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A Spatially-Dynamic Preliminary Risk Assessment of the Bald Eagle at the 
Los Alamos National Laboratory 

Gilbert J. Gonzales, Anthony F. Gallegos, Teralene S. Foxx, Philip R. Fresquez, Mary A. Mullen, 
Lawrence E. Pratt, and Penelope E. Gomez 

Abstract 

The Endangered Species Act of 1973 and the Record of Decision on the Dual 
Axis Radiographic Hydrodynamic Test Facility at the Los Alamos National 
Laboratory (LANL) require that the Department of Energy protect the bald eagle 
(Haliaeetus leucocephalus), a state and federally listed species, from stressors 
such as contaminants. A preliminary risk assessment of the bald eagle was 
performed using a custom FORTRAN code, ECORSK5, and the geographical 
information system. Estimated exposure doses to the eagle for radionuclide, 
inorganic metal, and organic contaminants were derived for varying ratios of 
aquatic vs. terrestrial simulated diet and compared against toxicity reference 
values to generate hazard indices (His). HI results indicate that no appreciable 
impact to the bald eagle is expected from contaminants at LANL from soil 
ingestion and food consumption pathways. This includes a measure of cumulative 
effects from multiple contaminants that assumes linear additive toxicity. 
Improving model realism by weighting simulated eagle foraging based on distance 
from potential roost sites increased the HI by 76%, but still to inconsequential 
levels. Information on risk by specific geographical location was generated, which 
can be used to manage contaminated areas, eagle habitat, facility siting, and/or 
facility operations in order to maintain risk from contaminants at low levels. 

1.0 Introduction 
The Endangered Species Act of 1973 ( 16 

USC 1531 et seq.) mandates protection, 
conservation, and perpetuation of biological 
species. Consequently, the Record of 
Decision on the Dual Axis Radiographic 
Hydrodynamic Test Facility (DARHT) 
Environmental Impact Statement (EIS) 
requires that the US Department of Energy 
(DOE) take special precautions to protect 
threatened and endangered species (TES) 
including the bald eagle (Haliaeetus 
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leucocephalus) at the Los Alamos National 
Laboratory (LANL) from stressors including 
contaminants (EPA 1995, DOE 1996, DOE 
1995). In order to do so, risks to the bald 
eagle presented by radiological and 
nonradiological contaminants must be 
estimated and reported as part of a TES 
Habitat Management Plan (HMP). This 
report presents the results of a preliminary 
risk assessment on the bald eagle as a 
component of the HMP. Previous 
assessments have been conducted on the 
Mexican spotted owl (Strix occidentalis) and 



the American peregrine falcon (f'alco 
peregrinus anatum) with the results 
summarized in Gonzales et al. (1997). The 
assessments are regulated by the US Fish 
and Wildlife Service as the statutory 
authority of the Endangered Species Act of 
1973. 

The general approach for performing the 
assessment was to make a quantitative 
appraisal of the potential effects that soil 
contaminants might have on the bald eagle 
when introduced through soil ingestion and 
food consumption pathways using a 
modified Quotient Method described by the 
US Environmental Protection Agency (EPA) 
(EPA 1996, EPA 1992). The method 
generally involved comparing calculated 
doses to the bald eagle against toxicity 
reference values (TRVs) either provided in 
or estimated from the scientific literature. 
An "ecological exposure unit (EEU)," 
consisting of a predetermined potential 
roosting habitat and a calculated foraging 
area or home range (HR), was evaluated. 
Collectively the roosting habitat and the HR 
comprised a bald eagle EEU (Figure 1). 

2.0 Background 

2.0.1 The Bald Eagle and Contaminants 
The bald eagle inhabits the North 

American continent from the Gulf of 
Mexico to the Arctic (USFWS 1982). In the 
early 1900s, human interest in the bald eagle 
may have begun a slow but gradual decline 
in eagle populations as bird watchers 
collected eggs and bird specimens with little 
regard for preservation of the species 
(Colborn 1991). Many states and provinces 
paid bounties on bald eagles because they 
were considered to be nuisances that preyed 
on livestock and ate too many salmon. The 
lack of forestry management led to habitat 
destruction and loss of adequate roosting 
sites (Colborn 1991 ). Since eagles stay close 
to the waterways that they rely on, people 
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recreating on and around water near eagle 
habitat drove them away. 

Even with these early pressures on eagle 
populations, the bald eagle is a robust bird 
that has managed to survive for over a 
million years including periods of widely 
varying environmental conditions (Colborn 
1991 ). The bald eagle is a top predator that 
has an efficient energy-conversion system 
and the versatility to survive climate and 
food base changes (Colborn 1991). This 
adaptability led to the conclusion that, with 
much more rapid declines that began in the 
1940s, something entirely new had to be 
introduced into the eagle's environment to 
suddenly reduce it's reproductive fitness 
after a million years (Colborn 1991). The 
bald eagle's proven hardiness suggested that 
the more recent rapid decline was probably 
not the result of natural stresses, but more 
likely from anthropogenic sources. Three 
probable causes were identified that most 
likely contributed to the rapid decline: 
poaching by humans, the release of 
dichlorodiphenyltrichloroethane (DDT) and 
other organochlorine insecticides into the 
environment, and inadvertent but 
detrimental human interaction with the bald 
eagle. 

Chemical pesticides and chlorinated 
hydrocarbons were once used 
indiscriminately in the United States to 
control insects and are still used lavishly in 
some parts of the world. The rapid and 
severe decline in the bald eagle population, 
which began in the 1940s, was specifically 
associated with the potential effects of the 
pesticide DDT (USFWS 1982). In the 
United States, heaviest use of DDT began in 
the 1950s, and an estimated one million 
metric tons of DDT had been released 
globally by 1969 (Colborn 1991). Synthetic 
organic chemicals such as DDT are 
particularly harmful to the bald eagle 



LANL 
Rio Grande 
Eagle Roosting Habitat 

tmU Eagle Ecological Exposure Unit 

Bandelier National Monument 

Figure 1. Location of EEUs for risk assessment of the bald eagle at the Los Alamos 
National Laboratory. 
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because their predation from the top of their 
food web led to the accumulation of 
chemicals in their tissue through the process 
known as biomagnification. DDT, its 
metabolites, and other organochlorine 
pesticide residues build up in the bird's body 
tissue as a result of the dangerous 
concentrations within their prey (Burnett et 
al. 1989). The concentrations typically found 
in bald eagles were not lethal to the adults, 
but dichlorodiphenylethelyne (DDE), a 
break-down product of DDT, resulted in 
eggshell thinning and breaking, leading to 
reduced roosting success (Burnett et al. 
1989). DDT also limits bald eagle 
reproduction by increasing embryo mortality 
(Koeman et al. 1972). By the mid 1960s, the 
decline in breeding bald eagles exceeded 50 
percent in some areas and approached 1 00 
percent in extreme cases (Nebraska Wildlife 
1997). In addition, roosting failures of 55 
percent to 96 percent were found for the 
remaining roosting pairs. 

Human perspectives about eagles have 
shifted from indifference and ignorance to a 
great regard, and led to extensive action to 
protect the bald eagle. Major eagle breeding 
areas have been designated and protected. 
The Bald Eagle Act was passed in 1940 
making it illegal to sell, transport, export, or 
import any live or dead bald eagle, its parts, 
roosts, or eggs. In 1966, the US Department 
of Interior closed eagle roosting sites on 
most public lands during the roosting 
season. In 1972, the use of poisons on public 
lands was banned by Presidential Executive 
Order. Then in 1978, the bald eagle was 
classified as endangered in 43 states and 
threatened in another five states (USFWS 
1982). All of these efforts have elevated the 
bald eagle from virtual extinction to 
threatened status. Population increases have 
been recorded throughout much of the bald 
eagle range. As a result, in 1995, the status 
of the bald eagle was changed from 
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endangered to threatened for all of the lower 
48 states. 

Since the 1972 ban of DDT, levels of 
DDT, DDE and dichlorodiphenyldichlor 
(DDD) in bald eagles have decreased 
significantly (WWF 1990). In a study at 
Padre Island, Texas, between 1978 and 1994 
the geometric mean of DDE residues 
dropped from 1.43 to 0.41 flg/g wet wt 
(Renny et al. 1996). DDT and DDD levels 
dropped to nondetectable levels in 1994 
compared to 0.44 and 0.28 flg/g, 
respectively in 1984. It is important to note, 
however, that neither pesticide 
contamination nor population decline for 
any species in North America have been 
uniform (USFWS 1982). 

Locally, the bald eagle is a migrant and 
winter resident along the Rio Grande and on 
lands adjacent to LANL. Winter roosting 
counts of bald eagles in the Cochiti Lake 
area have generally increased from 1979 to 
1996 (Johnson 1993). As the Cochiti Lake 
delta continues to expand, the number of 
wintering eagles on DOE land in White 
Rock Canyon should increase (Johnson 
1993). 

2.0.2 Risk Assessment at Los Alamos 
National Laboratory 

The development of methods for 
estimating the effects of toxic substances on 
animal and plant populations at LANL, with 
particular interest in ecosystem dynamics, is 
an ongoing program at this Laboratory. 
Recent efforts to standardize the estimation 
methods for LANL have been published and 
were used as a guide for this study 
(Ferenbaugh et al. 1997). The method 
employs a tiered approach whereby 
conservative risk screening is conducted 
first, and then successive stages of 
progressively more complex risk 
assessments are performed in subsequent 
"tiers." The HMP risk component for a TES 
does not include an initial screening of 



contaminated sites. Since it is required that 
TES are given a greater level of protection 
than other populations, a result of "no 
further action" obtained using a screening 
method would likely not be accepted by 
regulators (Ferenbaugh 1997). Also, risk 
determination for protected species requires 
a greater level of accuracy than can 
sometimes be attained using simple 
screening methods. This study is considered 
a "Tier 2" risk assessment, and the level of 
detail and complexity of risk parameters are 
commensurate with the tiered approach. 

2.1 Methods 

2.1.1 Development of Ecological Exposure 
Units 

An EEU, for purposes of this study, is a 
unit defined by the biology of a species or 
group, within which an ecological risk 
assessment is conducted. The EEU for the 
bald eagle consisted of a predetermined 
suitable roosting habitat and an estimated 
HR that is based on body weight, both as 
described below. 

2.1.2 Nesting Habitat 
The preferred roosting habitat of the bald 

eagle is waterfront or shoreline with large 
perch trees that offer an unobstructed view 
of foraging areas (Garrett et al. 1993). 
Visibility and proximity to food and water 
are critical in roosting habitat (Stalmaster 
1976, Swensen et al. 1986). 

Locally, habitat identification has been 
based on analysis of foraging and roosting 
topography and cliff characteristics 
associated with bald eagle breeding areas 
(Johnson 1996a, 1992). Roosting suitability 
is based on factors of cliff or tree size, 
structure, position, proximity to aquatic 
habitat, and temperature (Johnson 1991). 
Suitable roosting habitats are monitored for 
occupancy and roosting activity (Johnson 
1996a, 1983). Suitability of breeding 
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territories is indexed to factors of elevation, 
slope, prey abundance, diversity, and 
vulnerability. Roosting is restricted to the 
lower portions of LANL near the Rio 
Grande, which includes all or sections of the 
lower portions of Potrillo Canyon, Water 
Canyon, Ancho Canyon, and Chaquehui 
Canyon (Johnson 1996a). Bald eagles have 
been sighted flying in upper Los Alamos 
Canyon, however, they are not known to 
roost in the upper portions of LANL 
(Johnson 1996a). 

2.1.3 Home Range 
The bald eagle will travel approximately 

2.6 km in radius from their roost to forage 
(Garrett et al. 1993). The HR, or foraging 
area, around any specific roosting site was 
estimated according to Peters' (1993) 
equation for carnivorous birds as 

HR = 8.3 • BODWTu7
, (1) 

where 

HR = animal home range, km2
, and 

BODWT= animal body weight, kilograms 
fresh weight (kgfwt). 

The heavier body weight of the two 
genders, 3.1 kgfwt, was assumed for both 
male and female bald eagle (WWFC 1996), 
although some variation occurs between and 
within sexes. 

2.1.4 Ecological Exposure Units and 
Home Range Mapping 

The extreme boundaries of the bald 
eagle EEU were established by mapping an 
area that was 3.1 km from the extreme most 
north, south, west, and east boundary of the 
roosting habitat. The resultant EEU, 
measuring 125 km2

, is shown in Figure 1. 
EEU-70 encompasses all or portions of 
LANL Technical Areas 33, 36, 39, 49, 54, 
68, 70, and 71. EEU-70 was mapped by 



using a geographic information system (GIS) 
and the GIS software ARC/INFO (ESRI 
1996a) as previously described (Gallegos et 
al. 1997a). 

The GIS was used to create spatial data 
sets, combine information from different 
spatial data sets, generate a spatial grid, and 
produce maps. The spatial extent of the 
roosting bald eagle habitat was digitized into 
ARC/INFO to create a coverage (theme, or 
layer). This habitat was assigned an attribute 
coverage factor (map code value). The 
modeling also required additional coverages, 
a grid set, and a forage habitat coverage to 
be developed. 

2.2 Data Compilation 

2.2.1 Data Source and Compilation 
Procedure 

Data used for this risk assessment were 
collected for environmental surveillance and 
restoration activities at LANL by sampling 
and analyzing fish in the Rio Grande 
(Fresquez et al. 1994) for radionuclides and 
inorganic metals; sediment in the Rio 
Grande for organics, radionuclides, and 
inorganic metals; and terrestrial soils for 
inorganic, organic, and radioactive 
contaminants form 1992- 1996 (e.g., LANL 
1997). Analytical results from this sampling 
are maintained in an Oracle database (Oracle 
1994a) by Facility for Information 
Management, Analysis, and Display 
(FIMAD). FIMAD data can be accessed 
through the command line Structured Query 
Language (Oracle 1994b) or through the 
graphical interface Databrowser (Oracle 
1994c ). The data for the risk assessment 
component of the TES project were accessed 
primarily with the latter. Data were 
compiled from the FIMAD database and 
organized by grid cell following procedures 
previously described (Gallegos et al. 1997a). 
A summary of the data compilation and 
management process is as follows: 
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• As part of the query language, analytical 
results were screened to contain only 
samples with a beginning depth equal to 
zero. Although higher quantities of 
contaminants have been found at 
intermediate soil depths than at shallow 
depths elsewhere at LANL (Gonzales 
and Newell 1996), their availability to 
aboveground biota is unlikely. The data 
was then exported to a personal 
computer and modified further usmg 
Microsoft Access® software. 

• For the organics and inorganics, 
measured soil concentrations reported as 
below the detection limits of the 
instrumentation used in the analysis were 
assigned one-half the detection limit per 
Gilbert (1987). 

• Where more than one sampling point 
existed within a 100- x 100-ft grid cell, 
arithmetic means were calculated and 
used as representative of the grid cell. 
Considerations on assigning contaminant 
concentrations to unsampled points and 
on spatial weighting techniques were 
previously discussed (Gallegos et al. 
1997). Sophisticated estimation 
techniques were not employed for this 
level ("Tier 2") of risk assessment. 
Assuming that an entire 100- x 100-ft 
area contained an analyte concentration 
that was measured in as few as one 
sample is a conservative assumption in 
cases in which contamination is actually 
confined to an area less than 10,000 ft2

• 

• Sources of mean "natural" (inorganics) 
or "regional" (radionuclides) soil 
background concentration values were 
Fresquez et al. (1996) and Longmire et 
al. (1996). 

• The final data contained the fields: grid 
cell identification, analyte name, 
analyte code, analyte average (by grid 
cell), TRVs, TRV adjustment factor, 



occupancy factor, background value, 
number of analytes per cell, x­
coordinate, y-coordinate, and 
bioaccumulation factor (BAF) and/or 
biomagnification factor (BMF). Finally, 
the fields were formatted as a database 
("eeuinp.dat") for input to the model 
"ECORSK5." 

2.2.2 Data Quality Assurance 

2.2.2.1 Facility for Information 
Management, Analysis, and Display Data 

The electronic data that were available 
for the ecological risk database were the 
anyl_master table maintained by FIMAD. 
The basic assumption in this study was that 
FIMAD data were sufficiently current and 
sufficiently accurate such that any deviation 
in accuracy and currency that was not 
factored in would not impact the conclusion 
on risk. There is some evidence supporting 
this assumption. 

The Environmental Restoration (ER) 
Office has committed resources to quality 
assurance/quality control issues to ensure 
that the electronic data are reliable. This 
process generally includes a comparison 
between hard copy results received from the 
laboratories and the electronic version of the 
data. Estimates are that anyl_master table 
data are accurate, i.e., generally between 
95% and 98% (Manzel 1997). At the time 
that the data were downloaded ' 
approximately 75% of the data in the 
stage_tables had been edited and the data 
that were yet to be edited were considered 
only 50% accurate. Based on the source 
distribution of the data used in this study 
(99% analytical_info tables and 1% staging 
tables) and the estimated accuracies, <1% 
(1% x 0.75 x 0.5) of the stage table data and 
2 to 5% of the analytical info table data were 
potentially inaccurate. 

Although the accuracy estimates are 
subjective, the amount of uncertainty in 

7 

FIMAD data would have little impact on 
risk values and no impact on risk 
conclusions primarily because the number of 
grid cells sampled for each execution of 
ECORSK5 for the bald eagle was so large -
approximately 41,964 per HR - that any 
single contaminant value or small set of 
values that were erroneous would impact the 
entire data population by negligible 
amounts. 

Of greater significance is (1 ) the 
currency of data and (2) the spatial 
completeness of sampling in an EEU as 
related to the status of ER's RFI Work 
Plans. The first addresses the time lag 
between the date of sampling and the date 
when the analytical results are available in 
FIMAD. The process of compiling data for 
ecorisk databases is inextricably linked to 
availability of spatial data for analytical 
samples. Only those samples that have 
coordinates stored electronically in FIMAD 
have been included in the analysis, and 
FIMAD updates its libraries weekly. 
However, if samples were taken and 
analytical results were uploaded to FIMAD, 
but location information was not, the sample 
was not included in the ecorisk database. 
Coordinates for nearly 75% of the sample 
results stored in an95_output had not been 
submitted to FIMAD, consequently they 
were not included in the analysis. The latter 
issue - completeness, or totality, of 
sampling - addresses the underestimate of 
risk associated with the presence of 
potentially contaminated areas that are yet to 
be sampled. As currently planned, both of 
these sources of uncertainty could be 
addressed by periodically repeating the data 
download, compilation, and risk assessment 
process as currently planned. This will take 
advantage of any increases in database 
accuracy. 



2.2.2.2 Data Retrieval 
The process of downloading analytical 

results from FIMAD, identifying sampling 
locations using ArcView, compiling them 
into a location table, and performing queries 
has been detailed in a prior report (Gallegos 
et al. 1997a). As a final check on 
currentness, a database originally compiled 
in August 1996 for a previous study 
(Gallegos et al. 1997b) was updated in 
January 1997 to include any new data that 
may have been uploaded since the original 
compilation. Most grid cell averages 
remained unchanged, indicating that 
inconsequential amounts of new or changed 
data were downloaded in that five-month 
period. 

One final issue relates to the kinds of 
sample values used to compile the ecorisk 
database. Specifically, the FIMAD database 
did not identify whether a given sample was 
collected as part of the initial investigation 
of a site with sample values that should be 
replaced by confirmation sample values after 
a site was cleaned. This error would create 
bias for grid cells that contain remediated 
sites, leading to a conservative or 
overestimate of risk. If this became 
important because an unacceptable level of 
risk was estimated, efforts would be made to 
identify and eliminate precleanup values that 
are no longer valid. 

Another source of conservatism is the 
collection of samples from locations that are 
suspected of having the highest contaminant 
levels. 

2.2.2.3 Conclusion on Data Quality 
Assurance 

The majority of the relevant available 
data used for this preliminary ecological risk 
assessment provide an adequately 
conservative representation of soil 
contamination within the EEU. 
Improvements in future studies will be the 
inclusion of data from the an95_output 
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table, which has higher accuracy. As the 
EEUs considered in this study contain grid 
cells that were also components of previous 
studies (Gallegos et al. 1997a and 1997b) 
and are likely to be components of future 
studies, review of data quality is a 
continuous, sometimes repetitive, process 
that will provide added assurance that the 
data are reliable and accurate. 

2.3 Preliminary List of Contaminants of 
Potential Ecological Concern 

Contaminants of potential ecological 
concern (COPECs) are those 

• known to have been used or to be 
present in the EEU, 

• to which receptors within the EEU are 
known to be sensitive, 

• identified as of concern during any 
human health risk assessment conducted 
in the same area, and 

• that warrant concern because of their 
toxicity, persistence, exposure potential, 
or food chain transfer (Ferenbaugh et al. 
1997). 

Querying LANL's FIMAD database for 
surface layer soil analytical results generated 
a preliminary list of COPECs for each EEU. 
Any analyte listed in the FIMAD database 
for which no analytical detections were 
made in the entire EEU was not included in 
the list. 

Contribution to risk by any given 
COPEC could be calculated, as discussed 
later, only if a TRV was available for that 
COPEC. The preliminary COPEC list for the 
bald eagle should ultimately be revised on 
the basis of the eagle's sensitivity, and 
whether complete pathways exist from 
contaminant sources to the bald eagle 
(Ferenbaugh et al. 1997). 



2.4 Eagle Diet 
Adjacent to LANL, bald eagles forage 

along the Rio Grande and Cochiti Lake, and 
their wintering includes the area within 
LANL boundaries. While they forage most 
often in the vicinity of Cochiti Lake, they 
use all of White Rock Canyon regularly, and 
the entire Pajarito Plateau occasionally 
(Johnson 1996a). The bald eagle's use of 
White Rock Canyon within the LANL 
boundary is expected to increase as the 
Cochiti Lake delta expands upstream and as 
numbers of wintering bald eagles increase 
(Johnson 1996a). 

Bald eagles are second-order carnivores. 
They are predators and opportunistic 
scavengers. In 14 breeding areas of Arizona, 
the average composition of bald eagle diet 
was 76% fish, 18% mammal, 4% bird, and 
2% reptile/amphibian (Grubb 1995). Fish 
consumption comprised 76% of the eagle's 
diet on average and ranged from 49% to 
94%. Locally, the bald eagle consumes 
primarily fish, and also eats waterfow I, small 
mammals, especially rabbits, and carrion at 
about the same ratio of aquatic to terrestrial 
foraging as documented in the Arizona study 
(Johnson 1996b), although, they can 
consume significant amounts of carrion, 
especially deer and elk. 

2.5 Pathways of Exposure 
Based on a general conceptual model of 

pathways of contaminant exposure at LANL 
(Ferenbaugh et al. 1997), pathways for the 
bald eagle are generally established as 

• Primary Source of Contamination: 
Burial and outfalls; 

• Primary Release Mechanisms: Erosion, 
runoff, direct contact of soil, rodent 
burrowing, outfall release, plant uptake, 
volatilization, and soil particle 
suspension; 
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• Primary Direct Exposure Pathways: 
Ingestion of contaminated soil and 
sediment that is on or in prey species and 
food consumption. 

2.6 Risk Calculation 
Defined simplistically, ecological risk 

assessment is the appraisal of actual or 
potential effects of contaminants on flora 
and fauna. The measure used in this study to 
quantitatively appraise risk from 
contaminants to the bald eagle is a modified 
Quotient Method (EPA 1996, 1992) 
whereby the Hazard Quotient (HQ) serves as 
the measure of potential risk. Modification 
of the method primarily entailed the 
inclusion of "noncontaminated" areas (grid 
cells) in the simulated foraging process. 

Section 2.4 established the range in fish 
consumption by the bald eagle as 49% to 
94%. On this basis, the proportion of fish 
assumed in the diet of the eagle for this 
study ranged from 50% to 90%. 
Specifically, three different dietary ratios of 
aquatic (fish) to terrestrial foraging were 
considered--90:10, 75:25, and 50:50. 

2.6.1 Nonradionuclide Contaminants 
The general form of the HQ used for the 

inorganic metal and organic contaminants is 
defined as 

HQ=Dc/TRV, 
where 

HQ =Hazard Quotient, 

(2) 

De = estimated chronically consumed dose, 
mg COPEC/kg body weight per day, 
and 

TRV =consumed dose, mg COPEC/kg body 
weight per day, below which adverse 
effects are not expected to occur. 

When HQs for all contaminants are 
summed, it becomes a cumulative HQ and is 
termed Hazard Index (HI). The risk 



evaluation criteria used for interpreting HI 
results are shown in Table 1. With a 
threshold evaluative criteria of 1.0, His or 
HQs > 1.0 are considered indicative of 
potential for impact and, more conclusively, 
indicate the need to further assess risk to the 
species by (a) examining the conservative 
assumptions and model input parameters for 
excessive conservatism, and/or (b) 
conducting a more complex ("Tier 3") risk 
assessment. A more detailed version of the 
formula above for computing the HI from 
multiple contaminants and multiple 
contaminated areas is 

N onradionuclides: 

ncs ncoc 
HJ = Food x Fs/Bodwt x I Occupi I BMF1 Dcj.J(Dr1 x Dar1), (3) 

j=l 1=1 

where, 

HI = Hazard Index (cumulative HQ for 
all COPECs), 

Food= amount of food consumed by a 
given animal, kg/day, 

Fs = fraction of food ingestion consumed 
as soil, 

BMF= biomagnification factor (for 15 
COPECs), 

Occupi = occupancy factor on the jth 
contamination site, 

Dcj,I = concentration of COPEC in soil 
(mg COPEC/kg soil) for the jth 
contamination site of the lth 
COPEC, 

Dr1 = consumed dose above which 
observable adverse effects may 
occur, mg-COPEC/kg-body 
weight-day of the lth COPEC, and 

Dar1 = adjustment factor for Dr1 above for 
the lth COPEC, 

Bodwt = body weight, kgfwt, of the 
receptor species, 

ncs = # contaminated sites, and 
ncoc = #contaminants. 

Table 1. Risk evaluation criteria used to interpret results of applying the EPA Hazard Quotient 
method (Menzie et al. 1993; EPA 1986). 

Hazard Index Range 
<1.0 
1.0- 10.0 
10- 100 
>100 

2.6.2 Food Intake (Food) 
Daily food consumption of a given 

animal is estimated in ECORSK5 using the 
following relationships (EPA 1993a): 

0.886 
Food = 0.0687 X BODWT mammals, ( 4a) 

Food= 582 x BODWT0
·
65 1 birds, (4b) 

Conclusion 
No appreciable impact 
Small potential for impacts 
Substantial potential for impacts 
Ecological impacts very probable 
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Food= 0.0135 x (BODWT-1000)0
·
773 reptiles 

and amphibians, (4c) 

where 

Food= food consumption rate, kg/day, of dry 
matter, and 

BODWT = body weight of animal, kgfwt. 

The heavier body weight of the two 
genders, 3.1 kgfwt, was assumed for both 



male and female bald eagle (WWFC 1996). 
The equations above represent relationships 
that can be applied to the general types of 
animals specified above, however, more 
specific relationships for special subtypes 
are also available if greater accuracy is 
required. 

2.6.3 Occupancy Factor (Occup) 
Occupancy factors are defined in this 

study as the fraction of the time in a given 
day that an animal spends feeding in a given 
area. Occupancy is assumed to be time 
averaged over a long period to obtain a 
probabilistic relationship. This factor can be 
determined on an a real basis if it is assumed 
that any given area within an animal ' s 
habitat is equally likely to serve as a feeding 
location for a given animal over the long 
term. However, many factors could restrict 
or enhance a given area to support feeding 
activities depending on the distribution of 
food in the EEU, the relative accessibility of 
feeding areas, and feeding patterns/habits of 
the predator. 

Occupj = ng (5) 

where 

Occupj 

A-J 

Ef J 

ng 

= 
= 

= 

= 

2: A·Ef· 
j=l J J 

occupancy factor of the j!h grid, 

area, km2
, of the j!h grid within 

the HR of a given animal, 
enhancement factor of the j!h grid 

within the HR of a given animal, 
and 
number of grid cell sites within 
the HR of a given animal. 
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Two cases of Occupj were considered 

for the ten·estrial portion of the simulated 
diet: 
1. Unweighted foraging: the bald eagle 

feeds within its calculated HR with no 
regard to distance of any feeding area 
(grid cell) from a potential roost site, and 

2. Weighted foraging: Occupj = e.,nooo 

(Johnson 1996b), which estimates the 
relative probability of foraging as a 
function of radial distance in meters 
from the roost. This results in 
approximately 50% of the foraging 
within two km of the roost site for the 
terrestrial portion of the diet (Johnson 
1996b). 

Since the occupancy factor is part of the 
ECORSK5 input, the user is able to modify 
this relationship to reflect increased or 
decreased feeding in a specific grid area. 
The location of the potential roosting site 
within an EEU determines which 
contaminated and noncontaminated grid 
cells are included in the summation portion 
of Eq. 5. The selection process is discussed 
in the following subsection. 

2.6.4 Radionuclides 
Animal toxicity data such as "no 

observed adverse effects levels" (NOAELs) 
for radionuclides are largely unavailable, 
therefore an alternative method was 
employed. Levels of radionuclides in soil 
called screening action levels (SALs) have 
been estimated for use as standards 
protective of humans. The SALs for 
radionuclides are estimated using the 
RESRAD code for radionuclide exposure to 
humans from elements of the food chain and 
non-food chain deposition processes (LANL 
1993). The application of human standards 
to animals is conservative. This has been 
quantified and previously discussed in a 



report on the American peregrine falcon 
(Gallegos et al. 1997a). 

The HQ method applying human SALs 
to animals is similar to the HQ method 
involving ingested doses: 

Radionuclides: 

ncs ncoc 
HI= I. Occupi I. SCi./( SAL1 x SAL~) , (6) 

j=l 1=1 

where, 

HI = Hazard Index (cumulative HQ for all 
COPECs), 
SCj.l = soil concentration of COPEC, pCi­

COPEC/kg-soil for the jth 
contamination site of the 1 th 
COPEC, 

SAL1 = screening action level, pCi 
COPEC/kg soil of the lth COPEC, 

SALa1 = adjustment factor for SAL1 above 
for the 1 th COPEC, 

Occupi = occupancy factor on the jth 
contamination site, 

ncs = number of contamination sites, and 
ncoc = number of contaminants in the jth 

contamination site. 

This study used the above relationship 
for estimating radionuclide HQs. They were 
then added to HQs for nonradionuclides, but 
can be easily separated from 
nonradionuclides and presented in that 
format. As with the nonradionuclides, two 
cases of hypothetical foraging were 
considered for the radionuclides 
unweighted foraging and weighted foraging. 

2.6.5 Fraction of Food Intake as Soil, Fs 
The fraction of food intake as soil, F5, is 

currently an issue under consideration at 
LANL and has been previously discussed by 
Gallegos et al. (1997a). Studies on cattle, 
sheep, and swine have shown that soil was 
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the main source of exposure to 
environmental contaminants that included 
lead, polychlorinated biphenyls (PCBs), 
polybrominated biphenyls, 
hexachlorobenzene, and DDT (Fries 1982, 
Russel et al. 1985, Fries and Jacobs 1986, 
Fries and Marrow 1982, Fries et al. 1982). 
Because soil ingestion rates of some wildlife 
species are estimated to be at least as great 
as those for domestic species, soil ingestion 
is an important route of exposure to 
environmental contaminants for wildlife 
(Beyer et al. 1994). Wildlife may ingest 
amounts of soil while feeding that are 
substantial enough to constitute the main 
source of exposure to environmental 
contaminants. 

The F. used for the bald eagle in this 
study was conservatively estimated from 
real data on concentrations of radionuclides 
in fish and sediment as 

F = / sed 

s c food , (7) 

where 

Fs = fraction of diet comprised of soil, 

Ised =sediment ingestion rate (gdry d-1
), and 

Cfood= food consumption rate (gdry d-1
) based 

on gut content; 

where 

(8) 

radionuclide sediment intake rate 
(pCi d-1

) and 



SC-ad = concentration of radionuclide in 
sediment (pCi g-1

); 

and 

Srad = Cfood X T rad (9) 

where 

Trad = radionuclide concentration in fish 
viscera, muscle, and associated 
skeleton (pCi·g(dry)-1

). 

Data on radionuclide concentration in fish 
were taken from Fresquez et al. ( 1994) and 
data on radionuclide concentrations in 
sediment were taken from LANL annual 
environmental surveillance reports for the 
years 1992- 1996 (e.g., LANL 1997). The 
estimated Fs was 1.16%. A conservative Fs 
of 2.0% was used. A previous study 
(Gallegos et al. 1997b) estimated 2.8-3.0% 
as an accurate Fs value for a species 
(Mexican spotted owl) that consumes 
predominantly rodents (including pelts) that 
have direct contact with soil on a daily basis. 
Bald eagle prey does not have as much 
direct contact of soil as that of Mexican 
spotted owl prey. Bald eagles consume 
primarily fish, waterfowl, small mammals, 
and carrion (Johnson 1991). Since they don't 
consume pelts or feathers like the owl, the Fs 
for the eagle would be smaller for the 
terrestrial component of their diet. Thus, an 
Fs of 2.0% for the bald eagle is adequately 
conservative. 

2.6.6 Bioaccumulation and 
Biomagnification 

Several historical cases have implied that 
the higher the trophic level of an organism 
on a food chain, the greater its susceptibility 
to biomagnification (Leidy 1980). In this 
scenario, carnivores such as the bald eagle 
could be more subject to biomagnification 
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than herbivores. However, biomagnification 
is more apparent in aquatic systems than 
terrestrial, and recent studies question the 
validity of biomagnification in terrestrial 
systems (Laskowski 1991). While 
biomagnification of the chlorinated 
hydrocarbons (organochlorines) is fairly well 
proven (Walker 1990), the concentration of 
heavy metals in animals is not necessarily a 
property of food chains (Laskowski 1991). 
Heavy metal biomagnification has been 
implicated mostly in mammals (Shore and 
Douben 1994, Hegstrom and West 1989, Ma 
1987). Conclusions to the contrary are that 

• heavy metal biomagnification is not a 
rule in terrestrial food chains (Laskowski 
1~991, Beyer et al. 1985, Grodzinska et 
al. 1987, Willamo and Nuorteva 1987, 
N uorteva 1988), 

• "biomagnification alone cannot lead to 
very high concentrations of most heavy 
metals in top carnivores" (Laskowski 
1991), and 

• "biomagnification cannot be responsible 
for toxic effects of heavy metals in 
terrestrial carnivores" (Laskowski 1991). 

Nevertheless, 

• biomagnification of heavy metals to 
toxic levels can occur from relatively 
low concentrations in soil (Ma 1987); 

• even if a chemical or its metabolites 
have high NOAELs in long-term 
ecotoxicity or toxicity tests, incomplete 
metabolic elimination of contaminants, 
also known as bound residues, can result 
in potential risk from bioaccumulation or 
biomagnification (Franke et al. 1994). 

Therefore, scenarios including 
bioaccumulation and biomagnification 
phenomena were assessed. 



2.6.6.1 Aquatic BAFs/BMFs 
BAFs and BMFs for the aquatic (fish) 

portion of the foraging scheme were 
inherently included in the calculation of F5• 

As previously mentioned, contaminant data 
in fish was available only for radionuclides 
and metals. Since sampling results have 
consistently shown no detection of organics 
in sediment (LANL 1996) and organics in 
fish have not been analyzed for organics, 
bioaccumulation and biomagnification of 
organic COPECs was included in the 
estimates of risk for the terrestrial diet 
component only. 

2.6.6.2 Terrestrial BAFs/BMFs 
BAFs for aldrin, dieldrin, endrin, DDT, 

and DDE were 5.35, 5.35, 7.9, 2.62, and 
2.62, respectively, taken from Calabrese and 
Baldwin (1993) for the bald eagle in a 
terrestrial food web. For the same respective 
COPECs in a terrestrial food web, BMFs 
were 9.42, 9.52, 2.04, 89.2, and 28.2, 
respectively. On average, these terrestrial­
based BMFs were 0.111% of the BMFs for 
aquatic systems published as human health 
value criteria under the Clean Water Act 
(EPA 1993b), and the terrestrial-based BAFs 
listed above were 31.35% of aquatic-based 
BAFs. These fractions were used to adjust 
mean aquatic BMFs and BAFs for 1 0 
additional COPECs for use on terrestrial 
systems in this study. The source of the 
aquatic BMFs for the 10 additional COPECs 
was Smith et al. (1988). The terrestrial­
adjusted BMFs by COPEC, used in this 
study were anthracene, 1.02; all aroclors, 
34.63; benzo(a)pyrene, 1.68; chlordane, 
15.65; 1 ,4-dichlorobenzene, 0.06; lindane, 
0.30; mercury, 6.11; phenanthrene, 13.39; 
pyrene, 21.64; and thallium, 0.13. BMFs for 
radioactive isotopes of Am, Cs, Pu, and Sr, 
were 4.47, 3.55, 2.23 and 0.44, respectively. 
BAFs and BMFs for additional COPECs 
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will continue to be incorporated into the risk 
estimate as they are identified. 

2.6.7 Nest Site Selection and Simulated 
Bald Eagle Foraging 

Details of this process have been 
previously described (Gallegos et al. 1997a). 
Upon randomly selecting a potential roost 
site within the defined roosting habitat of the 
125-km2 EEU, ECORSK5 (described later 
in this report) develops an HR of 
approximately 39 km2 for the bald eagle and 
calculates an HQ for each COPEC within 
each 100- x 100-ft grid cell of the foraging 
area. The model repeats this process the 
number of times specified, which in this 
case was a total of 100 simulations. Three 
cases of the ratio of simulated foraging on 
aquatic prey (fish) vs. terrestrial organisms 
(carrion) were modeled - 50:50, 75:25, and 
90: 10. Contaminated grid cells "selected" 
during one simulation are "replaced" for 
possible selection during a subsequent 
simulation, therefore the soil contaminant 
population is not independent from one 
simulation to another. 

By assuming that the bald eagle forages 
in noncontaminated as well as contaminated 
grid cells, our risk estimate lessens a source 
of error that Tiebout and Brugger (1995) 
conclude leads to overestimation of risk; i.e., 
the error associated with the implicit 
assumption normally made in the Quotient 
Method that birds remain in a contaminated 
zone. This assumption also satisfies EPA 
guidance that "for many terrestrial animals, 
adjustments of exposure estimates may be 
needed to account for the possibility that all 
food obtained by a given animal may not be 
from the affected area" (EPA 1989). This is 
especially true for wide ranging animals 
such as the bald eagle. 



2.6.8 Toxicity Reference Values 

2.6.8.1 Nonradionuclides 
The TRV s chosen to use in quantifying 

risk from organic and metal COPECs were 
the chronic NOAELs in units of mg COPEC 
per kg body wt of the bald eagle per day. A 
previous report (Gallegos et al. 1997a) can 
be consulted for information on (1) the 
NOAELs used in this assessment, (2) 
references from which the NOAELs were 
taken or derived, (3) test species on which 
they are based, ( 4) the chemical form on 
which the NOAEL is based, (5) the 
toxicological test endpoint in the laboratory 
studies in which the NOAELs were 
determined, and (6) comparison of 
alternative NOAELs or TRVs which could 
have been used. The NOAELs for the metal 
COPECs are based on avian test species. 
Lacking avian-based NOAELs, the NOAELs 
for the organic COPECs are based on 
laboratory rats. NOAELs can have a 
substantial impact on risk estimates, 
therefore it is important to use NOAELs that 
are based on toxicity testing of species that 
are as close phylogenetically to the assessed 
species as possible. EPA databases largely 
contain NOAELs that are based on testing 
laboratory rats. Examples of the influence 
that NOAELs can have on risk estimates, or 
model sensitivity, have been previously 
reported (Gallegos et al. 1997a). The 
replacement of rat-based NOAELs with 
NOAELs based on birds is a continuous 
process in this study, and this report will be 
updated periodically as substantially 
different NOAELs and other information 
become available. 

In human risk assessments, reference 
doses (RIDs) are typically adjusted 
(lowered) by a factor of 10 to account for the 
uncertainty of extrapolating RIDs within and 
between species. Because of a broader range 
of uncertainty in ecological risk, an 
uncertainty factor (UF) of 1 0 may be 

15 

inadequate in ecological risk assessment 
(Calabrese and Baldwin 1993). Attempts to 
calculate extrapolations of TRVs have been 
made by some researchers, however, the 
bases vary from one researcher to another. 
For example, Sample et al. (1995) assumed 
that "smaller animals have higher metabolic 
rates and are usually more resistant to toxic 
chemicals because of more rapid rates of 
metabolic elimination and metabolism is 
proportional to body weight." Conversely, in 
a study of risk to vertebrates from pesticides, 
Tiebout and Brugger (1995) predicted that 
small-bodied insectivores faced the highest 
risk. 

Other possible sources of uncertainty 
that are not necessarily exclusive of each 
other include 

• extrapolation of acute dose-derived 
NOAELs to chronic responses, 

• lowest observed adverse effect level to 
NOAEL conversions, 

• extrapolation of sensitive-test-species 
data to nonsensitive or "normal" life 
stages, 

• extrapolation of less-than-life-span 
toxicological data to life span, 

• time to achievement of contaminant 
steady-state in laboratory tests on which 
NOAELs are based, and 

• laboratory to field extrapolation 
(Calabrese and Baldwin 1993). 

Some of the above-listed factors have 
the potential to increase or decrease (under 
or overestimate) toxicological values. Also, 
several instances of interdependence of UFs 
exist, therefore, the assumption that these 
factors are independent in their application 
as UFs would likely lead to 
overconservatism (Calabrese and Baldwin 
1993). For these reasons and others 



previously explained (Gallegos et al. 1997a), 
UFs were not applied in this study. 

2.6.8.2 Radionuclides 
Because TRVs for radionuclides in avian 

species were unavailable, human risk SALs, 
in mg of radionuclide per kg of soil were 
used in place of TRVs. As reported 
previously (Gallegos et al. 1997a and 
1997b ), the application of values for 
protecting humans to non-human biota may 
lead to an overestimate of risk by a factor 
between 185 and 3,650 when compared to 
the standard of 0.1 rad/day recommended by 
the International Atomic Energy Agency 
(IAEA 1992). 

2.7 Risk Sources and Hazard Value Types 
The option exists in ECORSK5 to 

generate indices for three "Hazard Value 
Types" and three "Risk Sources" as follows: 

Hazard Value Type 
• HI (Hazard Index) - A sum of the HQs 

for all COPECs and all grid cells in a 
foraging area (or HR) averaged across 
the number of "simulations." 

• Mean Partial HQ x Location (Grid Cell) 
- A sum of the HQs for all COPECs 
separated by location. 

• Mean Partial HQ x Location (Grid Cell) 
x COPEC - A sum of the HQs separated 
by location (grid cell) and COPEC. 

Risk Sources 
• Unadjusted Risk - Quantified impact 

associated with sampling within LANL 
boundaries. Sources of HQ values 
include (i) HQs associated with sampled 
grid cells, making no adjustment for 
background soil concentrations; and (ii) 
for grid cells where sampled COPEC 
soil concentrations are less than 
background values, then the soil 
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background value is entered for the 
calculation of HQs. 

• Background Risk - Quantified impact 
associated with "natural" 
(nonradionuclides) and "regional" 
(radionuclides) mean concentrations of 
COPECs. The mean natural or regional 
background soil concentration is entered 
into the HQ formula for grid cells within 
a HR for which COPECs existed in the 
Unadjusted Risk data set. Since for 
Unadjusted Risk, soil background values 
may be included only for grid cells that 
were sampled, the same practice for 
determining Background Risk makes it 
comparable to Unadjusted Risk. Clifford 
et al. (1995) have shown that assignment 
of background levels in Quotient Method 
risk estimation can be inconsequential in 
terms of final results. 

• Contaminated Nest Site- Represents the 
unadjusted risk resulting from 
"situating" potential roost sites on 
contaminated grid cells within the 
"roosting" zone. Although this was 
intended to be a worst case of sorts, but 
not the absolute worst case, a previous 
study on the Mexican spotted owl 
(Gallegos et al. 1997b) showed no 
appreciable difference between 
Unadjusted Risk and Contaminated Nest 
Site risk. 

The most useful Hazard Value Type for 
conveying total risk is the HI. For each of 
100 randomly selected potential roost sites 
of the bald eagle and, thus, 100 simulations, 
an HQ was calculated for a 39.1-krn2 HR, or 
foraging area, for each COPEC at each grid 
cell. The HI (or Mean Total HQ) sums the 
HQs for all COPECs and all grid cells in a 
HR and is an average of the 1 00 sets of data 
(simulations). Because the HI is the sum of 
the HQs for all COPECs, it serves as an 
index of cumulative effects from multiple 



contaminants and is the most conservative 
(bias, if any, toward overestimation of risk) 
of the three Hazard Value Types. Since the 
100 simulations may have some contaminant 
data in common, the distribution of His for 
the 100 roost sites cannot be considered 
independent. 

2.8 Model 
The process by which ECORSK5 

develops the basic building blocks of the 
risk assessment has been previously reported 
(Gallegos et al. 1997a). Some of the features 
of ECORSKS are summarized below. 

2.8.1 Computer Code Software 
Development for Ecorisk Determination 

A set of computer codes with graphics 
capabilities, written in FORTRAN 77 
(Salford Software Limited 1994), was 
developed specifically to perform risk 
assessments of federal and state protected 
TES for the HMP. The executable code, 
ECORSKS, integrates spatial data (EEU, 
roosting habitat, HR, grid cell location, 
contaminant data) with basic toxicological 
information and physiological data to 
estimate risk to a specific animal. Figure 2 
illustrates how the codes that accomplish 
these functions integrate. 

The ECORSK5 code estimates partial 
and total HQs and His, respectively, from 
GIS-located contaminants. Potential roosting 
sites are also located by GIS mapping, and it 
is from these focal points that HQs and His 
are estimated using the files shown in Figure 
2. These files have been previously defined 
(Gallegos et al. 1997a). 

Code operation follows 
procedure that has been 
previously (Gallegos et 
ECORSK5 has the option 
potential roost sites within 
habitat on the basis of: 

an ordered 
summarized 

al. 1997a). 
of selecting 
the roosting 
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• randomness, 

• automated placement on "contaminated" 
grid cells (that are within the roosting 
habitat), 

• user-specified locations, or 

• any combination of the above three. 

The executable versions of the codes are 
MS-DOS PC versions, which are 
transportable to other PCs (for PC users 
without Salford!Interacter software) by 
appropriate Run DBOS software that is 
provided by Salford for this purpose. 
Satisfactory transport and use of these codes 
have been demonstrated at LANL' s Ecology 
Group. 

2.8.2 HR Dimension Scaling and Slope 
To account for variation in the shape of a 

bald eagle HR that may result from hunting 
pattern influencing factors such as prey 
location, an option was programmed into 
ECORSKS that enables the user to select a 
square HR or a rectangular HR with a 
specified width to height (XN) ratio. For 
example, the ratio of width to height of the 
estimated roosting habitat for the eagle was 
2.6: 1. With the input of an XN ratio of 2.6, 
ECORSKS would scale the HR dimensions 
so that its width was 2.6 times greater than 
high. The user also has the option of sloping 
the HR. 

2.9 Hypothesis Testing 
In comparison to issues regarding model 

sensitivity, statistical analyses of differences 
in risk source (background vs. LANL­
related) · is relatively unimportant. 
Contaminants can exert their effect on a 
threshold basis even in small amounts, 
regardless of source. For these reasons, 
testing hypotheses of risk source parameter 
or distribution differences is not presented. 
This does not dispel the following 
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possibility - if total (unadjusted) risk is 
estimated to be relatively high to a species 
that is present or prevalent in the area 
assessed, and background risk dominates the 
total risk, the risk model may be overly 
conservative. 

For those interested in separating risk 
associated with different sources, statistical 
analyses could be performed. The key 
question in doing so would be whether to 
apply parametric or nonparametric 
statistics. Assumptions of independence and 
randomness have been made in studies 
similar to this one (Clifford et al. 1995). 

3.0 Results 
The results of this study are also 

summarized in Gonzales et al. (1997). 

3.1 Unadjusted Mean Hazard Index 
Table 2 reports the mean HI for 100 

potential roost sites for scenarios including 
(1) unsealed HR (2) scaled HR; and (a) 
unweighted and (b) weighted foraging. The 
highest HI mean was 0.015 (±5.0E-03) (for 
the scaled, weighted, 50% fish scenario) 
with a maximum of 2.33E-02. These values 
represent relative risk from radionuclides, 
inorganic metals, and organics combined, 
which implies the same assessment 
endpoints for all three contaminant types. 
This is a conservative assumption that can 
be eliminated by separating His by 
contaminant type or by assessment endpoint. 

As stated previously, the weighted 
foraging scenario is most realistic. The 
unweighted occupancy case is presented for 
comparison purposes in order to gain an 
understanding of how risk distributions and 
their variance are affected by improvements 
in model realism. 

The HI is a sum of the HQs for all 
COPECs, thus serving as an index of 
cumulative effects from multiple 
contaminants and multiple sites. His less 
than 1.0 indicate that, under the assumptions 
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and conditions applied, it is expected that no 
appreciable impact to the bald eagle is 
anticipated. The HI measures additive or 
linear effects, making no measure of 
synergistic nor amelioristic effects of 
multiple COPECs. Mean His for the bald 
eagle were well below 1.0 for all diet 
scenarios. 

As the proportion of diet made up by 
terrestrial foraging increased, the mean HI 
increased (Table 2). 

Table A-1 in the appendix lists the His 
for each of the 100 randomly selected roost 
sites for each of six combinations of diet and 
foraging scenario. Nest sites can be 
considered "risk sinks" for purposes of 
considering risk at different roost sites 
across a relatively large roosting habitat. 
Table A-2 is an example of "risk sources" 
generated as an output file by ECORSK5. 
The example is for Roost Site Number One 
for the scenario of weighted foraging in an 
unsealed, or square, HR and a hypothetical 
diet of 50% fish, 50% terrestrial prey. The 
entire output has similar data for all 100 
roosting sites. Note that the sum of the HQs 
in Table A-2 is the value shown for Roost 
Site Number One, under column F in Table 
A-1. Each execution ofECORSK5 typically 
would contain 1 00 times the amount of raw 
data in Table A-2, plus HI distributions such 
as one of the columns in Table A-1 , and 
HQs by COPEC such as shown in Table A-
3. 

Table A-3 is a list of HQs x COPEC for 
the scenario of 50:50 fish: terrestrial 
consumption and weighted foraging in a 
square HR for the terrestrial component. 
Note that the sum of the HQs is the same 
value as in Table 1 for this scenario. 
Aluminum, pentachlorophenol, and 137Cs 
consistently dominated the risk contribution 
for all scenarios albeit that total risk is very 
small. These contaminants differ from those 
dominating the risk for the peregrine falcon, 



Table 2. Mean hazard indices (HI) for various combinations of forage weighting, home range shape, 
and ratio of aquatic (fish) to terrestrial food in diet. Mean HI values are followed by the mean 
standard error. All values include bioaccumulation for the soil ingestion pathway and 
biomagnification for the food consumption pathway. 

Ecological Exposure Unit 70 

Mean Hazard Index (Cumulative Hazard Quotient) 
Scenario Diet* 

90% fish 75% fish 50% fish 
1. Home Range Unsealed** 
a. Foraging Unweighted*** 

Unadjusted Riskt 3.2E-03 (±3.4E-4) 5.8E-03 (±7.5E-4) 1.2E-2 (±1.9E-03) 
Background RisU 2.5 E-03 (+3.0E-4) 

b. Foraging Weighted**** 
Unadjusted Risk 3.7E-3 (±6.5E-04) 6.9E-3 (±1.8E-03) l.SE-2 (±4.4E-03) 

2. Home Range Scaled*****2.6:1 
a. Foraging Unweighted 

Unadjusted Risk 3.2E-03 (±3.2E-04) 5.9E-3 (±7.6E-04) l.3E-02 (±1.9E-03) 
b. Foraging Weighted 

Unadjusted Risk 3.6E-03 (±8.2E-04) 6.9E-03 (±2.2E-03) l.SE-02 (±S.OE-03) 
*Includes a biomagnification component. 
**Unsealed- Refers to a home range with equal border dimensions, i.e., a circle or square. 
***Unweighted- Refers to a foraging scheme in which foraging occurs equally throughout a HR. 
****Weighted - Refers to a foraging scheme in which foraging is proportional to distance from a nest site; i.e., foraging 

decreases with distance from the nest site. 
*****Scaled- Refers to rectangular shaped home range (HR) with a width to height ratio of 2.6: I . 
t Unadjusted Risk- Quantified impact associated with sampling within LANL boundaries. 
:j: Background Risk- Quantified risk associated with "natural (nonradionuclides) and "regional" (radionuclides) mean 

concentrations of COPECs exterior to LANL. 

where Aroclor-1254, DDT, and DDE 
dominated the risk contribution. 

Analyses of organic contaminants in 
sediment of the Rio Grande have 
consistently resulted in no detection above 
the limit of quantitation (LANL 1996). This 
is reflected in the aquatic portion of the 
eagle diet and is one reason for the low His. 

4.0 Discussion 

4.1 Management Use of Results 
The spatial representation of risk results 

can be used to identify the particular source 
locations of contamination, which if 
managed, would most effectively maintain 
the risk to the bald eagle from contamination 
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at low levels. The geographical distribution 
of risk by roost location, such as shown in 
Figure 3, can be used to identify how to 
maintain risk to the eagle at acceptably low 
levels; this could include the management of 
bald eagle habitat, contaminant sources, 
facility operations, and/or siting of new 
facilities. 

4.2 Foraging Strategy and Scaling the HR 
Dimension 

In the unweighted case, occupancy and 
foraging on grid cells is equal throughout the 
HRs regardless of distance from potential 
roost sites. Improving model realism by 
weighting simulated foraging such that 
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foraging is greater close to roost sites 
increased risk in all cases (Table 2). Altering 
the shape of HRs had no appreciable effect 
on His. 

4.3 Limitations and Uncertainty 
The particular TRVs (NOAELs) utilized for 
estimating risk using the Quotient Method 
can have a substantial impact on risk 
estimates (Gallegos et al. 1997a). Of the 
approximately 90 NOAELs for the 
nonradiological metals and organics found 
in EPA databases and other literature and 
used in this study, approximately 41 were 
based on the toxicological testing of species 
within the same taxonomical class (Aves) as 
the eagle, but none of the TRV s are based on 
testing of species that are within the same 
taxonomical order, family, or genus as the 
bald eagle. Most of the additional 49 
NOAELs were based on toxicological 
testing of the laboratory rat or various 
species of mice. The replacement of 
NOAELs that are based on rats with 
NOAELs that are based on the toxicological 
testing of birds is a continual process in this 
study. 

The terrestrial pathway included BMFs 
for 15 COPECs, and BMFs for all COPECs 
were inherent in the data used for the aquatic 
pathway to the trophic level of fish. The 
addition of BMFs for the terrestrial pathway 
increased the mean HI by 76%, but the 
relative risk index (HI) prior to factoring in 
BMFs was so low that the risk conclusion 
remained the same. The use of BMFs in 
studies on other species (Gallegos et al. 
1997a and 1997b) have had more impact on 
the risk conclusion than was the case for the 
bald eagle. 

Many of the uncertainties associated 
with this type of assessment have been 
discussed in previous documents (Gallegos 
et al. 1997 a) and previous sections of this 
document. Concerning the potential for 
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impact to the eagle from radionuclides, since 
risk indices were so low and we have 
estimated that risk from radionuclides has 
been overestimated in this study by a factor 
ranging between 185 and 3,650, no further 
study of the bald eagle is planned at this 
time. 

Table 3 summarizes the assumptions 
made in this study, categorized according to 
whether we consider them "conservative," 
"realistic," or "nonconservative." The 
proper interpretation of any risk assessment 
requires perspective that includes 
acknowledgement of assumptions used in 
performing the assessment. As previously 
stated, an adjustment of TRVs using 
uncertainty factors was not made. This 
decision was based on two factors: (1) some 
of the assumptions made could cause an 
overestimate of risk and others could cause 
an underestimate; to use UFs that effectively 
eliminate only those assumptions with the 
potential to cause an underestimate of risk, 
thus artificially raising the HI, would result 
in a model that is overly conservative, 
producing results that may be unusable; (2) 
the collective amount of uncertainty 
originating from different sources is great 
enough and/or variable enough so that 
application of UFs would make the results 
less usable because of large total margins of 
introduced error. 

5.0 Conclusions 
The integration of the custom 

FORTRAN computer code ECORSK5 with 
the GIS and a contaminant database was 
successfully demonstrated for estimating 
risk to the bald eagle from contaminants. 
Considering soil ingestion and food 
consumption contaminant pathways that 
included a biomagnification component, 
estimated risk to the bald eagle was well 
below levels of concern. The assumptions in 
Table 3 were made in calculating risk from 



Table 3. The assumptions, conditions, and factors used in calculating risk from contaminants. 

Conservative Realistic Nonconservative 
(overestimate risk) (underestimate risk) 

all COPECs assumed to have same FIMAD database is current and risk not estimated for contaminants 
biological effect accurate for which TRVs not available 
radioactive decay of radionuclides not TRVs/NOAELs for metals based environmental restoration (clean-
calculated on avian test species and are up) not factored 

chronic 
antagonism (ameliorism) not assessed quotient method not probabilistic 
FIMAD database is current and mean natural background COPEC FIMAD database is current and 
accurate values, not UTLs, used for accurate 

inorganics 
average, nof maximum, COPEC synergism not assessed 
soil concentrations used 

TRVs (SALs) for radionuclides based uncertainty factor not applied to 
on humans, which are between 185 across-animal-class NOAELs 
and 3650 times more protective of 
animals than IAEA standard for 
protection of animals 
contamination level measured at 
sampling points assumed for I 00 by 
IOO ft area 
assumed bioavailability of COPECs 
for which bioaccumulation and 
biomagnification not factored = I 00% 
% of dietary food intake as soil = 3 

contaminants to the bald eagle. An 
assumption of importance is that the use of 
human-based TRVs for radionuclides most 
likely leads to an overestimate of risk to the 
bald eagle. 

Additional assessment, related to 
assessment of TES as a whole, is needed in 
the areas of 

• sensitivity and uncertainty analyses of 
ECORSK5, 

• the continued establishment of NOAELs 
for the organic and radionuclide 
COPECs that are more directly 
applicable to avian species, 

• grouping of COPECs by biological 
effect types, including the consideration 
of synergism and/or ameliorism, 

• validation of ECORSK5, and 
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• potential impact to TES from 
hypothetical accidental contaminant 
releases identified in the DARHT EIS. 
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Table A-1 . Hazard indices (cumulative HQ) for each of 100 randomly selected potential roosting sites of the 
bald eagle in EEU-70. Data is for an unsealed, square home range. The distributions are tor (A) 
unweighted foraging with a 90% aquatic diet, (B) weighted foraging with a 90% aquatic diet, (C) 
unweighted foraging with a 75% aquatic diet, (D) weighted foraging with a 75% aquatic diet, (E) 
unweighted fora9in9 with a 50% aguatic diet, ~F~ wie9hted tora9in9 with a 50% aguatic diet. 

Roosting 
Site No. Column Row A B c D E F 

1 220 207 3.72E-03 4.36E-03 6.47E-03 8.29E-03 1.38E-02 1.85E-02 
2 161 222 2.87E-03 4.16E-03 5.78E-03 9.06E-03 1.28E-02 1.92E-02 
3 183 200 3.21 E-03 4.26E-03 6.02E-03 8.86E-03 1.33E-02 1.97E-02 
4 197 217 3.20E-03 4.02E-03 6.02E-03 8.26E-03 1.33E-02 1.85E-02 
5 151 136 3.20E-03 2.87E-03 6.02E-03 5.07E-03 1.33E-02 1.09E-02 
6 257 231 2.88E-03 2.83E-03 4.31 E-03 4.19E-03 8.42E-03 8.08E-03 
7 166 155 3.23E-03 3.31 E-03 6.05E-03 6.25E-03 1.33E-02 1.37E-02 
8 263 214 2.76E-03 2.67E-03 4.19E-03 3.93E-03 8.30E-03 7.57E-03 
9 133 195 2.87E-03 4.09E-03 5.78E-03 8.80E-03 1.28E-02 1.84E-02 
10 236 211 3.74E-03 3.91 E-03 6.44E-03 6.94E-03 1.37E-02 1.51 E-02 
11 205 172 3.66E-03 4.31 E-03 6.42E-03 8.25E-03 1.38E-02 1.84E-02 
12 155 186 3.08E-03 4.20E-03 5.92E-03 8.84E-03 1.31 E-02 1.91 E-02 
13 250 223 2.96E-03 2.99E-03 4.54E-03 4.65E-03 9.04E-03 9.37E-03 
14 245 197 3.14E-03 3.10E-03 5.37E-03 5.26E-03 1.14E-02 1.12E-02 
15 236 223 3.65E-03 3.72E-03 6.36E-03 6.56E-03 1.36E-02 1.42E-02 
16 206 198 3.57E-03 4.59E-03 6.34E-03 9.20E-03 1.37E-02 2.07E-02 
17 259 232 2.87E-03 2.79E-03 4.30E-03 4.09E-03 8.41 E-03 7.83E-03 
18 142 147 3.07E-03 2.90E-03 5.92E-03 5.44E-03 1.31 E-02 1.19E-02 
19 198 235 3.01 E-03 3.58E-03 5.87E-03 7.42E-03 1.30E-02 1.66E-02 
20 268 235 2.70E-03 2.60E-03 3.88E-03 3.56E-03 7.29E-03 6.37E-03 
21 248 239 2.89E-03 2.80E-03 4.63E-03 4.39E-03 9.52E-03 8.89E-03 
22 217 168 3.69E-03 4.06E-03 6.44E-03 7.52E-03 1.38E-02 1.66E-02 
23 187 182 3.37E-03 4.19E-03 6.16E-03 8.43E-03 1.34E-02 1.89E-02 
24 153 140 3.20E-03 2.95E-03 6.02E-03 5.30E-03 1.33E-02 1.14E-02 
25 139 185 2.95E-03 4.07E-03 5.83E-03 8.65E-03 1.29E-02 1.83E-02 
26 241 186 3.33E-03 3.30E-03 5.84E-03 5.78E-03 1.25E-02 1.25E-02 
27 175 207 3.11 E-03 4.27E-03 5.94E-03 9.04E-03 1.31 E-02 1.98E-02 
28 237 225 3.63E-03 3.66E-03 6.33E-03 6.43E-03 1.36E-02 1.39E-02 
29 258 232 2.87E-03 2.81 E-03 4.30E-03 4.13E-03 8.41 E-03 7.92E-03 
30 127 185 2.88E-03 3.77E-03 5.79E-03 8.02E-03 1.29E-02 1.70E-02 
31 254 205 2.65E-03 2.65E-03 4.08E-03 4.11E-03 8.18E-03 8.25E-03 
32 216 213 3.62E-03 4.28E-03 6.38E-03 8.24E-03 1.37E-02 1.84E-02 
33 269 238 2.71 E-03 2.58E-03 3.89E-03 3.51E-03 7.30E-03 6.23E-03 
34 218 221 3.57E-03 4.07E-03 6.33E-03 7.75E-03 1.37E-02 1.73E-02 
35 269 243 2.70E-03 2.56E-03 3.88E-03 3.46E-03 7.29E-03 6.10E-03 
36 209 171 3.70E-03 4.30E-03 6.46E-03 8.13E-03 1.38E-02 1.81 E-02 
37 170 168 3.23E-03 3.66E-03 6.05E-03 7.21E-03 1.33E-02 1.60E-02 
38 225 199 3.72E-03 4.23E-03 6.47E-03 7.93E-03 1.38E-02 1.76E-02 
39 189 186 3.38E-03 4.30E-03 6.17E-03 8.71 E-03 1.35E-02 1.95E-02 
40 240 223 3.56E-03 3.58E-03 6.07E-03 6.14E-03 1.28E-02 1.31 E-02 
41 155 137 3.22E-03 2.91 E-03 6.04E-03 5.17E-03 1.33E-02 1.11 E-02 
42 122 202 2.78E-03 3.91 E-03 5.73E-03 8.48E-03 1.27E-02 1.75E-02 
43 173 164 3.29E-03 3.62E-03 6.09E-03 6.99E-03 1.34E-02 1.55E-02 
44 176 204 3.14E-03 4.29E-03 5.97E-03 9.03E-03 1.32E-02 1.99E-02 
45 213 209 3.61E-03 4.38E-03 6.37E-03 8.54E-03 1.37E-02 1.92E-02 
46 175 167 3.30E-03 3.70E-03 6.10E-03 7.22E-03 1.34E-02 1.60E-02 
47 213 208 3.62E-03 4.41 E-03 6.38E-03 8.60E-03 1.37E-02 1.93E-02 
48 232 220 3.64E-03 3.82E-03 6.35E-03 6.88E-03 1.36E-02 1.51 E-02 
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Table A-1. ~Conq 
Roosting 
Site No. Column Row A B c D E F 

49 139 144 3.05E-03 2.80E-03 5.91 E-03 5.20E-03 1.31 E-02 1.13E-02 
50 175 175 3.28E-03 3.91 E-03 6.08E-03 7.82E-03 1.33E-02 1.74E-02 
51 213 234 3.32E-03 3.71 E-03 6.12E-03 7.21 E-03 1.34E-02 1.61 E-02 
52 232 218 3.65E-03 3.85E-03 6.36E-03 6.94E-03 1.36E-02 1.52E-02 
53 281 226 2.45E-03 2.23E-03 3.64E-03 2.99E-03 7.04E-03 5.19E-03 
54 232 219 3.65E-03 3.84E-03 6.35E-03 6.91 E-03 1.36E-02 1.51 E-02 
55 156 164 3.15E-03 3.51 E-03 5.98E-03 6.93E-03 1.32E-02 1.53E-02 
56 240 198 3.43E-03 3.47E-03 5.96E-03 6.08E-03 1.27E-02 1.31 E-02 
57 246 249 3.03E-03 2.82E-03 5.12E-03 4.53E-03 1.08E-02 9.30E-03 
58 158 138 3.23E-03 2.95E-03 6.05E-03 5.25E-03 1.33E-02 1.13E-02 
59 210 189 3.70E-03 4.77E-03 6.45E-03 9.46E-03 1.38E-02 2.14E-02 
60 209 199 3.63E-03 4.62E-03 6.39E-03 9. 15E-03 1.37E-02 2.06E-02 
61 211 182 3.74E-03 4.65E-03 6.49E-03 9.06E-03 1.39E-02 2.04E-02 
62 161 184 3.12E-03 4.10E-03 5.96E-03 8.54E-03 1.32E-02 1.86E-02 
63 131 181 2.92E-03 3.77E-03 5.81 E-03 7.96E-03 1.29E-02 1.70E-02 
64 232 266 3.27E-03 2.92E-03 6.22E-03 5.24E-03 1.38E-02 1.15E-02 
65 199 248 2.95E-03 3.39E-03 5.83E-03 7.04E-03 1.29E-02 1.57E-02 
66 195 221 3.16E-03 3.98E-03 5.99E-03 8.22E-03 1.32E-02 1.84E-02 
67 282 224 2.43E-03 2.21 E-03 3.62E-03 2.96E-03 7.02E-03 5.14E-03 
68 126 186 2.87E-03 3.77E-03 5.78E-03 8.02E-03 1.28E-02 1.70E-02 
69 151 146 3.18E-03 3.05E-03 6.00E-03 5.63E-03 1.32E-02 1.23E-02 
70 227 198 3.69E-03 4.12E-03 6.44E-03 7.66E-03 1.38E-02 1.70E-02 
71 184 164 3.36E-03 3.68E-03 6.15E-03 7.04E-03 1.34E-02 1.56E-02 
72 191 186 3.40E-03 4.32E-03 6.19E-03 8.74E-03 1.35E-02 1.96E-02 
73 169 209 3.01 E-03 4.23E-03 5.87E-03 9.05E-03 1.30E-02 1.96E-02 
74 257 239 2.83E-03 2.75E-03 4.26E-03 4.03E-03 8.37E-03 7.71 E-03 
75 131 190 2.89E-03 3.98E-03 5.79E-03 8.51 E-03 1.29E-02 1.79E-02 
76 177 221 3.00E-03 4.08E-03 5.86E-03 8.71 E-03 1.30E-02 1.90E-02 
77 209 221 3.44E-03 4.10E-03 6.22E-03 8.07E-03 1.35E-02 1.81 E-02 
78 206 168 3.67E-03 4.20E-03 6.43E-03 7.92E-03 1.38E-02 1.76E-02 
79 251 271 2.51 E-03 2.18E-03 4.29E-03 3.33E-03 9.20E-03 6.60E-03 
80 218 245 3.32E-03 3.50E-03 6.12E-03 6.63E-03 1.34E-02 1.47E-02 
81 188 180 3.40E-03 4.19E-03 6.19E-03 8.36E-03 1.35E-02 1.87E-02 
82 243 209 3.51 E-03 3.57E-03 5.87E-03 6.06E-03 1.23E-02 1.29E-02 
83 227 196 3.68E-03 4.10E-03 6.43E-03 7.63E-03 1.38E-02 1.69E-02 
84 134 191 2.90E-03 4.06E-03 5.79E-03 8.71 E-03 1.29E-02 1.83E-02 
85 254 266 2.61 E-03 2.33E-03 4.25E-03 3.45E-03 8.87E-03 6.66E-03 
86 217 212 3.64E-03 4.29E-03 6.40E-03 8.22E-03 1.37E-02 1.84E-02 
87 185 199 3.23E-03 4.26E-03 6.04E-03 8.84E-03 1.33E-02 1.97E-02 
88 217 239 3.35E-03 3.61 E-03 6.14E-03 6.88E-03 1.34E-02 1.53E-02 
89 242 253 3.20E-03 2.93E-03 5.61 E-03 4.86E-03 1.21 E-02 1.02E-02 
90 235 216 3.70E-03 3.85E-03 6.40E-03 6.85E-03 1.37E-02 1.49E-02 
91 208 193 3.65E-03 4.72E-03 6.40E-03 9.42E-03 1.38E-02 2.12E-02 
92 210 220 3.45E-03 4.11 E-03 6.23E-03 8.06E-03 1.35E-02 1.81 E-02 
93 210 209 3.56E-03 4.37E-03 6.32E-03 8.61 E-03 1.37E-02 1.93E-02 
94 240 190 3.39E-03 3.40E-03 5.92E-03 5.97E-03 1.27E-02 1.29E-02 
95 143 178 3.00E-03 3.89E-03 5.87E-03 8.16E-03 1.30E-02 1.76E-02 
96 223 176 3.62E-03 3.96E-03 6.38E-03 7.36E-03 1.37E-02 1.63E-02 
97 230 264 3.27E-03 2.99E-03 6.16E-03 5.39E-03 1.36E-02 1.18E-02 
98 197 206 3.31 E-03 4.26E-03 6.11E-03 8.72E-03 1.34E-02 1.96E-02 
99 145 129 3.15E-03 2.64E-03 5.97E-03 4.55E-03 1.32E-02 9.66E-03 
100 181 183 3.29E-03 4.12E-03 6.09E-03 8.35E-03 1.34E-02 1.86E-02 
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Table A-1 . (Cont.) 
Roosting 
Site No. Column Row A B c D E F 

TOTAL 3.24E-03 3.66E-03 5.80E-03 6.92E-03 1.25E-02 1.50E-02 
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Table A-2. Example of "risk sources." Hazard quotient values are for grid cells within the home range of 
roosting site number one and represent the values contributing to the hazard index for roosting 
site No. 1. Note that sum of the HQ column is the same as the value in column F of Table A-1 for 
roostin9 site No. 1. 

Source Location Roosting Location 
Column Row HQ Roost No. Column Row 

139 184 1.27E-04 220 207 
135 228 1.48E-04 220 207 
136 228 2.08E-04 220 207 
207 188 1.06E-03 220 207 
207 189 3.47E-04 220 207 
207 187 3.33E-04 220 207 
208 188 1.98E-04 220 207 
209 188 2.51E-04 220 207 
205 188 3.30E-04 220 207 
208 189 3.31 E-04 220 207 
205 189 2.69E-04 220 207 
210 188 2.59E-04 220 207 
210 187 3.65E-04 220 207 
206 189 3.34E-04 220 207 
204 186 1.50E-03 220 207 
206 186 3.56E-04 220 207 
207 186 3.44E-04 220 207 
208 186 3.41E-04 220 207 
209 186 3.87E-04 220 207 
210 186 3.59E-04 220 207 
205 187 3.31E-04 220 207 
208 187 3.31E-04 220 207 
145 190 7.35E-05 220 207 
209 187 3.34E-04 220 207 
209 189 3.84E-04 220 207 
143 190 7.01 E-05 220 207 
144 190 1.20E-04 220 207 
146 190 7.18E-05 220 207 
143 191 7.79E-05 220 207 
146 191 7.31 E-05 220 207 
165 198 4.42E-04 220 207 
139 183 8.37E-05 220 207 
204 188 7.71E-05 220 207 
206 188 7.47E-05 220 207 
204 189 4.32E-04 220 207 
210 189 1.58E-04 220 207 
136 224 1.20E-04 220 207 
136 223 1.05E-04 220 207 
128 219 6.73E-05 220 207 
134 224 2.82E-05 220 207 
144 183 2.60E-04 220 207 
141 186 4.95E-05 220 207 
140 184 4.80E-05 220 207 
146 184 1.06E-04 220 207 
149 185 6.33E-05 220 207 
147 186 5.93E-05 220 207 
139 188 5.57E-05 220 207 
146 192 5.92E-05 220 207 
144 182 5.28E-05 220 207 
144 184 5.02E-05 220 207 
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Table A-2. (Cont.) 
Source Location Roosting Location 
Column Row HQ Roost No. Column Row 

145 184 7.11E-05 220 207 
146 180 9.25E-05 220 207 
150 180 6.93E-05 220 207 
141 181 7.32E-05 220 207 
143 181 5.49E-05 220 207 
149 181 5.39E-05 220 207 
151 181 5.53E-05 220 207 
141 182 6.26E-05 220 207 
143 182 4.97E-05 220 207 
147 182 5.80E-05 220 207 
141 184 5.28E-05 220 207 
143 184 5.34E-05 220 207 
150 184 7.28E-05 220 207 
139 185 4.93E-05 220 207 
140 185 4.93E-05 220 207 
143 185 5.07E-05 220 207 
144 185 5.31E-05 220 207 
145 185 8.36E-05 220 207 
151 185 7.21E-05 220 207 
142 186 5.02E-05 220 207 
143 186 5.20E-05 220 207 
144 186 5.07E-05 220 207 
145 186 7.26E-05 220 207 
146 186 6.33E-05 220 207 
148 186 9.94E-05 220 207 
141 188 5.05E-05 220 207 
143 188 5.10E-05 220 207 
145 188 5.25E-05 220 207 
148 188 5.49E-05 220 207 
144 189 4.98E-05 220 207 
141 190 4.98E-05 220 207 
148 190 6.55E-05 220 207 
205 190 1.22E-04 220 207 
206 190 1.53E-04 220 207 
144 191 5.28E-05 220 207 
204 191 1.26E-04 220 207 
206 191 3.45E-04 220 207 
142 192 1.15E-04 220 207 
144 192 5.26E-05 220 207 
144 194 6.10E-05 220 207 
145 196 7.07E-05 220 207 
138 185 3.83E-05 220 207 
138 186 3.94E-05 220 207 
161 199 9.49E-05 220 207 
32 370 O.OOE+01 220 207 
143 183 2.11 E-05 220 207 
203 184 2.76E-04 220 207 
125 228 5.94E-05 220 207 
161 198 9.92E-05 220 207 
162 198 6.95E-05 220 207 
162 199 7.21 E-05 220 207 
163 199 1.28E-04 220 207 
161 200 1.34E-04 220 207 
162 200 8.75E-05 220 207 
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Table A-2. (Cont.) 
Source Location Roosting Location 
Column Row HQ Roost No. Column Row 

163 200 8.30E-05 220 207 
162 201 1.20E-04 220 207 
31 369 0.00E+01 220 207 
208 190 4.75E-05 220 207 
209 191 5.56E-05 220 207 
135 224 2.44E-08 220 207 
124 104 8.65E-07 220 207 
125 104 8.74E-07 220 207 
126 104 8.83E-07 220 207 
127 104 8.92E-07 220 207 
128 104 9.01E-07 220 207 
126 105 8.93E-07 220 207 
127 105 9.02E-07 220 207 
128 105 9.11E-07 220 207 
129 105 9.21 E-07 220 207 
130 105 9.30E-07 220 207 
127 106 9.12E-07 220 207 
128 106 9.22E-07 220 207 
130 106 9.41E-07 220 207 
131 106 9.50E-07 220 207 
128 107 9.32E-07 220 207 
129 107 9.42E-07 220 207 
131 107 9.61E-07 220 207 
132 107 9.71 E-07 220 207 
129 108 9.53E-07 220 207 
130 108 9.62E-07 220 207 
131 108 9.72E-07 220 207 
132 108 9.82E-07 220 207 
133 108 9.92E-07 220 207 
134 108 1.00E-06 220 207 
131 109 9.83E-07 220 207 
132 109 9.93E-07 220 207 
134 109 1.01E-06 220 207 
135 109 1.02E-06 220 207 
132 110 1.00E-06 220 207 
133 110 1.02E-06 220 207 
134 110 1.03E-06 220 207 
135 110 1.04E-06 220 207 
136 110 1.05E-06 220 207 
134 111 1.04E-06 220 207 
135 111 1.05E-06 220 207 
136 111 1.06E-06 220 207 
137 111 1.07E-06 220 207 
138 111 1.08E-06 220 207 
136 112 1.07E-06 220 207 
137 112 1.08E-06 220 207 
138 112 1.09E-06 220 207 
139 112 1.10E-06 220 207 
137 113 1.09E-06 220 207 
138 113 1.10E-06 220 207 
139 113 1.12E-06 220 207 
140 113 1.13E-06 220 207 
138 114 1.12E-06 220 207 
139 114 1.13E-06 220 207 
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140 114 1.14E-06 220 207 
141 114 1.15E-06 220 207 
139 115 1.14E-06 220 207 
140 115 1.15E-06 220 207 
141 115 1.17E-06 220 207 
140 116 1.17E-06 220 207 
141 116 1.18E-06 220 207 
140 117 1.18E-06 220 207 
141 117 1.19E-06 220 207 
142 117 1.20E-06 220 207 
140 118 1.19E-06 220 207 
141 118 1.21 E-06 220 207 
142 118 1.22E-06 220 207 
140 119 1.21E-06 220 207 
141 119 1.22E-06 220 207 
142 119 1.23E-06 220 207 
140 120 1.22E-06 220 207 
141 120 1.23E-06 220 207 
142 120 1.25E-06 220 207 
143 120 1.26E-06 220 207 
141 121 1.25E-06 220 207 
143 121 1.27E-06 220 207 
141 122 1.26E-06 220 207 
143 122 1.29E-06 220 207 
144 122 1.30E-06 220 207 
141 123 1.28E-06 220 207 
142 123 1.29E-06 220 207 
144 123 1.32E-06 220 207 
145 123 1.33E-06 220 207 
142 124 1.30E-06 220 207 
145 124 1.34E-06 220 207 
146 124 1.36E-06 220 207 
147 124 1.37E-06 220 207 
142 125 1.32E-06 220 207 
143 125 1.33E-06 220 207 
144 125 1.35E-06 220 207 
147 125 1.39E-06 220 207 
148 125 1.40E-06 220 207 
149 125 1.42E-06 220 207 
150 125 1.43E-06 220 207 
151 125 1.44E-06 220 207 
152 125 1.46E-06 220 207 
153 125 1.47E-06 220 207 
154 125 1.49E-06 220 207 
155 125 1.50E-06 220 207 
156 125 1.52E-06 220 207 
157 125 1.53E-06 220 207 
144 126 1.36E-06 220 207 
145 126 1.38E-06 220 207 
146 126 1.39E-06 220 207 
157 126 1.55E-06 220 207 
158 126 1.56E-06 220 207 
159 126 1.58E-06 220 207 
160 126 1.59E-06 220 207 
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161 126 1.61 E-06 220 207 
146 127 1.41 E-06 220 207 
147 127 1.42E-06 220 207 
148 127 1.43E-06 220 207 
153 127 1.51 E-06 220 207 
154 127 1.52E-06 220 207 
155 127 1.54E-06 220 207 
156 127 1.55E-06 220 207 
157 127 1.57E-06 220 207 
158 127 1.58E-06 220 207 
161 127 1.63E-06 220 207 
162 127 1.64E-06 220 207 
148 128 1.45E-06 220 207 
149 128 1.47E-06 220 207 
150 128 1.48E-06 220 207 
151 128 1.50E-06 220 207 
152 128 1.51 E-06 220 207 
153 128 1.53E-06 220 207 
158 128 1.60E-06 220 207 
159 128 1.62E-06 220 207 
160 128 1.63E-06 220 207 
161 128 1.65E-06 220 207 
162 128 1.66E-06 220 207 
163 128 1.68E-06 220 207 
164 128 1.69E-06 220 207 
161 129 1.67E-06 220 207 
162 129 1.68E-06 220 207 
163 129 1.70E-06 220 207 
164 129 1.71 E-06 220 207 
165 129 1.73E-06 220 207 
163 130 1.72E-06 220 207 
164 130 1.73E-06 220 207 
165 130 1.75E-06 220 207 
166 130 1.76E-06 220 207 
164 131 1.75E-06 220 207 
165 131 1.77E-06 220 207 
166 131 1.79E-06 220 207 
167 131 1.80E-06 220 207 
165 132 1.79E-06 220 207 
166 132 1.81 E-06 220 207 
167 132 1.82E-06 220 207 
166 133 1.83E-06 220 207 
167 133 1.85E-06 220 207 
168 133 1.86E-06 220 207 
167 134 1.87E-06 220 207 
168 134 1.89E-06 220 207 
167 135 1.89E-06 220 207 
168 135 1.91E-06 220 207 
169 135 1.93E-06 220 207 
168 136 1.93E-06 220 207 
169 136 1.95E-06 220 207 
168 137 1.96E-06 220 207 
169 137 1.98E-06 220 207 
170 137 1.99E-06 220 207 
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168 138 1.98E-06 220 207 
169 138 2.00E-06 220 207 
170 138 2.02E-06 220 207 
169 139 2.03E-06 220 207 
170 139 2.04E-06 220 207 
169 140 2.05E-06 220 207 
170 140 2.07E-06 220 207 
171 140 2.09E-06 220 207 
170 141 2.09E-06 220 207 
171 141 2.11 E-06 220 207 
170 142 2.12E-06 220 207 
171 142 2.14E-06 220 207 
170 143 2.15E-06 220 207 
171 143 2.17E-06 220 207 
172 143 2.19E-06 220 207 
170 144 2.17E-06 220 207 
172 144 2.21E-06 220 207 
170 145 2.20E-06 220 207 
171 145 2.22E-06 220 207 
172 145 2.24E-06 220 207 
173 145 2.26E-06 220 207 
171 146 2.25E-06 220 207 
173 146 2.29E-06 220 207 
171 147 2.27E-06 220 207 
172 147 2.29E-06 220 207 
173 147 2.32E-06 220 207 
174 147 2.34E-06 220 207 
172 148 2.32E-06 220 207 
173 148 2.34E-06 220 207 
174 148 2.37E-06 220 207 
173 149 2.37E-06 220 207 
174 149 2.39E-06 220 207 
175 149 2.42E-06 220 207 
173 150 2.40E-06 220 207 
174 150 2.42E-06 220 207 
175 150 2.45E-06 220 207 
174 151 2.45E-06 220 207 
175 151 2.48E-06 220 207 
176 151 2.50E-06 220 207 
175 152 2.51E-06 220 207 
176 152 2.53E-06 220 207 
175 153 2.53E-06 220 207 
176 153 2.56E-06 220 207 
177 153 2.58E-06 220 207 
176 154 2.59E-06 220 207 
177 154 2.61E-06 220 207 
178 154 2.64E-06 220 207 
176 155 2.62E-06 220 207 
177 155 2.65E-06 220 207 
178 155 2.67E-06 220 207 
177 156 2.68E-06 220 207 
178 156 2.70E-06 220 207 
179 156 2.73E-06 220 207 
177 157 2.71E-06 220 207 
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178 157 2.74E-06 220 207 
179 157 2.76E-06 220 207 
180 157 2.79E-06 220 207 
178 158 2.77E-06 220 207 
179 158 2.79E-06 220 207 
180 158 2.82E-06 220 207 
181 158 2.85E-06 220 207 
182 158 2.88E-06 220 207 
183 158 2.90E-06 220 207 
184 158 2.93E-06 220 207 
185 158 2.96E-06 220 207 
186 158 2.98E-06 220 207 
187 158 3.01E-06 220 207 
179 159 2.83E-06 220 207 
180 159 2.86E-06 220 207 
181 159 2.88E-06 220 207 
182 159 2.91E-06 220 207 
183 159 2.94E-06 220 207 
184 159 2.97E-06 220 207 
185 159 2.99E-06 220 207 
186 159 3.02E-06 220 207 
187 159 3.05E-06 220 207 
188 159 3.07E-06 220 207 
189 159 3.10E-06 220 207 
190 159 3.12E-06 220 207 
191 159 3.15E-06 220 207 
192 159 3.17E-06 220 207 
186 160 3.06E-06 220 207 
187 160 3.08E-06 220 207 
188 160 3.11 E-06 220 207 
189 160 3.14E-06 220 207 
190 160 3.16E-06 220 207 
191 160 3.19E-06 220 207 
192 160 3.21E-06 220 207 
193 160 3.24E-06 220 207 
194 160 3.26E-06 220 207 
191 161 3.23E-06 220 207 
192 161 3.26E-06 220 207 
193 161 3.28E-06 220 207 
194 161 3.31E-06 220 207 
195 161 3.33E-06 220 207 
196 161 3.36E-06 220 207 
197 161 3.38E-06 220 207 
198 161 3.40E-06 220 207 
199 161 3.42E-06 220 207 
195 162 3.38E-06 220 207 
196 162 3.40E-06 220 207 
197 162 3.43E-06 220 207 
198 162 3.45E-06 220 207 
199 162 3.47E-06 220 207 
200 162 3.49E-06 220 207 
201 162 3.52E-06 220 207 
202 162 3.54E-06 220 207 
203 162 3.56E-06 220 207 
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200 163 3.54E-06 220 207 
201 163 3.56E-06 220 207 
202 163 3.59E-06 220 207 
203 163 3.61E-06 220 207 
204 163 3.63E-06 220 207 
205 163 3.64E-06 220 207 
206 163 3.66E-06 220 207 
204 164 3.68E-06 220 207 
205 164 3.70E-06 220 207 
206 164 3.72E-06 220 207 
207 164 3.73E-06 220 207 
208 164 3.75E-06 220 207 
209 164 3.76E-06 220 207 
207 165 3.79E-06 220 207 
208 165 3.80E-06 220 207 
209 165 3.82E-06 220 207 
210 165 3.83E-06 220 207 
211 165 3.85E-06 220 207 
212 165 3.86E-06 220 207 
213 165 3.87E-06 220 207 
210 166 3.89E-06 220 207 
211 166 3.90E-06 220 207 
212 166 3.92E-06 220 207 
213 166 3.93E-06 220 207 
214 166 3.94E-06 220 207 
215 166 3.94E-06 220 207 
216 166 3.95E-06 220 207 
217 166 3.96E-06 220 207 
218 166 3.96E-06 220 207 
219 166 3.96E-06 220 207 
220 166 3.96E-06 220 207 
213 167 3.99E-06 220 207 
214 167 4.00E-06 220 207 
215 167 4.00E-06 220 207 
216 167 4.01E-06 220 207 
217 167 4.02E-06 220 207 
218 167 4.02E-06 220 207 
220 167 4.02E-06 220 207 
221 167 4.02E-06 220 207 
222 167 4.02E-06 220 207 
223 167 4.02E-06 220 207 
224 167 4.01E-06 220 207 
225 167 4.00E-06 220 207 
218 168 4.08E-06 220 207 
219 168 4.08E-06 220 207 
220 168 4.08E-06 220 207 
221 168 4.08E-06 220 207 
222 168 4.08E-06 220 207 
223 168 4.08E-06 220 207 
225 168 4.07E-06 220 207 
226 168 4.06E-06 220 207 
227 168 4.05E-06 220 207 
228 168 4.03E-06 220 207 
223 169 4.14E-06 220 207 
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224 169 4.13E-06 220 207 
225 169 4.13E-06 220 207 
226 169 4.12E-06 220 207 
227 169 4.11E-06 220 207 
228 169 4.10E-06 220 207 
229 169 4.08E-06 220 207 
227 170 4.17E-06 220 207 
228 170 4.16E-06 220 207 
229 170 4.14E-06 220 207 
230 170 4.13E-06 220 207 
228 171 4.22E-06 220 207 
229 171 4.20E-06 220 207 
230 171 4.19E-06 220 207 
229 172 4.27E-06 220 207 
230 172 4.25E-06 220 207 
231 172 4.23E-06 220 207 
230 173 4.31E-06 220 207 
231 173 4.29E-06 220 207 
232 173 4.27E-06 220 207 
231 174 4.36E-06 220 207 
232 174 4.33E-06 220 207 
231 175 4.42E-06 220 207 
232 175 4.40E-06 220 207 
233 175 4.37E-06 220 207 
232 176 4.46E-06 220 207 
233 176 4.43E-06 220 207 
234 176 4.41E-06 220 207 
233 177 4.50E-06 220 207 
234 177 4.47E-06 220 207 
235 177 4.44E-06 220 207 
236 177 4.41 E-06 220 207 
237 177 4.38E-06 220 207 
238 177 4.34E-06 220 207 
239 177 4.31E-06 220 207 
240 177 4.27E-06 220 207 
234 178 4.53E-06 220 207 
235 178 4.50E-06 220 207 
236 178 4.47E-06 220 207 
237 178 4.43E-06 220 207 
238 178 4.40E-06 220 207 
239 178 4.36E-06 220 207 
240 178 4.33E-06 220 207 
241 178 4.29E-06 220 207 
242 178 4.25E-06 220 207 
235 179 4.56E-06 220 207 
236 179 4.53E-06 220 207 
240 179 4.38E-06 220 207 
241 179 4.34E-06 220 207 
242 179 4.30E-06 220 207 
243 179 4.26E-06 220 207 
242 180 4.35E-06 220 207 
243 180 4.31E-06 220 207 
244 180 4.27E-06 220 207 
245 180 4.22E-06 220 207 
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243 181 4.36E-06 220 207 
244 181 4.32E-06 220 207 
245 181 4.27E-06 220 207 
244 182 4.36E-06 220 207 
245 182 4.32E-06 220 207 
246 182 4.27E-06 220 207 
245 183 4.36E-06 220 207 
246 183 4.32E-06 220 207 
247 183 4.27E-06 220 207 
245 184 4.41E-06 220 207 
246 184 4.36E-06 220 207 
247 184 4.31E-06 220 207 
246 185 4.40E-06 220 207 
247 185 4.35E-06 220 207 
248 185 4.30E-06 220 207 
249 185 4.25E-06 220 207 
247 186 4.39E-06 220 207 
248 186 4.34E-06 220 207 
249 186 4.29E-06 220 207 
250 186 4.24E-06 220 207 
248 187 4.38E-06 220 207 
249 187 4.33E-06 220 207 
250 187 4.27E-06 220 207 
251 187 4.22E-06 220 207 
249 188 4.36E-06 220 207 
250 188 4.31 E-06 220 207 
251 188 4.25E-06 220 207 
252 188 4.20E-06 220 207 
251 189 4.29E-06 220 207 
252 189 4.23E-06 220 207 
251 190 4.32E-06 220 207 
252 190 4.26E-06 220 207 
251 191 4.35E-06 220 207 
252 191 4.29E-06 220 207 
251 192 4.38E-06 220 207 
252 192 4.32E-06 220 207 
251 193 4.41E-06 220 207 
252 193 4.35E-06 220 207 
251 194 4.43E-06 220 207 
252 194 4.37E-06 220 207 
251 195 4.46E-06 220 207 
252 195 4.40E-06 220 207 
251 196 4.48E-06 220 207 
252 196 4.42E-06 220 207 
253 196 4.36E-06 220 207 
252 197 4.44E-06 220 207 
253 197 4.38E-06 220 207 
252 198 4.46E-06 220 207 
253 198 4.39E-06 220 207 
254 198 4.33E-06 220 207 
253 199 4.41E-06 220 207 
254 199 4.35E-06 220 207 
253 200 4.43E-06 220 207 
254 200 4.36E-06 220 207 
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254 201 4.37E-06 220 207 
255 201 4.31 E-06 220 207 
254 202 4.38E-06 220 207 
255 202 4.32E-06 220 207 
256 202 4.25E-06 220 207 
257 202 4.19E-06 220 207 
255 203 4.33E-06 220 207 
256 203 4.26E-06 220 207 
257 203 4.20E-06 220 207 
258 203 4.13E-06 220 207 
259 203 4.07E-06 220 207 
260 203 4.01E-06 220 207 
261 203 3.95E-06 220 207 
262 203 3.89E-06 220 207 
263 203 3.83E-06 220 207 
257 204 4.20E-06 220 207 
258 204 4.14E-06 220 207 
259 204 4.08E-06 220 207 
260 204 4.02E-06 220 207 
261 204 3.96E-06 220 207 
263 204 3.84E-06 220 207 
264 204 3.78E-06 220 207 
265 204 3.72E-06 220 207 
266 204 3.67E-06 220 207 
267 204 3.61E-06 220 207 
268 204 3.56E-06 220 207 
261 205 3.96E-06 220 207 
262 205 3.90E-06 220 207 
263 205 3.84E-06 220 207 
264 205 3.78E-06 220 207 
265 205 3.73E-06 220 207 
266 205 3.67E-06 220 207 
267 205 3.61 E-06 220 207 
268 205 3.56E-06 220 207 
269 205 3.50E-06 220 207 
270 205 3.45E-06 220 207 
271 205 3.40E-06 220 207 
267 206 3.62E-06 220 207 
268 206 3.56E-06 220 207 
269 206 3.51E-06 220 207 
270 206 3.45E-06 220 207 
271 206 3.40E-06 220 207 
272 206 3.35E-06 220 207 
273 206 3.30E-06 220 207 
270 207 3.45E-06 220 207 
271 207 3.40E-06 220 207 
272 207 3.35E-06 220 207 
273 207 3.30E-06 220 207 
274 207 3.25E-06 220 207 
272 208 3.35E-06 220 207 
273 208 3.30E-06 220 207 
274 208 3.25E-06 220 207 
275 208 3.20E-06 220 207 
273 209 3.30E-06 220 207 
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274 209 3.25E-06 220 207 
275 209 3.20E-06 220 207 
274 210 3.25E-06 220 207 
275 210 3.20E-06 220 207 
274 211 3.24E-06 220 207 
275 211 3.19E-06 220 207 
276 211 3.15E-06 220 207 
274 212 3.24E-06 220 207 
276 212 3.14E-06 220 207 
274 213 3.23E-06 220 207 
275 213 3.18E-06 220 207 
276 213 3.14E-06 220 207 
275 214 3.18E-06 220 207 
276 214 3.13E-06 220 207 
275 215 3.17E-06 220 207 
276 215 3.12E-06 220 207 
275 216 3.16E-06 220 207 
276 216 3.12E-06 220 207 
277 216 3.07E-06 220 207 
275 217 3.16E-06 220 207 
277 217 3.06E-06 220 207 
275 218 3.15E-06 220 207 
276 218 3.10E-06 220 207 
277 218 3.05E-06 220 207 
278 218 3.01 E-06 220 207 
279 218 2.96E-06 220 207 
276 219 3.09E-06 220 207 
277 219 3.05E-06 220 207 
278 219 3.00E-06 220 207 
279 219 2.96E-06 220 207 
280 219 2.91E-06 220 207 
278 220 2.99E-06 220 207 
279 220 2.95E-06 220 207 
280 220 2.90E-06 220 207 
281 220 2.86E-06 220 207 
282 220 2.82E-06 220 207 
283 220 2.78E-06 220 207 
284 220 2.73E-06 220 207 
280 221 2.89E-06 220 207 
281 221 2.85E-06 220 207 
282 221 2.81 E-06 220 207 
284 221 2.73E-06 220 207 
285 221 2.69E-06 220 207 
286 221 2.65E-06 220 207 
287 221 2.61 E-06 220 207 
288 221 2.57E-06 220 207 
289 221 2.53E-06 220 207 
282 222 2.80E-06 220 207 
283 222 2.76E-06 220 207 
289 222 2.52E-06 220 207 
290 222 2.49E-06 220 207 
291 222 2.45E-06 220 207 
283 223 2.75E-06 220 207 
284 223 2.71 E-06 220 207 
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291 223 2.44E-06 220 207 
292 223 2.40E-06 220 207 
284 224 2.70E-06 220 207 
285 224 2.66E-06 220 207 
286 224 2.62E-06 220 207 
292 224 2.40E-06 220 207 
286 225 2.61E-06 220 207 
287 225 2.57E-06 220 207 
292 225 2.39E-06 220 207 
287 226 2.56E-06 220 207 
288 226 2.52E-06 220 207 
292 226 2.38E-06 220 207 
288 227 2.51 E-06 220 207 
289 227 2.48E-06 220 207 
292 227 2.37E-06 220 207 
289 228 2.46E-06 220 207 
290 228 2.43E-06 220 207 
291 228 2.39E-06 220 207 
292 228 2.36E-06 220 207 
290 229 2.42E-06 220 207 
291 229 2.38E-06 220 207 
290 230 2.41E-06 220 207 
291 230 2.37E-06 220 207 
290 231 2.40E-06 220 207 
291 231 2.36E-06 220 207 
290 232 2.38E-06 220 207 
291 232 2.35E-06 220 207 
290 233 2.37E-06 220 207 
291 233 2.34E-06 220 207 
290 234 2.36E-06 220 207 
291 234 2.32E-06 220 207 
291 235 2.31E-06 220 207 
292 235 2.28E-06 220 207 
291 236 2.30E-06 220 207 
292 236 2.27E-06 220 207 
291 237 2.29E-06 220 207 
292 237 2.25E-06 220 207 
293 237 2.22E-06 220 207 
291 238 2.27E-06 220 207 
292 238 2.24E-06 220 207 
293 238 2.21E-06 220 207 
294 238 2.18E-06 220 207 
292 239 2.23E-06 220 207 
293 239 2.20E-06 220 207 
294 239 2.17E-06 220 207 
295 239 2.14E-06 220 207 
293 240 2.18E-06 220 207 
294 240 2.15E-06 220 207 
295 240 2.12E-06 220 207 
296 240 2.09E-06 220 207 
297 240 2.06E-06 220 207 
294 241 2.14E-06 220 207 
295 241 2.11E-06 220 207 
296 241 2.08E-06 220 207 
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297 241 2.05E-06 220 207 
298 241 2.02E-06 220 207 
299 241 1.99E-06 220 207 
300 241 1.97E-06 220 207 
301 241 1.94E-06 220 207 
302 241 1.91 E-06 220 207 
303 241 1.89E-06 220 207 
304 241 1.86E-06 220 207 
296 242 2.07E-06 220 207 
297 242 2.04E-06 220 207 
298 242 2.01 E-06 220 207 
301 242 1.93E-06 220 207 
302 242 1.90E-06 220 207 
303 242 1.87E-06 220 207 
304 242 1.85E-06 220 207 
305 242 1.82E-06 220 207 
298 243 2.00E-06 220 207 
299 243 1.97E-06 220 207 
300 243 1.94E-06 220 207 
301 243 1.92E-06 220 207 
303 243 1.86E-06 220 207 
304 243 1.84E-06 220 207 
305 243 1.81 E-06 220 207 
306 243 1.79E-06 220 207 
307 243 1.76E-06 220 207 
304 244 1.83E-06 220 207 
305 244 1.80E-06 220 207 
307 244 1.75E-06 220 207 
305 245 1.79E-06 220 207 
307 245 1.74E-06 220 207 
308 245 1.72E-06 220 207 
305 246 1.78E-06 220 207 
306 246 1.75E-06 220 207 
308 246 1.71 E-06 220 207 
306 247 1.74E-06 220 207 
308 247 1.70E-06 220 207 
306 248 1.73E-06 220 207 
308 248 1.68E-06 220 207 
306 249 1.72E-06 220 207 
307 249 1.70E-06 220 207 
308 249 1.67E-06 220 207 
309 249 1.65E-06 220 207 
307 250 1.69E-06 220 207 
309 250 1.64E-06 220 207 
310 250 1.62E-06 220 207 
307 251 1.67E-06 220 207 
310 251 1.61 E-06 220 207 
307 252 1.66E-06 220 207 
308 252 1.64E-06 220 207 
310 252 1.60E-06 220 207 
308 253 1.63E-06 220 207 
310 253 1.59E-06 220 207 
311 253 1.56E-06 220 207 
308 254 1.62E-06 220 207 
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309 254 1.60E-06 220 207 
311 254 1.55E-06 220 207 
309 255 1.58E-06 220 207 
311 255 1.54E-06 220 207 
309 256 1.57E-06 220 207 
311 256 1.53E-06 220 207 
309 257 1.56E-06 220 207 
311 257 1.52E-06 220 207 
309 258 1.55E-06 220 207 
311 258 1.51E-06 220 207 
309 259 1.54E-06 220 207 
311 259 1.50E-06 220 207 
309 260 1.53E-06 220 207 
310 260 1.51 E-06 220 207 
311 260 1.49E-06 220 207 
309 261 1.51 E-06 220 207 
310 261 1.49E-06 220 207 
309 262 1.50E-06 220 207 
310 262 1.48E-06 220 207 
309 263 1.49E-06 220 207 
310 263 1.47E-06 220 207 
309 264 1.48E-06 220 207 
310 264 1.46E-06 220 207 
308 265 1.48E-06 220 207 
309 265 1.47E-06 220 207 
308 266 1.47E-06 220 207 
309 266 1.45E-06 220 207 
308 267 1.46E-06 220 207 
309 267 1.44E-06 220 207 
308 268 1.45E-06 220 207 
309 268 1.43E-06 220 207 
307 269 1.45E-06 220 207 
308 269 1.43E-06 220 207 
309 269 1.42E-06 220 207 
307 270 1.44E-06 220 207 
308 270 1.42E-06 220 207 
306 271 1.44E-06 220 207 
307 271 1.43E-06 220 207 
308 271 1.41 E-06 220 207 
306 272 1.43E-06 220 207 
307 272 1.41 E-06 220 207 
308 272 1.40E-06 220 207 
307 273 1.40E-06 220 207 
308 273 1.38E-06 220 207 
309 273 1.37E-06 220 207 
307 274 1.39E-06 220 207 
308 274 1.37E-06 220 207 
309 274 1.35E-06 220 207 
310 274 1.34E-06 220 207 
308 275 1.36E-06 220 207 
310 275 1.33E-06 220 207 
308 276 1.35E-06 220 207 
309 276 1.33E-06 220 207 
310 276 1.31 E-06 220 207 
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Table A-2. (Cont.) 
Source Location Roosting Location 
Column Row HQ Roost No. Column Row 

311 276 1.30E-06 220 207 
309 277 1.32E-06 220 207 
310 277 1.30E-06 220 207 
311 277 1.29E-06 220 207 
312 277 1.27E-06 220 207 
311 278 1.27E-06 220 207 
313 278 1.24E-06 220 207 
311 279 1.26E-06 220 207 
312 279 1.25E-06 220 207 
313 279 1.23E-06 220 207 
312 280 1.23E-06 220 207 
313 280 1.22E-06 220 207 
312 281 1.22E-06 220 207 
313 281 1.21 E-06 220 207 
312 282 1.21 E-06 220 207 
313 282 1.20E-06 220 207 
312 283 1.20E-06 220 207 
313 283 1.19E-06 220 207 
312 284 1.19E-06 220 207 
313 284 1.17E-06 220 207 
314 284 1.16E-06 220 207 
313 285 1.16E-06 220 207 
314 285 1.15E-06 220 207 
315 285 1.14E-06 220 207 
313 286 1.15E-06 220 207 
315 286 1.13E-06 220 207 
316 286 1.11 E-06 220 207 
313 287 1.14E-06 220 207 
314 287 1.13E-06 220 207 
316 287 1.10E-06 220 207 
314 288 1.12E-06 220 207 
315 288 1.10E-06 220 207 
316 288 1.09E-06 220 207 
317 288 1.08E-06 220 207 
315 289 1.09E-06 220 207 
316 289 1.08E-06 220 207 
317 289 1.07E-06 220 207 
316 290 1.07E-06 220 207 
317 290 1.06E-06 220 207 
316 291 1.06E-06 220 207 
317 291 1.05E-06 220 207 
318 291 1.03E-06 220 207 
317 292 1.04E-06 220 207 
318 292 1.02E-06 220 207 
317 293 1.03E-06 220 207 
318 293 1.01E-06 220 207 
317 294 1.02E-06 220 207 
318 294 1.00E-06 220 207 
318 295 9.93E-07 220 207 
317 296 9.94E-07 220 207 
318 296 9.83E-07 220 207 
317 297 9.84E-07 220 207 
318 297 9.73E-07 220 207 
317 298 9.74E-07 220 207 
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Table A-2. (Cont.) 
Source Location Roosting Location 
Column Row HQ Roost No. Column Row 

318 298 9.63E-07 220 207 
319 298 9.53E-07 220 207 
318 299 9.53E-07 220 207 
319 299 9.43E-07 220 207 
317 300 9.54E-07 220 207 
318 300 9.43E-07 220 207 
319 300 9.33E-07 220 207 
317 301 9.44E-07 220 207 
318 301 9.33E-07 220 207 
317 302 9.34E-07 220 207 
318 302 9.24E-07 220 207 
319 302 9.14E-07 220 207 
317 303 9.24E-07 220 207 
318 303 9.14E-07 220 207 
319 303 9.04E-07 220 207 
318 304 9.04E-07 220 207 
319 304 8.94E-07 220 207 
320 304 8.85E-07 220 207 
321 304 8.75E-07 220 207 
319 305 8.85E-07 220 207 
320 305 8.75E-07 220 207 
321 305 8.66E-07 220 207 
322 305 8.56E-07 220 207 
323 305 8.47E-07 220 207 
321 306 8.57E-07 220 207 
322 306 8.47E-07 220 207 
323 306 8.38E-07 220 207 
324 306 8.29E-07 220 207 
325 306 0.00E+01 220 207 
322 307 8.38E-07 220 207 
323 307 8.29E-07 220 207 
324 307 8.20E-07 220 207 
324 308 8.12E-07 220 207 

Total 1.85E-02 
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Table A-3. Ranked mean partial HQ by contaminant for EEU-70 for the bald eagle. The scenario 
included a foraging occupancy ratio of 0.50:0.50 for aquatic: terrestrial, and terrestrial 
foraging was weighted in a square home range. 
Note: COPECs with HQ = 0 lacked ~arameter ineut values such as a TRV 

Rank COPEC HQ Std Err No. Obs. HQ% of Total 
1 Pentachlorophenol 3.66E-03 1.19E-03 100 24.38% 
2 Cesium-137 2.23E-03 8.49E-04 100 14.83% 
3 Aluminum 1.83E-03 3.74E-04 100 12.16% 
4 Calcium 1.39E-03 4.87E-04 100 9.25% 
5 Mercury 1.08E-03 4.57E-04 100 7.17% 
6 Vanadium 6.62E-04 2.49E-04 100 4.41% 
7 Cobalt-60 5.39E-04 1.88E-04 100 3.59% 
8 Magnesium 5.15E-04 2.05E-04 100 3.42% 
9 Aroclor 1248 3.76E-04 1.30E-04 100 2.50% 
10 Antimony 3.55E-04 1.43E-04 100 2.36% 
11 DDT [p,p 3.38E-04 1.06E-04 100 2.25% 
12 Nickel 3.25E-04 7.66E-05 100 2.17% 
13 Manganese 2.80E-04 6.28E-05 100 1.87% 
14 Lead 2.29E-04 5.50E-05 100 1.52% 
15 Aroclor 1254 2.17E-04 7.50E-05 100 1.44% 
16 Zinc 2.10E-04 3.02E-05 100 1.40% 
17 Barium 2.04E-04 2.51 E-05 100 1.36% 
18 Potassium-40 7.44E-05 2.64E-05 100 0.50% 
19 DOE [p,p 7.40E-05 2.55E-05 100 0.49% 
20 Chromium 5.35E-05 8.43E-06 100 0.36% 
21 Arsenic 5.16E-05 1.05E-05 100 0.34% 
22 Copper 4.72E-05 2.67E-05 100 0.31% 
23 Radium-226 4.70E-05 1.66E-05 100 0.31% 
24 Silver 4.32E-05 5.25E-06 100 0.29% 
25 Molybdenum 4.04E-05 9.41 E-06 100 0.27% 
26 Cadmium 2.60E-05 6.71 E-06 100 0.17% 
27 Beryllium 2.57E-05 4.20E-06 100 0.17% 
28 Sodium 2.31 E-05 9.19E-06 100 0.15% 
29 Selenium 2.20E-05 5.51 E-06 100 0.15% 
30 Pyrene 1.47E-05 8.10E-06 100 0.10% 
31 Thallium 7.92E-06 2.63E-06 100 0.05% 
32 Hexachlorobenzene 5.42E-06 1.74E-06 100 0.04% 
33 Mecoprop(MCPP) 4.54E-06 1.50E-06 100 0.03% 
34 Di-n-butyl phthalate 4.32E-06 1.48E-06 100 0.03% 
35 RDX 3.56E-06 1.39E-06 100 0.02% 
36 Uranium 3.21E-06 1.65E-06 100 0.02% 
37 Dieldrin 2.81E-06 9.69E-07 100 0.02% 
38 Aroclor 1260 2.45E-06 8.48E-07 100 0.02% 
39 Dinitrotoluene [2,4- 2.24E-06 8.16E-07 100 0.01% 
40 Uranium-238 1.78E-06 6.20E-07 100 0.01% 
41 Aldrin 1.42E-06 4.86E-07 100 0.01% 
42 Dichlorophenol [2,4- 1.27E-06 4.06E-07 100 0.01% 
43 Uranium-234 1.04E-06 3.76E-07 100 0.01% 
44 Boron 8.10E-07 1.89E-07 100 0.01% 
45 Dinitrophenol [2,4-] 6.96E-07 2.26E-07 100 0.005% 
46 Dinitrobenzene [1 ,3- 6.32E-07 2.45E-07 100 0.004% 
47 Trinitrotoluene [2,4 5.24E-07 2.06E-07 100 0.003% 
48 Trinitrobenzene [1 ,3 5.08E-07 1.97E-07 100 0.003% 
49 Bis(2-ethylhexyl)pht 4.81 E-07 1.63E-07 100 0.003% 
50 Benzoic Acid 4.78E-07 1.55E-07 100 0.003% 
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Table A-3. ~Cont.} 
Rank COPEC HQ Std Err No. Obs. HQ% of Total 

51 Hexachloroethane 3.80E-07 1.22E-07 100 0.003% 
52 Plutonium-239 3.45E-07 2.62E-07 100 0.002% 
53 Naphthalene 2.89E-07 9.29E-08 100 0.002% 
54 Uranium-235 2.73E-07 9.40E-08 100 0.002% 
55 Tritium 1.95E-07 1.29E-07 100 0.001 % 
56 Plutonium-238 1.13E-07 7.72E-08 100 0.001 % 
57 D [2,4-] 1.04E-07 3.43E-08 100 0.001 % 
58 Nitrobenzene 9.93E-08 3.67E-08 100 0.001 % 
59 DB [2,4-] 7.79E-08 2.59E-08 100 0.001 % 
60 Chlorophenol [o-] 7.59E-08 2.44E-08 100 0.001 % 
61 Methylphenol [4-] 7.59E-08 2.44E-08 100 0.001 % 
62 Cyanide 6.42E-08 2.16E-08 100 0.0004% 
63 (2,4-Dichlorophenoxy 5.66E-08 1.86E-08 100 0.0004% 
64 Hexachlorocyclopenta 5.42E-08 1.74E-08 100 0.0004% 
65 Dalapon 4.85E-08 1.60E-08 100 0.0003% 
66 HMX 4.64E-08 1.79E-08 100 0.0003% 
67 Endrin aldehyde 4.09E-08 1.41E-08 100 0.0003% 
68 Endrin ketone 4.09E-08 1.41E-08 100 0.0003% 
69 Endrin 4.09E-08 1.41 E-08 100 0.0003% 
70 Americium-241 2.80E-08 1.41 E-07 100 0.0002% 
71 Fluoranthene 2.35E-08 1.32E-08 100 0.0002% 
72 Chlordane [alpha-] 2.20E-08 7.53E-09 100 0.0001 % 
73 Chlordane [gamma-] 2.20E-08 7.53E-09 100 0.0001 % 
74 Heptachlor epoxide 1.50E-08 5.13E-09 100 0.0001 % 
75 Anthracene 1.48E-08 6.22E-09 100 0.0001 % 
76 Azobenzene 1.45E-08 4.65E-09 100 0.0001 % 
77 Trichlorophenol [2,4 1.37E-08 4.44E-09 100 0.0001 % 
78 Dichlorobenzene (1 ,2 9.49E-09 3.04E-09 100 0.0001 % 
79 Sodium-22 8.49E-09 4.22E-08 100 0.0001 % 
80 Phenol 7.86E-09 2.52E-09 100 0.0001 % 
81 Dimethylphenol [2,4- 7.59E-09 2.44E-09 100 0.0001 % 
82 Methylphenol [2-] 7.59E-09 2.44E-09 100 0.0001 % 
83 Ruthenium-1 06 5.91 E-09 3.00E-08 100 0.00004% 
84 Dinoseb 5.07E-09 1.68E-09 100 0.00003% 
85 Dicamba 4.90E-09 1.64E-09 100 0.00003% 
86 Lindane 4.37E-09 1.50E-09 100 0.00003% 
87 Trichlorobenzene [1, 3.80E-09 1.22E-09 100 0.00003% 
88 Vinyl Chloride 3.63E-09 2.32E-09 100 0.00002% 
89 Fluorene 3.50E-09 1.16E-09 100 0.00002% 
90 lsophorone 2.53E-09 8.13E-10 100 0.00002% 
91 Butyl benzyl phthala 2.39E-09 7.67E-10 100 0.00002% 
92 Acenaphthene 2.31 E-09 7.45E-10 100 0.00002% 
93 Di-n-octyl phthalate 2.17E-09 6.97E-10 100 0.00001 % 
94 Endosulfan II 1.96E-09 6.75E-10 100 0.00001 % 
95 Heptachlor 1.87E-09 6.41 E-10 100 0.00001 % 
96 Cerium-144 1.82E-09 9.07E-09 100 0.00001 % 
97 Toxaphene 1.77E-09 6.06E-10 100 0.00001 % 
98 DOD [p,p 1.28E-09 4.40E-10 100 0.00001 % 
99 Endosulfan I 9.99E-10 3.42E-10 100 0.00001 % 
100 Methoxychlor 4.74E-10 1.62E-10 100 0.000003% 
101 Bromomethane 4.41 E-10 2.82E-10 100 0.000003% 
102 Dimethyl phthalate 3.80E-10 1.22E-10 100 0.000003% 
103 Methylene Chloride 2.49E-10 1.66E-10 100 0.000002% 
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Table A-3. ~Cont.} 
Rank COPEC HQ Std Err No. Obs. HQ% of Total 
104 Diethyl phthalate 8.28E-11 2.66E-11 100 0.000001% 
105 Trichloroethane [1, 1 8.25E-11 5.29E-11 100 0.000001% 
106 Dichlorodifluorometh 4.11E-11 2.63E-11 100 0.0000003% 
107 Xylenes (o + m + p) 3.98E-11 2.55E-11 100 0.0000003% 
108 Trichloropropane [1, 3.86E-11 2.47E-11 100 0.0000003% 
109 Dichloroethane [1 , 1- 3.43E-11 2.20E-11 100 0.0000002% 
110 Endosulfan sulfate 2.93E-11 1.01 E-11 100 0.0000002% 
111 Carbon disulfide 2.80E-11 1.80E-11 100 0.0000002% 
112 Tetrachloroethylene 2.20E-11 1.41E-11 100 0.0000001% 
113 Chloroform 2.06E-11 1.32E-11 100 0.0000001% 
114 Carbon tetrachloride 1.93E-11 1.23E-11 100 0.0000001% 
115 Dichloroethane [1 ,2- 1.79E-11 1.15E-11 100 0.0000001% 
116 Bromodichloromethane 1.72E-11 1.10E-11 100 0.0000001% 
117 Bromoform 1.72E-11 1.10E-11 100 0.0000001% 
118 Chlorobenzene 1.62E-11 1.04E-11 100 0.0000001% 
119 Toluene 1.19E-11 7.61 E-12 100 0.0000001% 
120 Benzene 1.17E-11 7.49E-12 100 0.0000001% 
121 Dichloroethene [tran 6.65E-12 4.46E-12 100 0.00000004% 
122 Acetone 4.18E-12 2.69E-12 100 0.00000003% 
123 Ethyl benzene 3.18E-12 2.03E-12 100 0.00000002% 
124 Styrene 1.54E-12 9.88E-13 100 0.00000001% 
125 Trichlorofluorometha 3.09E-13 1.98E-13 100 0.000000002% 
126 Acenaphthylene 0 0 100 
127 Aniline 0 0 100 
128 Benzo[ a]anth racene 0 0 100 
129 Benzo[a)pyrene 0 0 100 
130 Benzo[b]fluoranthene 0 0 100 
131 Benzo[g, h, i]perylene 0 0 100 
132 Benzo[k]fluoranthene 0 0 100 
133 Benzyl alcohol 0 0 100 
134 Bis(2-chloroethoxy)m 0 0 100 
135 Bis(2-chloroethyl)et 0 0 100 
136 Bis(2-chloroisopropy 0 0 100 
137 Bromobenzene 0 0 100 
138 Bromochloromethane 0 0 100 
139 Bromophenylphenyl et 0 0 100 
140 Butanone [2-] 0 0 100 
141 Butylbenzene [n-] 0 0 100 
142 Butylbenzene [sec-] 0 0 100 
143 Butylbenzene [tert-] 0 0 100 
144 Chloro-3-methylpheno 0 0 100 
145 Chloroaniline [4-) 0 0 100 
146 Chlorodibromomethane 0 0 100 
147 Chloroethane 0 0 100 
148 Chloromethane 0 0 100 
149 Chloronaphthalene [2 0 0 100 
150 Chlorophenylphenyl e 0 0 100 
151 Chlorotoluene [o-] 0 0 100 
152 Chlorotoluene [p-] 0 0 100 
153 Chrysene 0 0 100 
154 Cobalt 0 0 100 
155 Dibenzo[a,h]anthrace 0 0 100 
156 Dibenzofuran 0 0 100 
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Table A-3. ~Cont.} 
Rank COPEC HQ Std Err No. Obs. HQ% of Total 
157 Dibromo-3-chloroprop 0 0 100 
158 Dibromoethane [1 ,2-] 0 0 100 
159 Dibromomethane 0 0 100 
160 Dichlorobenzene (1 ,3 0 0 100 
161 Dichlorobenzene (1 ,4 0 0 100 
162 Dichlorobenzidine [3 0 0 100 
163 Dichloroethene [1 , 1- 0 0 100 
164 Dichloroethylene [ci 0 0 100 
165 Dichloropropane [1 ,2 0 0 100 
166 Dichloropropane [1 ,3 0 0 100 
167 Dichloropropane [2,2 0 0 100 
168 Dichloropropene [1, 1 0 0 100 
169 Dichloropropene [cis 0 0 100 
170 Dichloropropene [tra 0 0 100 
171 Dinitrotoluene [2,6- 0 0 100 
172 Hexachlorobutadiene 0 0 100 
173 Hexanone [2-] 0 0 100 
174 lndeno[1 ,2,3-cd]pyre 0 0 100 
175 Iron 0 0 100 
176 Isopropyl benzene 0 0 100 
177 lsopropyltoluene [4- 0 0 100 
178 Methyl Iodide 0 0 100 
179 Methyl-2-pentanone [ 0 0 100 
180 Methyl-4,6-dinitroph 0 0 100 
181 Methylnaphthalene [2 0 0 100 
182 Nitroaniline [2-] 0 0 100 
183 Nitroaniline [3-] 0 0 100 
184 Nitroaniline [4-] 0 0 100 
185 Nitrophenol [2-] 0 0 100 
186 Nitrophenol [4-] 0 0 100 
187 Nitrosodi-n-propylam 0 0 100 
188 Nitrosodimethylamine 0 0 100 
189 Nitrosodiphenylamine 0 0 100 
190 Nonacosane 0 0 100 
191 Phenanthrene 0 0 100 
192 Potassium 0 0 100 
193 Propyl benzene 0 0 100 
194 Radvan Gross Alpha S 0 0 100 
195 Radvan Gross Beta Sc 0 0 100 
196 Radvan Gross GammaS 0 0 100 
197 Saturated Hydrocarbo 0 0 100 
198 Terpene Hydrocarbons 0 0 100 
199 Tetrachloroethane [1 0 0 100 
200 Trichloro-1 ,2,2-trif 0 0 100 
201 Trichloroethene 0 0 100 
202 Trimethylbenzene [1 , 0 0 100 
203 Unknown organic comp 0 0 100 
204 Unknown Polynuclear 0 0 100 
205 Dichloroethene [1 ,2- 0 0 100 
206 Aroclor 1 016 0 0 100 
207 Aroclor 1221 0 0 100 
208 Aroclor 1232 0 0 100 
209 Aroclor 1242 0 0 100 
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Table A-3. {Cont.} 
Rank COPEC HQ Std Err No. Obs. HQ% of Total 
210 BHC [alpha-] 0 0 100 
211 BHC [beta-] 0 0 100 
212 BHC [delta-] 0 0 100 
213 Chloro-o-tolyloxyace 0 0 100 
214 T [2,4,5-] 0 0 100 
215 TP [2,4,5-] 0 0 100 
216 Amino-2,6-dinitrotol 0 0 100 
217 Amino-4,6-dinitrotol 0 0 100 
218 Nitrotoluene [m-] 0 0 100 
219 Nitrotoluene [o-] 0 0 100 
220 Nitrotoluene [p-] 0 0 100 
221 Octadecanoic acid 0 0 100 
222 Tetryl(methyl-2,4,6- 0 0 100 
223 Carbazole 0 0 100 
224 Benzidine [m-] 0 0 100 
225 Totarol or isomer 0 0 100 
226 Unknown alkanes 0 0 100 
227 Oxygenated Hydrocarb 0 0 100 
228 Actinium-228 0 0 100 
229 Bismuth-211 0 0 100 
230 Bism uth-212 0 0 100 
231 Bismuth-214 0 0 100 
232 Lead-212 0 0 100 
233 Lead-214 0 0 100 
234 Radium-224 0 0 100 
235 Thallium-208 0 0 100 
236 Radvan Tritium Scree 0 0 100 
237 Unknown organic acid 0 0 100 
238 Hexadecanoic acid 0 0 100 
239 Strontium-90 0 0 100 
240 Gross Apha 0 0 100 
241 Gross Beta 0 0 100 
242 Gross Gamma 0 0 100 
243 Tin 0 0 100 
244 Strontium 0 0 100 
245 Barium-140 0 0 100 
246 Europium-152 0 0 100 
247 Neptunium-237 0 0 100 

Total 1.50E-02 
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Introduction 

The Regional Superfund Ground-Water Forum is a group of . 
scientists, representing EPA's Regional Superfund Offices, 
organized to exchange up-to-date information related to 
ground-water remediation at Superfund sites. One of the 
major issues of concern to the Forum is the transport and fate 
of contaminants is soil and ground water as related to 
subsurface remediation. 

The ability of soil venting to inexpensively remove large 
amounts of volatile organic compounds (VOCs) from 
contaminated soils is well established. However, the time 
required using venting to remediate soils to low contaminant 
levels often required by state and federal regulators has not 
been adequately investigated. Most field studies verify the 
ability of a venting system to circulate air in the subsurface 
and remove, at least initially, a large mass of VOCs. They do 
not generally provide insight into mass transport limitations 
which eventually limit performance, nor do field studies 
generally evaluate methods such as enhanced biodegradation 
which may optimize overall contaminant removal. Discussion 
is presented to aid in evaluating the feasibility of venting 
application. Methods to optimize venting application are also 
discussed. 

For further information contact Dominic DiGiulio (405)332-
8800 or FTS 700-743-2271 at RSKERL-Ada. 

Determining Contaminant Volatility 

The first step in evaluating the feasibility of venting application 
at a hazardous waste site is to assess contaminant volatility. If 
concentrations of VOCs in soil are relatively low and the 
magnitude of liquid hydrocarbons present in the soil is 
negligible, VOCs can be assumed to exist in a three-phase 

system (i.e., air, water, and soil) , as illustrated in Figure 1. If 
soils are sufficiently moist, relative volatility in a three-phase 
system can be estimated using equation (1) which 
incorporates the effects of air-water partitioning (Henry's 
constant) and sorption (soil-water partition coefficient) . 

Cg 

Ct (pgKocfoc I h)+ <)> 
(1) 

where: 

cg = Vapor concentration of VOCs in gas phase(mg/ 
cm3 air) 

ct = Total volatile organic concentration (mg/cm3 soil ) 

Pg Bulk density (g/cm3) 

K = Organic carbon-water partition coefficient oc 

(cm3/g) 
f = Fraction of organic carbon content (g/g) oc 

"" 
= Henry's Constant (mg/cm3air/mg/cmJwater) 

e = Volumetric moisture content (cm3/cm3 ) 

<I> = Volumetric air content (cm3/cm3) 

Caution must be exercised when using this approach since 
this relationship is based on the assumption that solid phase 
sorption is dominated by natural organic carbon content. This 
assumption is frequently invalid in soils below the root zone 
where soil organic carbon is less than 0.1 %. 
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Air ~Water~ Soil 

Soil-water partition coefficient 
Henry's Constant 

Figure 1. Three phase system. 

Equation (1) can be used to evaluate individual VOC 
contaminant reduction trends and attainment of soil-based 
remediation standards. Vapors should be collected from 
dedicated vapor probes under static (venting system not 
operating) conditions. This estimate is valid only for soils in the 
immediate vicinity of the probe intake. This approach 
minimizes sample dilution and collection of vapor samples 
under nonequilibrium conditions. It, however, necessitates 
periodic cessation of venting. When the vapor concentration 
for a VOC approaches a corresponding total soil 
concentration , actual soil samples can be collected to confirm 
remediation . This approach has several benefits over 
conventional soil samples collection and analysis. At lower 
VOC concentration levels, collection of static vapor samples is 
likely more sensitive than soil collection and analysis due to 
VOC loss in the latter procedure. Siegrist and Jenssen (1990) 
demonstrated substantial VOC loss during normal soil sample 
collection , storage, and analysis. Also, comparing contaminant 
reduction trends strictly with soil samples is difficult due to 
spatial variability in soils. No two soil samples can be collected 
at the exact same location. In addition, soil gas analyses can 
be accomplished more quickly and inexpensively than soil 
sample collection, thus enabling more frequent evaluation of 
trends. A potential disadvantage of using this approach is 
inability to distinguish VOC vapors emanating from soils as 
opposed to ground water. Hypothetically, soils could be 
remediated to desired levels with probes still indicating 
contamination above remediation standards. This concern 
could be alleviated to some degree by determining the 
presence of a diffusion vapor gradient from the water table 
using vertically placed vapor probes. 

If soils are visibly contaminated or the presence of 
nonaqueous phase liquids (NAPLs) is suspected in soils 
based on high contaminant, total organic carbon , or total 
petroleum hydrocarbon analysis, contaminants are likely 
present in a four phase system as illustrated in Figure 2 . 
Under these circumstances, most of the VOC mass will be 
associated with the immiscible fluid and assuming that the 
fluid acts as an ideal solution, volatilization will be governed by 
Raoult's Law. 

p =X po 
a a a (2) 

where : 

2 

Figure 2. Four phase system. 

vapor pressure of component over 
solution (mm Hg) 
mole fraction of component in 
solution 
saturated vapor pressure of pure 
component (mm Hg) 

In a four-phase system, contaminant volatility will be governed 
by the VOC's vapor pressure and mole fraction within the 
immiscible fluid . The vapor pressure of all compounds 
increases substantially with an increase in temperature while 
solubility in a solvent phase is much less affected by 
temperature . This suggests that soil temperature should be 
taken into account when evaluating VOC recovery for 
contaminants located near the soil surface (seasonal 
variations in soil temperature quickly dampen with depth). For 
instance, if conducting a field test to evaluate potential 
remediation of shallow soil contamination in the winter, one 
should realize that VOC recovery could be substantially 
higher during summer months, and low recovery should not 
necessarily be viewed as venting system failure . 

As venting proceeds, lower molecular weight organic 
compounds will preferentially volatilize and degrade. This 
process is commonly described as weathering and has been 
examined by Johnson (1989) in laboratory experiments. 
Samples of gasoline were sparged with air and the 
concentration and composition of vapors were monitored. 
The efficiency of vapor extraction decreased to less than 1% 
of its initial value even though approximately 40% of the 
gasoline remained. Theoretical and experimental work on 
product weathering indicate the need to monitor temporal 
variation in specific VOCs of concern in extraction and 
observation wells. 

Evaluating Air Flow 

Air permeability (k ) in soil is a function of a soil 's intrinsic 
permeability (k) a~d liquid content. At hazardous waste sites, 
liquid present ih soil pores is often a combination of soil water 
and immiscible fluids. Air permeability (k ) can be estimated 
by multiplying a soil's intrinsic permeabilitY (k) by the relative 

. . I 
permeability (kr). 

k = k k 
a 1 r 

(3) 



The dimensionless ratio k, varies from one to zero and 
describes the variation in air permeability as a function of air 
saturation . Equations developed by Brooks and Corey (1964) 
and Van Genuchten (1980) are useful in estimating air 
permeability as a function of air saturation or liquid content. 
The Brooks-Corey equation to estimate relative permeability of 
a non-wetting fluid (i.e. air) is given by: 

k = (1 - s )2 (1 - s (2+1..)/A.) 
r e e 

where: 

effective saturation 
a pore distribution parameter 

The effective saturation is given by: 

Where: 

e 
E 

e, 

= 
= 
= 

volumetric moisture content 
total porosity 
residual saturation 

(4) 

(5) 

The pore size distribution parameter and residual water con­
tent can be estimated using soil-water characteristic curves 
which relate matric potential to volumetric water content. 
When initially developing an estimate of relative permeability 
for a given soil texture and liquid content, values for c., 9 , S , 
and 1.. can be obtained from the literature. Rawls et al. ' e 
(1982) summarized geometric and arithmetic means for 
Brook-Corey parameters for various USDA soil textural 
classes. Figure 3 illustrates relative permeability as a function 
of volumetric moisture content for clayey soils assuming c.= 
0.475, e, = 0.090, and')..= 0.1 31. 

The most effective method of measuring air permeability is by 
conducting a field pneumatic pump test. Using permeameters 
or other laboratory measurements provide information on a 
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Figure 3. Relative permeability vs moisture content of clay. 
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relatively small scale. Information gained from pneumatic 
pump tests is vital in determining site-specific design 
considerations (e.g., spacing of extraction wells). Selecting the 
placement and screened intervals of extraction and 
observation wells and applied vacuum rates during a pump 
test is often based on preliminary mathematical modeling. 

Evaluating Mass Transfer Limitations and 
Remediation Time 

The effects of mass transport limitations are usually 
manifested by a substantial drop in soil vapor contaminant 

......-- Re-Start Yield Spik1 

Time ... 

Figure 4. Concentration vs. time. 

concentrations as illustrated in Figure 4 or by an asymptotic 
increase in total mass removal with operation time. Typically, 
when venting is terminated, an increase in soil gas 
concentration is observed over time. Slow mass transfer with 
respect to advective air flow is most likely caused by diffusive 
release from porous aggregate structures or lenses of lesser 
permeability as illustrated in Figure 5. The time required for 
the remediation of heterogeneous and fractured soils depends 
on the proportion of contaminated material exposed to direct 
bulk airflow. It would be expected that long-term performance 
of venting will be limited to a large degree by gaseous and 
liquid diffusion from soil regions not exposed to direct airflow. 

Regardless of possible causes, the significance of mass 
transport limitations should be evaluated during venting field 
tests. This can be achieved by pneumatically isolating a small 
area of a site and aggressively applying vacuum extraction 
until mass transport limitations are realized. Isolation can be 
achieved by surrounding extraction wells with passive inlet or 
air injection wells as shown in Figure 6. Quantifying the 
effects of mass transport limitations on remediation time might 
then be attempted by utilizing models incorporating mass 
transfer rate coefficients. 

The discrepancy frequently observed between mass removal 
predicted from equilibrium conditions using Henry's Law 
constants and that observed from laboratory column and field 
studies is sometimes reconciled by the use of "effective or 
lumped" soil-air partition coefficients. These parameters are 
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Figure 5. Effect of Low Permeability Lenses. 

determined from laboratory column tests and are then used for 
model input to determine required remediation times. While 
this method does indirectly account for mass transport 
limitations, problems may arise when one attempts to 
quantitatively describe several processes with lumped 
parameters. The primary concern is whether the lumped 
parameter is suitable for use only under the laboratory 
conditions from which it was determined, or whether it can be 
transferred for modeling use in the field. Perhaps the most 
direct method of accounting for mass transport limitations 
would be to incorporate diffusive transfer directly into 
convective-dispersive vapor transport models. 

Enhanced Aerobic Biodegradation 

With the exception of a few field research projects, soil 
vacuum extraction has been applied primarily for removal of 
volatile organic compounds from the vadose zone. However, 
circulation of air in soils can be expected to enhance the 
aerobic biodegradation of both volatile and semivolatile 
organic compounds. One of the most promising uses of this 
technology is in manipulating subsurface oxygen levels to 
maximize in-situ biodegradation. Bioventing can reduce vapor 
treatment costs and can result in the remediation of 

• 

• 

Figure 6. Proposed Pilot Test Design. 
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semivolatile organic compounds which cannot be removed by 
physical stripping alone . 

Venting circulates air in soils at depths much greater than are 
possible by tilling, and oxygen transport via the gas phase is 
much more effective than injecting or flooding soils with 
oxygen saturated liquid solutions. 

Hinchee (1989) described the use of soil vacuum extraction at 
Hill AFB, Utah for oxygenation of the subsurface and the 
enhancement of biodegradation of petroleum hydrocarbons in 
soils contaminated with JP-4 jet fuel. Figures 7 and 8 illustrate 
subsurface oxygen profiles at the Hill site prior to and during 
venting. It is evident that soil oxygen levels dramatically 
increased following one week of venting. Soil vapor samples 
collected from observation wells during periodic vent system 
shutdown revealed rapid decreases in oxygen concentration 
and corresponding C02 production suggesting that aerobic 
biodegradation was occurring at the site. Laboratory 
treatability studies using soils from the site demonstrated 
increased carbon-dioxide evolution with increasing moisture 
content when enriched with nutrients. It is worthwhile to note 
that soils at Hill AFB were relatively dry at commencement of 
field vacuum extraction indicating, that the addition of moisture 
could perhaps stimulate aerobic biodegradation even further 
under field operating conditions. 

When conducting site characterization and field studies, it is 
recommended that C0

2 
and 0

2
1evels be monitored in soil 

vapor probes and extraction well offgas to allow the 
assessment of basal soil respiration and the effects of site 
management on subsurface biological activity. These 
measurements are simple and inexpensive to conduct and 
can yield a wealth of information regarding: 

1. The mass of VOCs and semivolatiles which have 
undergone biodegradation versus volatilization. This 
information is crucial if subsurface conditions (e.g., 
moisture content) are to be manipulated to enhance 
biodegradation to reduce VOC offgas treatment costs 
and maximize semivolatile removal. 

2. Factors limiting biodegradation. If 0 2 and C02 monitoring 
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Figure 7. Oxygen concentration in vadose zone before venting . 
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generation while 
readily biodegradable compounds persist in soils, further 
characterization studies could be conducted to determine 
if biodegradation is being limited by insufficient moisture 
content, toxicity (e.g. metals}, or nutrients. 

3. Subsurface air flow characteristics. Observation wells 
which indicate persistent, low 0

2 
levels may indicate an 

insufficient supply of oxygenated air at that location 
suggesting the need for air injection, higher extraction 
well vacuum, additional extraction wells, or additional 
soils characterization which may indicate high moisture 
content or the presence of immiscible fluids impeding the 
flow of air. 

Location and Number of Vapor Extraction Wells 

One of the primary objectives in conducting a venting field 
test is to evaluate the initial placement of extraction wells to 
optimize VOC removal from soil. Placement of extraction 
wells and selected applied vacuum is largely an iterative 
process requiring continual re-evaluation as additional data 
are collected during remediation . Vacuum extraction wells 
produce complex three-dimensional reduced pressure zones 
in affected soils. The size and configuration of this affected 
volume depends on the applied vacuum, venting geometry 
(e.g., depth to water table}, soil heterogeneity, and intrinsic 
(e.g., permeability) and dynamic (e.g., moisture content) 
properties of the soil. The lateral extent of this reduced 
pressure zone (beyond which static vacuum is no longer 
detected) is often termed the radius or zone of influence 
(ROI ). Highly permeable sandy soils typically exhibit large 
zones of influence and high air flow rates whereas less 
permeable soils, such as silts and clays, exhibit smaller zones 
of influence and low air flows. 

Measured or anticipated radii of influence are often used to 
space extraction wells. For instance, if a ROI is measured at 
10 feet, extraction wells are placed 20 feet apart. However, 
this strategy is questionable since vacuum propagation and 
air velocity decrease substantially with distance from an 
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extraction well. Thus, only a limited volume of soil near an 
extraction well will be effectively ventilated regardless of the 
ROI. Johnson (J.J., 1988) describes how the addition of 13 
extraction wells within the ROI of other extraction wells 
increased blower VOC concentration by 4000 ppmv and mass 
removal by 40 kg/day. They concluded that the radius of 
influence was not an effective parameter for locating 
extraction wells and that operation costs could be reduced by 
increasing the number of extraction wells as opposed to 
pumping at higher rates with fewer wells. 

Determining the propagation of induced vacuum requires 
conducting pneumatic pump tests in which variation in static 
vacuum is measured in vapor observation wells at depth and 
distance from extraction wells. Locating extraction and 
observation wells along transects as illustrated in Figure 4 
minimizes the number of observation wells necessary to 
evaluate vacuum propagation at linear distances from 
extraction wells. Pressure differential can be observed at 
greater distances than would otherwise be possible in other 
configurations. 

Propagation of vacuum in soils as a function of applied 
vacuum can be determined by conducting pneumatic pump 
tests with incrementally increasing flow or applied vacuum. 
Vacuum is increased after steady state conditions (relatively 
constant static vacuum measurements in observation wells) 
exist in soils from the previously applied vacuum. A step pump 
test will indicate a significant increase in static vacuum or air 
velocity with increasing applied vacuum near an extraction 
well. However, at distance from an extraction well , a 
significant increase in static vacuum will not be observed with 
an increase in applied vacuum. Pneumatic pump tests allow. 
determination of radial distances from extraction wells in which 
air velocity is sufficient to ensure remediation . 

After the initial placement of extraction wells has been 
established based on the physics of air flow, an initial applied 
vacuum must be selected to ensure optimal VOC removal. In 
regard to mass transfer considerations, the vent rate should 
be increased if a significant corresponding mass flux is 
observed. Even though an increased venting rate may not 
substantially increase the propagation of vacuum with 
distance, air velocity will increase near the extraction well. If 
most contaminants are in more permeable deposits, an 
increase in applied vacuum will increase mass removal 
eventually to a point of diminishing returns or until the system 
is limited by diffusion . Note that this strategy is for 
optimization of volatilization not biodegradation. Optimizing in­
situ biodegradation often necessitates reducing air velocity in 
soil. As a result, vapor treatment costs are minimized but 
overall mass flux decreases. Thus, in-situ biodegradation of 
VOCs minimizes overall costs but may extend venting 
operation time. 

During a field test, it is desirable to operate until mass 
transport limitations are realized in order to evaluate the long 
term performance of the technology. This can be achieved by 
isolating small selected areas of a site by the use of passive 
air inlet wells. When attempting to evaluate diffusion limited 
mass removal in isolated areas, applied vacuum should 
remain high and the distance between passive inlet and 
extraction wells should be minimized. Too often, venting field 
tests are conducted for relatively short periods oftime (e.g., 



2- 21 days) which only results in assessment of air 
permeability and initial mass removal. Longer field studies 
(e.g., 6 months- 12 months) enable better insight into mass 
transfer limitations which eventually govern venting 
effectiveness. 

Screened Interval 

The screened interval of extraction wells will play a significant 
role in directing air flow through contaminated soils. Minimum 
depths are recommended by some practitioners for venting 
operation to avoid short-circuiting of air flow. However, the 
application of venting need not be limited by depth to water 
table since horizontal vents can be used in lieu of vertically 
screened extraction wells to remediate soils with shallow 
contamination. Often, it is desirable to dewater contaminated 
shallow aquifer sediments for venting application . For 
remediation of more permeable soils with deep contamination, 
an extraction well should be screened at the maximum depth 
of contamination or to the seasonal low water table , 
whichever is shallowest, to direct air flow and reduce short­
circuiting. For less permeable soils, or for more continuous 
vertical contamination , a higher and longer screened interval 
may be useful. In stratified systems, such as in the presence 
of clay layers between more permeable deposits, more than 
one well will be required, each venting a distinct strata. 
Screening an extraction well over two strata of significantly 
different permeability will result in most air flow being directed 
only in the strata of greater permeability. It is important to 
screen extraction wells over the interval of highest soil 
contamination to avoid extracting higher volumes of air at 
lower vapor concentration. 

During venting, the reduced pressure in the soil will cause an 
upwelling of the water table. The change in water table 
elevation can be determined from the predicted radial 
pressure distribution . Johnson et al. (1988) indicated that 
upwelling can be significant under typical venting conditions. 
Water table rise will cause contaminated soil lying above the 
water table to become saturated, resulting in decreased mass 
removal rates. Ground water upwelling due to venting system 
operation can be minimized with concurrent water table 
dewatering . 

Placement of Observation Wells 

Observation wells are essential in determining whether 
contaminated soils are being effectively ventilated and in the 
evaluation of interactions among extraction wells. The more 
homogeneous and isotropic the unsaturated medium, the 
fewer the number of vapor monitoring probes required. To 
adequately describe vacuum propagation during a field test, 
usually at least three observation well clusters are needed 
within the ROI of an extraction well. At least one of these 
clusters should be placed near an extraction well because of 
the logarithmic decrease in vacuum with distance. The depth 
and number of vapor probes within a cluster depends on the 
screened intervals of extraction wells and soil stratigraphy. 
However, vertical placement of vapor probes might logically 
be near the soil-water table interface, soil horizon interfaces, 
and near the soil surface. As previous mentioned, the use of 
air flow modeling can assist in optimizing the depth and 
placement of vapor observation wells and in the interpretation 
of data collected from these monitoring points. 
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When constructing observation wells it is desirable to minimize 
vapor storage volume in the screened interval and sample 
transfer line. This will minimize purging volumes and ensure a 
representative vapor sample in the vicinity of each observation 
well. Analysis of soil gas in an on-site field laboratory is 
preferred to provide real time data for implementation of 
engineering controls and process modifications. It is 
recommended that steel canisters, sorbent tubes, or direct GC 
injection be used in lieu of Tedlar bags when possible 
because of potential VOC loss through bag leakage or 
diffusion within the teflon material itself. This problem may 
lead to erroneous analytical results and the potential of a false 
negative indication of soil remediation at low soil gas 
concentrations. 

Summary/Conclusions 

While the application of soil vacuum extraction is conceptually 
simple, its success depends on understanding complex 
subsurface physical , chemical, and biological processes 
which provide insight into factors limiting venting performance. 
Optimizing venting performance is critical when attempting to 
meet stipulated soil-based clean-up levels required by 
regulators. The first step in evaluating a venting application is 
to assess contaminant volatility. Volatility is a function of a 
contaminant's soil-water partition coefficient and Henry's 
constant if present in a three-phase system, and a 
contaminant's vapor pressure and mole fraction in an 
immiscible fluid , if present in a four phase system. Volatility is 
greatly decreased when soils are extremely dry. As vacuum 
extraction proceeds, lower molecular weight organic 
compounds preferentially volatilize and biodegrade. 
Decreasing mole fractions of lighter compounds and 
increasing mole fractions of heavier compounds affect 
observed offgas concentrations. Understanding contaminant 
volatility is necessary when attempting to utilize offgas vapor 
concentrations as an indication of venting progress. 

The significance of mass transport limitations should be 
evaluated during venting field tests. Long term performance of 
venting will most likely be limited by diffusion from soil regions 
of lesser permeability which are not exposed to direct airflow. 
Mass transport limitations can be assessed by isolating a 
small area of a site and aggressively applying vacuum 
extraction. Simplistic methods to evaluate remediation time 
should be avoided. One of the most promising uses of vacuum 
extraction is in manipulating subsurface oxygen levels to 
enhance biodegradation. When conducting field studies, it is 
recommended that C0

2 
and 0

2
1evels be monitored in vapor 

probes to evaluate the feasibility of VOC and semivolatile 
contaminant biodegradation. 

Air permeability in soil is a function of a soil 's intrinsic 
permeability and liquid content. Relative permeability of air 
can be estimated using relationships developed by Brooks 
and Corey (1964) and Van Genuchten (1980). The most 
effective method of measuring air permeability is by 
conducting pneumatic pump tests. Information gained from 
pneumatic pump tests can be used to determine site-specific 
design considerations such as the spacing of extraction wells. 
Measured or anticipated zones of influence are not particularly 
useful in spacing extraction wells. Extraction wells should be 
located to maximize air velocity in contaminated soils. 



Pneumatic pump tests with increasing applied vacuum may be 
useful in determining radial distances from extraction wells in 
which air velocity is sufficient to ensure remediation . 
Screened intervals should be located at or below the depth of 
contamination. In stratified soils, more than one well is 
necessary to ventilate each strata. At least three observation 
well clusters are usually necessary to observe vacuum 
propagation within the radius of influence of an extraction well. 
Logical vertical placement of vapor probes might be near the 
soil-water table interface, soil horizon interfaces, and near the 
soil surface. 

References 

(1) Brooks, R.H., and Corey, A.T. , 1964. Hydraulic 
Properties of Porous Media, Colorado State University, 
Fort Collins, CO., Hydro!. Pap. No. 3, 27 pp. 

(2) Hinchee, R.E ., 1989. Enhanced Biodegradation through 
Soil Venting, Proceedings of the Workshop on Soil 
Vacuum Extraction , RobertS. Kerr Environmental 
Research Laboratory, Ada, Oklahoma, April 27-28, 1989. 

(3) Johnson, J.J. , 1988. In Situ Air Stripping: Analysis of 
Data from a Project Near Benson , Arizona, Master of 
Science Thesis, Colorado School of Mines, Colorado. 

(3) Johnson, P.C., Kemblowski, M.W. , and Colthart, J.D. , 
1988. Practical Screening Models for Soil Venting 
Applications, NWWAJAPI Conference on Petroleum 
Hydrocarbons and Organic Chemicals in Groundwater, 
Houston , TX, 1988. 

(4) Johnson, R.L. , 1989. Soil Vacuum Extraction: Laboratory 
and Physical Model Studies, Proceedings of the 
Workshop on Soil Vacuum Extraction , RobertS. Kerr 
Environmental Research Laboratory, Ada, Oklahoma, 
April 27-28, 1989. 

(5) Rawls, W.J ., Brakensiek, D.L., and Saxton, K.E., 1982. 
Estimation of Soil Water Properties, Transactions of the 
ASAE, 1982, pp. 1316-1328. 

(6) Siegrist, R. L., and Jenssen, P. C. , 1990. Evaluation of 
Sampling Method Effects on Volatile Organic Compound 
Measurements in Contaminated Soils, Environ. Sci. 
Techno!. , Vol. 24, No. 9, p. 1387-1392. 

(7) Van Genuchten , M.T., 1980. A Closed-Form Equation for 
Predicting the Hydraulic Conductivity of Unsaturated 
Soils, Soil Sci. Soc. Am. J., 44:982-898. 

7 


