed individual) located ~18 km south of the repository
in an area that corresponds to the upper part of the Fortymile Wash
alluvial fan (Fig. 1), for a future period of 104–106 years.
Based upon analogy with other Quaternary volcanoes in the region
(e.g., Valentine et al., 2006, 2007; Valentine and Keating, 2007), we
infer that a potential new volcano will consist of a scoria cone with one
or two small lava ﬂows and a total eruptive volume between ~0.01–
0.1 km3. Eruptive facies in the Quaternary volcanoes indicate that
explosive eruptions include substantial components of the violent
Strombolian style, consisting of sustained eruption columns of wellfragmented basaltic clasts rising to heights of several km. From a risk
assessment perspective these eruptions are important because they
could disperse contaminated fallout tephra over areas of 100 s of km2.
Such tephra could impact the hypothetical individual by 1) direct
deposition by fallout under certain wind and eruption conditions, 2)
deposition upstream in the Fortymile Wash drainage basin and
subsequent transport to the control population by surﬁcial processes,
or 3) a combination of 1) and 2). Given the dominant southwesterly
winds in the Yucca Mountain region in the 1 to 13 km altitude range
(NOAA, 2004; SNL, 2007a), the most likely direction for a wind-driven

eruptive plume is to the northeast, away from the RMEI. Therefore, a
signiﬁcant component of risk may be due to redistribution of wastecontaminated tephra across the landscape by ﬂuvial processes.
3. ASHPLUME and FAR models
The coupled component models for atmospheric dispersal/deposition and ﬂuvial redistribution of tephra use the ASHPLUME v. 2.1
(Jarzemba 1997; Jarzemba et al., 1997; SNL, 2007a) and FAR v. 1.2
(Pelletier et al., 2005, 2008) codes, respectively, which are both
components of the Yucca Mountain Total System Performance Assessment (TSPA) risk assessment framework. The values of input parameter
for the ASHPLUME model (see Appendix) are developed within TSPA
from other analyses and models that consider 1) the number and
geometry of dikes and conduits intersecting the repository in a given
model realization and resulting waste mass available for transport (SNL,
2007b), and 2) eruption characteristics such as eruption power,
duration, tephra and waste particle size distributions (SNL, 2007a).
The output from ASHPLUME is a two-dimensional distribution of tephra
mass on the landscape that provides the initial conditions for FAR, a
scour-dilution-mixing model. FAR calculates the ﬂuvial (bedload)
transport of tephra that is mobilized from steep slopes and deposited
on active channels, and then routed through the drainage system to the
RMEI area, located in the upper areas of the Fortymile Wash alluvial fan.

Fig. 1. Physiographic map of the Yucca Mountain region, including the proposed high-level nuclear waste repository at Yucca Mountain (bright yellow), Fortymile Wash watershed
and upper alluvial fan (light green), the location of the RMEI (⁎), and a typical ASHPLUME tephra distribution with 1 km grid spacing (N1 cm thickness, pale orange to brown). Inset
map shows location relative to southwestern U.S. Map grid: UTM zone 11, NAD27.
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Fig. 2. Tephra isopachs (cm) for the base-case eruption modeled by ASHPLUME overlaid
on results of FAR tephra redistribution model. Isopach contours are 0.01, 0.1, 1.0, 10,
100 cm. Background colors represent tephra concentration (fraction of tephra) in
stream channel sediment after ﬂuvial redistribution. The point of comparison of tephra
concentrations in sediment at the outlet of Fortymile Wash is located at the bottom of
the plot, at approximately 7500 m east and 0 m north. In this base-case run (W1), the
concentration of tephra in channel sediment is 0.062.

Areal concentrations of tephra and waste (g/cm2) are passed from FAR to
the ﬁnal TSPA component model, which converts these mass concentrations to activity concentrations and uses biosphere dose conversion
factors to calculate radiological dose to the RMEI for each Monte Carlo
model realization.
The ASHPLUME numerical model (Jarzemba, 1997; Jarzemba et al.,
1997) incorporates the mathematical model of basaltic tephra dispersal
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from a steady-state eruption column developed by Suzuki (1983). See
Appendix for a summary of the ASHPLUME mathematical model and
representative input values used in this study. A line source of tephra
particles (density-adjusted for waste content) is transported downwind
by 2-D (horizontal) advection and turbulent diffusion. Particle deposition is calculated for each observation point on the ground by a
probabilistic equation that balances particle fall time vs. height in the
plume. The model assumes that volcanic activity during an eruption is
consistently energetic (violent Strombolian), with constant eruptive
power and column height for the duration of the event. Wind conditions
are held constant throughout the eruption, with speed and direction
assigned for conditions at the top of the eruption column.
The FAR model uses a digital elevation model (DEM) of the terrain
in Fortymile Wash watershed to determine contributing areas for
streams and slopes greater than a threshold value, from which tephra
is mobilized. The tephra blanket from ASHPLUME is processed in FAR
to exclude tephra deposited outside the watershed and to accumulate
the tephra mass that was deposited on steep slopes and in active
channels. This bedload-transported tephra is mixed with sediment to
the scour depth and routed through channels to the apex of the
alluvial fan, simulating the cumulative effects of many ﬂood events
(Pelletier et al., 2008). Comparison of the size distribution of tephra
particles expected from an eruption at Yucca Mountain with channel
sediments in Fortymile Wash indicates that nearly all of the tephra
fallout will be transported as bed-material load in Fortymile Wash
(Pelletier et al., 2008). Eolian transport is not included because it is
expected to reduce the concentration of tephra (and associated
radionuclides) at the RMEI area (by removal and dilution) and because
the range of parameter values for the ﬂuvial model accounts for the
effect of migration of sediment from the channel onto drainage
divides on the fan (SNL 2007c).
The limitations inherent in the Ashplume code have recently been
transcended in other tephra dispersal models that utilize time- and
altitude-dependent wind conditions or unsteady column height (e.g.,
Folch and Falpeto, 2005; TEPHRA — Bonadonna et al., 2005; ASHFALL/
HYPACT —Turner and Hurst, 2001). The variation of the wind ﬁeld

Table 1
Summary of ASHPLUME model runs to evaluate the effect of constant column height and variable wind conditions on concentration of tephra in sediment at the outlet of Fortymile
Wash
ASHPLUME run Representative input values
number
Volume
Duration
(km3)
(days)

Power
(W)

Column height
(km)

Wind speed
(m/s)

W4a
W3a
W5a
W6b

0.035
0.002
0.010
0.023
0.023
0.010
0.002
0.012
0.012
0.012
0.0175

1.5
1
1
1
10
1
0.1
1
1
1
1

2.7 × 1011
2.5 × 1010
1.3 × 1011
2.9 × 1011
2.5 × 1010
1.3 × 1011
2.9 × 1011
1.5 × 1011
1.5 × 1011
1.5 × 1011
2.2 × 1011

5.9
3.3
4.9
6.0
3.3
4.9
6.0
5.1
5.1
5.1
5.6

7
5
6.5
9
5
6.5
9
7
7
7
7

W7b
W8b
W9b
W1Nc
W1N30Ec
W1N60Ec
W1S60Ec
W1S30Ec
W1Sc

0.0175
0.0175
0.0175
0.035
0.035
0.035
0.035
0.035
0.035

1
1
1
1.5
1.5
1.5
1.5
1.5
1.5

2.2 × 1011
2.2 × 1011
2.2 × 1011
2.7 × 1011
2.7 × 1011
2.7 × 1011
2.7 × 1011
2.7 × 1011
2.7 × 1011

5.6
5.6
5.6
5.9
5.9
5.9
5.9
5.9
5.9

7
7
7
7
7
7
7
7
7

Base case (W1)
H2

H3

a
b
c
d

Composite model run
characteristics

Fraction of tephra in
Concentration change
sediment at Wash outlet vs. base case

–
Variable column height

0.062
0.058

–
0.94

Variable column height

0.071

1.15

30° wind direction spread
60° spread
90° spread
90° wind direction
divergence
120° divergence
150° divergence
180° divergence
90° N rotationd
60° N rotationd
30° N rotationd
30° S rotationd
60° S rotationd
90° S rotationd

0.063
0.065
0.051
0.139

1.02
1.05
0.82
2.24

0.125
0.078
0.034
0.045
0.160
0.114
0.057
0.055
0.012

2.02
1.26
0.55
0.73
2.58
1.84
0.92
0.89
0.19

Runs W3, W4, W5 included three individual model runs with identical input parameter values except wind direction.
Runs W6, W7, W8, W9 included two individual model runs with identical input parameter values except wind direction.
Base case, single-eruption plume rotated across the landscape in 30° increments.
Angles of rotation are relative to due east.
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with height and time during an eruption simulation produces spread
and divergence in the tephra sheet that often matches observed
tephra distribution better than a simple diffusion plume. However,
because the ASHPLUME code is coupled to the FAR code in our study,
the effects of ASHPLUME's limitations on the tephra/waste concentration at the RMEI location after atmospheric dispersal and ﬂuvial
redistribution are not obvious and require additional analysis.
4. Analysis
This paper describes an analysis of the effects of 1) unsteady
column height, and 2) variable wind conditions on the concentration
of waste-containing tephra in sediment at the outlet of Fortymile
Wash (or fan apex), prior to distribution to the RMEI location and
subsequent soil migration. The observed effects of variations in these
individual eruption parameters are placed in context of effects due to
variations in terrain within the watershed on which the tephra blanket
is deposited. An alternative approach would be to use the other
models cited above to conduct comparative simulations. We chose not
to use the latter approach because it introduces additional factors,
such as different assumptions, formulations of the governing
equations, numerical solution algorithms, and grid effects that
would complicate the testing of the two physical simpliﬁcations
alone. (Such a comparison, between the ASHFALL and ASHPLUME
codes, has been performed, with good agreement between the two
codes; SNL, 2007a). For purposes of comparison, we use as a base case
the results of a coupled ASHPLUME-FAR simulation where the tephra
plume is east directed, consistent with prevailing winds. A base-case
0.035 km3 tephra deposit results in a tephra concentration (fraction of
tephra) of 0.062 in the stream sediment at the fan apex (Fig. 2).
We assessed the effect of variable column height during an
eruption by dividing the base-case eruption volume among three
small eruptions, each with constant wind direction but variable

power, column height, wind speed, and duration (runs H2, H3;
Table 1). The sets of small-volume model runs were combined to form
composite tephra sheets with total volume equal to that of the singleeruption base case. The composite results were similar to the
instantaneous, constant-column height base case (run W1), despite
varying the component eruption volume by an order of magnitude,
the column height by a factor of 2, and the wind speed by 30%. After
routing through FAR, the tephra concentrations in sediment at the
outlet of Fortymile Wash for all the cases fell within ±15% of the base
case (Table 1).
The effect of variation in wind direction during an eruption was
assessed in two separate cases: 1) spread, caused by minor variations
in wind direction throughout an eruption, and 2) divergence, caused
by two distinct wind directions during the eruptive period. Sets of
three small component eruptions (with combined total volume equal
to the base case) simulated varying wind direction (spread) over 30°,
60°, and 90° compared to the base case, east-directed run (Fig. 3,
Table 1). The concentrations of tephra in sediment at the watershed
outlet resulting from mobilization of these tephra sheets were
normalized vs. the base-case value. As the degree of spread in the
plume increased from due east toward the southeast quadrant, the
outlet concentration increased slightly as a greater proportion of the
tephra fell in the active channel area just upstream of the watershed
outlet; however, at 90° spread the concentration dropped off, as a
signiﬁcant portion of the tephra was deposited due south, outside the
Fortymile Wash watershed (Fig. 4A). Bi-lobate composite tephra
sheets resulted from the sets of two small eruptions used to evaluate
the effect of diverging wind directions during eruption (Table 1, Fig. 3).
The effect of divergence in wind direction was assessed for 90°, 120°,
150°, and 180° separation (Fig. 4B). The local maximum in normalized
tephra concentration at 90° divergence indicates that this is an
optimal plume orientation for depositing tephra on steep slopes and
active channels, with one lobe directed into the heart of the watershed

Fig. 3. Composite tephra sheets produced by column height variation and wind spread and divergence during eruption, compared to the base-case simple plume (run W1, upper left).
Red outlines denote the 1-cm isopach for the component tephra sheets. Contour spacing is logarithmic: 0.001, 0.01, 0.1, 1.0, 10, 100 cm. Run numbers are designated in the upper
corner of each plot.
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base-case tephra plume over the landscape in 30° increments from
north to south and then routed the resulting tephra sheets through
the FAR model. This 180° band captures 95% of the wind directions for
the 3 to 13 km altitude (SNL, 2007a). The effect of the simple change in
azimuth for the base-case plume (constant-column height, constantwind conditions) is greater than the effects from the other, more
complex variations (Fig. 4C). As the plume is rotated from east to
south, the normalized tephra concentration at the watershed outlet
decreases as the tephra deposits fall increasingly on gentle slopes or
outside the watershed. As was seen in the spread and divergence cases,
the increase in azimuth north of east produces initial increases in
transported tephra concentration as more of the tephra mass is
deposited in the center of the watershed. With a due north azimuth,
however, much of the tephra mass is deposited outside the watershed
or experiences increased dilution due to its long travel times in the
channels. This trend is also evident in the results of twenty stochastic
ASHPLUME-FAR realizations in which the effect of terrain and
watershed geometry dominate over other eruption and redistribution
variables (Pelletier et al., 2008).
5. Discussion and conclusions

Fig. 4. Summary plot of tephra concentration variation in sediment at the outlet of
Fortymile Wash due to variation in wind direction during eruption that produces A)
spread in the tephra sheet, B) divergence of tephra sheet lobes, and C) rotation of the
plume through the range of likely downwind direction. Variation due to unsteady
column height denoted by (+). Concentrations are normalized to the base-case value of a
simple plume directed due east (Fig. 3).

to the northeast and one onto the large active channel to the
southeast. The normalized tephra concentration decreases with
further increasing divergence of the plume, so that by 180° much of
the tephra is deposited outside the watershed. The general increase in
concentration of the “divergence” simulation results (Fig. 4B) is partly
an artifact of the selected “base case” (Fig. 1), which deposits tephra
over an area where remobilization will be relatively less than
deposition in other directions that have steeper terrain or more active
draining channels.
These studies indicate that the geometry and terrain of a
watershed play a signiﬁcant role in the outcome of the coupled
tephra dispersal–redistribution model system. In order to investigate
the control of watershed geometry and terrain alone, we rotated the

Unsteady eruption column height simulated in a series of ASHPLUME
model runs produced only slight change in the distribution of tephra
deposited in the Fortymile Wash watershed. The aspect ratio for the
composite tephra sheet changed by ±20% vs. the simple diffusive plume
base case. When the composite tephra mass from these variable column
height eruptions was routed through the FAR sediment-transport
model, the concentration of tephra in sediment at the outlet of Fortymile
Wash varied by ±15% or less compared to the base case. The effect of
wind variation during an eruption (spread or divergence of the eruptive
plume) produced a maximum increase in sediment tephra concentration 2.24 times that of the base case. The variation in amount of tephra
mobilized off steep slopes and through active channels varied nonmonotonically with azimuth in these studies, suggesting that factors
other than unsteady eruption or variable wind conditions were
controlling tephra remobilization efﬁciency.
The controlling effect of watershed geometry and terrain was
identiﬁed in an exercise in which the simple single-eruption, constant-wind tephra sheet was rotated in 30° increments within an 180°
azimuthal band downwind of the vent area. Notably, the span of tephra
concentrations in sediment at the Fortymile watershed outlet calculated
for the simple azimuthal rotation case (0.2 to 2.6 times the base case)
encompasses all variation resulting from the more complex eruptive
cases involving variation in column height and wind conditions during
an eruption (Table 1, Fig. 4).
Is this variation in tephra sediment concentration at the watershed
outlet signiﬁcant compared to other uncertainties in volcanic risk
predictions for the Yucca Mountain repository? The overall tephra
concentration varied by less than a factor of three in these studies. In
contrast, the uncertainty is much higher in other risk parameters used
to develop the inputs to the ASHPLUME model; for instance, the range
of likely values for eruptive conduit size (which directly determines
the quantity of radioactive waste entrained into the eruption),
eruptive volume, and eruption duration vary over one to two orders
of magnitude (SNL, 2007b). Monte Carlo modeling techniques are
necessary to capture the range in uncertainty of model inputs derived
from these data. Therefore, from a tephra dispersal and deposition
modeling perspective, variations in tephra concentration at the
Fortymile Wash outlet due to unsteady eruption or variable winds
during an eruption are not signiﬁcant in the context of the uncertainty
in other eruption parameters.
Despite its relative simplicity compared to recently developed
tephra dispersal models, we consider the ASHPLUME model to be
adequate for its intended purpose within the Yucca Mountain Project's
TSPA risk assessment framework. The analysis of risk due to tephra
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remobilization is highly dependent on the nature of the speciﬁc
geometry and terrain in the study area, and these effects outweigh
sensitivities to eruption parameters in the coupled-model risk
assessment. Because the combination of tephra dispersal/deposition
and redistribution models used here shows limited sensitivity to the
actual details of ash fall, a simple fall model sufﬁces to estimate tephra
mass delivered to the RMEI. In general, the effect of sensitivities or
limitations of a given process model may be moderated by other
coupled models. Similar assessments can aid in the prioritization of
model development and/or the selection of models for volcanic risk
assessments elsewhere.
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To derive a solution to Eq. (A.1) suitable for application to
calculation of tephra dispersion in the atmosphere after a volcanic
eruption, Suzuki (1983) used the following boundary and initial
conditions (summarized by Jarzemba 1997): 1) the erupted material
(the source) consists of a ﬁnite mass of volcanic tephra particles; 2) the
source of tephra particles is described by the distribution of the
diameter of the released particles, and the distribution has a single
mode; 3) tephra particles have a probability to diffuse out of the
eruption column during upward travel in the column as well as during
transport of the plume downwind; and 4) all particles fall at the
terminal velocity and accumulate on the ground.
The solution to the mathematical model described in Eq. (A.1) is
provided by Suzuki (1983), modiﬁed by Jarzemba et al. (1997), and can
be summarized by the following equation that describes the areal
density of erupted ash deposited on the Earth's surface:
Z
X ðx; yÞ ¼

ρmax

ρ¼ρmin

o3
2 n
−5 ðx−ut Þ2 þy2
5dzdρ
exp 4
5=2
8C ðt þ ts Þ5=2
z¼0 8πC ðt þ ts Þ

Z

H

5QpðzÞf ðρÞ

ðEq: A:2Þ
Appendix
This appendix provides background on the ASHPLUME computational code and the underlying mathematical model of tephra
dispersion and deposition. This information has been previously
published in part — the mathematical model in Suzuki (1983) and the
ASHPLUME code description in Jarzemba (1997) and Jarzemba et al.
(1997). The following discussion also includes speciﬁcs of the
application of the ASHPLUME code to the Yucca Mountain TSPA
(and the study described in the main body of the paper) as described
in SNL (2007a).
The ASHPLUME code implements the conceptual and mathematical model of Suzuki (1983) for estimation of the areal density of
tephra deposits on the surface of the Earth following a violent
Strombolian-type volcanic eruption. The computer code, developed by
Jarzemba et al. (1997), includes estimation of the areal density (g/cm2)
on the Earth's surface of tephra particles (and, separately, the spent
nuclear fuel particles transported with the tephra) due to an eruption
that intersects the repository at Yucca Mountain. Areal densities can
be converted to deposit thickness by dividing the areal density by the
value of settled (deposit) density: 0.3–1.5 g/cm3 (Sparks et al., 1997),
approximated by 1.0 g/cm3 (SNL, 2007b). Note that the terms nuclear
“fuel” and “waste” are used interchangeably in this discussion.
The movement of air mass in the atmosphere is relatively random
within the scale of eddy motions in wind currents (Suzuki 1983).
Therefore, the dispersion of the ash-waste particles in the atmosphere
is treated as having a random (diffusion-like) component with an
advection component representing the mean horizontal wind.
Particles disperse in the atmosphere in both vertical and horizontal
directions; however, the scale of horizontal turbulence is much greater
than the scale of vertical turbulence. Therefore, in Suzuki's development of the mathematical model, particle diffusion is considered to be
two-dimensional in the horizontal x–y plane. Particle movement in the
vertical (z) direction is accounted for by settling velocity.
The underlying two-dimensional partial differential equation
relating the change in concentration, ∂ξ, at a point x–y (with x
downwind) to wind velocity, u, and an eddy diffusivity constant, K,
follows Suzuki (1983, Eq. 1):




∂
∂
∂
∂
∂
∂
¼ −u þ
K
þ
K
:
ðEq: A:1Þ
∂t
∂x ∂x
∂x
∂y
∂y
By selecting an appropriate value for the diffusivity constant, K,
Eq. (A.1) is appropriate for estimating the two-dimensional diffusion
of particulate matter in the atmosphere downwind from a source.
Because the x direction is assumed to be aligned with the wind, the y
component of the advective term in Eq. (A.1) is zero.

2

where X(x, y) is the mass of ash per unit area (g/cm ) accumulated at
location (x, y); ρ is the common logarithm of particle diameter d (cm);
z is the vertical distance (km) of particle from ground surface; H is the
height (km) of eruption column above vent; x and y are the coordinates
on the surface of the Earth (cm) oriented parallel and perpendicular,
respectively, to the prevailing wind; Q is the total quantity (g) of
erupted material; p(z) is the distribution function for particle diffusion
out of the column within ±dz of height z; f(ρ) is the distribution
function for log-diameter of particles within ±dρ of ρ normalized per
unit mass; C is the constant (cm2/s5/2) relating eddy diffusivity and
particle fall time; t is the particle fall time (s); ts is the particle diffusion
time (s) in the eruption column; and u is the wind speed (cm/s).
The probability density distribution function for particle diffusion
out of the eruption column p(z) is given by Suzuki (1983, Eq. 7) with
parameters modiﬁed by Jarzemba et al. (1997):
pðzÞ ¼

βW0 Ye−Y
V0 H f1−ð1 þ Y0 Þe−Y0 g

ðEq: A:3Þ

where Y ¼ βðW ðVz0Þ−V0 Þ; Y0 ¼ βðWV00−V0 Þ; β is a dimensionless constant
controlling diffusion of particles in the eruption column; W0 is the
initial particle rise velocity (cm/s) of the convective part of the
eruptive column; V0 is the particle terminal velocity (cm/s) at mean


sea level; and W ðzÞ ¼ W0 1− Hz is the particle velocity (cm/s) as a
function of height.
The particle terminal velocity at mean sea level is given by (Suzuki
1983, Eq. 4′; modiﬁed by Jarzemba et al., 1997, Eqs. 2–3):
V0 ¼

ψp gc d2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9ηa F −0:32 þ 81η2a F −0:64 þ 32 ψp ψa gc d3 1:07−F

ðEq: A:4Þ

where ψa, ψp represent the density (g/cm3) of air and of particles,
respectively; gc is the gravitational acceleration constant (here:
980 cm/s2); ηa is the dynamic viscosity of air (g/(cm s)); F is the
shape factor for particles (for an elliptically shaped particle with
principal axes a, b, and c, F = (b + c)/2a, where a is the longest axis);
and d is the mean particle diameter (cm).
Jarzemba et al. (1997) deﬁne particle density, ψp (g/cm3), to be
roughly an inverse function of the particle log-diameter, ρa (cm), to
account for variations in density due to vesicularity as follows:
Ψp ¼ Ψhigh
p
Ψp ¼
Ψp ¼

Ψlow
p
Ψlow
p

for ρa < ρlow
a

 

low
ρhigh
for
þ Ψhigh
−Ψ
−ρa = ρhigh
−ρlow
a
a
a
p
p
for

ρlow
< ρa < ρhigh
a
a

ρa Nρhigh
a

ðEq: A:5Þ
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Table 2
Summary of ASHPLUME input parameter values used in this study
ASHPLUME parameter
(units)
Mean ash particle diameter,
d (cm)
Ash particle diameter standard
deviation, σd (log(cm))
Minimum ash particle density,
3
ψlow
p (g/cm )
Maximum ash particle density,
(g/cm3)
ψhigh
p
Ash particle size at maximum
(log(cm))
ash density, ρlow
a
Ash particle size at maximum
(log(cm))
ash density, ρhigh
a
Ash particle shape factor, F
Air density, ψa (g/cm3)
Air viscosity, ηa (g/cm s)
Eddy diffusivity constant,
C (cm2/s5/2)

Valuea
0.0100

ASHPLUME parameter
(units)

Minimum waste particle
size, ρfmin (cm)
0.602
Mode waste particle
size, ρfmode (cm)
1.04
Maximum waste particle
size, ρfmax (cm)
2.08
Column diffusion
constant, β
−3
Waste incorporation
ratio, ρc
0
Mass of waste to
transport, U (g)
0.5
Initial rise velocity,
W0 (cm/s)
0.001134 Eruptive power, P (W)
0.000185 Eruption duration, Td (s)
400.0

Valuea
0.0001
0.0013
0.2000
0.3
0.0
4.01 × 107
10.1540b
2.715 × 1011b
1.3048 × 105b

Wind speed (cm/s) and direction (°N of due east) were derived from NOAA (2004) data
at Desert Rock airﬁeld; the data were divided into 1 km altitude bins and mean values
were used for this study, chosen from the altitude bin corresponding to the calculated
column height for a given model run.
Notes:
a
Constant values for all model runs except as indicated.
b
Example value for run W1; parameter value varies among model runs.

high
where ψhigh
, ψlow
, and ρlow
are deﬁned by user inputs
p
p , ρa
a
(Table 2).
The particle fall time (s) is given by (Suzuki 1983):

t ¼ 0:752  106

1−e−0:0625z
V0

0:926

ðEq: A:6Þ

Suzuki assumed that the eruption column radius is equal to 0.5z
(z is height in km). The particle diffusion time in the eruption column,
ts, is given by:

ts ¼

5z2
288C

2=5
ðEq: A:6aÞ

where C is the constant relating eddy diffusivity and particle fall time.
The height of the eruption column or plume, H, used in Eq. (A.2),
follows buoyant plume theory applied to volcanic eruptions by
Wilson et al. (1978) and discussed by Jarzemba et al. (1997). In
ASHPLUME, height in km is given as:
H ¼ 0:0082P 0:25

ðEq: A:7aÞ

where the eruption column power, P, in watts, is determined by the
eruption mass ﬂux and heat content:
:

P ¼ Q Cp ΔTE

ðEq: A:7bÞ

The parameters in parentheses in Eq. (A.7b) represent the heat
content and its efﬁciency in adding buoyancy, ﬁxed by magma and
tephra characteristics. The mass ﬂux Q̇, can be evaluated by assuming
a constant eruptive mass ﬂux over the duration of the eruption, which
is related to the erupted-ash settled volume by Eq. (A.7c). In that
equation, the transformation, for purposes of power calculation,
neglects the smaller mass and heat contribution from gas.
 2
:
Q
Vψs
dc
Q¼
¼
¼ ψm W0 π
Td
Td
2

ðEq: A:7cÞ

Where (for Eqs. (A.7a)–(A.7c)) Cp is the heat capacity of magma
(J/kgK); ΔT is the temperature difference (°C) between magma and
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ambient; E is the efﬁciency factor of heat usage; Q is the total mass
(kg) of erupted material; V is the volume (m3) of erupted ash; Td is
the eruption duration (s); ψs is the density (kg/m3) of settled ash
(deposit density); ψm is the bulk density (kg/m3) of erupting magma
and gas mixture; W0 is the initial particle rise velocity (m/s); and dc
is the effective conduit (vent) diameter (m). The units listed are for
Eqs. (A.7a)–(A.7c) only. The ASHPLUME input parameters of initial rise
velocity, power, and duration are linked in Eqs. (A.7b) and (A.7c) and
determine the plume height in Eq. (A.7a); initial rise velocity also
contributes to the probability density distribution function
(Eq. (A.3)). The value for the efﬁciency factor (E) is assumed to be
equal to 1 in this analysis, given the uncertainties in values for Cp
and ΔT. As already noted, the calculation neglects the mass and
thermal content of gas in the plume. In the ASHPLUME code, the
total mass of erupted material, Q, is calculated from input values for
power, P, and eruption duration, Td.
In the Suzuki mathematical model, the volcanic ash size is
distributed log-normally:
" 
2 #
ρa −ρamean
1
f ðρa Þ ¼ pﬃﬃﬃﬃﬃﬃ exp −
2σ 2d
2πσ d

ðEq: A:8Þ

where f(ρa) is the probability distribution for log diameter of ash
(tephra); ρa is the log-diameter of ash particle size (cm); ρamean is the
mean of log-diameter of ash particle size (cm); and σd is the standard
deviation of log particle size.
The TSPA analyses for Yucca Mountain require an estimate of spent
fuel per unit area on the ground surface as a function of location
relative to the volcanic vent after a hypothetical eruption through the
proposed waste repository. It is assumed that the transport mechanism for fuel particles is by combination with tephra particles by
relative size according to an incorporation ratio. Note that the
ASHPLUME code can be used to simulate the transport of tephra
alone, without the addition of spent fuel.
Fuel mass is deﬁned by Jarzemba et al. (1997) as following a logtriangular distribution function of the log-diameter of fuel particles
(speciﬁcally, a log-triangular distribution for fuel mass within ±dρf of
ρf normalized per unit mass):


 
for ρfmin < ρf ≤ ρfmode
m ρf ¼ k1 ρf −ρfmin




¼ k1 ρfmode −ρfmin −k2 ρf −ρfmode
f or ρfmode < ρf ≤ ρfmode
¼0

otherwise;
ðEq: A:9Þ

where m(ρ f) is the log-triangular distribution of fuel particle
size; ρ f is the log-diameter of fuel particle size (cm); k1 ¼
2
2
the minimum log;k ¼
; ρf
ðρfmax −ρfmin Þðρfmode −ρfmin Þ 2 ðρfmax −ρfmin Þðρfmax −ρfmode Þ min
f
diameter of fuel particle size (cm); ρmax is the maximum logf
is the mode log-diameter of
diameter of fuel particle size; and ρmode
fuel particle size.
Jarzemba et al. (1997) determined the fuel fraction (ratio of fuel
mass to tephra mass) as a function of ρa by considering that all fuel
particles of size smaller than (ρa −ρc) have the ability to be incorporated
simultaneously into volcanic tephra particles of size ρa or larger. The fuel
fraction as a function of ρa is determined by summing all the incremental
contributions of fuel mass to the volcanic tephra mass from fuel sizes
smaller than (ρa −ρc). An expression for the fuel fraction is given as:
FFðρa Þ ¼

U

Q

Z

ρ¼ρa

ρ¼−∞

mðρ−ρc Þ
dρ
1−F ðρÞ

ðEq: A:10Þ

where Q and U are the total mass (g) of tephra and fuel, respectively,
ejected in the eruption; m is the probability density function of
fuel particle size; ρc is the waste incorporation ratio (deﬁned below);
and F(ρa) is the cumulative distribution of f(ρa). Eq. (A.10) assumes the

404

G.N. Keating et al. / Journal of Volcanology and Geothermal Research 177 (2008) 397-404

resulting contaminated particles have the same size distribution as
the original volcanic tephra particles. This assumption seems reasonable because the total mass of volcanic tephra erupted will be much
greater than the total mass of fuel available for incorporation.
Introduction of a relatively small amount of fuel mass into the tephra
mass is unlikely to alter the size distribution of the tephra. The
ASHPLUME mathematical and computational models do, however,
adjust the density of tephra particles to account for the incorporation
of fuel. The particle density used in the calculation of the terminal
velocity of a particle is adjusted as a combined particle in the
dispersion calculation as ashden = ashden × [1 + fuel fraction]. In this
statement, “ashden” represents the ash (tephra) particle density and
“fuel fraction” represents the mass fraction of fuel in the combined
particle. The integrand of Eq. (A.2) is multiplied by FF(ρa) and then
recalculated to ﬁnd the spent fuel density at the (x, y) location.
The incorporation ratio describes the ratio of tephra/waste particle
sizes that can be combined for transport. The waste incorporation
model included in the ASHPLUME code, involves a conceptual model
of the combination of two particle streams. The particles of waste are
“instantaneously” homogenized in tephra particles, and the controlling parameter is related to the relative sizes of the waste and tephra
particle populations:
ρc ¼ log10

damin
df

ðEq: A:11Þ

where ρc is the waste incorporation ratio; damin is the minimum tephra
particle size (cm) needed for incorporation; and df is the fuel particle
size (cm).
Magma and spent fuel conceptually combine in the subsurface
(repository level) as a well-mixed suspension before ascending the
conduit to the vent, and the waste is already incorporated into the
melt prior to magma fragmentation. In this case, Eq. (A.11) is used by
prescribing a neutral value for ρc, that would simply allow the natural
size distributions of tephra (produced in the fragmentation process)
and waste particles (retained from the original release of waste from
the waste packages) to prevail in the tephra-waste mixture. Thus the
waste particles can be treated as refractory xenoliths in the melt,
which, upon magma fragmentation, will reappear in the tephra as
mixed particles of waste and silicate melt (glass). The appropriate
“neutral” value for ρc is one that simply allows the combination of the
original particle size distributions of waste and tephra. In this case, a
value of ρc = 0 is used in Eq. (A.10) (that is, the ratio of tephra and waste
particle sizes is 1:1).
Representative values for ASHPLUME input parameters used in this
study are listed in Table 2.
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