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Abstract

Ecosystem disturbances that remove vegetation and disturb surface soils are major causes of excessive soil erosion and can result
in accelerated transport of soils contaminated with hazardous materials. Accelerated wind erosion in disturbed lands that are
contaminated is of particular concern because of potential increased inhalation exposure, yet measurements regarding these
relationships are lacking. The importance of this was highlighted when, in May of 2000, the Cerro Grande fire burned over roughly
30% of Los Alamos National Laboratory (LAN:L), mostly in ponderosa pine (Pinusponderosa) forest, and through areas with soils
containing contaminants, particularly excess depleted and natural uranium. Additionally, post-fire thinning was performed in burned
and unburned forests on about 25% of LANL land. The first goal of this study was to assess the potential for increased inhalation dose
from uranium contaminated soils via wind-driven resuspension of soil following the Cerro Grande Fire and subsequent forest
thinning. This was done through analysis of post-disturbance measurements ofuranium air concentrations and their relationships with
wind velocity and seasonal vegetation cover. We found a 14% average increase in uranium air concentrations at LANL perimeter
locations after the fire, and the greatest air concentrations occurred during the months of April-June when wind velocities are highest,
no snow cover, and low vegetation cover. The second goal was to develop a methodology to assess the relative contribution of each
disturbance type towards increasing public and worker exposure to these resuspended soils. Measurements of wind-driven dust flux
in severely burned, moderately burned, thinned, and unburned/unthirmed forest areas were used to assess horizontal dust flux (HDF)
in these areas. Using empirically derived relationships between measurements of HDF and respirible dust, coupled with onsite
uranium soil concentrations, we estimate relative increases in inhalation doses for workers ranging from 15% to 38%. Despite the
potential for increased doses resulting from these forest disturbances, the estimated annual dose rate for the public was < I 1tSv yr- ,
which is far below the dose limits for public exposures, and the upper-bound dose rate for a LANL worker was estimated to be
140 giSv yr- , far below the 5 x I04 W±Svyr-1 occupational dose limit. These results show the importance of ecosystem disturbance in
increasing mobility of soil-bound contaminants, which can ultimately increase exposure. However, it is important to investigate the
magnitude of the increases when deciding appropriate strategies for management and long-term stewardship of contaminated lands.
V 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Processes driving wind erosion and transport of soil
and associated contaminants are of central concern for a
diverse set of issues including ecosystem management
and risk assessment (NAS, 1989;, Toy et al., 2002;
Breshears et al., 2003). Loss and redistribution of soil
and associated contaminants by wind erosion can result
in significant short- and long-term effects on human and
ecosystem health (Saxton, 1995: Ludwig et al., 1997;
Griffin et al., 2001). Ecological and human risks
associated with wind-driven transport of environmental
contaminants might be amplified after environmental
disturbances through reductions in vegetation cover and
disturbance in soil surfaces (Fryrear, 1985; Whitford et
al., 1998; Grantham et al., 2001; Kaiser, 2004). While
wind erosion processes have been studied extensively in
agricultural and desert environments, rates of wind
erosion and transport of soils have been made in. few
other ecosystems despite studies that show wind-driven
mechanisms are a critical pathway for contaminant
transport (Whicker and Shultz, 1982; Breshears et al.,
2003). Further, studies directly linking measured rates of
wind erosion directly to particle-size dependencies, as
needed to quantify inhalation risk from exposure to
environmental contaminants attached to dust, are
lacking in both undisturbed and disturbed ecosystems.

The few studies that have measured rates of wind
erosion in systems other than agricultural fields, desert
.ecosystems, or other generally vegetation free surfaces
suggest that wind erosion processes drive a substantial
fraction of total soil transport at a site, though most
studies have focused on water erosion (Breshears et al.,
2003). Indeed, rates of soil transport by wind are
relatively large not only in arid ecosystems, where such
a differences might be expected, but also in semiarid
forests, where it is probably not expected (Breshears
et al., 2003).

Of additional concern are the implications of
vegetation dynamics for contaminant transport and
associated risk. Most risk assessments, assume static
conditions for vegetation and associated ground cover,
yet climate or management can drive major changes in
vegetation. For example, semiarid forests can change
rapidly in response to climate-induced drought or fire
(Allen and Breshears, 1998; Breshears and Allen, 2002)
and to forest management that implements tree thinning,
which is a major strategy for reducing fire risk
(Friederici, 2003). Not surprisingly, wind erosion may
increase in response to such changes in forests (Whicker
et al., 2005, 2006), as has also been shown for shrub
lands and rangelands (Zobeck et al., 1989; Whicker et

al., 2002). Hence, risks associated with the environ-
mental transport of contaminants by wind may be
greater than previously appreciated in semiarid environ-
ments, particularly in forest ecosystems, and particularly
in disturbed forests.

. Here we evaluate the potential for wildfire and tree
thinning to increase transport rates of environmental
contaminants driven by wind. Our study focuses on the
implications for particle-size dependent contaminant
transport for semiarid forest that is undisturbed or that is
disturbed as a result of fire or thinning. We evaluated
this issue at a site where contaminant transport is of
concern: Los Alamos National Laboratory (LANL) - a
U.S. Department of Energy Facility located in northern
New Mexico. Various radioactive and chemical con-
taminants have been deposited onto surface soils at
LANL as a result of operations. over the past several
decades (Fresquez et al., 1998). Of particular concern is
uranium. Uranium is both a radiological and toxicolog-
ical hazard and, while naturally occurring, relative large
amounts are used in explosives testing at LANL (LANL,
2002), but is also used more broadly for other military
purposes, particularly depleted uranium, due to its high
density (Guilmette et al., 2004). These activities have
resulted in scattering excess uranium into the environ-
ment where generally it is eventually deposited onto soil
surfaces.

The potential for wind-driven transport of this
deposited uranium has been an issue of concern for
LANL, and the concern became elevated after a wildfire
burned about 3000 ha of ponderosa pine forests across
LANL in 2000 (LANL, 2000; Whicker et al., 2006). Fire
risk remained high for many areas after the fire, and
hence LANL conducted extensive forest tree thinning
operations to reduce additional fire risk (LANL, 2001).
Although not quantified at the time, such operations
might be expected to' also increase wind erosion
(Whicker et al., 2005), and evidence of low, but elevated,
uranium air concentrations after the fire prompted
additional interest (Kraig et al., 2001; LANL, 2002).

The motivations for this study were to investigate
unanswered questions regarding 1) the general role of
wind-driven resuspension of soil-bound contaminants at
LANL, 2) the impact of the forest disturbance toward
increasing wind-driven resuspension of these contami-
nants, and 3) the level of potential increases in exposure
to contaminated airborne dust for LANL outdoor field
workers whose job sites may be near the dust source
areas, but in areas not monitored because the dose levels
are expected to be low. Hence, an integration of field-
based measurements of dust flux, particle size depen-
dencies, and site-specific concentrations is needed for
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specific assessments at LANL as a demonstrated
approach that could be applied.

The specific goals of this study were to 1) assess the
overall potential for wind-driven resuspension of
contaminated soil in a forest ecosystem as an exposure
pathway for workers and the public, 2) develop a
methodology combining dust flux measurements made
in disturbed forested areas at LANL with measurements
of respirable dust to quantify potential increases in
resuspension and inhalation of uranium and for other
contaminants of concern, and 3) demonstrate a qualita-
tive method to assess the relative impacts of forest fire
and tree thinning on offsite exposures. Hence, we
obtained measurements related to wind-driven transport
and associated particle-size dependent implications for
undisturbed and disturbed semiarid forest to simulta-
neously aid site-specific risk assessment and address the
broader issue of risk implications associated with
ecosystem disturbance.

2. Methods

2.1. Site description

The location of the study was along the western edge
of LANL property located about 2-3 km southwest of
Los Alamos, NM, USA (35°52'N and 1060 19'W) and
just east of New Mexico Highway 501 at an elevation of
about 2400 m (Fig. 1). The pre-fire vegetation was
dominated by Pinus ponderosa Douglas ex P. and C.
Lawson var. scopulorum Englem (ponderosa pine) and a
variety of grasses and flowering plants (Fox and Hoard,
1995). Because of access restrictions, the areas used in
this study did not contain notable levels of contami-
nants, but the study sites were within a few km of
contaminated sites and had similar vegetation, soil,
topography, and geology.

Within each of the disturbed and undisturbed forest
categories, two sampling plots, a primary and secondary
site, were selected to assess variability within each
category (Fig. 1). A line transect was established in each
of the sampling areas along which the dust sampling
stations were positioned every 30 m. This dust sampling
transect consisted of three dust sampling stations in the
primary sampling sites and two in the secondary
sampling sites. In addition to sampling locations in the
disturbed and undisturbed areas, various dust samplers
were also set up at a fourth site that was adjacent the TA-
6 meteorological tower operated by LANL (Rishel et al.,
2003) and used for assessment of relationships between
saltating dust flux and respirable dust concentrations.
This meteorological tower was within several km of all
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Fig. 1. Location of sampling plots relative to the state of New Mexico,
city of Los Alamos, and New Mexico Highway 501, which borders the
west side of LANL. The bum gradient is represented as variously
shaded boxes. Within each burn category, the Primary sampling sites
are represented as larger rectangles and Secondary sites represented as
smaller rectangles. Thinned sites are represented with cross-hatching.
The map also shows the locations of the TA-6 meteorological tower
and the sites used to establish relationships between HDF and PM-10
measurements.

the sampling sites and had the electrical power
necessary to power sampling pumps for air sampling.

2.1.1. Burned areas
The Cerro Grande fire burned over approximately

3000 ha of LANL property and was primarily contained
in the ponderosa pine forests along the western part of
LANL and within canyon bottoms (LANL, 2000). The
severity of the burning varied from low- and moderate-
bum intensity ground fires to high-bum intensity crown
fires. As part of the overall study, measurements of dust
flux were made at sites in three categories of bum
severity, which were established to assess dust flux
along a bum gradient (Whicker et al., 2006). First,
severely burned sites were characterized as having
ground vegetation and litter cover consumed in the fire
and all portions of the pine trees burned, including the
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crown (tree top). Second, moderately burned sites
included areas where the fire was primarily a ground
fire that consumed the vegetation and litter cover but did
not reach the top crown of the pine trees. Most trees in
the moderately burned areas contained green needles in
at least the top third of the tree. The third forest sites
were unburned and used as comparison sites.

2.1.2. Tree-thinned areas
To reduce the potential for future fire damage to

nuclear facilities and to improve the forest "health"
(Covington, 2003; Mast, 2003), tree thinning was
planned for large areas within LANL boundaries for
the years 2001 2003, with the main focus of the tree
thinning done in unburned and burned ponderosa pine
forest (LANL, 2001). Because of the large amount of
land needing thinning, mechanized techniques were
used including the use of track-mounted feller bunchers
(manufactured by Timbco), skidders, stroke delimbers,
and logging trucks to haul off the lumber (Quam L,
personal communications, 2004). Thinning reduced tree
densities in the ponderosa pine forest by 32% to 86%
and also exposed approximately 20% bare soil in the
thinned areas (Buckley et al., 2003; Whicker et al.,
2005).

2.2. Determining the role of wind-driven resuspens ion
for offsite dose

Public radiation doses from inhalation of various
radionuclides are assessed through measurements of air
concentrations of a variety of radionuclides at approx-
imately 50 locations in and around LANL, as part of
the "AIRNET" air-sampling network (LANL, 2002).
These measurements include 238U, the predominant
radioisotope of the forms of uranium (>,99%) used at
LANL. The primary mechanism for inhalation expo-
sure to 238U from LANL sources is suspected to be
through wind-driven resuspension of contaminated
soils on LANL property. If true, one would expect
the highest concentrations of 238U, from LANL or non-
LANL sources, during the spring months, which in Los
Alamos are the windiest (Bowen, 1990) and vegetation
the lowest (Pinder et al., 2004). Therefore, measure-
ments made through the LANL air sampling network
AIRNET were used to investigate the exposure
scenario of wind-driven resuspension through 1)
temporal analysis of the 23SU concentrations for a
10-year period, 2) statistical comparisons of the
concentrations by quarter, and 3) investigation of the
seasonal relationships between 238U concentration,
wind velocity, and vegetation cover. Further, the

potential impact of the Cerro Grande fire and
subsequent forest thinning on 238U concentrations
was investigated by statistically comparing pre- and
post-fire air concentrations using the non-parametric
Mann Whitney test (Mostteller and Rourke, 1973).

2.3. Calculations for potential dose to LANL workers

Because air sample measurements of PM-10 (partic-
ulate matter less than 10 gim in aerodynamic diameter)
aerosol in each disturbed forest location were not
feasible in these remote locations, a correlation between
dust flux and PM-10 concentrations was needed to
estimate potential doses as impacted by forest fire and
thinning. Therefore, side-by side measurements of
horizontal dust flux (HDF) and concentrations of PM-
10 measurements were made at an analog site located
near the TA-6 meteorological site (Fig. 1) and
correlated. Estimates of potential dose for a LANL
worker from being in the disturbed areas were made
based on this relationship. Though PM-10 measure-
ments were used to calculate doses, Department of
Energy (DOE) regulations require making a conserva-
tive (i.e., resulting in a higher dose estimate) assumption
that all inhaled dust consisted of particles with I Atm
aerodynamic diameters (DOE, 1993), which was done
for this study.

2.3.1. Correlation of horizontal dust flux and PM-1O
concentration measurements

HDF was measured using Big Spring Number Eight
(BSNE) samplers (Fryrear, 1986). These passive
samplers self-orient a 10 cm 2 opening into the wind
through which airborne dust is carried into in a
horizontal direction, decelerated, and deposited into a
collection pan. These BSNE field dust collectors have
been extensively tested and show good sampling
efficiency for soils with higher fractions of sand and
silt (Fryrear, 1986; Goossens and Offer, 2000), which
are abundant at LANL (Nyhan et al., 1978). Importantly,
BSNE samplers do not require electricity, which permits
use in remote locations. The HDF was calculated as the
collected mass divided by the product of the sampler
opening (10 cmr) and the sampling period and is
expressed in units of g m- 2 d-'.

To establish relationships between HDF measure-
ments and exposure-related metrics, the correlation
between average HDF measured at 1 m above the
ground and PM-10 concentration measurements was
needed. A TEOM (Tapered Element Oscillating Micro-
balance) Series 1400a Ambient Particulate Monitor was
used to continuously measure PM-I 0 concentrations in
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0.5 h increments. The sampler is manufactured by
Ruprecht and Pataschnick Co., Inc of Albany, New
York. It has been designated as a U.S. EPA equivalent
method for the determination of 24-h average PM-10
concentrations in ambient air. A size selective inlet uses
impaction to achieve a 50% particle collection cut point
of about 10 ain at a flow rate of 1.67 x 10-2 M3 min-1.
A portion of this flow, 3 x 10-3 m3 min-1, goes through
a filter that is fixed to the free end of a tapered oscillating
"finger" or element. Mass changes on the filter,
measured by changes in the vibration frequency, are
used to calculate air concentrations.

TEOM measurements were conducted from 28 June
2001 to 23 July 2002 at the TA-6 meteorological
station. Though some data were lost due to disruptions
in electrical power, approximately 14,350 30-min mass
concentration means were recorded. Some of these
data were discarded due to low flow rates and
pronounced negative values <-2 gtg m-3 were
discarded. A total of 14,007 measures from 313 days
were obtained.

Daily means were computed by averaging the 30-min
means, and daily means were retained in the data when
Ž36 30-min intervals were available for a given day.
Daily means were available for 290 days with 97% of
these days having measures from >44 30-min intervals.
Averages of TEOM daily means were computed for
sampling intervals of the BSNE data collected from the
TA-6 meteorological location and compared to mean
HDF measures at a 1-m sampling height for the same
sampling interval. Because of the considerable day-to-
day variability observed in TEOM data, only those
intervals of longer than 10 days where TEOM data were
available from >50% of the days were involved in these
comparisons.

2.3.2. Procedure for calculating potential dose and
assumptions

A linear-least squares regression was performed with
the PM-10 concentrations from TEOM measurements
(CpM-lo) as the dependent variable and the mean of the
1-m HDF measurements made at the adjacent BSNE
sampler locations as the independent variable. The
general form of this linear model of this relationship
was:

CpM-10 = (HDF)(m)+b (1)

where m and b are the best fit slope and intercept of the
equation, respectively. The slope, m, represents the
effectiveness of saltating particles to suspend PM-10
particles and the intercept, b, represents an average
"backgroundr PM-10 concentration.

An important assumption is that the relationship in
Eq. (1) holds in other sampling locations. Because of
limitations in access to electrical power, we were not
able to fully test this relationship at all sites. Funda-
mentally though, BSNE samplers almost exclusively
measure wind-blown saltating soil particles (Fryrear,
1986), and the impaction of the saltating particles onto
the soil surface is the main mechanism for suspension of
smaller soil particles (Bagnold, 1941). Therefore, for
these calculations, we assume a similar relationship
between HDF and CPM-1O concentrations at other sites,
though recognizing the uncertainty. We expect that this
relationship, because it was made in an open grassy area
of forest, would be steeper than one in a forested area
with greater ground cover because the measured HDF
in the unburned forests would reflect more background
dust relative to saltating particles (Whicker et al.,
2006).

2.3.3. Calculation of expected and upper-bound
uranium inhalation dose for LANL workers

Because of the focus on LANL workers, the
following inhalation dose calculations are based on
exposure parameters for occupational workers and use
generally conservative assumptions to estimate an
average and, an upper bound of potential dose. The
dose estimates are based on the empirical model
describing the relationship between the mean HDF in
each of the disturbed forest location and the CpM.•o
concentration and the following assumptions: 1)
calculations are based on onsite uranium soil concentra-
tions, with an average of 0.25 Bq g-1 and an onsite
average+2 standard deviations of 0.50 Bq g-l (both
values from LANL (2002)), and high-end mean uranium
concentration in LANL soils as measured at the EF
firing site of 116.9 Bq g- 1, 2) a conservative enrichment
of 5 times the concentration of uranium in the PM-10
aerosol relative to the soil (Shinn et al,, 1997; Van Pelt
and Zobeck, in press), 3) exposure scenarios that
outdoor workers either work at all bum and thinned
locations equally through the year (used average and
average + 2 std soil concentrations) or at a single highly
contaminated disturbed site (used measured soil con-
centrations of uranium from EF firing site), and 4) the
workers -spend their entire work year outdoors (no
shelter) in the location(s).

The first step in this dose assessment is to convert
CPM-1o to an activity concentration for uranium
(Cu-pM.lo) in units of Bq M- 3. To convert, we multiply
CpM-lo (units of gsoil m- 3) with the soil concentration
measurements from soil collected in the top 5 cm of soil
on LANL property (C.oil-units of g" gsoil), the
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enrichment ratio (ER), and the specific activity of
uranium (SAu) in units of Bq gu • (Eq. (2)).

Cup-oBqu
P -"'- = CpM--10 x Coij x ER x SAu (2)

The average onsite uranium concentration value
(Cso11) was 3.6 x 10-6 g of uranium per gram of surface
soil and an upper-bound concentration (2 standard
deviations above the mean) of roughly 7.2 x I-6 g of
uranium per gram of soil (LANL, 2002). An upper-
bound estimate of soil concentration at a firing site was
1.67 x 10- gu. & 11. Because most of the uranium used at
LANL was in the depleted form, for these calculations
we assume that the uranium in the soil has a specific
activity (SAu) of 14,000 Bq gu 1 (Guilmette et al., 2004)
and an ER of 5.

Next, the link between HDF and Cpm-1o was used to
estimate potential increases in doses from inhaled
uranium. The doses to workers are calculated using
Derived Air Concentrations (DAC) listed in DOE
(1993). The DAC values represent air concentrations
of I mim diameter particles that if inhaled by a worker for
40 h per week, 50 weeks of the year (for a total respired
volume of 2400 m3) the worker would receive a 50 mSv
committed effective dose equivalent (CEDE), or the
DOE occupational dose limit (DOE, 1993). The DAC
value for 238U (the dominant isotope of uranium) is
listed as 0.6 Bq m- 3 for class Y lung solubility (to
estimate maximum radiation dose). The estimated doses
then become:

50OmSv
Dose (mSv) = Cu. PM-10 Bq----' (3)

0.6 --

2.4. Quantification of relative impact of forest dis-
turbances on uranium air concentrations

Using the empirical model'shown in Eq. (1) and its
conversion shown in Eq. (2), the fractional increases in
Cu--pM-Io (RI1) for each disturbance type (i) in each of the
disturbed areas compared to the undisturbed forest can
be calculated by ratio. These ratios can then be used in
combination with the relative area for each disturbance
(FAi) to estimate the percent increase in Cu-pM-1O
concentrations across the LANL when summed over
all disturbance types (Eq. (4).
% Increase EFAi x Rli x 100% (4)

As shown in Eq. (4), the fractional amounts of
burned, unburned, and thinned areas (FA,) were needed
to estimate the increase in Ct3-4 ,- 0 dust across the

LANL site as a result of these forest disturbances. An
estimated 25% (- 2800 ha) of LANL area was thinned
following the Cerro Grande (Smith, S-personal
communication, 2005), but assessment of the area of
burned and unburned forest area was more difficult.
Because the classifications of fire severity as severe and
moderate can vary among agencies and individuals, the
extent of the Severe and Moderate bum categories as
used in this study was estimated by comparing pre-fire
and post-fire Thematic Mapper (hereafter, TM) satellite
images. These TM images contain 6 bands of reflected
electromagnetic radiation in the visible and infrared
bands that are recorded from 30 by 30-m areas termed
pixels (Lillesand and Kiefer, 1994). Pre-fire and post-
fire images were obtained for the dates of March 13,
2000 and April 1, 2001, respectively, and rectified to
NAD-27 Universal Transverse Mercator coordinates
(Lillesand- and Kiefer, 1994). These late-winter and
early-spring images were used to 1) insure the absence
of snow cover, whose highly-reflective surface can
complicate the interpretation of vegetation patterns, and
2) predate the onset of seasonal, herbaceous plant
growth. Extensive herbaceous growth promoted by
post-fire remediation efforts could complicate the
assessment of damage to pine tree canopies.

To assess damage to pine canopies, the data in the
TM images were converted to Normalized Difference
Vegetation Indices (hereafter, NDVI; Lillesand and
Kiefer, 1994), which are a measure of chlorophyll
abundance based on ratios of infrared to visible
reflectance. A reduction in NDVI between the pre-fire
and post-fire images for a pixel is an indication of
chlorophyll loss and fire damage to the canopy within
that pixel. The degree of this difference for pixels was
scaled to be representative of that for plots of Severe and
Moderate. fire severity. Pixels were scored as Severe
bum when there were pine canopies present before the
fire but no evidence of live trees after the fire. Pixels
were scored as Moderate bum when there was at least
some evidence of live trees after the fire. Pixels where
there was little difference between pre- and post-fire
NDVI were scored as unburned. However, low intensity
ground fires that caused little scorching or mortality of
large pines would 1) not have caused a measurable
change in NDVI and 2) would not be detected by this
procedure.

Because the pre-fire, late-winter image was unsuit-
able for mapping land cover types, land cover maps
developed in the Multiple Resolution Land Cover
program (Vogelmann et al., 1998) were used to show
the extent of ponderosa pines, pijion/juniper, shrub land
and grassland vegetation on LANL.
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3. Results

3.1. Role of wind-driven resuspension toward public
exposure

The air concentrations of 238U from 1995 to 2005
measured by the AIRNET air sampling network are
plotted in Fig. 2a and show a seasonal pattern with the
highest concentrations generally found in the second
quarter (April-June) of each year as shown in Fig. 2b. A
Mann-Whitney rank sum test was used to compare 238u
concentrations among the sampling quarters and
showed that the concentrations were statistically higher
in the second quarter relative to the other three quarters
(P<0.05), with the other three quarters not being
significantly different from each other. Wind velocities
are generally greater during the second quarter (Bowen,

1990), and we found that the 23 8U concentrations in air
are significantly correlated to the average gust wind
velocity (Fig. 3). Increased wind velocities, combined
with lower vegetation in the early spring (Pinder et al.,
2004), are likely factors in the increased 23SU con-
centrations in the second quarter. In addition, we found
that the 23SU concentrations, when averaged across all
LANL AIRNET monitoring sites, have increased
significantly (P<0.05) by about 14% since the Cerro
Grande fire (Fig. 4).

3.2. Calculations for potential dose to LANL workers

3.2.1. Correlation between HDF and PM-10
concentration

The average HDF measurement at the HDF/PM-10
location at TA-6 (Fig. 1),was 1.05 g m- 2 d- 1
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(median=0.74 g m- 2 d-) with a standard deviation of
0.75 gm-2 d- 1 (range from 0.27 up to 2.46 g M- 2 d- ').
The average CpM..o0 was 13.1 jig m- 3 (median= 11.9 •g
m- 3) with a standard deviation of 3.7 jig m- 3 and a
range of 7.94 ig m- 3 up to a maximum of 20.6 jig M- 3.
The average 1-m HDF measurements made in the
burned, thinned, and undisturbed (unburned and
unthinned) locations were provided in Whicker et al.
(2005, 2006) and are listed in the first row in Table I.

Using mean HDF and the CpM-.o measurements from
the TA-6 location from overlapping periods, we found a
significant correlation between the HDF measurements
and mean CpM-.10 measured by a TEOM (Fig. 5). The
CpM.Io measures increased in a statistically significant
(n= 10; R2 -=0.80; P<0.001) linear fashion with increas-
ing mean HDF. The regression equation of CpM-l0
measures on HDF measures has intercept (+SE) and
slope (+SE) of 8.4 (± 1.0) and 4.4 (+0.8), respectively.

also indicated a statistically significant relationship of
CpM-.o to HDF (F=63.8; df= 1, 178; P<0.001) with no
significant residual relationship due to the sampling
intervals (Lack of Fit F-test= 1.45; df= 8, 170; P> 0.05).
The intercepts and slopes of this procedure were similar
to those in Eq. (5).

3.2.2. Increases in CpM-to and Ccjpm./o
Forest disturbance increased the mean HDF by 490/N

222%, and 72% in the moderately burned, severely
burned, and thinned areas, respectively. Next, the
empirical relationship shown in Eq. (3) was used to

Table I
Summary of results and calculations for increases in PM-0
concentrations in each of the burn/unbum categories

Unburned Moderately Severely Thinned
burned burned

MeanHDF(gm- 2 d-') 0.85 1.27 1.89 1.46
PM-1O concentration 12.16 14.02 16.72 14.84

(Ag n-')
Relative PM-1O cone. 1.00 1.15 1.38 1.22

in burned forests
relative to unburned

Est. fraction of. 0.35
burned/unburned
areas LANL
NDVI data 0.96 0.03 0.01
LANL (2001) data 0.69 0.30 0.01
(low bum = mod.
bum)

Overall weighted Bum contribution
average increase in 1.00 (0.96)- 1.15 (0.03) 1.38 (0.01)= 1.01
PM-10 from fire (NDVI data)
and thinning 1.00 (0.69)-', 1.15 (0.30)+ 1.38 (0.01)= 1.05

(LANL, 2001 data - low bum m rod.
bum)
Thinning contribution
1.00 (0.75)+ 1.22 (0.25)= 1.06

CpM- 10 = HDF(4.4) + 8.4 (5)

An analogous regression procedure using the individual
daily means of CpM-to data rather than the interval mean

t.?E

C
t-

C
S
U
c

100.

i •

10

*10 1 2

Category: Prefire (1) and Postfire (2)

Fig. 4. Pre- and post-fire distribution of quarterly 235
U concentrations.
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estimate mean CpM-Io for each of the disturbed areas
using the HDF measurements from the disturbed and
undisturbed areas. We estimated a 15% increase in
CpM.lo in the moderately burned areas, a 38% increase
in the severely burned areas, and a 22% increase in the
thinned areas (Table 1).

Eq. (2) was used to calculate Cu-pM- O and the results
are shown in Table 2. The estimates in Table 2 are 2 to
23. times greater than the measured uranium air con-
centrations at Los Alamos that range from 1.85 x 10-7

up to 1.1 x 10-6 Bq m- 3 (LANL. 2002). This compar-
ison shows the approach above is giving reasonable, and
perhaps conservative, values for air concentrations.

The summary for average and upper-bound occu-
pational potential radiation doses from inhalation of
uranium (calculated using Eq. (3)) is provided in Table
2. These calculations show that the fire potentially
increased the radiation doses in the worst case up to

38% in the severely burned areas, but that the mean
and mean+2 std doses (0.3 and 0.6 ASv yr-1) were
still << 1% of the 50,000 gSv annual occupational dose
limit. The estimated dose rate for the upper-bound
exposure scenario at a severely burned site was 140 ASv
yr-, or about 0.3% of the annual occupational dose
limit. In addition, one should consider that field workers
do not generally occupy only one area type throughout a
year. To account for the exposure scenario where a
worker moves through multiple disturbed/undisturbed
areas, the dose estimate could be calculated as a
weighted average of the dose based on the fraction of
time spent in each category of disturbed/undisturbed
area.

3.3. Quantification of relative impact of forest dis-
turbances on uranium air concentrations

The relative impacts of forest disturbance toward
increased uranium air concentrations were assessed
using Eq. (4). This calculation requires knowledge of
the fractional increase in uranium air concentrations and
the fractional area for each disturbance type.

3.3.1. Relative impact of forest fire on uranium air
concentrations

The comparison of pre-fire and post-fire NDVIs
estimated that severe burns occurred in 127 ha of
ponderosa pine and pifion/juniper woodlands and
746 ha of moderate burns occurred on these woodlands.
Most of these burns, especially the severe burns,
occurred on that portion of LANL south of Los Alamos
and in ponderosa pine forests.

The estimate of 873 ha for both Severe and Moderate
bums is greater than the 393 ha of "Cerro Grande Fire

Table 2
Summary of calculation values for estimating doses to occupationally exposed workers from DU contaminated soils

Unburned Moderately burned Severely burned Thinned

Estimated PM-10 concentration 12.16 14.02 16.72 14.84

Estimated DU concentration
(Bq m- 1)
Mean (+2 std) 3.1lx lW (6.1 xl0-) 3.5 x106 (7.1x10-") 4.2x 1CF 6 (8.4x10-V) 3.7x 10- (7.48x0-I)
Upper-bound 1.42K 10 1.64x]0 1.95 x 10- 1.73 x 10- 3

Estimated dose (gSv yF 1)
Mean (+2 std) 0.22 (0.44) 0.25 (0.51) 0.30 (0.60) 0.27 (0ý53)
Upper-bound 102 117 140 124

Net increasc above unburned
locations (pSv y- 1)
Mean (+2 std) 0.03 (0.07) 0.08 (0.16) 0.05 (0.09)
Upper-bound 15 38 22

Relative increase in dose 15% 38% 22%
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High-bum severity" estimated from post-fire TM data
by McKown et al. (2003). Because the McKown et al.
(2003) study used only post-fire images, their separation
between "High-bum severity" and unburned forests
probably overlaps the Moderate category used in this
study. For example, some areas of moderate bum were
not apparent in the April 1, 2000 data and were only
identified by comparison of their NDVI to the pre-fire
image.

Neither the 873 ha of burned forest estimate or the
393 ha of McKown et al. (2003) are consistent with a
previous estimate of 3061 ha of burned area on LANL
(LAN L, 2001). The 3061 ha estimate includes nonforest
areas that burned and forest areas where the fire severity
was less than the Moderate bum used here and resulted
in too little damage to the pine canopy to be detected
from TM data. Low-intensity fires, which consume only
a part of the forest floor, can have little effect on the
canopies of large trees (Gaines et al., 1958; Davis et al.,
1968).

For the purposes of these calculations, we used the
NDVI analyses and assumed that of the total
11,694 ha of LANL property a total of 521 ha
burned (124 ha was severely burned and the rest,
397 ha, was moderately burned). This gives 3.4% of
LANL in the Moderate burned severity class and
1.1% in the Severely burned class. Finally, the last
row in Table I shows the calculation for an estimated
1% increase of PM-10 concentration across LANL as
a result of the fire (Table 1). This value is calculated
as the average of increased PM-10 concentrations in
the burned areas weighted by the fraction of LANL
burned and unburned areas in each of the three bum
severity categories. For comparison, we also calcu-
lated the increase in PM-10 concentrations using the
burn estimates from LANL (2001) which estimated
2724±842 ha of low- to moderate-burn intensity
(these were added together into the moderate bum
PM-10 category) and 30 ha of severe burn area.
These values give an estimated increase of PM-10
aerosol across LANL due to the fire of about 5%
(Table 1).

3.3.2. Relative impact offorest thinning on uranium air
concentrations

Regarding the area for thinning, approximately
2800 ha of the 11,100 ha of LANL property were
thinned between the years 2000 and 2003 (Smith, S -
personal communication, 2005). This amounts to about
25% of LANL property that was impacted by tree
thinning. Using the relationship between HDF and PM-
10 concentrations, the relative increase in dust emissions

from post-thinning operations was estimated to be about
6% (Table 1).

4. Discussion

This study provides a direct link between increases in
horizontal dust flux and respirable dust concentrations.
This link is important because the increased HDF in the
disturbed forest areas suggests the possibility of
increased production of respirable particles in the
disturbed areas, some of which contain soils with excess
uranium or other contaminants.

The estimates of expected radiation dose rates and
plus 2 standard deviations for post-disturbance condi-
tions were greater than those for undisturbed conditions
by up to 38%, but even so were small in an absolute
sense (e.g. < I jiSv yr- 1) (Table 1), especially relative to
the occupational dose limit of 5 x 104 pSv yr-1. Even the
high-end dose rate for a worker working at the EF firing
site year round, which if severely burned would have an
estimated dose rate of 140 pSv yr-1 , which is still less
than 1% of the annual dose limit for an occupational
worker (DOE, 1993). These estimated dose rates suggest
that while there has likely been a significant increase in
uranium concentrations following to the disturbances, the
amount of the increase in dose rate, both in worker and
public realms, is in the range of other common sources of
radiation dose. For example, the maximum estimated
dose rate of 140 gtSvyr- 1 to workers from this study can
be compared to the average background dose rate of
3000 gISv yr- 1 people receive from natural background
sources (e.g., cosmic, terrestrial, radon) and to the
- 30 gSv received from a standard.chest X-ray (NCRP,
1987, Wall and Hart, 1997).

While these calculations were performed for urani-
um, the same approach can be taken for other
radioactive and chemical constituents in the resuspend-
able surface soil as well, though the specific kinetics of
the contaminant in the soil may need to be considered
(Whicker and Shultz, 1982). For example, using upper
soil values of9x 10-3 Bq g-' of 2 39 pu (LANL, 2002),
one can calculate an upper-bound annual dose estimate
of 0.37 pSv, assuming 100% of a worker's time is spent
in the severely burned area. A total estimated committed
effective dose equivalent could also be calculated by
summing over doses from all radioactive constituents in
the soil. This approach certainly has its limitations due
to uncertainty in selection of exposure parameters, but
choosing conservative values for dose assessment
allows for an initial screening, which if high, would
provide the motivation to perform a more thorough
evaluation.
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4.1. Implications for management and long-term
stewardship of contaminated lands

Proper management or remediation of ecosystems
often requires direct human intervention to maintain or
improve ecosystem function. Prescribed burning and
thinning are important management tools to obtain these
goals, but these activities on contaminated lands require
special precautions and knowledge. The data from this
study suggest that these disturbances would likely
increase contaminate transport, and the overall increase
would depend on the spatial scale and the severity of the
disturbance on the cover vegetation. For example, our
data suggests that forest fires, especially severe ones,
have a greater impact on wind erosion relative to forest
thinning, but because thinning was performed over a
much larger area than was burned, the overall impact of
thinning on dust emissions was greater than the forest
fire at LANL.

Further, the methodology outlined also provides an
approach to evaluate the effects of future disturbances
such as wildfire at LANL. Historically, ponderosa pine
forests experienced frequent fires (about I every
10 years) that were grass fires of low intensity
(Friederici, 2003). In contrast, in the past 50 years
there have been 5 major crown fires near LANL that
were extensive and resulted in tree mortality over
extensive tracts of land (LANL, 2000). In coming years
to decades LANL and other semiarid sites will face
continuing threats from fire. Because the results of the
time-weighted dose calculations are dependent on the
amount of area burned and the severity of the burn,
hypothetical dose calculations can readily be performed
to assess risk consequences from future fires and their
associated bum severity.

As for contaminated areas in general, LANL and
DOE are faced with decisions regarding clean-up
strategies for contaminated sites. One important ques-
tion to ask about these sites is not how to clean them up,
but rather whether or not to clean them up at all
(Breshears et al., 1993; Whicker et al., 2004). One of the
major clean-up options to be considered-physical
removal of the soils-is extremely costly and requires
virtual destruction of the contaminated ecosystem
(Shinn et al., 1989) and the availability of a new site
approved to dispose of the contaminated materials that
are removed. Soil substrate removal only translocates
the problem, may add significant health risks to the
clean-up workers, and may actually enhance the
dispersion of contamination in the process (Whicker
et al., 2004). In contrast, if the long-term risks from
actinides in surface soils of the environment are

sufficiently low, contaminants may be left in place,
providing that soil stability, even during extreme
disturbance events, is adequately demonstrated.

5. Conclusions

This study documents previously unknown relation-
ships between disturbance, dust flux, particle size, and
inhalation risk for an extensive type of semiarid forest
(ponderosa pine) with an extensive distribution. In a
site-specific context, our results indicate minimal dose
potential from uranium inhalation for LANL. workers,
even after disturbance. More generally, however, our
results highlight that climate- and management-induced
vegetation dynamics can significantly increase dust
transport, and that dust transport is directly relevant for
estimating health risk.
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