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1.0 Introduction

The Technical Area 54 (TA-54) Area G disposal facility is used for the disposal of radioactive waste at
Los Alamos National Laboratory (LANL). U.S. Department of Energy (DOE) Order 435.1 (DOE,
2001) requires that radioactive waste be managed in a manner that protects public health and safety and
the environment. In compliance with that requirement, DOE field sites must prepare and maintain site-
specific radiological performance assessments for facilities that receive waste after September 26,
1988. Sites are also required to conduct composite analyses for facilities that receive waste after this
date; these analyses account for the cumulative impacts of all waste that has been (and will be) disposed
of at the facilities and other sources of radioactive material that may interact with these facilities.

LANL issued Revision 4 of the Area G performance assessment and composite analysis in 2008
(LANL, 2008). In support of those analyses, vertical and horizontal sediment flux data were collected
at two analog sites, each with different dominant vegetation characteristics, and used to estimate rates
of vertical resuspension and wind erosion for Area G (Whicker and Breshears, 2005). The results of
that investigation indicated that there was no net loss of soil at the disposal site due to wind erosion,
and suggested minimal impacts of wind on the long-term performance of the facility. However, that
study did not evaluate the potential for contaminant transport caused by the horizontal movement of
soil particles over long time frames. Since that time, additional field data have been collected to
estimate wind threshold velocities for initiating sediment transport due to saltation and rates of
sediment transport once those thresholds are reached. Data such as these have been used in the
development of the Vegetation Modified Transport (VMTran) model. This model is designed to
estimate patterns and long-term rates of contaminant redistribution caused by winds at the site, taking
into account the impacts of plant succession and environmental disturbance.

Aeolian, or wind-driven, sediment transport drives soil erosion, affects biogeochemical cycles, and can
lead to the transport of contaminants (Pye, 1987; Chadwick et al., 1999; Toy et al., 2002; Jickells et al.,
2005; Whicker et al., 2006a; Field et al., 2010). Rates of aeolian sediment transport depend in large part
on the type, amount, and spatial pattern of vegetation (Gillette and Passi, 1988; Stockton and Gillette,
1990; Gillette and Chen, 2001; Li et al., 2007; Okin, 2008; Breshears et al., 2009). In particular, the
amount of cover from trees and shrubs, which act as roughness elements (Wolfe and Nickling, 1993),
alters rates of aeolian sediment transport (Breshears et al., 2009). The degree to which the understory is
disturbed (Lee, 1991; Breshears et al., 2009) and the associated spacing of bare soil gaps (Okin and
Gillette, 2001; Okin, 2008) further influence sediment transport rates. Changes in vegetation structure
and patterns over periods of years to centuries may have profound impacts on rates of wind-driven
transport (Neilson, 1995; Swetnam and Betancourt, 1998; Breshears et al., 2009).

For recently disturbed areas, succession is likely to occur through a series of vegetation
communities (Horn, 1974; Huston and Smith, 1987; Pickett et al., 1987; Glenn-Lewin and van
der Maarel, 1992). Area G currently exhibits a mosaic of vegetation cover (Figure 1-1), with
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Figure 1-1
Aerial View of Area G Showing Current Vegetation Patterns



patches of grass and forbs over closed disposal units, and bare ground in heavily used portions of
the site. These areas are surrounded by less disturbed regions of shrubland and pifion-juniper
woodland; some ponderosa pine forest is also visible in the canyon along the road. The
successional trajectory for the disturbed portions of Area G is expected to proceed from grasses
and forbs (which would be established during site closure), to shrubs such as chamisa, to a
climax community of pifion-juniper woodland (Figure 1-2). Although unlikely under current
conditions, a ponderosa pine forest could develop over the site if the future climate is wetter.

In many ecosystems, substantial and often periodic disturbances such as fire or severe drought can
rapidly alter vegetation patterns (Turner et al., 1998; Whicker et al., 2002; Allen, 2007; Romme et al.,
2009). Such disturbances are likely to increase in the southwestern United States where projections
call for a warmer and drier climate. (Breshears et al., 2005a; Westerling et al., 2006; Adams et al.,
2009). With respect to Area G, the three most likely disturbance types are surface fire, crown fire, and
drought-induced tree mortality. Each type of disturbance has a different frequency or likelihood of
occurrence, but all three tend to reset the vegetation succession cycle to earlier stages (Figure 1-3).

The Area G performance assessment and composite analysis evaluate the impacts of disposing of
radioactive waste over a period of hundreds to thousands of years. An assessment of aeolian
sediment transport over this timeframe needs to account for the impacts of changes in vegetation
structure and other surface conditions that occur under normal circumstances and as a result of
environmental disturbance. Recent aeolian sediment transport studies undertaken in diverse
dryland systems on both undisturbed and disturbed lands have yielded a suite of empirical
measurements (Neff et al., 2008; Breshears et al., 2009; Bergametti and Gillette., 2010; Dong et
al., 2010; Diaz-Nigenda et al., 2010; Flores-Aqueveque et al., 2010; Field et al., 2010). However,
these studies do not take into account changes in long-term conditions at the sites being
investigated. Although studies of dune systems have begun to account for different types of
vegetation due to succession and the effects of disturbance under current and projected climate
(Baas, 2002; Baas and Nield, 2007; Nield and Baas, 2008; Kim and Yu, 2009; Baas and Nield,
2010), similar information for drylands that are not dominated by dunes is almost entirely lacking.

Development of the VMTran model was undertaken as a means for evaluating the potential long-
term impacts of horizontal sediment transport on the redistribution of contaminated soils at Area G.
The model is tightly coupled to the suite of empirical dryland measurements discussed above and the
field data collected during this investigation, and is capable of accounting for the effects of
succession, disturbances due to fire and drought, and changes in climate.

This report describes an investigation conducted using the VMTran model to estimate the
potential for, and impacts of, aeolian sediment transport at Area G over extended periods of time.
The methods used to conduct the field investigations and the objectives of the VMTran model
development effort are described in Section 2. The results of the investigation are presented and
discussed in Sections 3 and 4, respectively.
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2.0 Methods

The investigation into the long-term impacts of aeolian sediment transport included the
collection of field data needed to support the modeling and the development of the VMTran
model. The methods used to conduct the field measurements are discussed in Section 2.1 and the
model development effort is addressed in Section 2.2. Section 2.3 concludes with a description
of the simulations that were conducted using VMTran.

2.1 Field Measurements

Field measurements were conducted at two analog sites located near Area G. The first site,
MDA J, is characterized as grassland, which is the first successional stage expected to occur at
Area G following closure. The second site, located at TA-51, is a pifion-juniper woodland and is
representative of the climax condition expected at Area G. Following characterization of these
sites, a series of measurements was collected using the methods described below.

2.1.1 Site Characterization

Cover conditions were characterized at each analog site using standardized techniques that have
been used to monitor grasslands, shrublands, and savanna ecosystems (Herrick et al., 2005).
Three 30.5-m (100-ft) transects were established, extending outward from the center of each
sampling area. Cover characteristics were determined at 0.61-m (2-ft) intervals along each
transect. The ground/vegetation cover at each point was categorized by type (e.g., soil, forb,
grass, rock, litter, biological soil crust, tree, duff, and dead branch). Data for each point along the
three transects were combined to estimate totals for the grassland and woodland sites that could
be characterized as (1) bare soil, (2) basal cover (lower-level cover such as grasses, litter, rocks,
and forbs), and (3) tree canopy cover. A second set of measurements used the same radial
transects to measure the distance between gaps in vegetation cover (along the ground) and gaps
in the tree canopy at the woodland site.

2.1.2  Wind Threshold Velocity Measurements

As it applies here, the threshold velocity is defined as the wind velocity required to move, or
entrain, particles of soil or sediment. Measurements of threshold velocity were taken with the
intent of using them to estimate the number of annual wind-erosion events for the VMTran
modeling. Originally, these measurements were conducted using a Sensit instrument to
determine saltation activity as a function of micro-meteorological conditions at the study sites.
The Sensit instrument has a piezeoelectric crystal that detects the impacts of saltating soil
particles in real time; correlating the particle impacts with simultaneously measured wind
velocities provides a means for estimating threshold wind velocities. A Sensit instrument was
placed at each study site and data were collected from April 2009 until July 2010. Analysis of the
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Sensit data from the two sites showed that the only significant detections made by the instrument
were from raindrop splash. Consequently, it was not possible to establish wind erosion threshold
velocities using the Sensit data.

A Tapered Element Oscillating Microbalance (TEOM), located at TA-6, proved to be a more
sensitive instrument for detecting increases in aerosol as a function of wind speed. Aerosol
concentration data collected using the TEOM were combined with wind velocity data to
determine threshold velocities indirectly. The TEOM was used to sample concentrations of
particulates having a diameter of 10 um or less that were suspended as a result of saltation
(Zobeck et al. 2003). These measurements were compared to results from other studies to
provide perspective on their applicability to the MDA J and TA-51 analog sites.

As the VMTran model developed, it became apparent that horizontal mass flux data collected over
periods of time ranging from weeks to months were preferable to those collected during individual
wind events. Using the long-term data to estimate annual averages yielded the most accurate
estimates for the modeling; this conclusion is based on the assumption that wind conditions are, on
average, relatively constant or that any changes would not be enough to significantly alter
horizontal mass fluxes. Ultimately, then, the threshold velocity data were used only to help
establish the fraction of time that high-wind events blew in different compass directions.

2.1.3 Horizontal Flux Measurements

Measurements of horizontal sediment flux were made using Big Springs Number Eight (BSNE)
samplers (Fryrear, 1986); measurements were conducted from October 8, 2009 to July 15, 2010.
The samplers have been used in prior studies at LANL, including the 2005 effort conducted in
support of the Area G performance assessment and composite analysis (Whicker and Breshears,
2005; Whicker et al. 2006a,b). The measurements supported the identification of flux data needed
for the VMTran modeling; the data collected in this study supplement data collected earlier and
more fully address the high-wind periods that generally occur in the spring months. Figure 2-1
shows a BSNE sampling station at a LANL site that was previously burned. Similar arrangements
of BSNE samplers were used in this study; four sampling stations, each with three BSNE samplers
at heights of 0.25, 0.5, and 1 m (0.8, 1.6, and 3.3 ft) above the ground, were placed at the grassland
and woodland analog sites. The horizontal fluxes were calculated as follows:

HMF =V 1
AxT
Where
HMF = horizontal mass flux (g/m?/yr)
M = mass of sediment collected in sampler (g, dry weight)

Modeling Aeolian Transport of Contaminants at LANL, TA-54, Area G 2_7
02-12



Figure 2-1
A BSNE Sampling Station with Horizontal Mass Flux Samplers at Three Heights
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A
T

area of sampling port (1x10° m?
time of collection (yr)

The sediment mass is an average of the quantities collected at the three sampling heights.

2.1.4 Aerosol Characterization

A Climet particle counter (model CI-500) was used to measure particle concentrations
intermittently from June 26 through July 23, 2009. The particle counter was placed in a
weatherproof housing on the edge of Area J; aerosol concentrations were collected over 1-hour
intervals and classified by particle diameter.® Sampling was conducted during periods when
wind speeds were relatively light (averaging less than 2 m/s [6.6 ft/s]). The housing was found to
lower collection efficiencies for particles in the 5 to 10 um (2.0 x 10™ to 3.9 x 10 in.) and
increase those for particles having diameters of tens of micrometers at wind velocities of 12 m/s
(39 ft/s) (Rodgers et al., 2000); collection of data at lower wind speeds limits the impacts of this
behavior. These measurements were conducted to qualitatively assess particle size distributions,
most notably to distinguish between the regional dust load (particles less than 5 um [2.0 x 10™
in.] in diameter) and locally derived particles.

2.2 Model Development and Simulations

The VMTran model was developed to provide a means for estimating the impacts of aeolian
sediment transport on contaminant redistribution over extended periods of time. The conceptual
and mathematical models upon which VMTran is based are presented in Section 2.2.1. Several
simulations were conducted to demonstrate the capabilities of the model; these model runs are
described in Section 2.2.2.

2.2.1 Conceptual Model

The VMTran model simulates the vegetation-moderated, wind-driven transport of sediment. The
effects of vegetation on sediment transport are two-fold: it is an important factor in determining
the proportion of the soil surface that is exposed to suspension and it influences wind speeds at
the surface. VMTran is notable in its ability to account for the effects of vegetation on rates and
patterns of sediment transport and to simulate the impacts of changes in the plant community that
accompany disturbance and succession. The disturbances modeled include surface fire, crown
fire, and drought. Succession modeling accounts for passage of the site from a grassland-
dominated community to woodland or forest; the possible impacts of climate change on the
trajectory of plant succession may also be taken into consideration.

! Particle diameters were placed into the following bins: < 0.3, 0.3-0.5, 0.5-1.0, 1.0-5.0, 5.0-10 and 10-25 um
(<1.2x10°,1.2 x 10°-2.0 x 10°, 2.0 x 10°-3.9 x 10, 3.9 x 10°-2.0 x 10 2.0 x 10“-3.9 x 10* and 3.9 x 10~
9.8 x 10™*in.)

Modeling Aeolian Transport of Contaminants at LANL, TA-54, Area G 2_9
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2.2.2 Mathematical Model

The site under consideration is discretized at a number of levels so it can be modeled using
VMTran (Figure 2-2). Contamination on the soil surface is represented using a series of evenly
spaced points; each point is assigned a contaminant concentration. Mapped on top of these
points, and centered on the area of interest, are overlapping grids, each composed of n by n cells
(four grids with five cells to a side are shown in Figure 2-2). Each grid is oriented such that each
side is perpendicular to a specific wind direction. Multiple grids are required to simulate the
transport of sediment in more than four directions; the four grids shown in the figure are used to
account for the 16 wind directions seen in a typical wind rose. The number of cells used to
construct each grid may be specified by the model user, but the cell dimensions are held constant
at 50 x 50 m (164 x 164 ft).

2.2.2.1 Succession Modeling

VMTran simulates ecological succession by dividing the surface of each 50 x 50 m (164 x
164 ft) cell into 1-m? (10.8-ft%) quadrats and using a Markov-like transition matrix to simulate
changes in conditions within each quadrat. Each quadrat is assigned a cover type such as trees
(pifion, juniper, or ponderosa pine), shrubs, grasses (including forbs), litter, or bare soil. The
transition matrix specifies the annual probability that the cover type in a given quadrat will
change to another cover type or remain the same. To illustrate, the transition matrix for
intercanopy areas is provided in the upper portion of Table 2-1; the probabilities listed in this
table are included in VMTran as default values. As shown in the table, the probability that bare
soil in the intercanopy areas will become grass-covered over the course of a year is 0.05; the
quadrat is expected to persist as bare soil 95 percent of the time. Once grass has become
established, the quadrat may remain grass-covered (93 percent of the time) or transition to bare
soil or shrubs. Shrubs are expected to persist 74 percent of the time, but transitions to trees or
bare soil may also occur.

The canopies of trees and shrubs can grow beyond the bounds of the cover cell where they are
rooted. Because the impact of shading on understory plants is significant, the model employs one
transition matrix for intercanopy quadrats and another for under-canopy quadrats; the under-
canopy quadrat is included as the second half of Table 2-1. In the default under-canopy matrix, a
bare soil quadrat can transition only to a grass or litter quadrat, and grass quadrats can transition
only to bare soil or litter (Table 2-1). A quadrat categorized as litter will remain litter unless the
woody plants above it are removed, at which point it becomes an intercanopy quadrat. Thus,
litter will rapidly dominate the under-canopy quadrats. Because some woody plants can over-top
other woody plants, the transition matrix includes transitions to other types of cover cells (e.g.,
trees can die and the cover cell revert to bare soil).

Modeling Aeolian Transport of Contaminants at LANL, TA-54, Area G 2-10
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Figure 2-2
Discretized Domain Used in the VMTran Model
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Table 2-1
Cover Transition Matrix for Intercanopy Areas and under Tree Canopies

From:

To Soil Litter Grass | Shrubs | Pifion | Juniper | Ponderosa
Intercanopy Areas
Soil 0.95 0.08 0.01 0.01 0.023 0.023 0.02
Litter 0 0.92 0 0 0 0 0
CGrass 0.05 0 0.93 0 0 0 0
Shrubs 0 0 0.06 0.74 0 0 0
Pifion 0 0 0 0.125 0.977 0 0
Juniper 0 0 0 0.125 0 0.977 0
Ponderosa 0 0 0 0 0 0 0.98
Under-canopy Areas
Sail 0.89 0 0.01 0.04 0.023 0.023 0.02
Litter 0.06 1 0.06 0 0 0 0
Grass 0.05 0 0.93 0 0 0 0
Shrubs 0 0 0 0.71 0 0 0
Pifion 0 0 0.125 0.977 0 0
Juniper 0 0 0 0.125 0 0.977 0
Ponderosa 0 0 0 0 0 0 0.98

The transition matrices shown in Table 2-1 are “Markov-like” because, for computational
efficiency, the age of the plants in the cover cells is tracked and used to delay the onset of the
growth of woody plants. For example, cover cells containing shrubs cannot transition to trees
until they reach a specified age. In a traditional Markov approach, age dependencies would be
handled by having cover cells of the same type (e.g., shrub), but with ages attached. Hence a
shrub of age 1 could either die, be replaced by another growth form, or transition to a shrub of
age 2. In this model, aging is represented by incrementing an age counter for the quadrat.

The transition in a quadrat’s state is a stochastic process and generally independent of transitions
in other quadrats. An exception occurs, however, for quadrats in which trees and shrubs exist
because these plants can extend their influence on neighboring cells through the effects of
shading. VMTran simulates the growth of the canopy of a woody plant by assuming that growth
is logistic when not shaded by taller woody plants. When the canopies of neighboring woody
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plants overlie one another, it is assumed that the growth rate of the smaller plant is reduced
proportional to the area of its canopy that lies beneath the canopy of the taller plant. Thus,

2
and
d2. +r%—r? d2. +r?—r?
A j=rcos | L \yricosTH L LT
’ 2dr; 2d; ;r;
L[ d d d >
_2\/(— ilj+ri+rj)< i +ri—rj)( ilj—ri+rj)( . +ri+rj) F ey’ ;
Where
dri/dt = differential rate of change in radius of plant i with time
ri = the radius of the canopy of plant i
Ri = the maximum radius of the plant canopy of plant i
gi = the intrinsic growth rate of plant i
Aij = the area between the canopies of the i"" and j" plants
rj = the radius of the canopy of plant j??
dij = the distance between the i" and j" plants

Neighboring plants are those whose quadrats occur within the radius R = Ri + Riax » Where

Rmax IS the maximum radius across all species. The intrinsic growth rate and maximum radius of
a plant is defined for shrubs and each species of tree.

The objective of the succession modeling is to provide a time series of vegetative cover that can
be used to estimate rates of aeolian sediment transport. The goal in parameterizing the succession
model is to generate a realistic time series of plant density and canopy size distribution for trees
and shrubs, similar to that observed under natural conditions. The transition matrices adopted for
the modeling define the lifetimes of the plants and, therefore, plant density; the growth
parameters selected for use will influence the size distribution.
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Wangler and Minnich (1996) observed that shrubs increased in cover and density for 30 to 50
years following high-intensity fires in pifion-juniper woodlands of the San Bernardino Mountains,
with Pinus monophylla becoming established 25 to 40 years after the fire. Mature shrubs acted as
nurse plants, aiding in the establishment of pifion. Although the species of pifion that occurs at
LANL differs from that studied by the Wangler and Minnich, the same general pattern of growth
and replacement was assumed to occur in the forests of northern New Mexico. These observations
support the assumption in the model that pifion will start replacing shrubs that have achieved an
age of about 20 years. The transition probabilities from bare soil to grass and from grass to shrubs
were set to achieve maximum shrub coverage in about 20 years. Although this is less time than
was observed by Wangler and Minnich (1996), it is adopted to more closely mimic long-term
shrub-cell densities. Cover cells can be assigned to only one type of vegetation. In the model, then,
the number of shrub cells will decline after year 20 as shrub cells are reassigned to pifion. In
reality, however, shrubs and pifions may coexist in the same cover cells for years after pifion is first
established. Accelerating the peak for shrub growth in the model more closely approximates the
shrub densities observed once the transition to trees has begun.

Martens et al. (1997) reported that P. edulis and Juneriperus monosperma occurred at densities
of 314 and 350 trees per hectare, respectively, in a New Mexico forest. The transition
probabilities from shrubs to pifion pine and from shrubs to juniper were adjusted to achieve these
levels after approximately 150 years. Martens et al. (1997) also described the size distribution of
P. edulis in a mature forest. The growth rate and transition probabilities used in VMTran were
adjusted to produce a distribution that is similar to that presented in Martens et al. (1997); this
distribution was achieved about 150 years after the start of succession.

Rates of sediment transport at Area G are a function of the successional stage of the disposal site
and the amount of vegetative cover that is present. The successional stage is categorized in terms
of the amount of woody plant canopy cover that is present (grassland has <10% woody plant
canopy cover, shrubland has 10% to <30% woody canopy cover; woodland has 30% to <50%
woody canopy cover; and forest has 50% or more woody plant canopy cover). Grassland,
shrubland, and intercanopy areas within woodland and forest that have less than 10 to 60 percent
bare ground are considered to be in an undisturbed state; a surface with 60 to 90 percent bare
ground is considered to be disturbed.

The succession trajectory will be influenced by disturbances to the site and climatic changes. The
VMTran model simulates three kinds of disturbances: surface fire, crown fire, and drought. The
changes invoked by these events depend upon the type of disturbance, the successional stage
present at the time of disturbance, and the degree of ground cover. Table 2-2 shows the
successional transitions caused by the different types of disturbance. Although some disturbances
cause a change in successional stage, others do not. For example, both surface fire and drought
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are assumed to cause disturbed grassland to revert to bare soil. In contrast, woodland reverts to

an earlier successional stage only in the event of a crown fire.

Table 2-2

Successional Stage and Ground Cover Conditions Following Disturbance

Successional
Stage and Cover
Condition Prior to

Disturbance

Successional Stage and Cover Condition Following Disturbance

Surface Fire

Crown Fire

Drought

Grassland - disturbed

Bare

Bare

Grassland —undisturbed

Grassland - disturbed

Grassland - disturbed

Shrubland - disturbed

Shrubland - disturbed®?

Shrubland - disturbed®?

Shrubland — undisturbed

Shrubland - disturbed

Shrubland - disturbed

Woodland - disturbed

Woodland - disturbed

Shrubland - disturbed

Woodland or earlier -
disturbed ¢

Woodland — undisturbed

Woodland - disturbed

Grassland - disturbed

Woodland or earlier -
disturbed ¢

Forest — disturbed

Woodland - disturbed

Grassland - disturbed.

Woodland or earlier -
disturbede

Forest — undisturbed

Forest — disturbed

Woodland - disturbed

Forest or earlier — disturbed ¢

a Crown fires do not affect grassland and shrubland communities.

b The shrubland disturbed state is maintained because the amount of woody cover is expected to be 10 percent or more or because
maintaining the state as disturbed shrubland provides the highest (most conservative) sediment transport rates.

¢ Depending upon the tree species, drought may or may not cause woodland to revert to an earlier successional stage. For example, the
more drought-tolerant junipers may persist but pifion pines may die.

Post-disturbance reversions to an earlier successional stage are simulated by removing plants at
random until the woody plant canopy cover target value is achieved. For example, to model the
effects of a crown fire on undisturbed woodland, trees are removed until the canopy cover is less
than 10 percent, at which point the successional stage is assumed to be grassland. The target
values for other successional stages are selected at random from the range of values that defines
the desired stage. The effects of drought are modeled in a similar fashion; woody plants are
removed until the canopy cover value is achieved. However, whereas the effects of fire are
assumed to be the same regardless of the woody plant species, the varying drought resistance of
different trees is taken into account when modeling drought conditions (e.g., juniper is typically
more drought resistant than pifion).

Grasses and forbs are removed in a similar fashion to reflect changes in ground cover that
accompany disturbances. Quadrats within intercanopy areas are selected at random and plants
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are removed until the fraction of the surface that is bare ground reaches the target value. The
target value is selected randomly from the range of 60 to 90 percent when reverting to disturbed
grassland and from 90 to 100 percent when bare ground is the final state.

The impacts of climate change on ecological succession are modeled by altering disturbance
frequencies and by modifying the transition matrices. For example, transitions to ponderosa pine
may be necessary to simulate the impacts of wetter conditions. A shift toward a drier climate
may call for the total elimination of transitions to trees.

2.2.2.2 Sediment Transport Modeling

The sediment transport modeling operates at the scale of the 50 x 50-m (164 x 164-ft) cells; the
flux of contaminated soil is computed on an annual basis and moved from one cell to the cell
immediately downwind. The amount of contamination contained within each cell is the average
of the values at each of the sampling points contained within the cell; sampling points may be
contained by multiple, overlapping cells. Inspection of Figure 2-2 reveals that the intersection of
the overlapping grids forms a mosaic of polygons. These polygons are irregular in size and shape
and unsuitable for representing the soil surface in a computationally efficient way. Therefore,
instead of tiling the surface with polygons and modeling the flow to and from each polygon, the
surface is conceptualized as being defined by a regularly spaced mesh of points, where each
point is envisioned as a sampling location of some fixed size (e.g., 1 m? [10.8 ft’]) that is
assumed to be representative of the surrounding area. The decision to conduct the transport
modeling at the scale of the 50 x 50-m (164 x 164-ft) cells was dictated, to a large extent, by the
nature of the empirical soil flux data collected in numerous field studies; the 50-m (164-ft) cell
length is generally consistent with the distances traveled by saltating particles in vegetated areas
(Shinn and Gouvieia, 1992; Baldocchi, 1997).

Rates of erosion are a function of the successional stage and the surface cover conditions.
Figure 2-3 summarizes the sediment transport rates that are used to model the disturbed and
undisturbed successional stages; these rates correspond to the multi-month transport estimates
developed by Breshears et al. (2009) for a grassland-forest continuum. Extreme rates of sediment
transport occur when the total vegetative cover is less than 10 percent and no woody vegetation
is present (category A in Figure 2-3) and when more than 90 percent of the quadrats are
vegetated (category J). The sediment transport rates adopted for the modeling are also
summarized in Table 2-3.

Modeling Aeolian Transport of Contaminants at LANL, TA-54, Area G 2-16
02-12



10,000

_ A\

:ﬁé 1,000 \\

E S

o D N

£ 8 “T~ \

9 .o E D

F 10 A ™S

§ ,/ ‘\ F \

::Cj 1 ,’C G "~ \u\

£E ST~ \

= s o s s o e - )

0 0.1 ===
0.01

0 10 20 30 40 50 60 70 80 90 100

Woody plant canopy coverage (%)

Category Description Nominal sediment
transport rate (g/m?/d)

A Bare - no woody canopy cover 2000
B Grassland - moderately disturbed 60
C Grassland - undisturbed 2
D Shrubland - disturbed 120
E Shrubland - undisturbed 20
F Woadland - disturbed 8
G Woodland - undisturbed 14
H Forest - disturbed 1.2
| Forest - undisturbed 0.4
J High ground cover 0.2

Figure 2-3

Sediment Transport Rates for Various Successional Stages (Breshears et al., 2009)
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Table 2-3
Sediment Transport Rates for Successional Stages by Cover
Condition and Percentage of Bare Soil

Sediment Transport Rate (g/m2/d)
Undisturbed Cover Condition Disturbed Cover Condition
Bare Soil Bare Soil Bare Soil Bare Soil
Successional Stage <10% 10 to < 60% 60 to < 90% 90 to 100%

Grassland 0.2 2 60 2,000
Shrubland 0.2 20 120 2,000
Pifion-Juniper Woodland 0.2 14 8 2,000
Ponderosa Pine Forest 0.2 0.4 1.2 2,000

Sediment within a given cell is transported when winds exceed the threshold velocity for
suspension. The quantities of sediment and any associated contamination that are carried
downwind are a function of the horizontal mass flux, which is itself a function of the condition
and type of vegetative cover. For modeling purposes, the horizontal mass flux is set equal to the
average annual sediment transport rates shown in Figure 2-3 and Table 2-3. The erosion mass
flux for the cell is calculated by averaging the quadrat-specific sediment fluxes over the 50 x
50-m (164 x 164-ft) area.

The horizontal mass flux is used to calculate the rate of surface soil loss and the fractional rate of
loss within the cell as follows:

SSL = HMF 4
psoil
Where
SSL = surface soil loss rate (m/yr)
HMF = horizontal mass flux (g/m?/yr)
psoit = density of soil (g/m®)
and
FLR =2k 5
D
Where

FLR = fractional soil mass loss (per year)
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D = depth (m)

The fractional loss rate is set equal to zero if the product of the surface soil loss rate and the
simulation time is greater than the thickness of the sediment layer being modeled.

The model distributes the lost material by wind direction, taking into account the number of wind
erosion events per year. Normalized directional wind frequencies were estimated using wind rose
data for winds having velocities equal to or greater than a threshold velocity of 5 m/s; these
frequencies are provided in Table 2-4. All suspended sediment is assumed to be deposited in the
first cell that it encounters downwind of the source cell.

Table 2-4
Distribution of Threshold Velocity Winds
% of Time that Wind % of Time that Wind
Direction Velocity Exceeds 5 m/sa Direction Velocity Exceeds 5 m/sa
N 6.30 S 11.83
NNE 6.64 SSw 13.40
NE 3.72 Sw 12.95
ENE 1.92 WSW 10.59
E 1.47 w 7.76
ESE 1.24 WNW 8.90
SE 135 NW 4.84
SSE 2.82 NNW 4.27

a Percentages are normalized to 100 percent and are used to distribute the contamination in the downwind direction.

The VMTran model was developed to simulate the transport of sediment by saltation across the
disposal site over extended periods of time and under changing vegetative conditions. The model
also tracks the movement of radioactive contamination that accompanies the migration of
sediments. For the Area G performance assessment and composite analysis, however, the
transport of radionuclides is addressed by other models and, as a result, is not discussed here.

2.3 Model Simulations

The impacts of vegetation succession and disturbance on sediment transport at Area G over a 1,000
year simulation period were investigated using a series of VMTran model simulations. The effects
of succession alone were considered in some of these simulations; no disturbances were assumed to
occur over the simulation period. Other simulations considered the cumulative effects of succession
and disturbance. The frequencies of disturbance were set to 30, 250, and 50 years for surface fire,
crown fire, and drought-induced tree die-off, respectively. The disturbance frequencies were
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doubled for the final simulations to consider the effects of increased disturbance brought about by
changes in climate (Turner et al., 1998; Allen, 2007; Romme et al., 2009).

The VMTran simulations were conducted to demonstrate the capabilities of the computer code
and to gain insight into the potential for contaminant redistribution at Area G. The
meteorological parameters used in the modeling were based on annualized measurements
collected from the TA-54 meteorological station just east of Area G. The sediment transport rates
applied in the simulations were based on measured fluxes from Area J (grassland site) and
Mesita del Buey (woodland site), supplemented by additional measurements (Figure 2-3).
Vegetation succession parameters and disturbance frequencies matched those anticipated for the
site after Area G undergoes final closure.

For modeling purposes, it was assumed that an area of 31,400 m? (338,000 ft%) was
contaminated. This area, represented using a circle with a diameter of 200 m (65 ft), was
assumed to be uniformly contaminated to a depth of 1 m (3.3 ft). Cells within the circle are
referred to as on-site or interior cells, while the cells outside of this area are referred to as off-site
or sink cells. The results of the simulations were normalized in terms of the percent of original
contamination removed or deposited from the on-site and off-site cells, respectively. The
normalized concentrations were averaged over the entire site and plotted through time.
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3.0 Results

The results of the field study and the VMTran model simulations are presented below.
Section 3.1 summarizes the field measurements; the result of the VMTran model simulations are
presented and discussed in Section 3.2.

3.1 Field Measurements

The field effort characterized the grassland and woodland analog sites in terms of successional
stage and conducted a series of measurements designed to understand erosion potential. The
results of these efforts are presented in the following sections.

3.1.1 Site Characterization

The characterization data for the grassland and woodland sites are summarized in Figure 3-1.
Clear differences are evident between the sites in terms of canopy cover, bare ground, and basal
cover (e.g., grasses, forbs, litter, and rocks) (Figure 3-1a) The woodland site exhibited a
38 percent canopy cover; intercanopy areas were characterized by 44 percent basal cover, and 18
percent bare soil. No canopy cover occurred at the grassland site. Basal cover was encountered
over 64 percent of the site; the remaining 36 percent of the site was bare ground. Using the
classification scheme discussed earlier, the two sites qualify as undisturbed grassland and
woodland.

Figure 3-1(b) shows the distribution of gap lengths of bare soil along the transects at the
grassland and woodland sites, while Figure 3-1(c) shows the gap lengths between canopy cover
at the woodland site. The proportion of bare soil patches at the grassland site was about twice
that of the woodland site; the gap lengths of the bare soil patches at both sites were generally less
than 100 cm (39.4 in). In terms of the gap lengths between canopy cover, intervals greater than
7.5 m (24.6 ft) were most common (Figure 3-1c).

3.1.2 Wind Threshold Velocities

Measurements conducted using the Sensit instrument indicated that very little saltation occurred
during the 15-month measurement period. Overall, there were 19 registered impacts out of 15,000
measurement intervals; all but one of these impacts occurred on days with measurable rain (>0.025
cm [0.01 in.]) and were likely caused by rainsplash. The registered impact that occurred on the day
without rain was associated with a maximum wind velocity of 10.9 m/s (35.6 ft/s); many other
days had similar wind gusts, but no registered impacts. These results suggest that either the
vegetation in the area was sufficient to prevent most saltation or that the Sensit instrument was not
particularly sensitive to measuring saltation for the soil types on the mesa.
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Cover Characteristics at the Grassland and Woodland Analog Sites
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Measurements collected using a TEOM in an open area at TA-6 proved more useful than the Sensit
data; the results of the TEOM sampling, shown in Figure 3-2, suggest a wind threshold velocity
between 6 and 8 m/s (19.7 and 26.3 ft/s). These measurements are consistent with those collected in
other studies. For example, Whicker et al. 2002 estimated threshold velocities of about 7 m/s (23 ft/s)
at sites characterized by shrubs. The data collected using the TEOM were used to identify a threshold
velocity that is consistent with the resolution of the Area G wind frequency and direction data. Those
data are provided for a series of wind speed intervals; the interval that correlates best with the
threshold velocities shown in Figure 3-2 ranges from 5 to 7.5 m/s (16.4 to 24.6 ft/s). Data for this
interval and higher wind speed intervals were used to estimate the fraction of the time winds in
excess of the threshold velocity blew in each direction (Table 2-4). This approach effectively defines
the threshold velocity used in the modeling as 5 m/s (16.4 ft/s).

3.1.3 Horizontal Fluxes

The horizontal mass fluxes measured at the grassland and woodland sites are summarized in
Figure 3-3. The mean fluxes measured at the grassland site are higher than those observed at the
woodland site at all three sampling heights. The average fluxes measured at the two sites are
compared to the sediment transport rates estimated by Breshears et al. (2009) for the different
successional stages in Figure 3-4. It is evident from the comparison that the average transport
rates measured at the two analog sites are similar to those shown for undisturbed grassland and
woodland (2.0 and 1.4 g/m?/d [4.1 x 10™* and 2.9 x 10 Ib/ft?/d], respectively).

3.1.4 Aerosol Characterization

Airborne particle concentrations decrease as the diameter of the particles increase (Figure 3-5).
The data suggest that most airborne particles in the sampling area are less than 10 pm
(3.9x 10%in.) and thus, are respirable. Based on considerations of settling velocities, the
smallest particles (i.e., <1 pm [3.9 x 10® in.]) are expected to originate in distant areas. Locally
generated aerosols are expected to fall in the >5 pum (2.0 x 10 in.) range, although particles of
this size may have also originated outside of the sampling area.

Particle concentrations were measured intermittently at MDA J and averaged over periods of
time ranging from 5 minutes to an hour. Concentration profiles collected at 5-minute intervals
showed the most variation with time; these concentrations are shown in Figure 3-6 (on some
occasions the concentrations for the 0.3- to 0.5-um size particles are off the scale and thus appear
to be missing). The concentrations were greatest for the smallest particles (<1 pm [3.9 x 10 in.]
diameter); concentrations spiked on numerous occasions, most notably for large particles, which
suggests local suspension. The easily discernible fluctuations in the measurements may indicate
that the Climet measurements are sensitive indicators of threshold phenomenon.
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3.2 Model Simulation Results

The results of the VMTran simulations are shown in a series of screen shots taken from the program
(Figures 3-7 through 3-12). The results for the succession-only simulation are shown in Figure 3-7;
this simulation assumes current climatic conditions and no disturbances during the 1,000-year
simulation period. The left-hand y-axis represents relative soil contaminant concentrations, while the
right-hand y-axis reflects the condition of the vegetation cover. The x-axis shows the passage of time;
in addition, indicators along this axis specify if the modeled system is in a disturbed or undisturbed
state and display the successional stage of the site. The results for this simulation indicate a relatively
rapid loss of contaminated sediment over the first 100 years; contaminant concentrations in the
interior cells (i.e., the initial zone of contamination) decrease by about 15 percent, while
concentrations in the off-site or sink cells, which are located on the periphery of the site, rise. These
changes reflect the transport of contaminated sediment offsite. Rates of sediment transport (and
contaminant loss) slow as grassland transitions to shrubland and pifion-juniper woodland. The site
exists as woodland over the last 900 years of the simulation; the woodland and forest designations
shown in the figure represent pifion-juniper woodland with moderate and high canopy cover,
respectively. Contaminant concentrations decline slowly over this period, reflecting low rates of
sediment loss; approximately 80 percent of the contamination remains on site after 1,000 years.

More complex patterns of sediment transport are observed when the effects of disturbances are taken
into account. Figures 3-8 through 3-11 provide VMTran model projections for the disturbed case
under current climatic conditions. Separate results are provided for the different types of disturbance
and for all disturbances combined. The results for surface fire (Figure 3-8) tend to show the greatest
impact on the fraction of the site surface that is bare soil; rates of increase of woody cover are slowed
and occasionally reversed by fire. Rates of sediment (and contaminant) loss tend to be stable when
woody cover is high and prone to increase when woody cover drops. This is most evident at about
year 850, at which time woody cover drops significantly in response to successive surface fires.

Crown fires are less frequent but tend to have greater impacts on woody cover and, therefore,
sediment transport (Figure 3-9). The fire early in the simulation period has little impact because
woody cover has not yet been established. Later disturbances remove all woody cover and rates of
sediment transport increase in its absence; a 20 percent reduction in on-site contamination occurs
over a period of about 200 years. Rates of sediment and contaminant transport are more stable late
in the simulation period, after the fires have passed and woody vegetation has been re-established.

Drought has its greatest impact on the growth of grasses and forbs (Figure 3-10). The amount of
woody cover present oscillates during the simulation period but remains relatively constant. As a
result, large variations in sediment transport are absent. When the effects of drought are
combined with those seen for surface and crown fires, a complex pattern of sediment transport is
seen (Figure 3-11).
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Simulation Results for Changes in Successional Stage Accompanied by Crown
Fire Disturbances under Current Climatic Conditions
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Simulation Results for Changes in Successional Stage Accompanied by

Drought (50 yr) under Current Climatic Conditions
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Figure 3-11
Simulation Results for Changes in Successional Stage Accompanied by
All Disturbances under Current Climatic Conditions



The VMTran model projections for more frequent disturbances brought about by changes in the
future climate are shown in Figures 3-12 through 3-15. More frequent surface fires maintain
woody cover at low levels for the first 300 years of the simulation and sediment transport rates
are correspondingly high (Figure 3-12); woody cover eventually becomes established and
transport rates decline. Crown fires all but eradicate woody cover from the site and tend to be
accompanied by large short-term increases in sediment transport rates (Figure 3-13). Because of
its frequency, drought maintains woody cover at low levels for most of the 1,000-year simulation
period and rates of sediment transport are high as a result (Figure 3-14). Combining all of the
disturbances reveals high sediment transport rates throughout the simulation (Figure 3-15).
Approximately 5 percent of the initial contamination remains on site after 1,000 years; off-site
contaminant concentrations are about 25 percent of the initial on-site concentration.

The dramatic difference in the projected transfer rates of contaminated soil off site following
disturbances is driven by the changing transport rate, which is a dynamic parameter in the
VMTran model. Figure 3-16 shows how the transport rate varies in response to changes in
vegetative cover and disturbance. In Figure 3-16a, sediment transport rate is shown as a function
of time in the absence of disturbance; relatively high transport rates are observed when the site
exists as grassland or shrubland, but these decrease over time as woody vegetation becomes
established. When the site is disturbed, higher rates of transport are sustained over longer periods
of time because the site exists as grassland or shrubland for a larger portion of the simulation
period (Figure 3-16b).

The simulation results show the importance of including vegetation dynamics in long-term risk
assessment, but the specific results of the simulations should be viewed with caution. Although
the data used in the modeling are pertinent to Area G, the long-term behavior of the disposal
facility will likely differ from the projections shown here. For simplicity, the simulations
provided in this report assume a finite source of contamination uniformly dispersed across the
surface. In fact, contaminant concentrations at Area G will vary across the site, with depth, and
over time as plants and animals intrude into the disposal units and deposit contamination on the
soil surface. Consideration of these dynamics will have a significant impact on the rates at which
radionuclides are redistributed across the site and transported into the canyons bordering the
disposal facility. Implementing the concepts used to develop VMTran within the full modeling
framework that was used to conduct the Area G performance assessment and composite analysis
modeling will be necessary to fully predict the effects of wind erosion on the long-term
performance of the facility. The work presented here and the development of VMTran provide
the insight and tools needed to address this facet of contaminant transport.

Modeling Aeolian Transport of Contaminants at LANL, TA-54, Area G 3-15
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Figure 3-12
Simulation Results for Changes in Successional Stage Accompanied by
Surface Fire Disturbances under Future Climatic Conditions
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Figure 3-13

Simulation Results for Changes in Successional Stage Accompanied by
Crown Fire Disturbances under Future Climatic Conditions
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Figure 3-14
Simulation Results for Changes in Successional Stage Accompanied by
Drought under Future Climatic Conditions
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Figure 3-15
Simulation Results for Changes in Successional Stage Accompanied by
All Disturbances under Future Climatic Conditions
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Figure 3-16
Sediment Flux Rates (g/m?®/yr) over 1000-year Simulation Period
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Sediment Transport Rates Projected for Successional Stage
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4.0 Discussion

The results of this investigation highlight the importance of vegetation and the impacts that
disturbances may have on rates of aeolian sediment transport at dryland sites such as Area G.
The sample simulations indicate that rates of sediment transport are moderated by the
establishment of woody vegetation (shrubs and trees) at the site and tend to be greatest when
disturbances impacted these growth forms. Crown fires cause the greatest impact because, unlike
surface fire and drought, they lead to the complete removal of woody vegetation. Although
generally associated with lesser impacts, surface fires and drought could prove equally as, or
more, disruptive than crown fire if they occur frequently. Drought-induced plant mortality can
also have a significant impact because it often kills P. edulis, one of the two co-dominant
overstory species in the area (Breshears et al., 2005a; Gitlin et al., 2006; McDowell et al., 2008).
Surface fires alter the understory, but not the amount of woody plant canopy cover; thus, the
effects are less dramatic than with crown fires or drought-induced plant mortality.

As modeled here, future climatic changes are assumed to double the frequency of environmental
disturbance at the disposal site. The occurrence of more frequent surface fires shortly after
closure will delay the transition of Area G to woodland. Once woodland is established, however,
the general impact of surface fire on the plant community is the same, despite the projected
increase in frequency. An increase in the frequency of crown fires will affect the woodland
regime negatively, perhaps causing it to revert to earlier successional stages; frequent droughts
will also limit the development of woodlands characterized by high canopy cover. For all three
types of disturbance, higher modeled frequencies increase the rates of sediment transport. The
actual impacts of climatic change on rates of sediment transport will, of course, depend on how
that change impacts disturbance frequency; the assumption made here (that frequencies double)
may be conservative (Adams et al., 2009).

The VMTran model is based on numerous simplifying assumptions that should be considered in
conjunction with the projections of sediment transport. As stated earlier, the rates of horizontal
aeolian transport are based on long-term (months to years) data that have recently become
available for a diverse set of dryland sites. This dataset, however, has its limitations and needs to
be further developed to improve the model predictions.

Vegetation successional change was simulated with a simple Markov-like model that assumed a
given probability of transition from one vegetated state to another. This is approach is a highly
abstracted representation of the complex interactions that control succession. Nevertheless, the
overall gross structural changes in vegetation that are projected are thought to be of sufficient
detail to provide the parameters required to estimate sediment transport fluxes through time.
More dynamic vegetation models could be applied (e.g., Samuels and Betancourt, 1982; Neilson,
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1995; Lenihan et al., 2008), although there are trade-offs in data needs and levels of uncertainty
between simple and complex models that might preclude or negate the value of using more
detailed models (Peters et al., 2004).

Model results are sensitive to the timing of the disturbances; longer intervals between
disturbances allow woody plants to become dominant thereby slowing sediment transport rates.
As a result, the accuracy of modeling disturbance frequency is an important aspect of the
modeling effort. A relatively simple approach to implementing disturbances was used in
VMTran. Disturbances were assumed to occur randomly, based on average return frequencies
(Romme et al., 2009), but no correlation was assumed to exist among the types of disturbance. In
fact, disturbances may be correlated, as witnessed by the fact that droughts and crown fires often
occur together. The VMTran model also does not consider how the disturbance type or
frequency is affected by the current vegetation state. Factors such as these will influence
projections of disturbance frequency and, therefore, the estimated sediment transport rates.

Despite these shortcomings, the VMTran model is flexible enough to add additional complexity
and can be the basis for more mechanistic or detailed approaches if needed in the future. More
generally, this approach represents a fundamental next step toward incorporating major changes
in vegetation due to succession, disturbance, and future climate into predictions of aeolian
sediment transport.
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