
Environmental Science
Advances

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6/

4/
1 

 1
0:

14
:3

9.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ongoing legacy
Institute of Environmental Engineering,

mariag@hi.is

Cite this: Environ. Sci.: Adv., 2024, 3,
972

Received 12th February 2024
Accepted 4th May 2024

DOI: 10.1039/d4va00049h

rsc.li/esadvances

972 | Environ. Sci.: Adv., 2024, 3, 972
contamination from a military
radar station in Iceland: a case study

Maŕıa J. Gunnarsdottir

Contamination in and around military radar stations in the Arctic has been an ongoing concern since first

identified in the 1980s. This study reports on the environmental impact from a DEW line US military

station that was operated on Hei+arfjall mountain in northeast Iceland from 1957 to 1970. This review is

conducted as a part of work of the POPs Expert Group of the Arctic Monitoring and Assessment

Program (AMAP) for an assessment report on local sources vs. long-range transport of Persistent

Organic Pollutants (POPs) in the Arctic. The main resource for this summary is an evaluation of results

from several reports on Hei+arfjall Langanes, one from an Icelandic Environmental Authority in 1993 and

another from the Canadian Environmental Science Group (ESG) at the Royal Military College of Canada,

which was commissioned in 2017 by the owners of the land that was used for the station. The results are

compared to findings in scientific papers and reports for contamination at other military radar stations in

Canada and Alaska. This review shows considerable contamination on Hei+arfjall over 50 years after the

closure of the station and is consistent with findings at other former military stations of the same era and

with recent preliminary results from environmental investigation by the Norwegian Geological Institute

(NGI). The dump area has around 13 thousand m3 of soil contaminated with petroleum hydrocarbons

(PHCs), lead, mercury and tin. The communication area and surrounding are contaminated with

polychlorinated biphenyls (PCBs), lead and mercury. In other areas storing oil, soil samples reveal

elevated concentrations of PHCs. New monitoring results by NGI with passive water samplers show

PCBs 20-fold above the guideline value in a water source below Hei+arfjall, and the prediction and

dispersion model indicated an increased concentration of PCBs there for decades to come. From new

knowledge on the impact of climate change on the release of contaminants as POPs, it can be

concluded that there is a need for further cleanup of the area. The potential for future releases due to

climate warming should be included in risk assessments of contaminated military and industrial sites in

the Arctic.
Environmental signicance

This paper is a summary of environmental impacts from a former USmilitary DEW line radar station in Iceland which operated from themid-1950s to the 1970s.
This station was one of four DEW line station stations that operated in Iceland during the Cold War era. During the time of operation and when dismantled,
nearly all waste from the station was dumped in unlined pits on the mountain. Very limited cleaning of the site has been performed and the site is contaminated
with PCBs, PHCs, PAHs and some inorganic elements.
Introduction
Brief history of DEW line stations

The Distant Early Warning (DEW) line radar stations were built
by the US Air Force in the 1950s along the Arctic circle in North
America, Greenland and Iceland, to protect North America from
Soviet invasion via the Arctic.1 The DEW line was intended to
provide a two-hour warning to the USA and southern Canada
against manned Soviet bombers. It consisted of 63 stations and
University of Iceland, Iceland. E-mail:

–982
ran from the St Lawrence Island in the Bering Sea, along the
northern shores of mainland Alaska to Cape Dyer on the Baffin
Island coast in the Canadian Arctic and was extended by
stations in Greenland (4) and Iceland (4). It was one of the most
expensive military projects initiated in peacetime.2,3 As it could
not warn of the later developed intercontinental ballistic
missiles, it became of limited use. In 1985, the US and Canada
agreed to replace the DEW line with a new satellite-based
system. They also agreed to clean up the old sites, as most of the
sites were contaminated with PCB solvents, heavy metals such
as mercury (Hg) and lead (Pb), and petroleum hydrocarbon
products together with barrels and debris dumpsites.4,5
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Environmental assessments were conducted at all 42 DEW line
stations in Canada from 1989–1993, and a DEW Line Cleanup
Protocol was developed as a result of this work.4,6 The protocol
provided standardized risk management and remediation
approaches based on contaminant type and concentration.
The protocol requires soil contaminated with PCBs at more
than 50 mg kg−1 soil to be shipped to a licenced disposal facility,
5–50 mg kg−1 isolated with barriers (e.g., an engineered,
lined waste disposal facility) from the Arctic ecosystem, and
1–5 mg kg−1 to be buried in a non-hazardous landll.7 Remedi-
ation techniques are described in Kalinovich et al.8 and
Granberg et al.9

The DEW line station at Hei+arall Iceland

Iceland has been a member of the North Atlantic Treaty Orga-
nization (NATO) since its foundation in 1949 and, as stated on
the website (Government of IcelandjNational Security (https://
www.government.is/topics/foreign-affairs/national-security)) of
the government of Iceland, has had a Bilateral Defence
Agreement with the United States since 1951 as Iceland is
a country without military. During the Cold War era, the US
military began operating four DEW line radar stations to
monitor air traffic around Iceland. One of the four stations in
Iceland, designated as H-2 (Langanes), was built on Mt.
Hei+arall in the Northeast, see Fig. 1. The other three were
Mt. Straumnesall (Straumnes) H-4 in the Northwest,
Stokksnes (Hofn) H-3 in the Southeast and Keavik
(Rockwille) H-1 in the Southwest.

The H-2 radar station at Hei+arall (66°1604200N 14°5903200W)
was operated from 1957 until 1970, by the US Air Force until
1961 and aer that by the US Navy watching submarine traffic
until 1970 when the station was closed down and later demol-
ished. The radar station was built on the top of Hei+arall
mountain, approximately 260 metres above sea level. The
mountain is part of the land of Ei+i farm, which was leased by
the Icelandic government in 1953 and handed over to the US
Maŕıa
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© 2024 The Author(s). Published by the Royal Society of Chemistry
military in 1955.10 It is estimated that between 100 and 130
people stayed permanently at the station during operation.
During that time, almost all waste from the station was dumped
in unlined pits on the mountain and then later, when the radar
station was dismantled, on-site burying and levelling was done
by the Icelandic Surplus Agency in the seventies and later in the
eighties by the local rescue group Hai+i.

Hei+arall mountain and its surroundings are now mainly
a grazing area for sheep and a habitat for wildlife. The farm Ei+i
is now used for intermittent residence and the drinking water
source for the farm is on the southern side of the mountain,
directly below the radar station, approximately one kilometre
away (Fig. 2 and 3). The estuary lake Ei+isvatn has an area of 1.9
km2 and a depth of approximately 3 meters and provides
habitat for char and waterfowl. Three farms in the vicinity of
Hei+arall are with permanent residency, Hli+, Ytra Lon and
Saudanes, situated 5 to 12 km away. A shing village, Torshavn
with ca. 500 inhabitants, is 18 km from the station. The airport
used by the military was at Saudanes (not in use now). The
biosphere around the mountain includes birds, foxes and
sheep, approximately 1500 during the summer months.
Shooting of partridge is practiced and shing in the many lakes
for trout is popular, and Langanes is also a popular tourist
destination. The farm Eidi was sold in 1974, and the new
owners soon began preparations for sh farming in Lake
Eidisvatn which was showing good results (MBL 20th August
1986). However, because of suspected contamination from the
nearby DEW line station, they were advised to stop the project
which they did in the late eighties (personal information: Ránar
Jónsson, Langanesbyggd).

Critical environmental issues are the potential for contami-
nants leaking from the former DEW line and other military sites
to migrate into the biosphere and to the nearby human and
ecological receptors, as has been revealed in numerous
studies.11–16AtHei+arall, there is the risk that contaminationwill
impact the biosphere all around themountain, the pond which is
the only source of water on the mountain for livestock and birds,
the water source for the farm Eidi, the biosphere in the lake
Ei+isvatn and the sea directly below the mountain. The sea
around Langanes is an important feeding ground for sh. The
current owners have been demanding clean-up and environ-
mental impact investigation of the area since the late seventies.
POPs and climate change in the Arctic

Localized POP contamination has been documented in the
Arctic at the DEW line stations in North America and elsewhere
and has been registered as a signicant source of contamina-
tion in the Arctic and in the Antarctic.1,17 The local inuence on
the surrounding environment from these sites has been termed
the “halo effect”, and PCB contamination has been detected in
soil and vegetation in an up to 10 km radius (300 km2 per site)
from DEW line areas.1,17–20

For example, at the station at Resolution Island (Nunavut,
Canada), located on south-eastern Baffin Island, the clean-up
began in 1999 and was completed in 2006, which involved
remediation of 5 tonnes of pure PCBs in approximately 20
Environ. Sci.: Adv., 2024, 3, 972–982 | 973
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Fig. 1 The DEW line radar station at Hei+arfjall in 1958 (https://www.radomes.org/museum/acwgrnland.php).

Fig. 2 Transport model of pollution spread at Hei+arfjall.42
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thousand m3 of soil.7 When the station was abandoned in 1974,
over 8 tonnes of pure PCBs (Aroclor 1260) were le at the site,
most of which originated in and around the communications
building.4 PAHs resulting from petroleum spills at military and
industrial sites have been shown in the Arctic for example at
a military site outside the city of Utqiaġvik (formerly Barrow),
northern Alaska.5 Areas near the airstrips and powerhouse were
the most contaminated areas.

In Iceland, the Dew Line station H-1 Rockville was placed at
the NAS-KEF (Naval Air Station Keavik) military base (closed in
2006) and was operated by military personnel stationed there.
In 1986, the water source for the towns of Keavik and Njardvik,
which are close to the airport and base, was found to be
contaminated. The contamination was e.g. with Volatile
Organic Compounds (VOCs, tetra- and trichloroethane), widely
used as cleaning and degreasing solvents, and benzene. All
974 | Environ. Sci.: Adv., 2024, 3, 972–982
values above premitted values for drinking water, up to eight-
fold. From time to time, there were oil accidents at the base, the
biggest ones in 1987 and 1989. Oil cleaning operations were not
successful, and groundwater is heavily contaminated. A large-
scale inspection was carried out at the water sources in the area,
which eventually resulted in most of them being closed, and
a new water source, around 12 km away, was harnessed and
paid for by the US military.21–23 This new water source is now
under threat from volcanic activity on the Reykjanes peninsula.

PCBs originating at the DEW line sites have been docu-
mented in nearby habitats, wildlife, and people in Arctic Can-
ada and Alaska.12,14,15 Near several former DEW line stations in
Alaska, Scrudato et al.13 reported elevated concentrations of
PCBs and mercury (Hg) in soil samples and plants. Elevated Hg
and PCBs and other POPs have been found in sh such as Dolly
Varden (Salvelinus malma) and ninespine stickleback (Pungitius
pungitius) near the former DEW line station on St. Lawrence
Islands in Alaska.14,24,25 Carpenter et al.12 determined serum
levels of PCBs in Siberian Yupik adults from St. Lawrence
Island, Alaska. They concluded that atmospheric transport of
PCBs contributes to levels in the Yupik people, but that the
abandoned military site may also contribute to the human body
burden in those individuals who have either spent substantial
time or consumed food from there.

The Arctic has been recognised as a hemispheric sink for
some POPs as dened in the Stockholm Convention.26 Those
bioaccumulate in a lipid-rich food web and have an adverse
effect on human health and the environment.27,28 The main
emission of POPs to the Arctic is with long range transport (LRT)
from the industrial and agricultural areas of the lower latitudes
either with atmospheric transport or with ocean current. The
POPs can also be released locally e.g., sewage, waste sites,
military sites, mining. Relative contributions of LRT vs. local
emissions may be changing due to climate change both due to
the release of POPs with melting ice and permafrost, and due to
increased human activity in the Arctic.13,29

The Arctic has been warming faster than the rest of the globe
due to climate change.30,31 Recent research has shown four-fold
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic picture of Hei+arfjall and the sites investigated by the ESG in 2017.10 Water source for Eidi farm is at the Eidi stream.
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faster warming in the Arctic than the globe during the last 43
years with thawing of permafrost and ooding changing
hydrological conditions and stability of infrastructure that can
release contaminants.32–35 Permafrost was assumed to provide
a good hydrological barrier for movement of contaminants from
solid and liquid wastes. Climate warming will change that, and
melting permafrost and loss of sea ice will mobilize chemicals
and plastic as a secondary source of pollution.36 Langer et al.34

identied over 4500 industrial sites where potentially
hazardous substances are actively handled or stored in the
permafrost-dominated regions of the Arctic. These sites include
industrial and military sites, landlls, drilling sites for oil and
gas and exploration, mines, storage tanks, pipelines, and other
waste dumps. Air temperature has an effect on POP levels in the
environment and has been identied as an important predictor
of PCBs as higher temperatures will lead to higher rates of
emission of PCBs into the atmosphere through
volatilization.37–41 Langer et al.34 concluded that climate change
impacts must be integrated into a strategy for clean-up of
industrial and contaminated sites.
Results and discussion
Preliminary estimate of travel time of pollutants from
Hei+arall

In 1989, the landowners at Eidi asked a consulting engineering
company, who specializes in groundwater transport modelling,
to estimate the spread of pollutants from the dumpsite at
Hei+arall with inltration into groundwater. The questions
asked were how long it would take the contaminants to reach
the springs and how long they would last.

The engineering consultant's conclusion was that ground-
water pollution would mostly spread southwards towards the
farm, the estuary lake Ei+isvatn and the sea as shown in Fig. 2.
Calculations of the pollution inltration ow from the top of the
mountain indicate that it would take at least 30 years to reach
the springs on the south side of the mountain owing to Ei+i
© 2024 The Author(s). Published by the Royal Society of Chemistry
and it would take at least another 70 years until it had dis-
appeared, but some dilution could be expected.42
Geological survey and water sampling

In 1993, the local health surveillance authority in the area
requested the Ministry of the Environment to investigate if
groundwater was contaminated at Hei+arall and the
surrounding area. As a result, the Ministry entrusted the Envi-
ronmental Agency, then named the Health Protection Agency
(MHR) with the following three tasks, to map the geology of the
mountain and the surrounding area, to take water samples from
springs around the mountain to analyse for metals and halo-
genated organic compounds (AOX as Cl), and to test if any
persistent halogen compounds were found in water in oil
barrels and soils in the dump area.43

The geological mapping showed that the site is in a Pleisto-
cene area with two main types of rocks: lava layers and on top of
that fractured rock, with its limit approximately 160 meters
above sea level. Between these two layers is a thin sedimentary
layer of sand and clay. The summit of Hei+arall is formed by
a porous fractured rock with high permeability and an esti-
mated hydraulic conductivity of K = 10−3 m s−1. The ground-
water level can be expected to be at a similar level to the
fractured rocks (160 m). Because contaminants travel more
slowly through air-lled pores than through water-lled pores,
the authors concluded that it could take a long time to reach the
groundwater. This agrees with results from the consulting
engineers from 1989.42

Nine sites were chosen by the MHR for water sampling: two
of these were surface water sites in a river and lake Ei+isvatn
near the farm, and seven were spring sources around the
mountain (50–130 m.a.s.l.), one being the spring that is
a drinking water source for the farm (50 m.a.s.l.). The moni-
toring results were compared to international drinking water
standards such as those of the EU, WHO, US, DE and CA, and
were found to comply with all. Some soil samples were taken
from the dump area, along with water samples from two oil
Environ. Sci.: Adv., 2024, 3, 972–982 | 975
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Fig. 4 The H-2 Station Radome area at Hei+arfjall, 26. 7. 2021 (M. J.
Gunnarsdottir).
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barrels that were still at the site. The samples were tested for
halogenated organic compounds (AOX as Cl), which were
detected to be as high as 30 mg kg−1 in soil and 0.044 and
0.863 mg l−1 in the water in the two barrels chosen for
sampling.

In retrospect, the monitoring results show that many heavy
metals were measured above the natural background levels
(NBL) for groundwater developed for a Pleistocene geological
area in Iceland44 and where Hei+arall is situated.45 In many
cases, the detection limit used when analysing the samples was
far above the NBL for Pleistocene. For example, the NBL level for
Pleistocene areas in Iceland for arsenic (As), lead (Pb), mercury
(Hg), and nickel (Ni) is 0.17, 0.086, <0.002 and 0.24 mg l−1,
respectively,44 whereas detection limits in the 1993 investigation
were <1 mg l−1 for arsenic, <0.7 mg l−1 for Pb, <0.4 mg l−1 for Hg
and <20 mg l−1 for Ni so these results could not reveal any
anthropogenic impact in the area.

Standards for safe water for the environment have changed
since 1993, with more stringent rules on chemical contamina-
tion. For example, the European directive on environmental
quality in water policy46 sets the maximum allowable concen-
tration (MAC) for total Hg in surface water at 0.07 mg l−1. The
Canadian environmental quality guidelines set the limit for
total Hg to protect aquatic biota in freshwater at 0.026 mg l−1

and in marine water 0.016 mg l−1.47 Hence the detection limit for
Hg <0.4 mg l−1 in the study in 1993 is not sufficient to reveal
compliance with these ecological standards. Otherwise, most
results for the inorganic elements in the 1993 study did not
exceed MAC. The authors of the report suggested that water
sampling be repeated aer three years for comparison impact
purposes and to detect whether any indicators of contamination
impacts had reached the groundwater.
The 2017 Canadian investigation of environmental impact

The landowners asked the Environmental Sciences Group (ESG)
of the Royal Military College of Canada in 2017 to investigate
the H-2 site at Hei+arall for environmental impacts.10 The ESG
chose nine areas for investigation based on the historical
documentation of activities, such as fuel handling, waste
disposal and other activities that could cause an environmental
impact and in addition took two samples at the Eidi stream
area, one soil and one sediment sample.

The sites chosen for sampling by the ESG, see Fig. 3, were: (1)
the Dump area (ca. 18.000 m2) where debris, both during
operating and later during clean-up, had been buried; (2) the
Tropo area, with a communication building (still standing), and
where two tropospheric communication dishes once stood; (3)
the Sewage Outfall area; (4) the POL (petroleum oil and lubri-
cant) Tank area, where a large fuel storage tank used to be sit-
uated. Sites 3 and 4 were on the southern edge of the summit
area, directly above the Ei+i farm; (5) the Garage area; (6) the
Barracks area; (7) the Powerhouse area, and (8) Radome area
(sites 5, 6, 7, and 8 are all situated at the Station area); (9) the
lower-lying Catchment area, where a concrete drainage pipe was
observed leading to a small pond; and (10) the Ei+i stream area.
Fig. 4 shows a recent picture of the Station area.
976 | Environ. Sci.: Adv., 2024, 3, 972–982
The ESG presented a report that included analyses of 30 soil
samples, 2 sediment samples (one from the sediment of the
pond at the Catchment area and one from the Ei+i stream area),
and 3 structural material samples in the Tropo building. No
water samples were collected because of restrictions on water
transport to Canada. All samples were collected over the period
August 21–24, 2017.

The samples were shipped to Canada and analysed for PCBs,
PHCs, Polycyclic Aromatic Hydrocarbons (PAHs), a suite of
VOCs, and 30 inorganic elements. All were analysed by an
accredited laboratory ASU of Queen's University Canada
according to the standard ISO/IEC 17025.

Table 1 shows the number of analyses for each category of
contaminants at each site. Thirty inorganic elements were
tested at all ten sites whereas PCBs at nine sites, PHCs and
VOCs at six sites and PAHs at ve of the ten sites.

The ESG chose the criteria for compliance from two Cana-
dian and two US guidelines on environmental and human
health parameters.47–49 For PHCs, the EGS used the Canada-
Wide Standards (CWS) for Petroleum Hydrocarbons (PHCs) in
soil, Tier 1 Levels for agricultural land use.50 Concentrations
above the lowest numeric level of each substance were used to
identify areas of concern.

Table 2 shows the highest value of each pollutant detected in
samples at each of the ten sites tested, the lowest guideline value
chosen and the 30 inorganic elements that were tested. Six trace
elements, arsenic (As), lead (Pb), mercury (Hg), nickel (Ni), silver
(Ag), and tin (Sn), were chosen as primary indicators of potential
contamination areas because of results from other military sites.

Five sites are the most contaminated, Dump, Tropo, Sewage
outfall area, Radome, Garage and Catchment areas, all with at
least 50-fold exceedance of lowest guideline values: the Dump
area with PHC and Pb, Tropo building with PCB, Sewage outfall
area with Hg, Radome and Garage areas with Pb and the
Catchment area with PHC, Hg and Sn.

POPs are non-compliant to the lowest guideline value, as
shown in Fig. 5, from 11% for low molecular weight PAHs to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Number of soil and sediment samples analysed by the ESG10a

Sample sites

Analysis conducted

30 inorganic elements PCBs PHCs PAHs VOCs

1. Dump area 12 9 1 1 1
2. Tropo building area 5 5 2 2 2
3. Sewage outfall area 1 1 1 1 1
4. POL tank area 2 n.a 1 n.a 1
5. St. A. Powerhouse 4 4 4 4 4
6. St. A. Radome 3 3 n.a n.a n.a
7. St. A. Garage 1 1 n.a n.a n.a
8. St. A. Barracks 1 1 n.a n.a n.a
9. Catchment area 1 1 1 1 1
10. Eidi stream area 2 2 n.a n.a n.a
Total analyses 32 27 10 9 10

a St. A. = station area; n.a = not analysed.

Table 2 Lowest guideline value and highest values of PCBs, PHCs, PAHs and the six inorganic elements detected (shaded) on each site, in mg
kg−110a

a St. A. = station area; n.a = not analysed; n.c = not calculated as all PAHs below detection limits.
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70% for PHCs. However, this is not representative as sampling
is not evenly distributed and several sites are not tested for
some POPs as shown in Table 1.
PCBs

PCBs were formerly used in various industrial and consumer
products but are now banned. At military stations, they were
used in electrical transformers, capacitors, voltage regulators,
switches, motor oils and paints. Twenty-seven samples were
tested at nine areas for PCBs; of these four areas were above the
lowest guideline value (0.33 mg kg−1). These were at the Dump,
© 2024 The Author(s). Published by the Royal Society of Chemistry
Trope, Garage, and Catchment areas. The concentration was very
high in one sample near the communication Tropo building (28
000 mg kg−1) just south of the building still standing, whereas it
was lower at the other three sites, from six to ten times over the
lowest guideline level. It was also quite high in structural mate-
rial samples (not shown in Table 2) in paint inside the Tropo
building (707mg kg−1). This indicates that PCB contamination is
present at least at these sites compared to the criteria given. The
DEW line remedial criteria for PCB contaminated soil are 1 mg
kg−1.1,4 According to this criterion and ESG results, the four areas
at Hei+arall would need remedial action, the Dump, Tropo,
Environ. Sci.: Adv., 2024, 3, 972–982 | 977
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Fig. 5 Non-compliance of POPs with the LGW (lowest guideline
value) in samples.10
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Garage and Catchment areas. A similar case was at the
communication area at Resolution Island in Canada where soil
should be deported according to the Canadian clean-up protocol,
as mentioned earlier.7
PHCs

PHCs, used as fuels and lubricants, consist of a large number of
hydrocarbon compounds, some of which can cause severe
health issues. The ESG observed considerable remains of oil
barrels, some of which were stained black, and some black tar
like chunks around the Dump area and around the Powerhouse
area. Oil barrels were also observed by the MHR in 1993, as
mentioned previously.43 PHCs are arranged into four categories
(F1, F2, F3, F4) depending on the number of carbons, and their
volatility decreases and persistence increases in the environ-
ment with a rising number of carbons. PHCs in F1 were not
detected over the lowest guideline values whereas this was the
case with the other three, to varying degrees. PHCs were tested
at six areas and detected over the lowest standard at four areas:
the Dump, Sewage outfall, Powerhouse and Catchment areas
(Table 2 and Fig. 6). The highest concentration of PHCs ranged
from 40 000 mg kg−1 to 69 000 mg kg−1 at the Dump area and
was 9700 to 37 000 mg kg−1 at the Catchment area. A similar
case was at the DEW line site at Utqiagvik in Alaska where areas
around the powerhouse site showed signicant petroleum-
derived contamination as mentioned earlier.5
Fig. 6 PHCs (mg kg−1) detected above the lowest guideline value for
F2, F3 and F4 (150, 300, and 2800, respectively) at four areas. The
highest value in each area of the four is shown in the figure.

978 | Environ. Sci.: Adv., 2024, 3, 972–982
PAHs

PAHs are released during incomplete combustion of petroleum
products or from petroleum spill. They are persistent in the
environment and several have multiple adverse health effects.27

PAHs were summarized in two categories, low molecular weight
PAHs (LMW PAHs) and high molecular weight PAHs (HMW
PAHs), with the latter being more toxic and carcinogenic.51

Fieen PAHs were tested (5 LMW and 10 HMW) in nine samples
from ve areas (Dump, Tropo, Sewage outfall, Powerhouse and
Catchment), see Table 1, and found to exceed the lowest
guideline value at three areas: Catchment, Dump and Tropo
areas. The highest values in both categories (LMW and HMW)
were found at the Catchment area (Table 2). See Fig. 7 for results
for HMW PAHs.

VOCs

VOCs are a large group of compounds that have a high vapour
pressure and low water solubility, and some are common
groundwater contaminants.52 Forty-three VOCs were tested in
ten samples in six areas and found on one site, in the sediment
by the pond at the Catchment area, where seven of the 43 were
detected over the lowest guideline value. Those detected were
trichloroethene (2-fold), tetrachloroethane (32-fold), cis-1,2-
dichloroethene (4-fold), toluene (3-fold), total xylene (8-fold),
isopropylbenzene (2-fold), and 1,2,3-trichlorobenzene (6-fold).
The rst three are part of a group of synthetic chlorinated
solvents that are widely used as cleaning and degreasing
solvents.

The six priority trace elements: arsenic, lead, mercury, nickel,
silver and tin

Thirty-two samples were tested for 30 inorganic elements: four
of the six primary trace elements were elevated at the sites: Pb,
Hg, Ni, and Sn, with 47% to 78% of the samples exceeding the
lowest guideline values, whereas silver and arsenic have less
exceedance (3%). The ve most impacted areas are the Catch-
ment, Garage, Dump, Radome and Sewage outfall areas. The
highest value for lead is at the Dump area (1700-fold), and lead
is also high at the Radome and Garage areas (118-fold and 55-
fold respectively), and Hg and Sn at the Catchment area (530-
fold and 48-fold respectively). Many other inorganic elements
were also above the lowest guideline values; for example
Fig. 7 HMW PAHs (mg kg−1) tested in five areas with the content
exceeding the lowest guideline value (1.1 mg kg−1) in three areas. The
highest values detected in the three areas are shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Non-compliance with the lowest guideline value in samples of
6 primary trace elements, measured in 32 samples from the 10 areas
chosen by the ESG for investigation at the H-2 area.10
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aluminium, antimony, cobalt, copper, iron, manganese, vana-
dium, and zinc were frequently above the guideline values.
None of the six primary inorganic elements were above the
guideline values at the Ei+i farm area. However, ten other
inorganic elements (not shown here) exceeded the lowest
guidelines at the Ei+i farm area, especially vanadium and
antimony which were 50 and 20-fold higher than the lowest
guideline values. Others were aluminium, chromium, cobalt,
copper, iron, manganese, sulphur, and zinc, ranging from 2 to
7-fold higher (Fig. 8).

Studies by the Environmental Agency of Iceland in 2019 and
2023

In 2019, the Environmental Agency of Iceland took four surface
water samples from the lake Ei+isvatn, at different times of the
year (June, July, September and October), to analyse for priority
substances according to the EU environmental quality stan-
dard.46 The analysis was done by ALS Scandinavia AB in Sweden
accredited according to ISO EN 17025. The substances included
PCBs, PAHs, VOCs, Hg, Pb and Sn. All samples complied with
the EU standard in these elements and nearly all were below the
detection limit. Two organochlorines, alpha-HCH and beta-
HCH, both of which are components of technical HCH and are
impurities in the insecticide lindane, were detected over the
detection limit, however, always below guideline levels for fresh-
surface water in US EPA guidelines.49

The Environmental Agency (EA) of Iceland assigned the
Norwegian Geotechnical Institute (NGI) in 2022 to carry out
geophysical and environmental site investigation at H-2
Hei+arall. This was to be the rst phase in investigating the
contamination at Hei+arall and was carried out in August
2023. The second phase was to do an environment risk assess-
ment of contaminated soil on Hei+arall. This risk assessment
calculated the human exposure to contaminants and the
transport of contaminants to the groundwater and the surface
water. In August 2023, Norwegian Geotechnical Institute, in
cooperation with the Icelandic Enviornmental Agency, collected
soil and water samples all around Hei+arall. Soil samples (56)
from the H-2 area, and background soil samples (3) from
outside the military area were collected along with 9 water grab
samples from: drainage trends and the water source for Eidi
farm (4), lakes (3), a pond (at the Catchment) and a groundwater
© 2024 The Author(s). Published by the Royal Society of Chemistry
well (used as a water source for the military). Additionally two
water samples were collected with passive samplers (DGT and
POM) deployed to detect toxic metals and PCBs with much
lower detection limits than grab samples. The two samples were
taken downstream of Hei+arall at a stream near Eidi and in
Lake Eidi to monitor PCBs (seven congeners) and metal
concentration in water.

The Environmental quality guidelines (EQG) used for soil
were the Icelandic regulation on contaminated soil,53 using the
“maximum value for land use in business area”. These guide-
lines values are most oen considerably higher than used in the
Canadian report, except for PCBs.10 For the water samples, the
Norwegian EQG for freshwater was used as criteria54 as not all
elements monitored are dened in the Icelandic EQG for
water.55

The NGI report56 shows that the Dump area and the Tropo
building area are the areas of highest concern where the latter
had an elevated concentration of 7-PCB in soil up to 85 mg kg−1.
This is signicantly higher than the upper limit for class II at 0.5
mg kg−1 in the Icelandic EQG and this result is coherent with
the results in the ESG report.10 The Dump area is with a large
volume of soil and was estimated by the NGI to be around 13
thousand m3 with debris and waste. Multiple soil samples
exceeded the Icelandic EQG for Pb, Cu, Zn, PHCs, PCB and/or
dioxins/furans. These results are coherent with the Canadian
results.10 In surface water samples, Hg was detected above the
Icelandic guideline values in all water samples. Analytical
results from passive water sampling at the stream near Eidi
farm and from Lake Eidi are above the Norwegian EQG for good
status (class II) for 7-PCB, 2.4 × 10−6 mg l−1 versus 4.7 × 10−5

and 3.9 × 10−5, respectively, around 20-fold and 16-fold above
the guideline value.

The prediction- and dispersion model for ve contaminants
(Pb, Hg, sum of 7 PCB congeners, benzo(a)pyrene and poly-
chlorinated dibenzo(p)dioxins PCDDs) indicates that ground-
water and surface water directly below the mountain at Eidi
already have and will in future have a constant increase in PCBs,
high above the Norwegian EQG for good status for decades to
come while the other four contaminants will be well below. This
is coherent with the results of the consulting engineering
company Vatnaskil in 1989 (ref. 42) that also predicted the
contamination would ow towards Eidi for decades.

Conclusions

The ESG report revealed environmental impact from the H-2
radar station on top of Hei+arall mountain and conrmed that
the contamination was consistent with ndings on other former
military installations of the same era. The ESG10 and NGI56

studies both found high PCB levels at the Tropo Communica-
tion building, nearby and inside on painted material. The NGI
also predicts that PCB contamination will be contaminating
water sources for decades to come. High levels of PHCs, derived
from unburned petroleum products, were detected by the ESG
at Dump, Sewage outfall, Powerhouse and Catchment areas.
Nearly all contaminants were found to exceed lowest guideline
levels at the Catchment area, and typically at levels many times
Environ. Sci.: Adv., 2024, 3, 972–982 | 979
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higher than the guidelines. Specically, the highest detected
values of Hg, Ag, PHCs-F2 and PAHs are present in the one
sediment sample taken at the Catchment area. The lower-lying
Catchment area at the pond is one of the few areas on
Hei+arall with surface water. This is of concern because of the
potential exposure to farm animals and wildlife. The ESG
concluded that the elevated contaminants pose a potential
human and ecological health risk at Hei+arall and recom-
mended that the site should be further investigated to deter-
mine any potential impacts on groundwater and the marine
environment.

Considering new knowledge on the impact of contaminants
on health and ecosystems that have led to stricter environ-
mental standards, it can be concluded from this summary that
further investigation and quantication of risk and planning of
clean-up of Hei+arall station is needed. The other three DEW
line stations in Iceland should also be investigated for envi-
ronmental impact. Contamination from former military sites in
Alaska and Arctic Canada has been or is being cleaned up as
considerable amounts of waste material, oil drums, PCBs in
transformers and paints were le at these sites. Procedures for
clean-up of military sites implemented by the Canadian
authorities and the experience gained there, in Alaska or else-
where can be used for comparison when planning the contin-
uation and remedial action. The Arctic is in the frontline of
climate change as it is warming much faster than the rest of the
globe. This may increase the mobilization of POPs as PCBs
through volatilization and mobilization from permafrost
degradation as well as from extreme weather events and could
lead to a higher release of contaminants.37 This potential for
future releases with climate warming should be included in risk
assessments of contaminated military and industrial sites in
the Arctic.
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