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bstract

The Rocky Flats Environmental Technology Site (RFETS) was a U.S. Department of Energy (DOE) environmental cleanup site for a previous
anufacturing plant that made components for the U.S. nuclear weapons arsenal. The facility was shut down in 1989 to address environmental

nd safety concerns, and left behind a legacy of contaminated facilities, soils, surface and ground water. In 1995, the Site contractor established the
ctinide Migration Evaluation (AME) advisory group to provide advice and technical expertise on issues of actinide behavior and mobility in the

ir, surface water, groundwater, and soil. Through a combination of expert judgment supported by state-of-the-art scientific measurements, it was
hown that under environmental conditions at Rocky Flats, plutonium and americium form insoluble oxides that adhere to small soil, organic, and

ineral particles and colloids, or are colloidal materials themselves. A series of models ranging from conceptual, geostatistial, and large-scale wind

nd surface water erosion models were used to guide stakeholder interactions. The nature of these models, and their use in public communication
s described.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The Rocky Flats Environmental Technology Site (RFETS)
as a U.S. Department of Energy (DOE) environmental cleanup

ite located about 24 km northwest of downtown Denver. From
952–1989, the Rocky Flats Plant fabricated components for
.S. nuclear weapons using various radioactive and hazardous
aterials, including plutonium and uranium. In 1989, nuclear

roduction work was halted due to environmental and safety
oncerns, and the Site was added to the Environmental Pro-

ection Agency (EPA) Superfund list later that year. In 1993,
he Secretary of Energy announced the end of the Rocky Flats
uclear production mission. Nearly 40 years of nuclear weapons
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roduction had created a large legacy of contaminated facilities,
oils, surface and ground water at the Site.

Many areas at Rocky Flats had plutonium and americium
ontaminated soil and water due to the improper disposal of
ontaminated materials, ruptured or leaking pipes, fires, or faulty
torage units. By far the largest source of plutonium and ameri-
ium contamination in soils resulted from the drum storage area
nown as the 903 Pad. From 1958 to 1969, drums containing
lutonium-contaminated lathe coolant were stored on the Pad,
ocated on the southeastern part of the Industrial Area (Fig. 1).
hese drums leaked, and wind and water erosion carried plu-

onium and americium in a well-defined pattern to the east and
outheast, beyond the eastern Site boundary in some cases. It

s estimated that about 5000 gallons containing approximately
6 g (5.3 Ci) of plutonium were released into soil [1].

In March 1995 DOE estimated the cleanup for Rocky Flats
ould cost in excess of $37 billion and take 70 years to com-

mailto:dlclark@lanl.gov
dx.doi.org/10.1016/j.jallcom.2007.02.121


12 D.L. Clark et al. / Journal of Alloys and Compounds 444–445 (2007) 11–18

F Creek
t

p
a
b
a
a
i
f
t
t
w
s
f

2

l
c
(
1
B
b
i

a
w
w
C

c
s
o
W
t
p

w
w
f
d
r
y
l
w
o
b
r
t
t
c

C
a

ig. 1. The Rocky Flats Site map showing the Industrial Area, and the Walnut
o Great Western Reservoir and Standley Lake.

lete [2]. By 1996, DOE and Kaiser-Hill initiated a massive
ccelerated closure effort that resulted in a plan to reach closure
y December 31, 2006 at a contracted cost of $7 billion. After
troubled start, Kaiser-Hill completed the task nearly a year

head of schedule. Factors that contributed to this turnaround
ncluded the incentive-laden contract, strong support and stable
unding from Congress, high-level DOE support that mobilized
he entire complex to assist the cleanup, technological and opera-
ional innovation, and scientific understanding [3]. In this report
e discuss the role of scientific models in communicating with

takeholder groups, and in guiding key cleanup decisions and
acilitating good project management.

. About the Site

RFETS encompasses approximately 26.7 km2 and was simi-
ar to a small city, with its own fire department, medical offices,
afeterias, steam plant, and water- and sewage-treatment plants
Fig. 1). Over 800 structures were located within a centralized
.6-km2 Industrial Area surrounded by a 25.1 km2 grassland
uffer Zone. This open space continues to serve as a buffer
etween Rocky Flats and the nearby, growing communities and
s home to many species of animals and plants.

Water at RFETS and the surrounding area is distributed

mong surface water, shallow groundwater, and deep ground-
ater [4]. Surface water flows across RFETS primarily from
est to east along North and South Walnut Creek, and Woman
reek in the Industrial Area (Fig. 1). Detention ponds had been

M
e
c
I

and Woman Creek drainage basins. The inset shows the proximity of the Site

onstructed along these drainages to manage plant wastes and
urface water runoff. The A- and B-series ponds are located
n North and South Walnut Creeks, and the C-series ponds on
oman Creek. Past discharge of low-level contaminated wastes

o the A- and B-series ponds resulted in the accumulation of
lutonium and americium in the pond sediments.

Shallow groundwater refers to water within the alluvium and
eathered bedrock geologic units to a depth of 30 m. Surface
ater and shallow groundwater are inextricably linked [5]. Water

rom stream channels, storm water and industrial areas infiltrates
ownward, recharging the shallow groundwater, which, in turn
echarges the stream channels depending upon the time of the
ear. Beneath the alluvium is a highly impermeable bedrock
ayer that inhibits vertical flow. As a result, shallow ground-
ater flows laterally, discharging as baseflow into the streams
r as hillslope springs and seeps. Approximately 200–300 m
elow the surface lies the Fox Hills Sandstone, where deep
egional groundwater flows. Because of the intervening bedrock,
his regional groundwater aquifer is hydraulically isolated from
he Rocky Flats surface and shallow groundwater and actinide
ontaminants [6].

The climate is temperate and semiarid, characteristic of
olorado’s Front Range. The average annual precipitation is
pproximately 36.8 cm, with about half occurring as rain from

ay to October and half as snow from late October through

arly April. Evapotranspiration averages over 40.1 cm per year,
reating a water deficit in most years. Prior to the removal of the
ndustrial Area, much of the runoff feeding the Site’s drainages



and C

o
W
t
o
i
c
b

3

m
S
t
r
i
g
m
w
E
t
e
E
t
c
b

t
d
s
h
p
p

b
s
t
s
p
o
w
u
t

4

c
p
T
a
c
M
m
b
t
t

t
a
t
g
a
w

s
e
c
a
t
h
l
a
T
d
a
e
t
t
p
F
n

h
v

5

t
s
t
i
h
d
s
t
t
d
p
g
g
a
d
s
w
a
c
t
r
o

D.L. Clark et al. / Journal of Alloys

ccurred rapidly from the impervious Industrial Area surfaces.
inds at RFETS are predominantly from the northwest toward

he southeast. The RFETS is noted for the periodic occurrence
f strong, gusty winds (≥160 km/h) that are an important factor
n the resuspension of soil and actinides. Air monitoring and
alculations of the actinide loads showed that air transport has
een a dominant actinide migration pathway.

. Stakeholder interactions

Because of the close proximity of RFETS to a large
etropolitan area, there was a strong public interest in the
ite’s remediation and closure. Multiple stakeholder organiza-

ions were involved in monitoring the site’s closure progress and
emediation planning, including regulatory agencies, neighbor-
ng communities, local governments, and other public interest
roups. Stakeholder engagement encompassed the frequent for-
al and informal mechanisms of staying connected to the parties
ith a main interest in the remediation processes and outcome.
arly on, engagement included education about the fundamen-

al chemical and physical properties of plutonium, and our
xpectations for its behavior in the Rocky Flats environment.
ngagement also implied understanding stakeholder views and

aking them into consideration, being accountable to them in
ontinuity of communication, and using the information assem-
led from them to drive innovation and Site evolution.

Stakeholder engagement spanned a continuum of interac-
ion that reflected the degree of influence stakeholders had in
ecision making. At one extreme, the DOE and/or contractor
imply informed stakeholders of their plans. At the other, stake-
olders were deeply involved from early in the decision-making
rocess. In between were varying degrees of consultation and
articipation.

At RFETS there was a well-organized consortia of neigh-
oring communities, local governments, and public interest
takeholder groups. They played a strong role in pressuring
he regulators, the contractor, and ourselves (as scientific advi-
ors) to discuss scientific issues on plutonium transport in a
ublic forum. Frequent public debate and gradual acceptance
f the scientific understanding of actinide transport processes
ere significant elements in bringing these groups to a common
nderstanding of key issues. This common understanding led, in
urn, to the negotiation of long-sought agreements on cleanup.

. The Actinide Migration Evaluation

In 1995 intense rainfall and wet spring conditions raised con-
erns among Site personnel and stakeholder groups about the
otential for increased plutonium mobility and off-site transport.
here was a hypothesis that plutonium was soluble in surface
nd ground water in order to account for increased plutonium
oncentrations at on-site surface water monitoring locations.
odeling efforts and site data at the time predicted very limited

ovement of plutonium. The prediction of plutonium immo-

ility, coupled with the conflicting observation of plutonium
ransport at surface water monitoring stations, led to public mis-
rust and lack of confidence. This and other uncertainties on

y
a

u
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he behavior of different actinide elements (uranium, plutonium,
mericium) at different Site locations, led DOE and Kaiser-Hill
o establish the Actinide Migration Evaluation (AME) advisory
roup to provide advice and technical expertise on issues of
ctinide behavior and mobility in the air, surface water, ground-
ater, and soil.
Through a combination of expert judgment supported by

tate-of-the-art scientific measurements, it was shown that under
nvironmental conditions at Rocky Flats, plutonium and ameri-
ium form insoluble oxides that adhere to small soil, organic,
nd mineral particles and colloids, or are colloidal materials
hemselves. The detailed science that led to this recognition
as been described elsewhere [7–12]. These particles and col-
oids can migrate in the Rocky Flats environment by wind
nd surface water resuspension and sedimentation processes.
he scientific data showed that soluble transport models depen-
ent on soil and water distribution coefficients (Kds) were not
ppropriate, and led to the development and application of
rosion/sediment transport models for air- and surface-water
ransport [13]. The scientific understanding developed through
hese integrated studies provided the basis for the negotiation of
lutonium and americium cleanup levels selected by the Rocky
lats Cleanup Agreement (RFCA) parties of 50 pCi/g of pluto-
ium in surface soils.

The communication of these findings to the various stake-
older groups was facilitated through the use of models of
arious levels of sophistication.

. Conceptual models

In 1998, a conceptual model for actinide (Pu, Am, U)
ransport was developed by the AME to provide a comprehen-
ive overview of the possible mechanisms that impact actinide
ransport in the environment. It also contained the near-term,
ntermediate, and long-term goals of the AME project which
elped to prioritize work scope. One conceptual model was
eveloped for Pu and Am (Fig. 2), because these elements have
imilar dominant colloidal transport characteristics based on
heir similar, low solubilities and minor background concen-
rations in the environment. A separate conceptual model was
eveloped for uranium, which has dominant dissolution trans-
ort mechanisms with higher background concentrations and
reater solubility. The conceptual model was used by AME as a
uide to communicate and assess potential transport pathways
nd focus stakeholder discussions and AME work scope on the
ominant actinide transport pathways. It was also used to direct
cientific investigations of the different actinide transport path-
ays and their relative importance. Both the conceptual model

nd the actual understanding of actinide transport at RFETS were
ontinually being refined as new studies provided additional data
o confirm and/or modify individual transport pathways. The
esults of the conceptual model and the associated quantification
f the actinide pathway formed the basis for the Pathway Anal-

sis Report (a summary report for the stakeholders supported by
detailed technical appendix) [4].

Once developed, the conceptual model was continuously
sed to increase the general understanding of actinide transport
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Fig. 2. To facilitate understanding and communication of potential routes for actinide transport in the RFETS environment, schematic conceptual models of potential
a ways
q ETS a
t port.
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ctinide transport pathways were developed. Thicker lines denoted major path
ualitatively shows potential plutonium and americium transport pathways at RF
o be through erosion of surface soils and overland particulate and colloid trans

athways with all the stakeholder groups, spanning interactions
ith regulators (DOE, EPA, CDPHE), the contractor (Kaiser-
ill managers and workers), neighboring communities, local
overnments, concerned citizen and concerned scientist groups.

. Geostatistical models

In order to determine the location, area, and volume of soil
otentially requiring evaluation, management, or remediation,
massive Site characterization effort occurred at Rocky Flats,
eginning in the late 1960s [14]. Between 1991 and 1999,
early 2500 surface soil samples were collected and analyzed
or 239/240Pu and 241Am across the Site to assess the level and
xtent of actinide contamination [15]. As it was not practical
o sample the surface soil of every square meter of the 25 km2,
herefore surface samples were collected at site locations that
llowed their use to estimate concentrations of 239/240Pu and

41Am over the entire site. A heterogeneous small scale concen-
ration distribution over a large spatial area at RFETS led to the
se of state-of-the-art geostatistical analyses [16], including the
echniques of variograms and Kriging [17].

p
s
r
s

, while thin lines indicated minor pathways. This Conceptual model diagram
nd indicated that the dominant pathway for Pu and Am migration was expected

Variogram analysis performs the task of capturing correlation
nformation about surface soil data by comparing sample data at
ifferent distance intervals. Generally, as the distance between
amples increases, the variability also increases, with a corre-
ponding decrease in the correlation. For Pu and Am, variogram
raphs exhibited significant spatial correlation, with a structure
imilar to that found at other environmental sites where there is
small, concentrated contaminant source and where wind is the
ominant dispersal mechanism [18].

Kriging analysis uses variogram models to estimate Pu and
m soil concentrations at locations that have not been directly

ampled. Estimated spatial concentrations of 239/240Pu in sur-
ace soil at RFETS from Kriging analyses are shown in Fig. 3.
lutonium and americium generally exhibit the same spatial
istribution in surface soils, with wide variations in activities
ccurring throughout the Site. The highest concentrations were
ound at the 903 Pad and areas to the east of the Pad, and dis-

lay a wind-driven dispersal pattern to the east of the primary
ource area – the 903 Pad (Fig. 3). The plutonium and americium
adioactivity in RFETS soils is highly heterogeneous, often con-
isting of “hot particles” [11]. Approximately 90 percent of the
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Fig. 3. Because it was not feasible to sample surface soil at every location, and geostatistical modeling technique known as Kriging was applied to the plutonium
s t spot
r ling w
a

p
s

7

c
t
a
p
d
b
u
r

i
E
n
i
e
t
m
s
h
t
f
l
c

o
A

p
i
t
w
s
d
t
t
m
f
[

t
h
d
m
h
t
s
t
f
p
r
R
a
y
F

urface soil data for 239/240Pu to estimate concentrations in surface soil. The “ho
ed. A clear plume of 239/240Pu contamination that tracks roughly with the prevai
t Rocky Flats prior to soil remediation actions.

lutonium and americium inventory was in the top 12 cm of the
oil, consistent with this assessment.

. Erosion and Sediment Transport models

With the enhanced understanding of plutonium and ameri-
ium particle transport processes, it was clear that contaminant
ransport models based on soluble forms of plutonium were not
pplicable or defensible. Therefore, alternate contaminant trans-
ort modeling approaches were sought that focused on spatially
istributed contaminants in soils and sediments. Part of the capa-
ility required was the ability to predict contaminant transport
nder existing conditions and for a range of possible future Site
emediation and management scenarios.

The state-of-the-art model selected for use in simulat-
ng hillslope erosion processes at the RFETS was the Water
rosion Prediction Project (WEPP) model [19,20]. It is a
ew generation process-oriented computer model incorporat-
ng improvements in erosion prediction technology based on
rosion mechanics, soil physics, plant science, hydrology, infil-
ration theory, and stochastic weather generation. The WEPP

odel estimates the spatial and temporal distributions of
oil erosion and sediment deposition from overland flow on
illslopes; and the erosion, sediment transport, and deposi-
ion in small channels and impoundments. It also accounts
or enrichment of transported sediment in small and col-
oidal particles making it well-suited for contaminant transport

alculations.

To estimate stream channel sediment erosion and deposition,
utput data from the WEPP model was routed into the U.S.
rmy’s Hydrologic Engineering Center (HEC) sediment trans-

t
c
n
r

” of 239/240Pu concentrations in excess of 1000 pCi/g at the 903 Pad is shown in
inds from NW to SE is evident from the data. This figure represents conditions

ort model, HEC-6T [21], that allows for up to 100 tributary
nflows to the main channel, which was crucial for modeling
he RFETS watersheds. Model output from WEPP and HEC-6T
ere combined with soil Pu and Am data (from Kriging analy-

es), using Geographic Information Systems (GIS) software, to
evelop predictions of surface water actinide concentrations in
he RFETS watershed. The data on contaminant and erosion dis-
ributions were mapped separately, and used to create actinide

obility maps which indicated Site areas which would benefit
rom soil remediation and erosion/sedimentation control actions
13].

The soil erosion sediment transport models were used for
hree main purposes at RFETS. First, they were applied to the
illslopes and channel systems and compared with monitoring
ata to parameterize, initialize, and calibrate the models to the
aximum extent. Then, storm events (runoff, soil erosion on the

illslopes, and sediment transport in the channel systems) and
he 239,240Pu and 241Am contaminants they transported were
imulated by the coupled erosion-sediment transport models
o compare with monitoring data. The simulation models were
ound to statistically replicate the transport of contaminants by
article size fractions as measured in the field and laborato-
ies. This provided a particle transport modeling capability at
FETS. Second, the coupled models were used with climate
nd distributed soil contamination data to estimate surface water
ields of sediment and contaminants for the pathway analysis.
inally, the coupled models were used with climate and soil con-
amination data ranging from hillslopes up to major drainage
hannels to predict rates and routes of sediment and contami-
ant transport under various management scenarios proposed to
educe within- and off-site transport of contaminants. The results
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f these simulation modeling predictions were considered in
rosion control procedures to be implemented.

Under the drastically changed reconfigured site conditions
with buildings and pavement removed), specific historical mon-
toring data are limited in usefulness to predict future runoff,
ediment, and contaminant yields on a local to integrated land-
cape scale. Therefore, RFETS adopted a methodology of using
istorical data to calibrate simulation models and then using
he simulation models to predict future runoff, sediment, and
ontaminant yields. The models were also used to design and
valuate temporary and smaller scale erosion control and reme-
iation actions because they can predict the consequences of
hanging land management/configuration.

As part of the erosion modeling process, the predicted soil
rosion (mass eroded/unit area) was coupled with soil actinide
oncentration data to generate a map of predicted actinide mobil-
ty for a specific storm event (Fig. 4). Actinide mobility maps
nd model results of plutonium and americium concentrations
n surface water provided improved understanding of plutonium
nd americium mobility as a result of surface water erosion
rocesses. The model results made it apparent that the largest
lutonium and americium loads delivered to surface water do not
ecessarily originate from areas with the highest concentrations
f plutonium and americium in the soil. It is the combination of
oil erodibility and soil actinide concentration that dictates the
uantity of actinides delivered to surface water. For example,
he area east of the 903 Pad alongside the East Access Road

enerally has the highest levels of plutonium and americium in
he soil of the Lip Area (Fig. 4). However, this area is relatively
at, with slopes of approximately 1%. As a result it experiences

ess soil erosion than other, steeper parts of the watershed, with

ig. 4. Plutonium mobility map of a 100-year, 6-h storm event for the 903 Pad
nd Lip Area watershed. Red indicates areas with the highest plutonium mobil-
ty, blue indicates areas with the lowest plutonium mobility. The models show
hat up to 99% of plutonium input to surface water in the channel (South Inter-
eptor Ditch) is from hillslope erosion. After the water, sediment, and plutonium
re delivered to the channel the HEC6T model was used to route water, sedi-
ent, and plutonium downstream. The arrow indicates the general direction of

ediment transport towards the South Interceptor Ditch. Model results are based
n conditions prior to remediation actions being completed.
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corresponding reduced amount of associated plutonium and
mericium transport. These modeling tools were used to eval-
ate alternatives considered for the 903 Lip Area remediation,
nd general future land configuration scenarios for the Site.

. Impact of modeling on stakeholder communication
nd Site operations

The scientific understanding developed through the inte-
rated studies and models described above provided clarity and
ocus on the real issues surrounding plutonium and americium
igration in the RFETS environment. Once Kaiser-Hill, DOE,
PA, the State of Colorado, and the concerned citizen’s groups
ad reached a common understanding of the technical issues sur-
ounding plutonium and americium migration at the Site, these
roups were able to reach long-sought-after agreements on how
o proceed with cleanup. The common understanding that plu-
onium and americium were predominantly in particulate and
olloidal forms led to the recognition that environmental migra-
ion occurs through sedimentation and resuspension of small
articles by action of wind and surface water at the Site. This
elped all parties focus remediation efforts on surface contami-
ation and wind and surface water transport pathways that posed
he greatest risk to human health and the environment. It helped
uide selection of surface-specific removal technologies, and
uture land configuration strategies.

This new understanding led Site operators to respond with a
ajor emphasis on erosion and the need to control it. The most

oignant illustration of this shift was the Management Direc-
ive (NRT-011-04) from Kaiser-Hill President Nancy Tuor to
very employee that discussed the importance of erosion con-
rol in all Site activities. The recognized need for erosion controls
close in space and close in time” helped to prevent movement
f contaminants during Site remediation activities and reduced
he transport of plutonium and americium to the Site’s stream
hannels and ultimately off-site. The additional protection pro-
ided by soil erosion control measures allowed site remediation
o proceed rapidly and meet or exceed project deadlines.

In 1996, the Rocky Flats Cleanup Agreement radionuclide
oil action level for plutonium cleanup was 651 pCi/g, based
nly on dose, not its transport characteristics. In 2002, armed
ith improved understanding of plutonium behavior, the DOE,

he Colorado Department of Public Health (CDPHE) and EPA
eleased a series of reports that formed the basis for a new surface
oil action level of 50 pCi/g that was based on risk, and resulted
rom unprecedented community involvement. Since plutonium
ontamination was generally confined to surface soils, the great-
st risk to public health was from dispersal due to wind and
urface water erosion processes. This new risk-based agreement
ocused on removal of surface soil contamination at a more
ggressive 50 pCi/g standard to 91.4 cm (3 ft) below the surface,
ith the tradeoff that contaminated soil between 91–183 cm

3–6 ft) could remain in place at the higher concentration of

nCi/g, and up to 7 nCi/g at depths greater than 183 cm (e.g.
ithin building basements and the process waste line system).
The Site’s Storm Water Pollution Prevention Plan (SWPPP)

ncouraged minimum soil disturbance, which resulted in control
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Fig. 5. A comparison of aerial photos of the Rocky Flats Site taken in 19

nd minimization of erosion and sedimentation, maximization
f well developed vegetative cover, and minimization of runoff
cross the site. Each project was reviewed for impacts to surface
ater with a specifically designed control system. Erosion con-

rol measures included straw bales and wattles, straw crimping,
ilt fences, mats, hydromulch and FlexterraTM, and rip-rap lin-
ng of drainage channels. In addition, some new wetland areas
ere installed. Several of these measures have expected use-

ul lifetimes of a few months to a few years, and require regular
aintenance until the landscape is stabilized and vegetation well

stablished.
In actual decontamination, demolition, and remediation

ork, the Site employed a combination of tents, comprehensive
ust and erosion control measures, and general environmental
rotection during cleanup activities. As a result, surface water
nd air monitoring stations at the Site boundary showed little
hange in actinide migration as a result of the site cleanup activ-
ties. In fact, there has been far less runoff than predicted by
he Site-Wide Water Balance – this in turn has led to increases
n uranium in groundwater which is believed to be dominated
y high natural uranium. So there has really been a shift in the
ctinide of interest following closure.

. Conclusions

Making the case for particle transport mechanisms as the
asis of plutonium and americium mobility, rather than aqueous
orption–desorption processes, established a successful scien-
ific basis for the dominance of physical transport processes by
ind and water [7]. Conceptual models played a pivotal role and

erved as the platform for communicating the scientific under-
tanding to stakeholder groups. Geostatistical models were used
o develop maps of the soil contamination and assist in evaluating
he spatial extent of soil contamination. Simple contamination

aps (Fig. 2) were used to communicate the findings to stake-
older groups. Soil erosion and sediment transport models were
sed to predict plutonium and americium transport, which led to
esign and application of site-wide soil erosion control technol-

gy to help control downstream concentrations of plutonium and
mericium in stream flow. Finally, good scientific understanding
n the public interest helped bring clarity and focus to real issues
f actinide migration at RFETS. This in turn helped to develop

[
[

eft) and the remediated Rocky Flats Site, taken in October 2005 (right).

more defined scope with a clearer endpoint that allowed the
ost extensive cleanup in the history of Superfund legislation to
nish a year ahead of schedule, ultimately resulting in billions
f dollars in taxpayer savings and removing a $600-plus million
nnual liability from the DOE budget (Fig. 5).
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