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Abstract
Predicting the fluvial transport and mixing of channel-sediment contaminants is necessary for assessing and mitigating heavymetal and nuclear-waste contamination in rivers. The dilution–mixing model is widely used for this purpose in tributary channel
systems that transport contaminants as bed-material load without significant overbank sedimentation. Here a more general, threedimensional (3D) contaminant transport numerical model is developed and tested based on bed scour, turbulent mixing of
contaminant material with uncontaminated channel-bed sediments, and re-deposition of the mixture by the cumulative effect of
many flood events. First, the model is applied to a synthetic alluvial-fan environment downstream from a localized contaminant
source in order to illustrate the model behavior. Second, the model is validated against measured tephra concentrations in channels
downstream from the Lathrop Wells scoria cone volcano, a localized source of basaltic tephra to downstream channels otherwise
comprised of non-basaltic sediments. Third, the model is applied to the problem of predicting the concentration of radionuclidebound tephra in channels downstream from the proposed nuclear-waste repository at Yucca Mountain, Nevada, in the event of a
volcanic eruption through the repository. Contaminated tephra is mobilized from the landscape in this model using threshold
criteria for hillslope gradient and channel stream power. Mobilized contaminated tephra is mixed with uncontaminated channel-bed
sediments using the contaminant transport model and deposited in channels of the Fortymile Wash alluvial fan where the residents
nearest to the proposed repository live. The results of twenty Monte Carlo simulations of eruption fallout and post-eruption
redistribution corresponding to a range of wind conditions and eruption magnitudes provide information on the mean and
variability of contaminated tephra concentrations to be expected in channels of the Fortymile Wash alluvial fan in the event of an
eruption. Mean tephra concentrations are approximately 1% but vary from nearly zero to as high as 26%, reflecting the combined
effects of wind direction, eruption magnitude, and dilution of tephra with uncontaminated channel-bed sediments during transport.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Predicting the transport and fate of channel-sediment
contaminants is an important aspect of applied geomorphology. Worldwide, many river systems have sediments contaminated with heavy metals as a result of
centuries of ore-mining activity (Miller, 1997). Similarly, radioactive contamination of channel sediments is a
potential human health hazard downstream of areas
where radioactive material has been processed or stored
(Reneau et al., 2004).
Underground storage of nuclear waste primarily
poses a hydrologic risk associated with contaminated
groundwater. For that reason, plans to develop a
nuclear-waste repository in the United States have
focused on Yucca Mountain, a location with a closed
groundwater basin and a water table approximately
600m below the surface (BSC, 2004a). While these
features mitigate the risk to groundwater, volcanism in
the Yucca Mountain region could pose a significant
hazard. If an eruption were to intersect the repository,
radionuclide-bound tephra would be deposited on the
landscape. Probabilistic volcanic hazard analyses constrain the annual risk of an eruption through the
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proposed repository to be 1.5 × 10− 8 (CRWMS M&O,
1996). In the event of an eruption, individuals living on
the Fortymile Wash alluvial fan 18km south of the
repository (i.e. the closest residents to the repository;
Fig. 1) could be affected by radionuclide-contaminated
tephra deposited as fallout or redistributed from
upstream. Under most wind-direction scenarios (i.e.
southerly winds), primary fallout tephra is concentrated
to the north of the proposed repository location and
entirely within the Nevada Test Site (BSC, 2004b,c). In
such cases, however, fluvial redistribution of contaminated tephra from the primary fallout location to the
Fortymile Wash alluvial fan could be significant. In
order to evaluate the safety of the proposed repository,
numerical models are needed that estimate the radioactive dosage to individuals living in the Fortymile Wash
alluvial fan, deriving both from primary fallout and
contaminated tephra redistributed from upstream. This
paper describes a numerical model designed to model
the second of those two pathways. The model quantifies
the concentration of tephra and radionuclides in
channels of the Fortymile Wash alluvial fan as a result
of hillslope and fluvial redistribution processes in the
event of a volcanic eruption through the repository.

Fig. 1. Location map of the study areas in Amargosa Valley, Nevada. Shaded relief image includes Lathrop Wells volcanic center (site of the model
application in Figs. 4 to 6), the footprint of the proposed nuclear-waste repository at Yucca Mountain, and the southern portion of the Fortymile Wash
drainage basin (i.e. the site of primary fallout for tephra with potential for redistribution to the Fortymile Wash fan where the nearest population
resides.
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The tephra-redistribution model for Yucca Mountain
divides the Fortymile Wash drainage basin into two
domains: (1) the tributary drainage basin of Fortymile
Wash and (2) its distributary alluvial fan where the
nearest population resides (Fig. 1). The Fortymile Wash
drainage basin includes the repository location and the
area of most of the primary fallout in the event of a
volcanic eruption through the repository. The drainage
basin and the fan are divided at the fan apex. The model
assumes that primary fallout is mobilized and transported toward the alluvial fan if it falls on slopes steeper
than a threshold gradient or on channels greater than a
threshold stream power. To do this calculation, the
model performs a spatially-distributed analysis of the
slopes and stream powers for the entire Fortymile Wash
drainage basin using an input 30-m-resolution U.S.
Geological Survey Digital Elevation Model (DEM).
Before the mobilized tephra and radionuclides are
deposited on the alluvial fan they are transported through
the alluvial channel system of Fortymile Wash where
mixing with uncontaminated channel sediments may result
in dilution of the contaminated tephra. During extreme

flood events contaminated tephra deposited in channels or
mobilized into channels from adjacent hillslopes will be
entrained and potentially mixed with uncontaminated
channel-bed-sediments within the scour zone. The cumulative effect of many floods is to mix the tephra with any
uncontaminated channel-bed sediments located beneath
the tephra but within the scour zone both locally and with
distance downstream. Quantifying this dilution process
requires a spatially-distributed model of long-term flood
scour depths throughout the drainage basin. Constructing
such a model for the Yucca Mountain region is also
complicated by the fact that the Fortymile Wash drainage
basin includes both tributary and distributary channel
geometries. As such, classic dilution–mixing models that
work only in tributary drainage networks are not directly
applicable and a new approach is required.
2. Previous work on dilution–mixing of fluvial-system
contaminants
The classic dilution–mixing model developed by
Hawkes (1976) and Marcus (1987) has long been used

Fig. 2. Schematic diagram of classic dilution–mixing model and scour–dilution–mixing model. (A) Classic model. Concentrations downstream of a
confluence are equal to the average of the upstream concentrations weighted by contributing area. Concentrations decrease rapidly with distance
downstream from a localized contaminant source, with abrupt decreases at major confluences (illustrated by grayscale pattern). (B) Scour–dilution–
mixing model. The vertical and cross-channel distributions of contaminant are also considered. At each pixel (i,j), the total volumes of upstream
contaminant and uncontaminated channel-bed sediments are mixed with the local volumes of contaminant and uncontaminated sediments. The
contaminant distribution at that pixel is defined by that concentration value and the local scour depth. The resulting mixture is transported downstream
where the same operation is repeated.
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to predict one dimensional (1D) contaminant concentrations in channel systems dominated by bed-material load
where overbank sedimentation is not significant. This
model is 1D in the sense that vertical and cross-channel
concentration variations are not explicitly included. The
dilution–mixing model assumes that the primary process
of downstream dilution is the mixing of contaminants
with uncontaminated sediments delivered from upstream.
In its simplest form, the model states that the concentration at a channel location downstream from a contaminant
source is an average of the contaminant concentration in
source and non-source regions weighted by upstream area
(Hawkes, 1976; Marcus, 1987):
C¼

As
Ans
Cs þ
Cns
As þ Ans
As þ Ans

ð1Þ

where C is the contaminant concentration at a channel
location downstream from a contaminant source, As and
Ans are the source and non-source areas upstream from the
location, and Cs and Cns are the source and non-source
concentrations. In this model, upstream area is used as a
proxy for sediment yield. If sediment yield data are
available, however, Eq. (1) can be rewritten directly in
terms of sediment yield (Marcus, 1987). The value of Cns
is usually zero, but it may be finite if the contaminant has a
natural “background” level or if a non-fluvial (e.g. eolian)
process has transported contaminants from source to nonsource areas within the drainage basin. Eq. (1) reduces to a
simple exponential form if upstream area is approximated
as a function of x, the along-channel distance:
C ¼ Cns þ ðCs  Cns Þex=xs

ð2Þ

where xs is a parameter fit to the measured concentration
data that depends on the size of the source region. Eq. (2)
is only an approximation of Eq. (1), however, and it does
not capture the abrupt concentration decreases associated
with large, abrupt tributary influxes of uncontaminated
sediments.
The classic dilution–mixing model is based on the
concept of lateral mixing of contaminants with uncontaminated sediment delivered from upstream (Fig. 2A).
The lengths of the arrows entering the tributary junction
in the inset of Fig. 2A represent the sediment yields from
two upstream tributaries (one contaminated and one
uncontaminated). The model predicts that the contaminant concentration downstream of the confluence is an
upstream-area-weighted average of source and nonsource concentrations. The model makes no prediction
regarding the vertical distribution of contaminants.
Also, the dilution–mixing model has no explicit
dependence on time; it assumes that the yield of

229

contaminant material and uncontaminated sediments
from hillslopes is constant through time.
The dilution–mixing model (Eqs. (1) and (2) and
analogous versions based on sediment yield) has been
successfully tested in many contaminated fluvial
systems where transport is dominated by bed-material
load and overbank sedimentation is not significant (e.g.
Hawkes, 1976; Marcus, 1987). The model assumes that
contaminants are mixed uniformly with bed material
during transport. As such, the model does not apply to
cases in which the contaminant is transported primarily
as wash load. Moreover, the model does not apply to
channel systems with overbank or floodplain sedimentation because it assumes that contaminants are confined
to channel-bed sediments and not stored ephemerally as
overbank deposits. Reneau et al. (2004) emphasized the
importance of floodplain sedimentation in controlling
the spatial and temporal distribution of contaminants in
Pueblo Canyon near Los Alamos, New Mexico, USA.
These authors documented a recent aggradation–
degradation cycle in that river and found that overbank
deposition associated with that cycle partially controlled
the transport and fate of plutonium in channel
sediments. Miller et al. (1998) explicitly distinguished
cases of fluvial-system contamination in which the
channel system changed form as a result of contaminant
introduction and those in which it did not. In channel
systems without significant geomorphic change or
floodplain sedimentation, Miller et al. (1998) concluded
that the distribution of contaminants is primarily
controlled by the mixing and downstream dilution of
the contaminant with uncontaminated channel sediments. In channel systems that changed form as a result
of contaminant emplacement, complex vertical and
lateral patterns of contaminant storage were often
superimposed on the effect of dilution–mixing
processes.
In its original form, the dilution–mixing model is
also restricted to cases of natural erosion of a
contaminant source (e.g. an exposed ore body). In
such cases the contaminant concentration in source and
non-source regions are the only parameters needed to
apply the model (aside from drainage areas that are
readily mapped by DEM analysis or traditional mapbased methods). In order to model contaminant
concentrations in cases of long-term mining activity,
Helgen and Moore (1996) generalized Eq. (1) to include
a third “enriched-source” term that represents contaminant volumes deposited in channels over and above the
level of natural erosion. Including this third term results
in greater concentrations over a longer downstream
distance compared to cases of natural erosion.
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3. Conceptual model of the
scour–dilution–mixing process
In order to assess the contamination hazard associated with a potential volcanic eruption at Yucca
Mountain, a 3D numerical scour–dilution–mixing
model was developed and tested that is capable of
treating distributary channel systems and general
contaminant sources (i.e. natural erosion of an ore
body or a “pulse” of contaminant deposited on the
landscape). The numerical model is designed to predict
the concentration and mixing depth of contaminants in
channel-bed sediments and is based on a conceptual
model of the long-term cumulative vertical and
downstream mixing of contaminants resulting from
many flood events. During individual flood events, a
flood wave moves though the channel system, causing
entrainment of both the contaminant and any uncontaminated channel-bed sediments within the scour zone,
turbulent mixing of the contaminant material with
uncontaminated sediments, and re-deposition of the
sediment-contaminant mixture as the flood wave passes.
The depth of mixing is the “scour depth”, i.e. the
thickness of the channel bed that undergoes active
transport during the flood event. The scour depth, in
turn, is proportional to the square root of unit discharge
(i.e. the discharge per unit channel width) (Leopold et
al., 1966; Gellis et al., 2005). Therefore, a numerical
model that maps unit discharge and uses Leopold et al.'s
(1966) empirical relationship to predict scour depth
provides a basis for estimating the downstream
contaminant concentrations associated with the dilution–mixing process.
The scour–dilution–mixing model can be used to
predict mixing during an individual flood event or to
predict the long-term mixing due to many flood events.
This paper focused on modeling the long-term mixing
that results from many flood events. Over long time
scales, the depth of mixing is controlled by the scour
depth of the most extreme flood events. Small flood
events that follow large events may provide more
complete mixing but they do not increase the mixing
depth, with scales with flood magnitude. Long-term
scour depths can be estimated using empirical relationships between scour depth and unit discharge for the
largest flood event expected over that time scale.
Alternatively, scour depths can be measured in the
field during an extreme event using a buried scour chain.
Scour depths estimated in this way will represent a
minimum value for the long-term scour depth.
This “scour–dilution–mixing” model is novel in that
it explicitly includes the vertical mixing of contaminants

with uncontaminated channel sediments within the
scour zone, and it works in both tributary and
distributary channel systems of any degree of complexity. The model is conceptually similar to the classic
dilution–mixing model because the contaminant concentrations downstream are a weighted average of
upstream concentrations. However, the vertical component of mixing is explicitly included, and the local
contributions of contaminant and uncontaminated
channel-bed sediments are incorporated into the mixture
(Fig. 2B). The contaminant concentration in this case is
equal to the total contaminant volume routed through
each point divided by the total volume of sediment
entrained during extreme flood events (i.e. the total
volume of the upstream scour zone). The model assumes
homogeneous mixing of the contaminant with uncontaminated channel-bed sediments so that each downstream point represents a volume-weighted average of
contaminant material and uncontaminated sediments
delivered from upstream. Although the model is
described as 3D, it could also be described as 2.5D
because the vertical dimension is not explicitly resolved.
Instead, vertical mixing is assumed to be uniform within
a prescribed thickness (i.e. the scour depth).
Two lines of evidence suggest that vertical scour–
dilution–mixing is the predominant mode of dilution in
many fluvial systems dominated by bed-material load,
as opposed to lateral mixing with sediments delivered
from upstream as in the classic dilution–mixing model.
Graf (1990) studied radionuclide concentrations downstream of a uranium tailings pond failure on July 16,
1979 near Church Rock, New Mexico that released
radionuclides and a flood wave into the Rio Puerco
River. He found that downstream radionuclide concentrations were inversely related to the unit stream power
and to the duration of time that unit stream power
exceeded the critical shear stress for entrainment. These
observations are consistent with the scour–dilution–
mixing model because the scour depth is proportional to
the square root of unit discharge (Leopold et al., 1966;
Gellis et al., 2005), which is proportional to the unit
stream power for channel reaches of nearly uniform
slope (as is the case for this reach of the Rio Puerco
River). Flood duration may have been a controlling
factor in Graf's study because longer flood durations
resulted in more effective mixing during this single
flood event that was responsible for both the introduction and mixing. Axtmann et al. (1997) explicitly tested
the classic dilution–mixing model at small and large
scales near tributary junctions. They found that the
dilution–mixing model worked well at kilometer scales
but failed to predict the local minimum in contaminant
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concentrations observed immediately downstream of
tributary junctions. This local minimum is consistent
with the scour–dilution–mixing model because scour
depths are a maximum immediately downstream of
channel confluences as a result of local hydraulic effects
(Best, 1988). This local maximum in scour depth can be
associated with a local minimum in contaminant
concentrations because contaminants are locally dispersed within a thicker scour zone.
Two key assumptions limit the application of the
scour–dilution–mixing model. First, the model is
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applicable only to channels without active floodplains.
This is not a significant limitation for drainage networks
in the Yucca Mountain region, and many in the western
U.S. more generally, because these drainage networks
have no active floodplains. Late Cenozoic climatic,
tectonic, and internal drainage adjustments have created
a series of nested alluvial terraces on many piedmonts
and alluvial fans that rise like a flight of stairs from the
active channel (Bull, 1991). Many alluvial channels in
the Yucca Mountain region, therefore, are entrenched
into and bounded by early Holocene and older deposits

Fig. 3. Model example for a synthetic alluvial fan with a circular contaminant source in the proximal fan region. (A) Shaded relief image of synthetic
fan topography with contaminant source (darker region). (B) Color map of scour/mixing depth of contaminants. Colors range on a quadratic scale
from black (1 cm) to white (1 m). (C) Color map of the contaminant concentration for a thin layer of contaminant in the source region (1 cm). (D)
Color map of contaminant concentration for a thick layer of contaminant (1 m). Downstream concentrations are higher and more uniform across the
fan for thicker source layers.
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that have not been subject to fluvial erosion or
deposition for at least several thousand years. This
entrenchment often confines active fluvial erosion and
deposition to relatively narrow, flat-bottomed channels
that are entirely inundated from bank to bank during
extreme flood events. In this paper, the Fortymile Wash
drainage basin is the primary study area. In that drainage
basin, the main Fortymile Wash channel is incised up to
20m into late Pleistocene terraces. Extreme flows in
Fortymile Wash are approximately 1-m deep, so the
active channel banks are about 20 times higher than the
water depth in this channel. As such, overbank
deposition will not occur. The 20-m incision depth
gradually decreases downstream to approximately 2m at
the fan apex. However, even on the distributary
Fortymile Wash fan where relief across the fan is
relatively small, surficial geologic mapping indicates
that active channels are entrenched into and bounded by
mid-Holocene and older deposits (based on soil
development and surficial characteristics diagnostic of
age) with little to no evidence of overbank sedimentation (Pelletier et al., 2005). Therefore, overbank or
floodplain deposition is extremely rare in our study area.
Second, the scour–dilution–mixing model assumes
that the contaminant and channel-bed material is
transported primarily as bed-material load (a combination of the bedload and the suspended load). If the
contaminant is transported primarily as wash load, it
will be entrained during floods and transported
downstream without significant mixing with channelbed material. The adequacy of the bed-material-load
assumption depends on the relative texture of the
contaminant and channel-bed material. Numerical
modeling of explosive cinder-cone eruptions of the
magnitude expected at Yucca Mountain predict a range
of tephra particle sizes from 0.1mm to 10cm with a
median value of approximately 1mm (Jarzemba et al.,
1997). Channel sediments in the Fortymile Wash system
are dominated by medium sand but also incorporate
significant amounts of fine sand (Pelletier et al., 2005),
indicating that sediments of fine-sand size (i.e. 0.125–
0.25mm) and greater are transported as bed-material
load. Comparison of the size distribution of tephra
particles expected from an eruption at Yucca Mountain
with bed-material textures in Fortymile Wash indicates
that nearly all of the tephra fallout will be transported as
bed-material load in Fortymile Wash.
4. Numerical model description
The scour–dilution–mixing model can be readily
implemented using a raster-based framework. In this

framework, the contributing-area grid is first initialized
with the value of pixel (cell) area, ▵x2. Second, a flowrouting algorithm (described below) is used to calculate
the contributing area routed through each pixel in the
DEM. Third, a critical stream-power threshold is used to
distinguish between hillslopes and channels in the
DEM, where the stream power is defined as the product
of the local slope S and the square root of the drainage
area A (Montgomery and Dietrich, 1988). The critical
stream power is related to the drainage density X
through the relationship 1/X. The value of the drainage
density can be directly measured in the field or by using
digital map products. Pixels with stream-power values
less than 1/X are made zero in the grid, leaving finite
values in the remaining pixels. Fourth, the contributingarea grid is converted to a unit-discharge grid using
empirical data (i.e. a “flood-envelope” curve), which, in
turn, is converted to a scour/mixing-depth grid using the
empirical square-root relationship documented by
Leopold et al. (1966) and corroborated by Gellis et al.
(2005). Following this series of operations, the resulting
grid represents the estimated scour depth in each
channel pixel. As a simple example, assume that the
flood–envelope curve shows the peak unit discharge for
extreme floods to be linearly proportional to contributing area. Then, if the scour depth is observed to be 1m
(e.g. using a scour chain emplaced prior to a recent
extreme flood) at a channel pixel with a contributing
area of 100km2, then the scour depth at any channel
pixel in the basin will be equal to the square root of the
normalized contributing area at that pixel (i.e. the
contributing area divided by 100km2) multiplied by 1m.
The model routes the contaminant (expressed as an
equivalent thickness for each pixel) and the scour depth
downstream using the same flow-routing algorithm used
for routing contributing area, calculating the ratio for
each pixel. That ratio is the contaminant concentration.
Mathematically, the contaminant concentration at a
pixel (i,j) is expressed as





P
P
min
hl;m þ hi; j ;
Hl;m þ Hi; j
up
up


Ci;j ¼
P
Hl;m þ Hi; j
up

ð3Þ
where hl,m is the effective contaminant thickness at pixel
(l,m), Hl,m is the scour depth, the sums are computed
over all pixels (l,m) upstream from pixel (i,j), and the
minimum function expresses the fact that the total
contaminant volume cannot exceed the total volume of
mobile-bed sediments. Concentration values predicted
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by Eq. (3) vary between 0 and 1. As the contaminant
thickness routed from upstream (i.e. the numerator in Eq.
(3)) goes to zero or the integrated scour depth (i.e. the
denominator in Eq. (3)) goes to infinity, the concentration goes to zero. If the contaminant thickness is equal to
or thicker than the scour depth everywhere in the
landscape, the contaminant concentration is equal to one.
The fundamental tool for the numerical scour–
dilution–mixing model is the bifurcation-routing algorithm. In this algorithm, contributing area, contaminant
thickness, and scour depth are routed from each pixel to
its down-slope neighboring pixels weighted by topographic slope. The simplest flow-routing algorithm is the
steepest-descent method, which routes all flow entering a
grid point to the lowest neighboring grid point. A key
disadvantage of this algorithm is that all channels are
forced to be a single pixel in width. In high-resolution
DEMs, where channel beds are often many pixels wide,
the steepest-descent algorithm unrealistically focuses all
of the channel flow to the lowest-elevation pixel of the
channel bed. Freeman (1991) developed a bifurcationrouting method that provides a more realistic method for
mapping drainage on gentle slopes, wide channels, and
distributary channel systems. This algorithm is implemented by initializing the grid with the area of a pixel,
▵x2 (e.g. 900m2 for a 30-m-resolution DEM). The
algorithm then ranks all grid points in the basin from
highest to lowest in elevation. Incoming flow to each
pixel is partitioned between all of the down-slope
neighboring pixels, weighted by slope. Routing is
performed successively at grid points in rank order
from highest to lowest, thereby ensuring that all
incoming area has been accounted for before downstream routing is performed. The scour–dilution–mixing
model of this paper uses the bifurcation-routing
algorithm three times, first to route contributing area
and then to route the contaminant thickness and scour
depth, in order to calculate contaminant concentration as
the ratio of the total contaminant thickness to the total
scour depth routed from upstream. While all flowrouting methods are approximations to the actual
physical processes of hydraulic flow and sediment
transport, the bifurcation method is more realistic
because it depends on both drainage-network topology
and basin shape (Pelletier, 2004). The steepest-descent
method, in contrast, does not distinguish between gentle,
broad valleys and steep, narrow valleys, as long as they
have the same drainage-network topology.
The effective contaminant thickness in channels of the
source region may be defined by three alternative methods
depending on the type of contaminant source. In method 1,
which applies to cases where the total contaminant volume
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is known (e.g. some cases of anthropogenic release), the
contaminant thickness is assumed to be uniform within the
source region with a thickness given by the contaminant
volume divided by the total source-region channel-bed
area. In method 2 the contaminant thickness is instead a
known function within the source area. Deposition from a
volcanic plume calculated using an atmospheric transport
model is one example of a known-thickness contaminant
source applicable to method 2. In these cases the
contaminant thickness deposited in channels is used
directly in Eq. (3). In method 3 the contaminant thickness
is defined according to a known source-region concentration. In cases involving the natural erosion of an ore body,
for example, the total mass or volume of contaminant
release is not usually known, but the contaminant
concentration in the source region can often be measured.
In such cases, the local effective contaminant thickness
may be computed as the product of the source
concentration and the scour depth. Two of the three
alternative options are illustrated in the applications of this
paper. In the Lathrop Wells case, the model uses the scour
depth in source-region channels to calculate the source
thickness based on the estimated scour depths (method 3).
In the case of a potential volcanic eruption at Yucca
Mountain, the contaminant source is the spatiallydistributed fallout thickness determined from an atmospheric transport model (method 2). In this case the tephra
thickness calculated by the ASHPLUME numerical model
(Jarzemba, 1997; Jarzemba et al., 1997; BSC 2004b,c) is
used directly in Eq. (3).
5. Application to a synthetic alluvial-fan
environment
First consider a model application in a synthetic
alluvial-fan environment (Fig. 3). The source is assumed
to be a circular region located in the proximal part of the
fan (shown as the darkened area in Fig. 3A). The fan
topography was created in two steps. First, a half-cone
was created with a relief of 100m and a radius of 3km.
Second, incised channels on the fan were defined by the
paths of 10 random walkers starting from the left center
of the grid. With each step down-fan, the walker was
allowed to take a step towards the top (“north”) or bottom
(“south”) of the grid with a probability p equal to 0.5.
The size of the step was allowed to increase by a constant
factor of 1.1 for every kilometer of down-fan distance,
generating new random walkers for step sizes greater
than 1. In this way, the synthetic distributary channel
system was constructed that includes both a random
component and a deterministic down-fan-expansion
component characteristic of many distributary channels
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Fig. 4. Comparison of measured and modeled predictions for tephra concentration at Lathrop Wells. (A) Sample location map for tephra concentration
in the east and west channels draining the Lathrop Wells tephra sheet (data in Table 1). The first four letters of each sample ID (“SD09”) were left out
because they are the same for each sample. (B) Comparison plots of measured and modeled predictions for tephra concentration as a function of
distance along-channel (note logarithmic scale on vertical axis, needed to visualize data over 1–2 orders of magnitude). Also graphed is a best-fit
exponential curve for the east channel.

on alluvial fans. The path of each walker was assigned a
local elevation 10m below the surrounding topography
at the fan apex in order to represent the fan-head
entrenchment characteristic of many alluvial fans.
As the first step of the scour–dilution–mixing model,
incoming flow from the left side of the grid was
distributed down-fan with the bifurcation-routing model.
Incoming flow was assumed to have a depth of 1m,
converted that value to a discharge using Manning's
equation, and then routed the discharge downstream
according to the bifurcation-routing algorithm. The grid
of scour depth was then calculated from the unitdischarge grid using the square-root relationship of
Leopold et al. (1966). In this example, the maximum
scour depth was assumed to be 1m and relative values of
scour depth were scaled so that the maximum value (near
the apex) equaled 1m. Scour depth is illustrated in the
color map (Fig. 3B) with red representing centimeterdeep channel flow and white representing meter-deep
channel flow. Of the two major channels traversing the
source region, most of the flow is partitioned towards the
southernmost of the two channels draining the proximal

fan region. The discharge contrast between the two major
channels (and the resulting patterns in downstream
contamination) help to illustrate the model behavior.
For this example downstream contaminant concentrations were calculated corresponding to both thin and
thick contaminant sources within the source region. In
the case of a relatively thin (i.e. 1cm) contaminant layer,
all of the contaminant is mobilized from channels of the
source region. In the case of relatively thick (i.e. 1m)
contaminant, however, some of the contaminant is
stored indefinitely in channels of the source region
because the scour depth is less than the contaminant
thickness in some areas. The map of contaminant
concentration (Fig. 3C) predicts that fan areas downstream of the northern channel have a higher concentration than values in the southern channel, reflecting the
fact that a channel with a smaller scour depth has higher
concentration values given a uniform contaminant
thickness in the source region. Concentration values
also decrease down-fan from the source, representing
the dilution effect of mixing with uncontaminated
channel sediments down-fan. In the thick-layer case
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Fig. 5. Field photos illustrating the three-dimensional pattern of contaminant dilution near Lathrop Wells tephra sheet. (A) and (B) Channel pits on the
tephra sheets expose a fluvially-mixed scour zone ranging from 12 to 29 cm in thickness. Two types of deposits occur beneath the scour zone: the
tephra sheet itself (exposed on the upper and lower sheet) and debris-flow deposits comprised predominantly by Miocene volcanic tuff and eolian silt
and sand transported from the upper tephra sheet. (C) The effects of dilution visible as “high”-concentration channels draining the tephra sheet
(channel at right, 76% tephra) join with “low”-concentration channels (at left, 26% tephra). Tephra concentration in these channels correlates with the
darkness of the sediments, with the dark-colored channel at right joining with the (larger) light-colored channel at left to form a light-colored channel
downstream.

(Fig. 3D), it was assumed that any contaminant below
the scour depth would not be mobilized. Therefore, the
northern channel entrains only about a third of the
available contaminant since it has a flow depth of only
about 30cm. As such, the contaminant concentration is
more uniformly distributed across the fan in this case,
reflecting the incomplete mobilization of contaminant
by the northern channel.

In some cases, it may be more appropriate to assume
that contaminants located below the scour depth are also
mobilized. Channels may respond to contaminant
loading by channel incision, for example, scouring out
100% of the contaminant regardless of the scour depth.
In the Yucca Mountain example considered below, the
conservative assumption is made that all of the
contaminant is mobilized regardless of the local scour
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Table 1
Basaltic sediment percentages (by volume) of channels draining
Lathrop Wells Tephra sheet
Sample ID

UTM northing,
easting

Distance from Basaltic Scour
channel head sediment depth
(km)
(%)
(cm)

SD091405.01
SD091405.02
SD091405.03
SD091405.04
SD091405.05
SD091405.06
SD091405.07
SD091405.08
SD091405.09
SD091405.10
SD091405.11
SD091405.12
SD091505.01
SD091505.02
SD091505.03
SD091505.04
SD091505.05
SD091505.06
SD091505.07
SD091505.08
SD091505.09
SD091505.10
SD091505.11
SD091505.12
SD091505.13

4061145, 543337
4061073, 543384
4060892, 543383
4061117, 543057
4061007, 543095
4060872, 543167
4060680, 543243
4060618, 543290
4060531, 543284
4060341, 543288
4060115, 543361
4059904, 543473
4061258, 543556
4061272, 543520
4061346, 543448
4061193, 544413
4061176, 544565
4061189, 544811
4060676, 544963
4060779, 545172
4059949, 545051
4059467, 544883
4059552, 544784
4059244, 544557
4059077, 544609

0.1
0.3
0.6

0.9
1.0
1.3
1.6
1.9
0.3
0.2
0.0
1.5
2.2
2.7
3.2
3.7
3.7
4.2
4.2

77.44
74.66
69.96
37.49
44.97
11.11
25.80
76.31
40.92
47.04
38.77
36.20
61.01
83.14
67.29
36.84
6.76
10.96
14.25
2.98
5.24
7.16
6.57
5.17
3.19

27
22
15

29

25
12
16

depth. This assumption implicitly includes the possibility that channels will incise into the tephra sheet
blanketing the landscape.
The results of this section illustrate that the greatest
contamination hazard may be found in relatively small
channels downstream of contaminant sources. In this
idealized example, the smaller (northern) channel
draining the source region has the highest concentration,
even in the thick-layer case in which the southern
channel transports a greater volume of contaminant. If
the contamination hazard is related to surface concentration, as is the case for inhalation of radionuclidebound particles mobilized by the wind or mechanical
disturbances, for example, then small channels may
pose a greater risk than large channels downstream of
contaminant sources.
6. Application to prediction of tephra
concentrations in channels draining Lathrop Wells
Scoria Cone Volcano
The Lathrop Wells volcanic center (location map in
Fig. 1) provides a concentrated source of tephra that acts

as a proxy contaminant source for downstream channels.
Tephra from Lathrop Wells is not contaminated with
radionuclides, but since radionuclides would be bound to
tephra particles in the case of a volcanic eruption through
the proposed repository at Yucca Mountain, downstream
dilution of tephra from Lathrop Wells provides an ideal
natural analog (e.g. similar climate, hydrology, and
geomorphologic environment) for radionuclide-contaminated tephra redistribution following a potential volcanic
eruption at Yucca Mountain. Lathrop Wells is the sole
source of basaltic sediments in the surrounding drainage
basin (Miocene-age welded tuff comprises the other rock
type), so it acts as a well-defined and localized lithologic
anomaly in downstream channels. Basaltic and nonbasaltic sediments in the basin are of similar grain size
(medium sand to pebble), so the model assumption that
the contaminant is well-mixed with and transported at
rates similar to uncontaminated channel sediments is a
valid approximation in this case.
The physical volcanology of the Lathrop Wells
volcanic center was described in detail by Valentine
et al. (2005). At 77ka in age (Heizler et al., 1999), the
Lathrop Wells cinder cone is the youngest basaltic
volcano in the Yucca Mountain region. It is the
southernmost surface expression of the Plio-Pleistoceneage Crater Flat Volcanic Zone (CFVZ) (Crowe and Perry,
1990). The tephra sheet surrounding the cinder cone was
deposited during a single explosive eruption. Tephra from
this eruption is unconsolidated and hence readily
mobilized by hillslope and fluvial processes into
downstream channels. The lava flows associated with
Lathrop Wells have weathered very little since emplacement and hence contribute very little sediment to
downstream channels. The relative youth and location
of Lathrop Wells with respect to Yucca Mountain have
made it a focus of intense study as a possible analog for an
eruption through the proposed nuclear-waste repository.
There are two principal drainages that transport tephra
from Lathrop Wells (Fig. 4). The western drainage system
transports material from the exposed tephra sheet on the
northwest side of Lathrop Wells cone west and south into
Amargosa Valley. The eastern drainage system heads near
the northern margin of the tephra sheet and transports
material around the eastern side of the Lathrop Wells cone
and adjacent lava flows. Twenty five samples of channelbed sediments were collected along these two channel
systems in order to evaluate the significance of the
dilution process and validate the scour–dilution–mixing
model. In small channels on the tephra sheet, the bottom
of the scour zone was clearly visible and ranged from 12
to 29cm in depth in channel-bed-sediment-sample pits
(Fig. 5). In larger channels downstream from the tephra
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Fig. 6. Model prediction for tephra concentration and scour/mixing depth downstream from the tephra sheet of the Lathrop Wells volcanic center. (A)
Model inputs including a 10-m-resolution U.S. Geological Survey Digital Elevation Model (DEM) of the region and a grid of source and background
concentrations. Input concentration values are: 73% (Lathrop Wells tephra sheet), 9% (distal source region), and 3% (background). (B) Color map of
stream power in the vicinity of the source region. Color scale is logarithmic, ranging from 10− 2 to 101 km. (C) Color map of scour/mixing depth (scale
is quadratic, ranging from 10 cm to 1 m). (D) Color map of tephra concentration (scale is quadratic, ranging from 0.001 to 1).

sheet, the bottom of the scour zone was not visible within
our sample pits (which were limited to 30–40cm in
depth). Samples were taken by uniformly sampling pitwall material to a depth of 30cm, or to visible scour depth
if less than 30cm. Samples were sieved and material larger
than silt size was separated into basaltic and non-basaltic
fractions with a magnet and visually checked for complete
separation using a stereomicroscope. The basaltic material
was strongly magnetic and total separation error was
estimated to be less than 5% by mass. Non-basaltic
material was comprised of Miocene welded tuff and
eolian sand. The fraction of basaltic sediment by mass was
calculated for each sample. This value was converted to a
fraction by volume (for comparison to the volumetric
dilution–mixing model) using an average measured basalt

density of 1.5g cm− 3 (a relatively low value for rock
because of its high vesicularity) and a tuff density of 2.7g
cm− 3.
Mixing occurs along both the eastern and western
drainages according to the trend evident in the table of
basaltic content in the sediment (Table 1) and in plots of
basalt concentration as a function of distance from the
channel head (Fig. 4B). These data indicate that the
concentration of basaltic tephra is reduced by more than
50% within 1km from where each channel leaves the
tephra sheet. Both the east and west drainage systems
are discontinuous: incised channels head in the steep,
northern end of the tephra sheet and give way to broad,
unincised depositional “saddles,” that become re-incised
as they leave the tephra sheet. Field photographs
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Fig. 7. Digital grids used in the modeling of tephra redistribution following a potential volcanic eruption at Yucca Mountain. (A) Color map of tephra
thickness grid, input from ASHPLUME (southwesterly wind assumed in this example). (B) Color map of slope grid, calculated based on the input
DEM. Tephra falling on pixels with slopes greater than a threshold value (equal to 0.3 m m− 1 or 17° in the example inset map) is assumed to be
mobilized. (C) Color map of stream-power grid. Tephra falling on pixels with a stream power greater than a threshold value (equal to 0.05 km in the
example inset map) is assumed to be mobilized.

illustrate the three-dimensional patterns of dilution in
these channel systems (Fig. 5). In the headwaters of the
east and west channel systems, sediment-sample pits
reveal a fluvially-mixed scour zone with approximately
73% tephra ranging in depth from 12 to 29cm, underlain
by the primary tephra sheet characterized by nearly
100% tephra concentrations. In the middle portion of the
tephra sheet (i.e. the depositional “saddle”), a shallow
scour zone is underlain by debris-flow deposits
composed primarily of Miocene welded tuff (Fig. 5A).
At the edge of the tephra sheet, channels become reincised and a fluvially-mixed layer is underlain by pure
tephra (Fig. 5B). Channels on the tephra sheet are not
composed of pure tephra because the northern drainage
divide is composed of Miocene welded tuff (and hence a

small component of the tephra-sheet drainage basin has
non-basaltic source rocks), and because eolian sand has
been deposited in the basin. Off of the tephra sheet, the
dilution effect downstream of tributary junctions is
clearly visible in the field as small channels draining the
tephra sheet join with larger channels of primarily nonbasaltic sediments (Fig. 5C).
The Lathrop Wells tephra sheet was mapped by
Valentine et al. (2005), providing a preliminary source
map for input to the scour–dilution–mixing model for
this application. The source map is complicated in this
case by the fact that tephra from the 77ka eruption
dispersed tephra in all directions. Samples collected in
the study reveal three separate “groups” of values. On
the tephra sheet itself, contaminant concentrations vary
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Table 2
Results of Monte Carlo runs of ASHPLUME numerical model and tephra-redistribution model
Scenario # Wind direction Wind speed (cm/s) Eruption velocity (cm/s) Eruption power (W) Eruption duration (s) Tephra concentration (%)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

30
180
60
90
− 120
− 30
90
30
− 150
90
− 30
90
120
30
− 90
− 30
60
150
120
− 150

144.86
318.89
578.63
564.9
1026
1020.5
1197.3
507.46
924.6
1089.3
487.53
18.347
149.58
454.38
407.68
1618.8
53.733
294.15
688.67
440.08

10.000
75.289
1912.9
229.18
10.000
3464.5
765.43
148.01
1146.1
10.000
564.51
97.216
11074
10.000
10.000
155.12
10.000
10.000
10.000
19.213

between 61% and 83% (Table 1), with an average value
of 73%. Therefore, 73% was used as the value for the
“source” concentration in the model. Off of the tephra
sheet, “background” concentrations are relatively high
to the north of the cone where most of the tephra was
deposited (11.1% and 6.8% in samples SD091405.06
and SD091505.05, respectively) and lower to the south
(3.0% in sample SD091505.08). These background
samples were collected in large drainages that provide
representative average values over large areas. In order
to resolve the two “background” values in the model, a
ternary “mask” (Fig. 6A) was used with a source
concentration of 73%, a “distal source” value of 9%
(north of the primary tephra sheet) and background
value of 3% (everywhere else).
Additional inputs to the model are the threshold
stream power and a 10-m-resolution U.S. Geological
Survey DEM (Fig. 6A). The value for the stream-power
threshold was chosen to be 0.015km by forward
modeling. In this forward-modeling procedure, a map
of incised channels was made by comparing the stream
power at each point in the grid to a threshold value. This
threshold value was varied to produce different incisedchannel maps. Maps were then overlain and visually
compared with U.S. Geological Survey orthophotographs to identify which value of the critical stream
power produced the most accurate map.
In the first step of the model run, all pixels of the
contributing-area grid were initialized to 10− 4km2 (i.e.

6.77E + 10
5.91E + 09
2.70E + 09
9.55E + 09
5.68E + 10
4.50E + 10
2.21E + 11
2.29E + 09
4.27E + 10
8.17E + 08
8.01E + 09
3.83E + 09
1.24E + 10
6.80E + 08
1.47E + 10
4.63E + 11
3.21E + 11
9.23E + 10
2.11E + 10
1.16E + 09

4.54E + 05
7.40E + 05
1.07E + 07
8.88E + 05
1.63E + 05
1.03E + 05
1.79E + 05
8.54E + 06
3.17E + 05
7.06E + 07
2.52E + 06
2.85E + 06
4.85E + 06
1.13E + 07
1.58E + 06
93416
51069
3.73E + 05
3.24E + 06
4.59E + 06

10.9
0.0103
26.2
0.743
0.0000243
0.300
0.974
5.40
0.000000716
3.84
2.79
1.60
5.99
0.704
0.584
2.75
2.66
1.05
0.677
0.000816

the pixel area for a 10-m-resolution DEM). The
bifurcation-routing algorithm was then used to calculate
the contributing-area grid. In the second step, the
contributing-area grid was converted to a unit-discharge
map using the regional flood-envelope curve of Squires
and Young (1984). These authors found the maximum
discharge to be proportional to the contributing area to
the 0.57 power using available stream gage data and
paleoflood estimates from a range of drainage basins in
the Yucca Mountain region. Maximum discharge is used
because the largest floods control the long-term scour/
mixing depth. The unit-discharge map was then used to
create a relative map of scour/mixing depth in channels
(Fig. 6C) using the square-root dependence of Leopold
et al. (1966) and a stream-power threshold of 0.015km.
Only a relative grid of scour/mixing depth was needed in
this case because the scour depths in the source area
were used to calculate the effective volume of
contaminant routed downstream, and the scour depths
downstream of the source region were used to dilute that
contaminant. Since the contaminant concentration is a
ratio of these quantities Eq. (3), the concentration was
unaffected by scaling the scour depth up or down by a
constant factor. In all cases where the source is specified
as a concentration (as opposed to an effective thickness),
the absolute value of the scour depth is not needed to
predict concentration values downstream; only relative
values are needed. The model predicted tephra concentrations (expressed as a fraction; Fig. 6D) in all
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Fig. 8. Digital grids output by the modeling of tephra redistribution following a potential volcanic eruption at Yucca Mountain. (A) Color map of
scour-depth grid, calculated from contributing-area grid using Eq. (4). (B) Color map of tephra concentration in channels, calculated using the scour–
dilution–mixing model.

channels draining the Lathrop Wells tephra sheet. This
color map has a quadratic gray scale varying from b 0.01
(black) to 1.0 (white).
The numerical model prediction (Fig. 6D) was
compared to the measured tephra concentrations by
extracting tephra concentrations along-channel profiles
of the western and eastern channels (Fig. 4B). Along
both channels, concentrations are near their maximum
values for approximately the first 1.0km downstream
from the channel head. Along the eastern channel
(Fig. 4B, top graph), abrupt concentration declines are
associated with major tributary junctions at 1.6 and
2.7km from the channel head. The first major step down
is associated with an increase in discharge and scour
depth associated with a relatively uncontaminated distributary channel entering the channel from the northeast
just upstream of the U-shaped channel bend. Another

abrupt drop in concentration occurs approximately
2.7km from the channel head (just downstream of
sample SD091515.07) where another large tributary
enters. As the channel curves around the southeast
corner of the Lathrop Wells lava field, it bifurcates into
two distributary channels. Each pair of samples located
at similar distances from the channel head was averaged
to comprise the final two points on the curve (Fig. 4B,
top). The overall downstream-dilution pattern can be
roughly approximated by an exponential function with a
characteristic length of 0.9km. For every 0.9km downstream, therefore, the tephra concentration decreases by
approximately a factor of 1/e.
Along the western channel, concentrations follow a
similar pattern (Fig. 4B, bottom). Note that this profile
extends only about half as far from the channel head as the
eastern channel, due to the presence of the mine road
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Fig. 9. Color maps of tephra concentration in channel sediments following a hypothetical volcanic eruption at Yucca Mountain with (A) southerly, (B)
westerly, and (C) northerly winds. Tephra concentration at the basin outlet varies from a maximum of 0.73% (for southerly winds) to a minimum
value of 0.076% (for northerly winds) for this eruption scenario. Southerly winds result in higher concentrations because the high relief of the
topography north of the repository is capable of mobilizing more tephra than other wind-direction scenarios.

which disturbs the western channel about 2.5km from the
channel head. As the channel leaves the tephra sheet, the
concentration decreases by about 50% (sample
SD091415.09) resulting from the input of a large tributary
from the northwest. The channel quickly re-enters an area
of exposed tephra, and this local source region has the
effect of enriching the basaltic composition of channel
sediments between 1.0 and 1.3km from the channel head.
The numerical model does not reproduce the pattern of
tephra enrichment in this reach very accurately, perhaps
because tephra is deposited in this reach primarily through
bank retreat processes rather than channel-bed scour. The
model prediction for the western channel shows relatively
few abrupt drops compared to the eastern channel, due to
the presence of only one large tributary (just upstream of
sample SD091415.09).

7. Application to contaminated tephra
redistribution following a potential volcanic
eruption at Yucca Mountain
The tephra-redistribution model described in this
section predicts the concentration of tephra and radionuclides in channels of the Fortymile Wash alluvial fan
18km south of the repository. Tephra concentrations are
reported here because they range from 0 to 1 (or 100%)
and hence are readily interpreted. The ratio of radionuclide concentrations to tephra concentrations in the model
is approximately 10− 6 based on a volumetric mixing
model of magma and radionuclides in the subsurface prior
to a volcanic eruption (BSC, 2004b,c).
Model results corresponding to twenty hypothetical
eruption scenarios based on observed atmospheric and
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volcanic conditions in the Yucca Mountain region (BSC,
2004b,c) illustrate the range of possible tephra concentrations at the Fortymile Wash alluvial fan within a 95%
confidence interval. A spatially-distributed model was
used to calculate the volume of tephra fallout mobilized
from steep slopes and active channels (Fig. 7). The
model accepts input from the ASHPLUME numerical
model (e.g. Fig. 7A, assuming a southwesterly wind).
The model then calculates the DEM slopes and
contributing areas (Fig. 7B,C). Fallout tephra is
assumed to be mobilized if it lands on pixels with
hillslope gradients greater than a threshold value equal
to S or with a stream power greater than a threshold
value equal to 1/X, where X is the drainage density.
Field observations at the San Francisco volcanic field
suggest that hillslopes above a threshold gradient of
approximately 0.3m/m (17°) are susceptible to mass
movements and/or rilling within 1kyr after an eruption.
The threshold stream power for the Fortymile Wash
drainage basin was estimated to be 0.05km (corresponding to a drainage density of X = 20km− 1), based on
forward modeling and comparison with USGS orthophotographs. This value is nearly three times as high as
the value estimated for Lathrop Wells. This difference is
related to rock type, regolith sediment texture, and other
factors controlling the erodibility threshold on hillslopes. For simplicity, contaminated tephra mobilized
from steep slopes and channels was assumed to be
transported into the channel system instantly following
the eruption, although in nature this process will take
place over decades to centuries.
As an example, input to the tephra-redistribution
model was constructed based on the fallout from a
hypothetical eruption with a northeast-directed plume
computed using the ASHPLUME numerical model
(Fig. 7A) (Jarzemba, 1997; Jarzemba et al., 1997; BSC
2004b,c). The ASHPLUME model is a numerical
advection–dispersion–settling model that considers
variable grain sizes and wind-speed profiles from the
ground to 10km altitude. The hypothetical fallout
distribution used in Fig. 7A corresponds to an eruption
power of 9.55 × 109W (a moderate-to-large magnitude
eruption for the Crater Flat volcanic field), a duration of
8.88 × 105s, a wind speed of 564.9cm s− 1, and an
eruption velocity of 229.18cm s− 1. These parameters
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correspond to scenario #4 of the 20 Monte Carlo
simulation runs listed in Table 2.
The contributing-area grid is used to calculate the
scour-depth grid in several steps for this application.
First, contributing area is related to peak discharge on a
pixel-by-pixel basis using the regional “flood-envelope”
curve of Squires and Young (1984), as in the Lathrop
Wells example. Second, discharge is related to scour
depth on a pixel-by-pixel basis using unit discharge with
the square-root dependence of Leopold et al. (1966).
Together, these relationships imply that scour depth is
proportional to contributing area to the 0.29power. To
determine the proportionality constant needed to relate
contributing area to a specific value of scour depth, the
model uses measurements of the U.S. Geological
Survey during the 1995 flood at the “Narrows” section
of Fortymile Wash (Beck and Hess, 1996) located close
to the fan apex. The contributing area at this location is
the ratio of the basin area, 670km2, to the width, 44m.
The maximum scour depth at this location was
measured to be at least 1.14m, and had an average
value of 0.72m. The model runs of this paper used 1m as
a representative average scour depth for this reach.
Combining these measurements yields

Hi;j ¼ Hapex

Ai;j 44
670 Dx

0:29
ð4Þ

where Hi,j is the scour depth at any point in the basin
upstream from the apex, Hapex = 1m is the representative
scour depth at the fan apex based on the U.S. Geological
Survey's measurements, and Ai,j is the contributing area
at point (i,j).
The scour–dilution–mixing model predicts relatively
high tephra concentrations along the northeast-directed
plume track (Fig. 8B). As tephra from these channels
moves downstream, tephra in channels that are integrated
into the main Fortymile Wash becomes progressively
diluted with each successive inflow of relatively
uncontaminated tributary sediments. Note that some of
the tephras draining from channels in the vicinity of
Yucca Mountain are locally deposited in alluvial flats and
do not reach the main Fortymile Wash. At the basin outlet
the effects of dilution–mixing and localized deposition of
tephra limit the tephra concentration to 1.97% in this

Fig. 10. Color maps of tephra thickness produced by twenty Monte Carlo simulations of the ASHPLUME numerical model calibrated for the Yucca
Mountain region based on atmospheric and volcanic conditions. Wind directions and speeds are sampled from the distribution of observed conditions
from 0–10 km measured at the nearby Desert Rock upper air station (BSC, 2004b,c). The outlet tephra concentrations predicted by the scour–
dilution–mixing model (lower right of each map) range from a maximum of 26% to a minimum of nearly zero depending in wind conditions and
eruption magnitude. Note that these maps include the entire Fortymile Wash drainage basin (outline shown at center bottom) whereas previous figures
focused on the vicinity of Yucca Mountain only.
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example. The effects of variable wind direction on
contaminant concentrations can be determined (Fig. 9) by
running the scour–dilution–mixing model on a sequence
of rotated plumes of the same size and shape as the
example in Fig. 8. Outlet tephra concentrations for these
rotated plumes vary from a minimum of less than 0.1% to
a maximum of approximately nearly 2% for the
southwesterly wind case illustrated in Fig. 8. The primary
control on tephra concentration at the outlet is the
topography in the primary fallout region (which controls
the volume of tephra mobilized on steep slopes and in
active channels). The highest outlet tephra concentrations
occur for southerly and westerly winds (Fig. 9), because
these wind conditions transport tephra north and east
from the repository location to areas with a relatively high
density of tephra-transporting steep slopes and active
channels within the Fortymile Wash drainage basin.
In order to determine the range of possible outlet
concentrations, the tephra-redistribution model was run
for twenty possible eruption scenarios predicted by the
ASHPLUME numerical model (Fig. 10). Model parameters for each run were chosen randomly from
distributions representing our best knowledge of
eruptive processes and wind conditions at Yucca
Mountain (BSC, 2004b,c). Wind conditions were
constrained using observed data from the nearby Desert
Rock upper air station. The ASHPLUME outputs from
these runs (Fig. 10 and Table 2) represent a range of
eruption intensities and wind conditions. As in the
rotated-plume results (Fig. 9), the highest concentrations
are associated with north and west-directed plumes.
Outlet tephra concentrations from these twenty runs
vary from nearly zero to a maximum of 26%. The
arithmetic and geometric mean tephra concentration
values are 1.01% and 0.283%, respectively.
Further translation of radionuclide concentrations
into the dosage experienced by a hypothetical person
living on the Fortymile Wash alluvial fan requires a
model that explicitly calculates the biospheric pathways
(i.e. direct radiation, inhalation, plant respiration, etc.)
given the radionuclide concentrations in the soil of the
surrounding environment, combining both primary
fallout and radioactive tephra redistributed from upstream. Coupling of the tephra-redistribution model of
this paper to the biospheric dosage model developed for
the Yucca Mountain Project (BSC, 2004d) is beyond the
scope of this paper but is the focus of future work.
8. Concluding remarks
The scour–dilution–mixing model assumes that the
mixing of contaminants with uncontaminated channel-

bed sediments occurs instantly and that the contaminant
concentration downstream is independent of time
thereafter. The applicability of this assumption depends
on the time scales of interest. At the time scale of
individual floods, there will certainly be some period of
time following contaminant introduction during which
there will be little or no mixing (particularly in an
ephemeral stream environment). However, the fact that
the classic dilution–mixing model has been accurately
applied to many historical examples of fluvial-system
contamination suggests that this period of incomplete
mixing is on the order of decades or less. Indeed, Graf's
(1990) study of contaminant mixing following the
tailings-dam break on the Rio Puerco River suggests
that significant mixing can occur even during a single
flood event. Moreover, the accuracy the dilution–
mixing model when applied to cases where contaminants were introduced tens of thousands of years ago
(e.g. Lathrop Wells) supports the model assumption that
contaminant concentrations are independent of time
following a short period of incomplete mixing.
In the case of a “pulse” source of contaminants such
as a volcanic eruption, contaminants will be diluted with
uncontaminated sediments already in the channel
system at the time of eruption and with sediments
subsequently delivered from hillslopes following the
eruption. The scour–dilution–mixing model assumes
that dilution is dominated by sediments already in the
channel system at the time of the eruption, i.e. that
hillslope-derived sediments delivered to the channel
following the eruption are negligible compared to the
volume of uncontaminated sediments already in channels at the time of the eruption. An order-of-magnitude
estimate of sediment fluxes in the Fortymile Wash
drainage basin supports this assumption over the time
scales of interest from a hazard perspective. Steep slopes
in the drainage basin have erosion rates on the order of
1m Myr− 1 (Whitney and Harrington, 1993; Gosse et al.,
1996). Basin-averaged erosion rates will generally be
lower than this value because erosion rates are typically
highest on steep slopes which occupy only a small
fraction of the drainage basin. Active channels occupy
∼ 1% of the total area in the basin based on DEM
analysis. Therefore, sediment is added from hillslopes to
channels at a maximum rate of ∼ 10cm kyr− 1. Scour
depths are on the order 0.1–1.0m in Fortymile Wash.
Therefore, it takes ∼ 1–10kyr for hillslope sediment to
replace the quantity of uncontaminated sediment already
in the channel scour zone at the time of eruption. With
erosion rates this low, the dilution effects of hillslope
sediment yield have little or no impact on the tephra
concentrations for hundreds to thousands of years
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following the eruption compared to the dilution effects
of the sediments already in the channel system at the
time of the eruption. This order-of-magnitude estimate
also suggests that the residence time of contaminated
material in the drainage basin is ∼ 1-10kyr. For times
greater than ∼10kyr into the future, therefore, the timeindependent model likely overestimates the contaminant
concentration by neglecting the dilution effect of
uncontaminated hillslope sediments that are gradually
added to the channel system. To incorporate this effect,
the scour–dilution–mixing model could be generalized
to calculate the effects of an influx of hillslope sediment
by prescribing the scour depth to be an increasing
function of time and running the model repeatedly at
successive times following the eruption. Adopting this
approach, however, requires accurate estimates of basinwide erosion rates over geologic time, and such
estimates are often highly uncertain.
More sophisticated, process-based models exist for
predicting contaminant transport in fluvial systems. Most
notably, the landform-evolution-modeling community
has developed dynamic sediment-transport models that
route water and sediment over the landscape, taking into
account the topographic change at each time step. Some of
these models also track contaminant concentrations as the
fluvial-system evolves (e.g. Coulthard and Macklin,
2003). Still others explicitly incorporate the stochastic
effects of individual storms (Malmon et al., 2003). While
these models are more process-based than the scour–
dilution–mixing model, they have the disadvantage of
requiring detailed climatic and sedimentological data (e.g.
precipitation time series, bed-sediment texture, etc.) that
are unavailable for most applications. As such, the scour–
dilution–mixing approach developed here is more
broadly applicable. However, it should again be emphasized that scour–dilution–mixing models are limited to
contamination cases dominated by bed-material load
where overbank sedimentation is not significant. If these
conditions are met, the validation test results obtained at
Lathrop Wells suggest that the scour–dilution model can
be an accurate tool for predicting downstream contaminant concentrations in both tributary and distributary
fluvial systems.
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