'.) Check for updates

Integrated Environmental Assessment and Management — Volume 00, Number 00—pp. 1-12

Received: 3 May 2022 | Revised: 10 January 2024 | Accepted: 19 January 2024 1

Environmental Management

Formerly used defense sites on Unalaska Island, Alaska:
Mapping a legacy of environmental pollution

Renee Jordan-Ward," Frank A. von Hippel,? Jennifer Schmidt? and Marc P. Verhougstraete?
"Department of Biological Sciences, Northern Arizona University, Flagstaff, Arizona, USA
2Department of Community, Environment and Policy, Mel and Enid Zuckerman College of Public Health, University of Arizona,
Tucson, Arizona, USA
3Institute of Social and Economic Research, University of Alaska Anchorage, Anchorage, Alaska, USA

Abstract

Unalaska Island, Alaska, served as a US military base during World War Il. The military installed bases on Unalaska and
nearby islands, many of which were built adjacent to Unangan communities. The military used toxic compounds in its
operations and left a legacy of pollution that may pose health risks to residents and local wildlife. The goals of this study were
to identify hotspots of contamination remaining at Unalaska formerly used defense (FUD) sites, evaluate the risk posed by
arsenic, and examine “no US Department of Defense action indicated” (NDAI) status determinations for FUD sites near
communities. We compiled soil chemistry data from remediation reports prepared by the US Army Corps of Engineers at 18
FUD sites on and near Unalaska. Nine had past and/or active remediation projects and on-site sampling data. Eight sites did
not have sampling data and were characterized as NDAI. One site was listed as closed. For the nine sites with sampling data,
we compiled data for 22 contaminants of concern (COC) and compared concentrations to soil cleanup levels for human
health (18 AAC 75.341). We mapped contaminant concentrations exceeding these levels to identify hotspots of con-
tamination. We found that concentrations of some of the 22 COC exceeded Alaska cleanup levels despite remediation
efforts, including diesel range organics, arsenic, and lead. The highest COC concentrations were at the FUD site adjacent to
the City of Unalaska. A quantitative risk assessment for arsenic found that the risk of exposure through drinking water is low.
We highlight concerns with NDAI designations and current remedial practices at remote FUD sites located adjacent to
communities. Our data suggest the need for further remediation and monitoring efforts on Unalaska for certain contaminants
and research to examine potential threats to human and animal health associated with these sites. Integr Environ Assess
Manag 2024;00:1-12. © 2024 SETAC
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INTRODUCTION

Alaska held strategic importance to the United States
during World War 1l (WWII) and the Cold War
(Roucek, 1983). Located at the nexus of east and west,
Alaska provided tactical defense positions to the US military.
Unalaska and Amaknak Islands, located in the Fox Islands of
the Aleutian Archipelago (Figure 1), served as a base of
operations by the US military during the Aleutian Islands
Campaign of WWII. The Dutch Harbor Naval Operating
Base on Unalaska was the westernmost major naval base in
Alaska at the onset of WWII and supported facilities, in-
cluding barracks, underground storage tanks, munitions
storage facilities, and a powerplant. In June 1942, Japanese
forces launched an aerial attack on Dutch Harbor, and
gained occupation of the Aleutian islands of Attu and Kiska,
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1080 and 1344 km west of Dutch Harbor (Rourke, 1997;
United States National Park Service [USNPS], 2020). In re-
sponse to these attacks and the occupation of Attu and
Kiska Islands, the US military launched the Aleutian Islands
Campaign and rapidly expanded its military presence in the
archipelago, including the installation and expansion of
defense sites on and around Unalaska Island. To protect
strategically important locations in the Aleutian Islands, the
military constructed defense sites adjacent to communities
with existing infrastructure (Scrudato et al., 2012). The Dutch
Harbor military base was built adjacent to the town of Un-
alaska and expanded across western Unalaska and Amaknak
Islands to include positions such as those at Fort Learnard,
Ugadaga Bay, and Hog Island (Figure 1; Klein et al., 1987,
United States Army Corps of Engineers [Army Corps;
USACE], 2003, 2017). As a result, Dutch Harbor became one
of the largest US bases developed during WWII (Klein
et al., 1987).

Military sites on and around Unalaska were mostly
abandoned following WWII, leaving behind buildings and
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materials used during operations, including munitions,
lumber, paint, electrical wiring, insulation containing as-
bestos, transformers containing polychlorinated biphenyls
(PCBs), and tanks and drums containing hazardous sub-
stances such as brake fluid, fuels, and antifreeze (Carpenter
et al., 2005; Sepez et al., 2007; USNPS, 2015). As a result,
formerly used defense (FUD) sites may continue to pose a
risk to human health and the environment.

Military activity in Alaska during WWII and the Cold War
resulted in 600 FUD sites across the state (US Department of
the Interior [USDOI], 2016; USEPA, 2004), with over 500 sites
listed as high-priority sites for remediation (Williams & Cravez,
2018) and over 250 sites identified as containing hazardous,
toxic, and/or radioactive waste by the Army Corps (USACE,
2015). However, many of these sites have not been re-
mediated because of the difficulty and costs associated with
cleaning up remote sites and the relatively small human
populations impacted by contamination (Williams & Cravez,
2018). As of 2021, 80% of the FUD sites in Alaska listed in the
Army Corps Defense Environmental Restoration Program did
not have cleanup projects (USACE, 2021), including sites
identified as containing hazardous waste (USACE, 2015).
Furthermore, Alaskan FUD sites that undergo environmental
investigation and remediation have, in some cases, been
deemed safe for human use based on insufficient sample sizes
that prevent comprehensive risk analysis (von Hippel
etal., 2018; Jordan-Ward et al., 2022). For example, research
at FUD sites on Sivugagq (St. Lawrence Island), Alaska, showed

that toxic military pollution persisted even after extensive re-
mediation efforts, including the most expensive remediation
project to date at an Alaskan FUD site (Alaska Department of
Environmental Conservation [ADEC], 2019; von Hippel
et al., 2018; Miller et al., 2013).

Unalaska Island has the most FUD sites of any island in the
Aleutian Archipelago (USACE, 2021), and its economy is
based on the local fishing industry. Approximately 4254 resi-
dents live year-round on Unalaska Island, with thousands of
additional people employed by the fishing industry residing
on the island during the summer months (City of Unalaska,
2017; United States Census Bureau, 2023). The International
Port of Dutch Harbor is the largest fishing port by volume of
seafood in the United States and provides over 318 million kg
of fish and shellfish annually (City of Unalaska, 2021;
McKenney, 2021). Moreover, the productive marine environ-
ment supports a robust ecosystem that includes threatened
and endangered species as well as millions of seabirds (Alaska
Department of Fish and Game, 2022; Brewer, 2022). Many
local animals serve as key subsistence food sources for Un-
alaska residents (RIDOLFI Inc., 2020; USACE, 1999).

The current study focused on 18 FUD sites located on
Unalaska Island and adjacent islands (Figure 1). Remediation
projects on Unalaska and the small, connected Amaknak Is-
land began in 1984 and were still underway during the
current study (USACE, 2020a). The goals of this study
were to identify hotspots (areas of high exceedances) of
contamination remaining at FUD sites, evaluate the risk
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FIGURE 1 Map of formerly used defense (FUD) sites on Unalaska Island, Alaska, and nearby islands. The dashed boundary indicates the City of Unalaska
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posed by arsenic, and examine Army Corps “no US Depart-
ment of Defense action indicated” (NDAI) status determi-
nations for FUD sites located near communities. We
evaluated existing documentation of contamination at Un-
alaska FUD sites and mapped contaminants that exceeded
Alaska soil cleanup levels for human health (18 AAC 75.341).
The State of Alaska has developed soil cleanup levels for
approximately 180 substances (ADEC, 2021a); however, only
a handful of these substances were tested at Unalaska FUD
sites. We compared soil concentrations of 22 contaminants of
concern (COC) that were most commonly measured in Un-
alaska FUD site soil samples. We produced maps showing
where soil concentrations of contaminants exceeded the
Alaska soil cleanup levels to identify hotspots of con-
tamination and conducted a quantitative risk assessment for
arsenic due to concerns about potential contamination of
drinking water. This project serves as a case study for map-
ping contamination across multiple FUD sites and informing
the management of FUD sites in the Aleutian and Bering Sea
region.

METHODS

Data collection and analysis

We identified 18 FUD sites on Unalaska and nearby
islands using the Army Corps FUD site portal and the
ADEC Contaminated Sites Database (Table 1; Figure 1;

ADEC, 2021b; RIDOLFI Inc., 2020; USACE, 2021). We
collected remediation reports from ADEC records, in-
cluding site characterizations, site inspections, remedial
actions, and site closure reports conducted by the Army
Corps. Each FUD site was divided into subsites mirroring
those listed in the reports. For example, the Amaknak FUD
site was divided into 12 subsites, including Building 551,
Captain's Bay, and Pyramid Valley (USACE, 2017). We only
analyzed sampling data from the most recent reports for
each subsite to best reflect existing concentrations (see
Supporting Information data file). Additionally, we only
included data on soil concentrations of each contaminant
(mg/kg) because soil was the most sampled medium in
Army Corps FUD site reports, as opposed to analyses of
sediment and surface water samples, which were sparse.
The 22 contaminants most commonly measured in Un-
alaska FUD site soil samples included diesel and residual-
range petroleum hydrocarbons, persistent organic pollu-
tants, and toxic metals and metalloids (Table 2). Data used
in this study were extracted from Army Corps FUD site re-
ports and vary across time (1993-present). Some con-
taminants were tested using different analytical methods at
different FUD sites. For example, PCBs were tested as ar-
oclor mixtures at some sites and as total PCBs at other sites.
In some cases, analyses were performed on equipment
that had limits of quantification higher than the cleanup
criteria. We compared the reported concentrations of our

TABLE 1 List of FUD sites analyzed in this study

FUD site property name FUD site ID Project status Number of samples
Amaknak F10AK0841 Active 83
Cape Prominence Aircraft Warning System F10AK0806 Active 20
Cape Wislow Aircraft Warning System F10AK0019 NDAI 0
Captain's Bay Steamship Northwestern F10AK0397 NDAI 0
Cathedral Point F10AK0339 NDAI 0
Chernofski Harbor Supply & Storage F10AK0013 Active 32
Constantine Point End Base Station F10AK0295 NDAI 0
Driftwood Bay Radio Relay Station F10AK0016 Closed 71
Erskine Point Fire Control Station F10AK0296 NDAI 0
Fort Glenn F10AK0298 Active 58
Fort Learnard F10AK0017 Active 23
Hog Island Defense Site F10AK0609 Closed 19
Ugadaga Bay Station F10AK0241 Active 10
Unalaska ACS Communication Station F10AK0610 NDAI 0
Unalaska ACS Site F10AK0611 NDAI 0
Unalaska ACS Transmitter and Receiver Site F10AK0612 NDAI 0
Unalaska Defense Site F10AK0014 Closed 0
Unalga Island Naval Radio Station F10AK0015 Active 28

Abbreviations: ACS, Alaska Communication System; FUD, formerly used defense; NDAI, no Department of Defense action indicated.
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TABLE 2 List of contaminants and ADEC contaminant screening
levels compiled from Army Corps of Engineers FUD site re-
mediation reports on Unalaska Island and nearby islands in the
Aleutian Archipelago, Alaska

Percent of samples

Cleanup over 10-fold
criteria for higher than the
Contaminant soil (mg/kg)  cleanup criteria
Diesel range organics 230 56%
Residual range organics 9700 19%
Arsenic 0.2 74%
Barium 1600 NE
Chromium 0.089 100%
Copper 370 50%
Lead 400 31%
Mercury 0.36 0%
Zinc 2490 NE
Dichlorodiphenyltri- 5.1 0%
chloroethane
PCBs (many tested as 1 50%
aroclors)
1,2,4-Trimethylbenzene 0.16 0%
1,3,5-Trimethylbenzene 0.66 0%
Benzola]anthracene 0.28 9%
Benzola]pyrene 0.17 15%
Benzol[blfluoranthene 1.7 0%
Dibenzola,hlanthracene 0.17 0%
Naphthalene 0.038 30%
Pyrene 87 NE
1,2-Dibromoethane 0.00024 NE
Trichloroethylene 0.011 0%
Chloroform 0.0071 0%

Note: Percentages reflect the number of samples that were 10-fold higher
than the ADEC cleanup criteria out of the total number of samples exceeding
the cleanup criteria.

Abbreviations: ADEC, Alaska Department of Environmental Conservation;
FUD, formerly used defense; NE, no exceedances; PCB, polychlorinated
biphenyl.

22 contaminants from FUD sites that had at least one con-
taminant concentration exceeding ADEC cleanup levels
(Table 2; ADEC, 2021a). We did not analyze data from FUD
sites that had been partially or fully remediated and had no
exceedances at any subsites. Our approach identified hot-
spots of exceedances for the analyzed list of contaminants
(Figures 2-4).

Mapping contaminant distributions

We collected GPS coordinates for each sampling location
from FUD site reports when available and estimated them

from site maps when GPS documentation was either in-
sufficient or unavailable. Several FUD site reports listed co-
ordinates using the US state plane coordinate system
(northing and easting coordinates). We converted these
coordinates into decimal degrees (latitude and longitude
degrees) using Google Earth online coordinate conversion
software with Alaska Zone 10 (code 5010) and US Survey
Feet parameters (Earth Point, 2021). We created all maps
using ArcGIS Pro (version 2.9.0), which we also used to
perform all spatial analyses. To identify site locations, we
created a minimum bounding polygon tool using the sam-
ples associated with a site. To further examine the footprint
of contamination, we created a hexagon grid using the
general tessellation tool at two scales. We represented the
entire study area (2043-2076 km?) using a 5km scale and
the City of Unalaska (408-415 km?) using a 1km scale (inset
maps in Figures 2-4). This allowed samples to fall within a
single hexagon at both scales.

The FUD site reports varied in the stage of remediation,
number of analytes tested, and cleanup criteria thresholds,
which were not standardized across Unalaska FUD sites.
For example, cleanup thresholds for benzo[a,hlanthrocene
ranged from 0.27 to 5.5mg/kg (USACE, 2003, 2018,
2020d). Therefore, we compared contaminant concen-
trations to the ADEC Method Two cleanup levels for soil
(which are based on human health endpoints due to in-
gestion, inhalation, or migration to groundwater; Table 2;
ADEC, 2021a) to standardize the comparison values.
Specifically, we compared contaminant concentrations to
the ADEC Method Two for the migration to groundwater
exposure pathway because these screening levels were
used by the Army Corps at several Unalaska FUD sites. For
lead and PCBs, the ADEC does not list migration to
groundwater cleanup thresholds, so we used the ADEC
human health cleanup value for areas receiving annual
precipitation of more than 40 inches (102 cm; Unalaska
receives about 152 cm of precipitation annually; City of
Unalaska, 2021). For benzolalanthracene, benzo[a]pyrene,
benzo[blfluoranthene, dibenzola,h]lanthracene, and 1,2,4-
trimethylbenzene, we used the screening levels used at
Unalaska FUD sites, which were more conservative than
the ADEC Method Two cleanup levels (USACE, 2018). All
cleanup values used in this study reflect values used in
multiple FUD site reports; however, these cleanup levels
do not necessarily reflect the risk posed by a contaminant
at a specific FUD site due to varied local conditions such as
soil and water chemistry, which may influence contaminant
bioavailability. Additional approaches to modeling the
data could use different screening levels to assess relative
contamination profiles across the island (please see the
Supporting Information data file, which is provided to fa-
cilitate alternative modeling approaches).

We designed a standard scoring system based on ADEC
cleanup thresholds to compare contaminant concentrations
across FUD sites at the same scale (Table 2). This enabled us
to visualize areas with elevated levels of contaminants.
We evaluated contaminants based on their concentration
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FIGURE 2 Distributions of six contaminants originating from formerly used defense sites on Unalaska Island, Alaska, and nearby islands. Contaminant
concentrations were compiled from Army Corps of Engineers remediation reports and compared with the ADEC Method Two cleanup levels for soils (Table 2).
Color denotes the contaminant exceedance level based on the maximum concentration within a hexagonal area; beige =not applicable or below ADEC
cleanup level, medium blue = 0-10x higher than ADEC cleanup level, and navy = over 10x higher than ADEC cleanup level (the maximum detected value is
shown in the range). Hexagons in the main map of Unalaska denote 5 km? areas and those in the inset map of the City of Unalaska denote 1 km? areas. ADEC,
Alaska Department of Environmental Conservation; DRO, diesel range organics; PCB, polychlorinated biphenyl; RRO, residual range organics
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relative to the ADEC cleanup levels, which we termed
the exceedance score. We applied an exceedance score
ranging from O to 3 for each contaminant sample: a sample
received a score of O if the concentration was not applicable
(i.e., unavailable, data not compiled due to low values, or
not detected), a score of 1 if the concentration was below
the ADEC cleanup level, a score of 2 if the contaminant
concentration was above the ADEC cleanup level and up to
10x the cleanup level, and a score of 3 if the concentration
was more than 10x higher than the ADEC cleanup level
(Table 2). We chose to use a cutoff of 10x as a standard of
exceedance across the different contaminants.

We calculated cumulative and mean exceedance scores
to provide a simplified metric of the number of con-
taminants at a site (cumulative score) and the degree of
threshold exceedance over all contaminants (mean score).
Cumulative scores across the study area represent the sum
of the exceedance scores for each sample within the
boundary of a hexagon (Figure 3). The cumulative score
depends on the number of contaminants analyzed within
each area. We calculated the mean exceedance scores
by dividing each cumulative score by the number of
contaminants tested in the area, thus providing a mean
exceedance score for each hexagonal area (Figure 4).

Risk assessment

To facilitate a quantitative risk assessment for arsenic,
concentrations were converted from soil into water fol-
lowing previously described methods (USEPA, 2005b).
Briefly, the concentrations of arsenic in soil were converted
into concentrations of arsenic in water by dividing the
log1o soil concentration by the median soil-water sorption
distribution coefficient (Ky=3.4) for arsenic.

Following Muhammad et al. (2010) and Cooksey et al.
(2023), a risk assessment function was developed in R plat-
form (R Core Team, 2018) to calculate an average daily dose
(ADD) of arsenic for an individual consuming water con-
taining the mean arsenic concentration in water:

ADD = C x IR x ED x EF/(BW x AT), M

where C represents the arsenic concentration in water (mg/L),
IR is the ingestion rate (1.53 L/day), ED is the exposure
duration (70.5 years) based on the average life expectancy at
birth for Alaska Native people (Alaska Native Epidemiology
Center, 2021), EF is the exposure frequency (365 days/year),
BW is the body weight for males and females found for
Alaska Natives from one study (68.2 kg; Young et al., 2007),
and AT represents the average life span (25733 days).
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FIGURE 4 Mean exceedance score of contamination originating from FUD sites on Unalaska Island, Alaska, and nearby islands. Contaminant concentrations
were compiled from Army Corps of Engineers FUD site cleanup reports and compared with ADEC Method Two cleanup criteria for soils. The mean exceedance

score for each hexagonal area is indicated by color: beige = below state cleanup level, light green = low exceedance of the state cleanup levels, teal =

medium

exceedance of the state cleanup levels, and navy = high exceedance of the state cleanup levels. Hexagons in the main map of Unalaska denote 5 km? areas and
those in the inset map of the City of Unalaska denote 1 km? areas. ADEC, Alaska Department of Conservation; FUD, formerly used defense

To encapsulate exposure variability and uncertainty, we
conducted a Monte Carlo simulation involving 10000 iter-
ations. Each iteration entailed the generation of values of
novel arsenic concentrations in water based on a randomly
selected arsenic value from a normal distribution from the
converted water arsenic concentrations. Cancer risk (CR) was
calculated following Equation (2), where the cancer slope
factor (CSF) for arsenic is 1.5 mg/kg/day (USEPA, 2005a).

CR = ADD x CSF. 2)

Significance was ascribed to a risk value exceeding the
defined threshold of 1/10000, indicating the potential for
one cancer outcome in 10000 exposures (R code for
ADD and CR archive: https://github.com/mverhougstraete/
mverhougstraete_trial/tree/mverhougstraete-unalaska.

RESULTS AND DISCUSSION

Contaminant exceedances at Unalaska FUD sites

Eight of the 18 FUD sites on Unalaska and nearby islands
lacked characterization data and yet were categorized as
NDAI by the Army Corps, with no planned remediation
projects to date. An additional location (Unalaska Defense
site) also lacked data and was listed as closed (Table 1). Only
nine of the 18 FUD sites had past and/or active remediation

projects and on-site sampling data collected by the Army
Corps (Table 1). Each of these nine FUD sites contained at
least one contaminant that exceeded the Alaska cleanup
criteria (Table 2), with varying cumulative scores (Figure 3).
We found that contaminant concentrations across all sam-
pled FUD sites were typically between 0- and 10-fold higher
than the ADEC cleanup criteria (Figure 4). Of the samples
that exceeded the cleanup criteria, 24% had concentrations
over 10-fold higher than the cleanup criteria, although this
varied by the contaminant tested (Table 2). Contamination
originating from FUD sites was most elevated within the
boundary of the City of Unalaska (Figure 3) despite ex-
tensive remediation efforts at Dutch Harbor, including
the removal of over 200 underground storage tanks and
treatment of 42000 tons of petroleum-contaminated soil
(USACE, 2020a).

We found that diesel range organics (DRO) was the most
common contaminant class analyzed at Unalaska FUD sites,
and DRO concentrations were consistently over 10-fold
higher than ADEC cleanup thresholds (Figure 2). Some
contaminants, including dichlorodiphenyltrichloroethane
(DDT) and pyrene, were only tested at one FUD site (Cher-
nofski Harbor and Ugadaga Bay, respectively) and so their
actual distributions are unknown.

For Unalaska FUD sites with sampling data, contaminant
concentrations remain above Alaska soil cleanup levels
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despite remediation efforts. Results from previous work
(Adams et al., 2019; von Hippel et al., 2018; Jordan-Ward
et al., 2022, 2024) demonstrate that current cleanup levels
may not be protective for communities that rely heavily on
subsistence foods. Because many FUD sites in Alaska are co-
located with rural communities, contaminated sites may
potentiate the risk to human health (von Hippel et al., 2016;
Williams & Cravez, 2018). In our review of technical site
documents, we found that the Army Corps did not evaluate
contaminant concentrations in subsistence foods at Un-
alaska FUD sites, which would inform important exposure
pathways to residents. Future remediation projects would
benefit from more comprehensive sampling at FUD sites
adjacent to communities. For example, the US Environ-
mental Protection Agency has stricter regulatory thresholds
for subsistence fishers consuming contaminated fish due to
increased exposure rates (USEPA, 2000).

Contamination originating at Unalaska FUD sites may
continue to pose health risks to local wildlife despite re-
mediation efforts. Although we found that PCB concen-
trations fell below state cleanup levels at most Unalaska FUD
sites (Figure 2), previous studies indicate that these sites
may still act as point sources of PCB contamination (Adams
et al,, 2019; Anthony et al., 2007, Miles et al., 2009).
Anthony et al. (2007) found that bald eagle (Haliaeetus
leucocephalus) eggs collected at Dutch Harbor had ele-
vated total PCB concentrations compared to eggs collected
at reference sites. Adams et al. (2019) found elevated PCB
concentrations in blue mussels (Mytilus edulis), threespine
stickleback (Gasterosteus aculeatus), and fish species in the
family Salmonidae collected near Unalaska FUD sites com-
pared to those collected at nonmilitary sites. These findings
are consistent with previous work in the western Aleutian
Islands that found that FUD sites contributed to higher total
PCB and dichlorodiphenyldichloroethylene (DDE) concen-
trations in fish (Miles et al., 2009) and seabirds (Ricca et al.,
2008). Collectively, these results indicate that Unalaska FUD
sites, and others across the Arctic, may continue to pollute
local environments despite remediation efforts and remain a
potential health threat to residents and local wildlife.

Contaminant distributions across Unalaska FUD sites show
that the City of Unalaska remains a hotspot of contamination
(Figures 3 and 4). Many Unalaska residents rely on sub-
sistence foods harvested from traditional lands, including
those co-located with FUD sites (Adams et al., 2019; Lipka &
Fox, 2017; USACE, 1999). From 1997 to 1998, approximately
888 metric tons of subsistence foods were harvested within
24 km downstream of the Ugadaga Bay FUD site (USACE,
1999). This site contains several contaminants that exceed
cleanup criteria, including arsenic, chromium, lead, PCBs,
benzolalanthracene, benzolalpyrene, benzolalfluoranthene,
dibenzola,hlanthracene, and naphthalene (USACE, 1999).
Similarly, several stream systems flow through the Amaknak
FUD site to Dutch Harbor, Captains Bay, and Unalaska Bay
and could provide a pathway for migration and incorporation
of contaminants into food webs downstream of the FUD site
(Lemke & Vanderpool, 1995). As a result, residents who

consume subsistence foods collected downstream of the
Amaknak FUD site may be exposed to contaminants origi-
nating from military activities, such as PCBs, through their
diet (Adams et al., 2019).

Deficiencies in current assessments

Evaluation of contaminants at Unalaska FUD sites oc-
curred through a process with changing guidelines and in-
consistencies between state and federal procedures. For
example, the Army Corps concluded that no further action
was necessary at several sites despite reporting con-
taminants that exceeded the cleanup criteria used at that
site (USACE, 2007, 2020d). Several drum subsites at the Fort
Learnard FUD site were not recommended for further action
because the extent of contamination, albeit in exceedance
of the site-specific cleanup criteria, was of small volume
(USACE, 2007). Similarly, the Army Corps did not recom-
mend further remediation of an above-ground storage tank
at the Hog Island FUD site even though lead and arsenic
levels exceeded cleanup criteria (USACE, 2020d). We also
found that cleanup decisions at some sites were based on
results that were biased low and/or where quality control
measures had failed (USACE, 2017, 2018, 2020b, 2020c).
Furthermore, site recommendations at the Unalga Island
and Chemofski Harbor FUD sites were based on analytical
data collected on equipment that had limits of quantifica-
tion higher than the cleanup criteria. Additionally, PCB
concentrations at most Unalaska FUD sites were tested as
aroclor mixtures, which likely underestimate the true con-
centration present in the environment and preclude the
analysis of congener-specific effects that may be important
to remediation efforts (von Hippel et al., 2018; Letcher
et al., 2010). These issues point to the need for consistent
application of cleanup criteria that meet the most stringent
applicable state or federal guidelines for the protection of
human health and the environment.

Many Army Corps reports attributed elevated toxic metal
(loid) concentrations to naturally occurring sources and not
to FUD site contamination. We found that arsenic concen-
trations were consistently over 10-fold higher than the
ADEC cleanup threshold of 0.2 mg/kg (Figure 2). Although
the Aleutian Islands have elevated metal and metalloid
concentrations from natural sources (Gough et al., 1988;
Perryman et al., 2020), we found that the Army Corps did
not consistently assess background levels and that this
precluded analysis of the contribution of FUD sites to local
metal(loid) contamination. At the Chernofski Harbor FUD
site, the Army Corps concluded that high arsenic concen-
trations were consistent with background levels despite a
16.5-fold increase in the maximum arsenic concentration at
the FUD site (163 and 9.86 mg/kg, respectively; USACE,
2018). However, these levels may still be protective of
human health, as suggested by the low CR for arsenic ex-
posure through drinking water (mean risk=5.83x 107,
discussed below).

Eight of the 18 FUD sites (44%) had no active or planned
cleanup projects (RIDOLFI Inc., 2020). This is consistent with
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Williams and Cravez (2018), who reported that 33% of all
Alaskan FUD sites did not have cleanup projects. The Army
Corps designates sites as NDAI only if no evidence of
hazardous materials or contamination from former military
activity is observed or reported (United States General Ac-
counting Office [USGAQ)], 2002). Once an NDAI determi-
nation is made, the site is no longer monitored for potential
hazards related to former military use (USGAO, 2002).
However, the USGAO (2002) found that the process used by
the Army Corps to determine if a site meets NDAI criteria
was insufficient. In particular, the Army Corps failed to
identify all potential hazards and did not establish sufficient
evidence of safety for 38% of FUD sites listed as not needing
remediation across the United States. Furthermore, the
USGAO found that the Army Corps failed to conduct re-
quired site visits for 18% of NDAI sites and failed to notify
current site owners of NDAI determination for 72% of sites.
For FUD sites that were remediated, the USGAQO found that
the Army Corps did not adequately conduct the required
five-year reviews or re-evaluate FUD sites for emerging
contaminants once their cleanup process was complete
(USGAO, 2009). Therefore, FUD sites remediated by the
Army Corps, as well as sites designated as NDAI, may still
pose a risk to human health and the environment.

The Cape Wislow FUD site provides an example of
deficiencies in NDAI designation. The USGAO (2002) de-
termined that the Cape Wislow FUD site (listed as Cape
Winslow in the report) was not sufficiently characterized
and data were lacking on potential hazards to provide a
sound basis for NDAI determination. Located on the
northeast coast of Unalaska, Cape Wislow served as an
aircraft warning system during WWII (USDOI, 1991) and
included a 518 m tramway, housing and utility structures,
and a 7.6 m steel radar tower with a 15.2 m antenna (Klein
et al., 1987). The site was abandoned in 1947, and sig-
nificant military debris was left behind (Klein et al., 1987).
Potential COC at Cape Wislow include toxic metals
from electronics and PCBs from degraded storage tanks
(RIDOLFI Inc., 2020). The local community is concerned
about the impacts of pollution on sockeye salmon (Onco-
rhynchus nerka) in Wislow (Reese) Bay and MclLees Lake,
which are less than a kilometer from the Cape Wislow FUD
site (RIDOLFI Inc., 2020). Sockeye salmon harvested from
McLees Lake comprised 48%-89% of Unalaska subsistence
harvests between 2012 and 2016 (Lipka & Fox, 2017).
Despite the importance of MclLees Lake as a subsistence
fishery, the Army Corps did not plan to evaluate the po-
tential risks posed by contamination at the Cape Wislow
FUD site (USGAO, 2002). To date, the Cape Wislow FUD
site retains its NDAI status, which reduces the likelihood of
an Army Corps investigation.

Risk assessment of arsenic

Concentrations of arsenic in water following the con-
version of soil-water partitioning had a mean of 0.2195 pg/L,
with a standard deviation of 0.1290. The risk assessment
model indicated that all expected CRs are below the
1/10000 risk threshold. The mean risk was 7.39x 107¢,
which equates to an expected 7.39 cases per 1 million ex-
posures (Table 3). The highest risk case was 2.51 cases in
100000 exposures assuming that the highest arsenic con-
centrations were consumed every day of a person's 70.5-
year life span. This analysis suggests that groundwater
containing arsenic derived from Unalaska FUD sites would
not pose an appreciable CR for residents. The analysis also
demonstrates that even in cases where a contaminant exists
at concentrations above cleanup criteria at multiple sites,
this does not necessarily translate into increased risk for
human health. If the groundwater in the aquifer beneath the
Unalaska FUD sites was used as source water for the com-
munity, treatment at the municipality would further reduce
arsenic concentrations at the tap and thus arsenic-
associated CRs would be lower than modeled.

Limitations

Our analysis was limited to available data from existing
military reports, and the same contaminants were not always
tested across sites. Our analysis was also constrained by
data quality standards used at each site. We were not able
to evaluate contaminant levels for sites with NDAI status,
even though they may also pose a health risk to residents
and wildlife (Adams et al., 2019; RIDOLFI Inc., 2020).
Nonetheless, we demonstrated that several FUD sites, in-
cluding those adjacent to and within the City of Unalaska,
remain hotspots of environmental contamination despite
remediation efforts (Figures 2-4). While cleanup efforts are
active at many of these sites, criteria for cessation of cleanup
have changed over time and vary among sites. These
problems could be addressed through a revision of federal
guidelines such that the Army Corps is empowered to apply
suitably protective measures at FUD sites throughout the
United States.

Broader implications

Collectively, the results from the present study and from
previous work suggest that FUD sites in the Bering Sea re-
gion continue to pollute local environments and that the
completed remediation of these sites may not sufficiently
protect communities and wildlife adjacent to them. The
military activities on Unalaska Island resulted in a legacy of
pollution that will continue to impact residents and the local
environment. Contaminant concentrations remain above

TABLE 3 Risk assessment descriptive statistics for arsenic

Minimum 25th Percentile Median

1.15% 107 4.46x107° 7.39x107°

Mean 75th Percentile Maximum

7.39%x107° 1.03%x107° 2.51x107°
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state cleanup thresholds at many sites despite remediation
efforts, although remediation is ongoing at some sites.
Contaminant distributions suggest that the City of Unalaska
remains a hotspot of pollution. Additionally, cleanup
thresholds do not account for the high consumption levels
of local foods by subsistence communities.

The present study and previous research exemplify the
need for more robust evaluation and remediation of con-
taminants at FUD sites. At present, FUD sites are managed
independently without consideration of the cumulative ef-
fects of multiple FUD sites on the environment. Similarly,
cleanup levels are set for each contaminant and do not ac-
count for the potential synergistic effects of mixtures.

Our analysis of Unalaska FUD sites highlights the im-
portance of continued efforts to involve community mem-
bers in the evaluation and remediation of FUD sites. This is
especially important in Tribal communities that have expe-
rienced persecution, such as the Unangan (Aleut) people of
Unalaska and other Aleutian islands. In July 1942, the US
relocated 881 Unangan residents from their traditional
lands, including Unalaska, to camps in southeast Alaska,
where approximately 10% died due to poor living con-
ditions; nonnative civilians were not forced to evacuate
(Klein et al., 1987; Madden, 1992; Mason, 2010; Sepez
et al., 2007; US National Library of Medicine Online, 1942).
Despite the defeat of Japanese forces at Attu and Kiska
Islands in 1943, Unangan people were kept at US intern-
ment camps until 1945 and 1946 (Gable, 1980). Fur-
thermore, the Unangan people of Unalaska were not
included in decisions on military site selection or activities
that took place adjacent to their community during WWII
and the Cold War. Such lack of local control over land use
and the subsequent pollution of those lands is a common
issue in communities throughout the Arctic. Dispropor-
tionate exposure to carcinogenic and endocrine-disrupting
compounds remains an environmental justice issue in the
Arctic and may contribute to health disparities (Arctic
Monitoring and Assessment Programme, 2015).

Collectively, our results suggest that future remediation
projects should (1) conduct comprehensive testing for legacy
contaminants at FUD sites to better evaluate risk, (2) assess
cleanup thresholds to ensure that they are protective for rural
communities, which may require changes to federal guide-
lines, and (3) continue to involve Tribal governments and local
residents in decision-making and site prioritization. Unalaska
Island is but one of many islands in the Aleutian and Bering
Sea region with FUD sites. Future research could expand
upon the approach used here to identify additional hotspots
of contamination for the region. Similarly, contaminated FUD
sites exist throughout the Arctic, so the implications of this
work reflect a broader problem of arctic pollution.
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