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Abstract Vegetation, sub-surface peat, and road
dust were sampled near the Delong Mountain
Transportation System (DMTS) haul road in
northwest Alaska in 2005–2006 to document alu-
minum, barium, cadmium, lead, and zinc concen-
trations, and to evaluate bioaccessibility of these
metals. The DMTS haul road is the transport
corridor between Red Dog Mine (a large-scale,
lead–zinc mine and mill) and the coastal shipping
port, and it traverses National Park Service lands.
Compared to reference locations, total metal con-
centrations in four types of vegetation (birch,
cranberry, and willow leaves, and cotton grass
blades/stalks) collected 25 m from the haul road
were enriched on average by factors of 3.5 for zinc,
8.0 for barium, 20 for cadmium, and 150 for lead.
Triple rinsing of vegetation with a water/methanol
mixture reduced metals concentrations by at most
50%, and cadmium and zinc concentrations were
least affected by rinsing. Cadmium and zinc bioac-
cessibility was greater in vegetation (50% to
100%) than in dust (15% to 20%); whereas the
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opposite pattern was observed for lead bioaccessi-
bility (<30% in vegetation; 50% in dust). Barium
exhibited low-to-intermediate bioaccessibility in
dust and vegetation (20% to 40%), whereas alu-
minum bioaccessibility was relatively low (<6%)
in all sample types. Our reconnaissance-level
study indicates that clean-up and improvements in
lead/zinc concentrate transfer activities have been
effective; however, as of 2006, metal dispersion
from past and/or present releases of fugitive dusts
along the DMTS road still may have been con-
tributing to elevated metals in surface vegetation.
Vegetation was most enriched in lead, but because
bioaccessibility of cadmium was greater, any po-
tential risks to animals that forage near the haul
road might be equally important for both of these
metals.

Keywords Metals · Vegetation · Bioaccessibility ·
Cape Krusenstern · Alaska

Introduction

Red Dog Mine, one of the world’s largest pro-
ducers of lead and zinc concentrates, is situated in
northwest Alaska approximately 50 km northeast
of the boundary of the Cape Krusenstern National
Monument (CAKR), one of several National Park
Service (NPS) lands managed by the West-
ern Arctic National Parklands (WEAR). After
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milling and processing of ore at the mine site, pow-
dered lead and zinc concentrates are transported
85 km by truck along the Delong Mountain Trans-
portation System (DMTS) haul road to storage fa-
cilities on the Chukchi Sea (Fig. 1). Evidently, the
large trucks that began using the DMTS road in
1989 have released quantities of finely powdered
mine concentrates from their loads or exterior
surfaces (Alaska Department of Environmental
Conservation 2007). Beginning in 1999, NPS re-
searchers sampled moss (Hylocomium splendens;
henceforth, “moss”) to document patterns of air-
borne metal deposition on NPS lands from mining
operations at Red Dog Mine. Moss sampled along
the haul road corridor in 2000 contained elevated
concentrations of cadmium and lead, the source of
which was attributed to escapement of ore con-
centrate from trucks during transport (Ford and
Hasselbach 2001). In a 2001 study, metal con-
centrations in moss were measured throughout
CAKR (n = 226) and geostatistical models were
used to predict the extent and pattern of at-
mospheric deposition of cadmium and lead on
NPS lands (Hasselbach et al. 2005). Spatial re-
gression analyses indicated that metal deposition
decreased with distance from both the haul road
and the port site. Analysis of subsurface soils
indicated that observed patterns of metal depo-
sition reflected in moss were not attributable to
subsurface soils at the sample points because trace
element concentrations in soils were uniformly
distributed and showed no dependence upon
distance from the haul road (Hasselbach et al.
2005).

Based on the NPS moss studies, dispersion of
metals resulting from mining activities could be a
long-term consideration for managing the CAKR
ecosystem. Between 2001 and 2004, with oversight
from the Alaska Department of Environmental
Conservation (ADEC), a mining company con-
tractor (Exponent), conducted an ecological risk
assessment (ERA) on the effects of fugitive dusts
associated with the DMTS (Alaska Department
of Environmental Conservation 2007; Exponent
2007). In brief, Exponent concluded that ecolog-
ical risks associated with transport of ore con-
centrates along the DMTS were low to aquatic
organisms and to area wildlife populations, but
in some instances incremental risks could not

be discounted for individual terrestrial organisms
nearest the DMTS road.

In the spring of 2006, the U.S. Geological Sur-
vey, in cooperation with NPS researchers, devised
a series of inter-related studies designed to ad-
dress issues that were of a particular concern for
natural resources within CAKR, and to develop
strategies for future monitoring (Brumbaugh and
May 2008; Brumbaugh et al. 2010). One com-
ponent of these studies was to document more
recent metal concentrations, and to evaluate bio-
accessibility of metals in vegetation. Such data
are relevant for addressing risks to animals that
might have increased metal exposure as a result
of consumption of metal-enriched vegetation or
ingestion of dusts (U.S. Environmental Protection
Agency 1993). The objective of our study was to
document 2006 metal concentrations in vegetation
and sub-surface peat samples obtained in CAKR
from near the DMTS haul road, and to com-
pare relative concentrations and bioaccessibility
of metals associated with surface dusts to those
accumulated by the vegetation. The scope of our
investigation was limited to a small number of
sampling locations and therefore, represents only
a reconnaissance-level assessment.

Methods

Sampling procedures

Vegetation (four vascular plant species) and sub-
surface peat samples were collected from three
general areas in CAKR that included one site near
New Heart Creek (site 1) and one near Aufeis
Creek (Site 2), each immediately north of the
DMTS road, and a reference site (site 3) near
the Situkuyok River in southern CAKR (Fig. 1).
Vegetation also was sampled at a road reference
site from two distances adjacent to a gravel road
near Kotzebue, Alaska (site 4, Table 1; not shown
on map), which is located about 35 km southeast
of site 3. The DMTS road sites were sampled
June 24–29, 2006, and reference sites were sam-
pled July 2–5, 2006. Dust sampling could not be
performed conveniently at the time when vegeta-
tion was sampled in 2006 because of wet weather
conditions during much of that sampling period.
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Fig. 1 Map showing sampling locations along the Delong Mountain Transportation System (DMTS) haul road in relation
to the Red Dog Mine and Port Facility, and Cape Krusenstern National Monument boundary
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Consequently, archived dust samples that were
obtained in June 2005 were analyzed instead. The
2005 dust samples had been collected by shaking
from vegetation surfaces (primarily dwarf birch
and willow) at three locations immediately adja-
cent to the DMTS road near Mile Post 7, which is
about 2 km to the northeast of the 2006 Aufeis
Creek sampling site (Fig. 1). Areas along the
haul road in the northwestern portion of CAKR
were targeted based on previous studies that in-
dicated that metal deposition within CAKR was
greatest along the road and nearest to the port
site (Hasselbach et al. 2005). Metals, including
aluminum, barium, cadmium, lead, and zinc were
specifically targeted for this investigation based
on information from previous ecological investi-
gations (Exponent 2007). Dust originating from
road aggregate material was the presumed source
of aluminum and barium, whereas fugitive dusts
from transported mining concentrates were the
presumed source of cadmium, lead, and zinc. A
sample of lead concentrate powder provided by
the mining company in 2005 also was analyzed.

Samples of willow leaves (Salix spp.), cranberry
leaves (Vaccinium spp.), dwarf birch leaves (Be-
tula spp.), and sedge (cotton grass) stalks and
blades (Eriophorum spp.) were collected by com-
positing about 5–10 g of live plant material from
each of four sub-locations. Willow, cranberry,
dwarf birch, and sedge were selected for sampling
primarily because they were abundant at all loca-
tions and some of these plants represent potential
food for some of the resident animals. For each of
the two DMTS road sites, four composite samples
were obtained along a north–south transect; one
each at distances of 25, 100, 200, or 300 m to
the north of the road. At the New Heart Creek
site, vegetation samples were obtained from one
additional location slightly to the east of the tran-
sect line at a distance of 18 m from the road,
which corresponded with the location where a
vole was captured during a 2006 companion study
(Brumbaugh et al. 2010). Depending on availabil-
ity, the four sub-locations used for creating each
composite were located about 5 m to the north,
south, east, and west of the transect point. At
the CAKR reference site (site 3), four composite
samples were sampled in a like manner along a
300-m north–south transect. At the road reference

site (site 4), we were only able to collect composite
vegetation samples (and no peat) from 25 and
50 m distances from the road because of logistical
time restraints.

Composites of sub-surface peat samples were
obtained from four individual locations in a man-
ner similar to the vegetation sampling. A 2.5-cm
diameter hand coring tool equipped with a new
polycarbonate tube liner was used to obtain each
sample, which was displaced from the tube liner
using a 2.5-cm diameter wooden dowel rod. In the
tussock tundra, there can be considerable varia-
tion in the thickness of the living moss mat, as well
as in the peat below. Therefore, specific coring
locations were chosen where the thickness of the
vegetative mat seemed to be most representative
of average conditions. For most of these samples,
the coring tool could be made to penetrate about
8 to 12 cm deep before reaching permafrost. From
each of four core samples, a 2-cm section of peat
beginning immediately beneath the living moss
mat layer was transferred to a zipper-seal plastic
bag to form the composite.

Laboratory procedures

Vegetation samples collected from locations near-
est the DMTS road (+18 or +25 m), the road ref-
erence (+25 m), and one of the locations sampled
at the non-road reference site were split into two
sub-samples. One sub-sample was analyzed “as
is” for both total recoverable metals and bioac-
cessible metals, whereas the second sub-sample
was triply rinsed before analysis for “non-rinsable
metals”. The latter measurements were assumed
to exclude any metals associated with particulates
on exterior surfaces and therefore, represent met-
als that had been incorporated into the plants.
For site 1, the samples obtained at the 18 m
distance were used for bioaccessible and non-
rinsable measurements because for one or more
of the vegetation types, we obtained insufficient
sample from the 25 m distance to perform all
three measurements. Rinsing was performed in
a 125-mL polyethylene bottle using about 4 g of
vegetation and sequentially rinsing three times
with 50 mL of a 1:1 mixture of methanol/deionized
water. Methanol was included in the rinse to en-
sure efficient wetting of all plant surfaces. For
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each rinse, the sample was shaken with the wash
solution for 1 min, allowed to settle briefly, and
the liquid was decanted off. After the selected
sub-samples were rinsed, all samples were freeze-
dried to a constant weight then cryogenically pul-
verized to a fine powder using a SPEX™ Freezer
Mill equipped with polycarbonate sample hous-
ings and titanium end-caps and impactors.

To determine total recoverable metal concen-
trations in rinsed samples, non-rinsed samples,
dust, and peat, a 0.25-g portion of each dried
sample was digested by microwave heating with
concentrated nitric acid in a sealable vessel. De-
tailed discussion about the digestion method was
provided in Brumbaugh and May (2008). A 1-g
portion of the Red Dog Mine lead concentrate
powder, which was known to exist primarily as
lead sulfide, was gravimetrically diluted 100-fold
with cryogenically powdered, high-purity quartz
chips before digestion as a means to minimize
the potential for formation of sulfate precipi-
tates (especially of barium and lead) in the liquid
digestate.

Samples of vegetation, dust, and lead concen-
trate powder were extracted to determine bioac-
cessibility of the metals of interest following the
method of Drexler and Brattin (2007). In vitro
bioaccessibility tests (IVBA) are physiologically
based extraction tests designed to estimate the
bioaccessibility of metals/metalloids along expo-
sure pathways for humans. Bioaccessibility from
an ingestion pathway is defined as the fraction
of a potential toxicant that becomes soluble in
the stomach and is then available for absorption
(Ruby et al. 1996, 1999). While IVBA studies
primarily have been used to examine ingestion
pathway exposures in humans, many avian and
mammal species share important digestion prop-
erties such as gastric pH and emptying times,
thus allowing useful estimates of bioaccessibility
to be similarly determined (Suedel et al. 2006).
Simulated gastric fluid was prepared as a 0.4 M
glycine, 0.36 M HCl solution, which was warmed
to 37◦C in a water bath and the pH adjusted to
1.50 ± 0.05 by drop-wise addition of concentrated
HCl. Twenty milliliters of the solution was added
to 0.20 g of each dry sample in an acid-cleaned
bottle. After rotating for 1 h at 37◦C, approxi-
mately 10 mL of each solution was removed and

filtered into an acid-cleaned bottle using a 0.45 μm
nitrocellulose syringe filter. The filtered solutions
were stabilized by addition of 0.1 mL of distilled
HNO3 until analysis could be performed.Quality
control samples included a procedural blank and
a sample duplicate.

Instrumental analysis and data reporting

All elemental concentrations are reported on a
dry weight basis. Analysis of the vegetation, dust,
and lead concentrate powder sample digestates
for total recoverable aluminum (Al), barium (Ba),
cadmium (Cd), lead (Pb), and zinc (Zn) was con-
ducted by inductively coupled plasma mass spec-
trometry (ICP-MS; Brumbaugh and May 2008)
according to United States Environmental Protec-
tion Agency (USEPA) quality assurance guide-
lines (U.S. Environmental Protection Agency
1996). Analysis of bioaccessible extract solutions
obtained from vegetation, dust, and lead concen-
trate samples was conducted by ICP-MS in a sim-
ilar manner, specifically according to the method
of Lamothe et al. (2002). Analysis of peat sample
digestates was performed for total recoverable
metals by ICP-atomic emission spectrophotom-
etry (ICP-AES) according to USEPA method
200.7 (U.S. Environmental Protection Agency
1994). The axial-view measurement mode was
used to improve the ICP-AES detection limit for
cadmium.

Quality-control results

For each group of samples analyzed, quality-
control (QC) measures incorporated at the diges-
tion step included three method blanks, certified
reference materials (freeze-dried plant tissues or
soils), replicate samples, and fortified samples
(pre-digestion spikes). Additional QC monitor-
ing during the ICP-MS analyses included periodic
analyses of blanks and calibration check solutions,
duplicate analyses of selected sample digestates,
post-digestion (analysis) spikes, and interference
checks (sample dilution analysis and a synthetic
interference solution). Digestion blanks were at
or near method detection limits in all instances.
Method detection limits (MDLs) were estimated
for each group of samples digested based on three
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times the standard deviation of the digestion
blanks. The MDLs in micrograms per gram dry
weight equivalents for vegetation and dust sam-
ples (ICP-MS), and peat samples (ICP-AES), res-
pectively, were: aluminum—5.0 and 5.0; barium—
0.02 and 1.0; zinc—0.3 and 1.0; cadmium—0.01
and 0.10; and lead—0.01 and 1.0. Recoveries from
certified reference plant samples (n = 3) were
within the targets of 90% to 110% of the certified
ranges except for aluminum in two reference sam-
ples (47% and 73% recovery) and cadmium in
one sample (59%). Low recovery for aluminum
was not unexpected—it typically is only partially
recovered when using the total-recoverable diges-
tion method (Brumbaugh and May 2008). Mean
spike recoveries from vegetation samples (n = 12)
were 94%, 101%, 100%, 102%, and 98% for alu-
minum, zinc, cadmium, barium, and lead, respec-
tively. Among eight vegetation samples digested
in triplicate for ICP-MS analysis, only two indi-
vidual results fell outside of the target limits of
±10% relative standard deviation (RSD). These
included one triplicate RSD for aluminum (51%
RSD) and one for cadmium (30% RSD). Overall
means of percent RSDs were 11, 0.9, 9.6, 1.7,
and 8.8 for aluminum, zinc, cadmium, barium, and
lead, respectively.

For peat samples analyzed by ICP-AES, no
individual QC result fell outside of the target lim-
its. Recovery from certified reference soils were
evaluated based on values reported as “leachable
metal” (Brumbaugh and May 2008) as opposed to
the certified total values; these recoveries ranged
from 83% to 115%. Mean spike recoveries from
peat samples (n = 6) were 105%, 99%, 97%, 94%,
and 101% for aluminum, zinc, cadmium, barium,
and lead, respectively. For peat samples digested
in triplicate (n = 6) and analyzed by ICP-AES,
mean RSDs were 7.4%, 6.2%, 4.4%, 4.8%, and
6.6% for aluminum, zinc, cadmium, barium, and
lead, respectively. Overall, QC results indicated
good accuracy and precision for all analyses.

Statistical analysis

Statistical comparisons were performed between
metal concentrations in each of the vegetation
types collected from near the DMTS road to their
counterparts obtained from each of the two refer-

ence locations using programs of the SAS Insti-
tute (SAS 2004). First, using log-transformed data,
a general linear model (GLM) adjusted by ma-
trix, was used to determine if there were any
significant differences between the New Heart
Creek and Aufeis Creek DMTS sites. This is
an analysis of variance for unequal numbers of
observations. Tukey’s multiple comparison tests
were then used to compare concentrations of each
metal between vegetation types for the DMTS
sites. A similar GLM approach was used to test for
differences between the CAKR reference location
(REF; n = 4 for each matrix) and the Kotzebue
road reference location (RDREF; n = 2 for each
matrix). Again, Tukey’s multiple comparison tests
were performed between vegetation types for the
RDREF and REF data, then Tukey’s simulta-
neous test for difference between RDREF and
REF. Finally, the distance from the DMTS road
needed to reach the mean concentration mea-
sured at the CAKR reference location was calcu-
lated for each vegetation type (sub-surface peat
samples were not included in this evaluation). For
these determinations a regression of the log of
each metal concentration versus distance from the
DMTS road was calculated first. Next, the mean
logarithm of the concentration of each metal was
computed separately for the DMTS and refer-
ence data by vegetation type. The means of ref-
erence samples were used as the endpoint, and
distances from the road to reach these levels calcu-
lated. Distances were calculated by computing the
difference between mean concentrations at a dis-
tance of zero (the DMTS road shoulder) and the
mean reference concentrations. Each difference
was divided by the slope of the distance term in
the regression equation, resulting in the distance
required to go from a distance of zero to the
reference levels.

Results

Total recoverable metal concentrations in peat
and vegetation are provided in Table 2.

Statistical comparisons For all five metals, total
recoverable concentrations in vascular vegetation
collectively decreased significantly with increasing
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Table 2 Total recoverable concentrations of aluminum, barium, cadmium, lead, and zinc in vegetation, subsurface peat, and
dust samples collected from sites in northwest Alaska, June/July, 2005–2006

Field ID Sample matrix Distance from Total recoverable concentration
road (m) (micrograms/gram dry weight)

Al Ba Cd Pb Zn

New Heart Creek (site 1)
P1-1 Sub-surface peat 300 22,000 338 0.9 28 227
P1-2 200 8,630 172 0.7 10 180
P1-3 100 17,400 279 0.5 19 301
P1-4 25 19,000 621 2.6 53 438
P1-5 18 11,700 331 2.5 34 478
W1-1 Willow leaves 300 43 19.4 0.86 0.79 207
W1-2 200 65 15.6 0.95 1.42 232
W1-3 100 95 21.8 1.22 1.73 183
W1-4 25 348 69.6 3.20 5.11 461
W1-5 18 548 96.9 7.43 9.21 384
C1-1 Cranberry leaves 300 238 69.8 0.083 3.29 37.4
C1-2 200 240 81.6 0.074 3.72 42.5
C1-3 100 372 94.6 0.25 8.09 50.0
C1-4 25 296 69.3 1.53 6.37 101
C1-5 18 1,180 209 0.48 24.9 111
B1-1 Birch leaves 300 55.8 40.6 0.39 0.81 231
B1-2 200 111 53.2 0.23 2.11 301
B1-3 100 163 76.0 0.29 2.36 270
B1-4 25 529 111 0.38 6.43 293
B1-5 18 911 167 0.80 13.0 363
S1-1 Sedge stalks/blades 300 42 20.5 0.069 0.60 46.8
S1-2 200 37 23.3 0.098 0.64 67.0
S1-3 100 99 36.3 0.12 1.45 57.6
S1-4 25 346 66.7 0.32 7.67 91.5
S1-5 18 570 102 0.80 12.8 145

Aufeis Creek (site 2)
P2-1 Sub-surface peat 300 6,730 239 1.5 9 110
P2-2 200 3,230 217 0.8 6 92
P2-3 100 6,040 271 0.9 10 85
P2-4 25 17,000 236 0.8 20 150
W2-1 Willow leaves 300 33.0 13.7 0.41 0.57 209
W2-2 200 164 21.2 0.49 1.19 155
W2-3 100 186 43.8 2.25 3.36 241
W2-4 25 514 108 8.49 8.15 380
C2-1 Cranberry leaves 300 189 81.0 0.033 2.32 25.8
C2-2 200 229 78.9 0.052 3.13 32.8
C2-3 100 380 101 0.12 6.21 46.7
C2-4 25 735 149 0.30 15.4 86.7
B2-1 Birch leaves 300 42.3 69.5 0.26 0.61 216
B2-2 200 77.7 61.5 0.31 1.30 194
B2-3 100 136 81.7 0.40 2.89 245
B2-4 25 528 154 0.59 8.65 288
S2-1 Sedge stalks/blades 300 18.5 24.6 0.068 0.33 51.1
S2-2 200 43.3 38.0 0.13 1.08 68.4
S2-3 100 126 61.6 0.21 2.02 76.3
S2-4 25 245 103 0.41 4.69 109
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Table 2 (continued)

Field ID Sample matrix Distance from Total recoverable concentration
road (m) (micrograms/gram dry weight)

Al Ba Cd Pb Zn

Situkuyok River (CAKR reference; site 3)
P3-1 Sub-surface peat n/a 23,000 310 1.1 10 70
P3-2 9,380 383 0.5 8 110
P3-3 21,400 265 1.2 10 80
P3-4 14,000 286 1.0 9 100
W3-1 Willow leaves n/a 8.1 4.32 0.64 0.030 130
W3-2 3.7 3.70 0.55 0.020 115
W3-3 9.5 9.10 0.58 0.029 157
W3-4 5.3 5.38 0.77 0.025 232
C3-1 Cranberry leaves n/a 76.5 39.1 <0.018 0.059 31.3
C3-2 36.3 66.3 <0.018 0.080 18.1
C3-3 86.0 83.3 <0.018 0.048 22.1
C3-4 – – – – –
B3-1 Birch leaves n/a 11.6 24.0 0.42 0.041 199
B3-2 8.3 11.4 0.18 0.025 189
B3-3 5.6 22.2 0.28 0.041 180
B3-4 13.8 27.0 0.16 0.029 146
S3-1 Sedge stalks/blades n/a 22.3 16.6 0.075 0.33 26.9
S3-2 <1.3 10.8 0.043 <0.013 26.4
S3-3 1.4 10.9 0.045 <0.013 29.2
S3-4 2.0 7.08 0.065 0.020 47.8

KOTZ (road reference; site 4)
W4-1 Willow leaves 50 77.4 11.9 0.59 0.052 113
W4-2 25 96.6 7.63 0.33 0.056 70.6
C4-1 Cranberry leaves 50 131 41.4 <0.018 0.086 14.0
C4-2 25 158 48.3 <0.018 0.10 16.3
B4-1 Birch leaves 50 65.7 15.8 0.23 0.055 128
B4-2 25 118 14.1 0.49 0.063 114
S4-1 Sedge stalks/blades 50 16.6 15.9 0.036 0.029 27.3
S4-2 25 38.1 9.41 0.026 0.029 36.5

DMTS road dust and Red Dog Mine lead concentrate
MP7 RDTA-1 Dust 0–10 6,780 823 5.67 84 482
MP7 RDTA-3 Dust 0–10 7,380 978 6.77 110 655
MP7 RDTA-5 Dust 0–10 6,740 886 6.00 102 557
CONC-40452 Lead concentrate – 560 3,700 857 765,000 130,000

Concentrations in micrograms per gram dry weight. Values in bold italics are less than the quantitation limit and therefore
have large uncertainty
ID identification, Al aluminum, Ba barium, Cd cadmium, Pb lead, Zn zinc, DMTS Delong Mountain Transportation System,
< less than

distance from the road (p = 0.039 for aluminum;
p = 0.020 for zinc; p < 0.001 for barium, cad-
mium, and lead). Differences between the two
DMTS sites (New Heart and Aufeis Creeks) were
not significant (p ≥ 0.08) for any of the five metals
in vegetation; however, for subsurface peat, New
Heart Creek samples had significantly greater
concentrations of cadmium, lead, and zinc than

did Aufeis Creek samples (p < 0.05). Compared
to the CAKR reference peat samples, cadmium
was elevated in peat only at the New Heart Creek
18- and 25-m sampling locations, whereas lead and
zinc were elevated in peat at the 25-m Aufeis
Creek sampling location and at all New Heart
Creek locations. Differences in metal concentra-
tions between each of the surface vegetation types
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were not significant for aluminum, but there were
significant differences between some vegetation
types (p < 0.05) for each of the other four metals.
Based on Tukey’s multiple comparison tests, the
following relationships were observed between
vegetation types:

Barium [willow, sedge] < [birch, cranberry]
Cadmium [sedge, birch, cranberry] < [willow]
Lead [sedge] < [cranberry] (willow and

birch in between and not distinguish-
able from either sedge or cranberry)

Zinc [cranberry]<[sedge]<[birch, willow]

Differences in vegetation metal concentrations
between the two reference locations were not
significant for barium, cadmium, or lead; how-
ever, aluminum concentrations were significantly
greater (p < 0.01) at the road reference location,
whereas zinc concentrations were significantly
greater (p < 0.001) at the CAKR reference lo-
cation. Based on the regression analysis, the dis-
tances (in meters) from the DMTS road at which
vegetation concentrations are equivalent to those
measured at the CAKR reference site were as
follows:

Matrix Al Ba Cd Pb Zn
Birch leaves 978 464 204 868 286
Cranberry leaves 296 94 641 810 555
Sedge stalks/blades 1,225 632 431 894 406
Willow leaves 1,150 849 61 844 363

These values, as well as the enrichment factors
in the following section, must be considered as
estimates because of the limited distance sampled,
and because the reference location is assumed to

accurately represent “background” conditions in
the areas along the DMTS road. Nevertheless,
such estimates are useful for comparing trends
among these five metals and vegetation types.

Metal enrichment in vegetation sampled near the
DMTS road An enrichment factor (EF) was cal-
culated for matrices collected at 25 m from the
DMTS road by dividing the mean concentration
(n = 2) for each matrix by (a) the mean concen-
tration (n = 4) for like samples from the reference
location or (b) the concentration measured at
25 m from the road reference site (Table 3). Ex-
cept for aluminum, EF values were similar when
compared with either reference location. Metal
enrichment in the vegetation was greatest for lead
and lowest for zinc. When results for all four types
of vegetation were pooled and compared to the
mean of both references, EFs were about 3.5 for
zinc, 8.0 for barium, 20 for cadmium, and 150
for lead. Zinc EFs were similar among the four
vegetation types examined, but for the other four
metals, some plants had much greater or smaller
EFs than the rest. The greatest difference between
the four vegetation types was observed for cad-
mium whereby the EF at 25 m in cranberry leaves
was more than 20 times greater than that in birch
leaves.

Comparison of metals in rinsed vegetation and
bioaccessible metals in vegetation, dust, and lead
concentrate A comparison of bioaccessible and
non-rinsable concentrations of aluminum, barium,
cadmium, lead, and zinc in selected samples of
vegetation, dust, and lead concentrate is provided
in Table 4. Vegetation samples collected only

Table 3 Enrichment factors (EFs) for aluminum, barium, cadmium, lead, and zinc in sub-surface peat and vegetation
samples collected 25 m north of the DMTS road in northwest Alaska

Matrix EF vs. CAKR REF EF vs. road REF

Al, Ba, Cd, Pb, Zn Al, Ba, Cd, Pb, Zn

Sub-surface peat 1.1, 1.4, 1.5, 4.0, 3.3 –
Willow leaves 65, 16, 9.2, 255, 2.6 4.5, 12, 18, 118, 6.0
Cranberry leaves 7.8, 1.7, 52, 174, 3.9 3.3, 2.3, 53, 109, 5.8
Birch leaves 54, 6.3, 1.9, 222, 1.6 4.5, 9.4, 1.0, 213, 2.6
Sedge stalks/blades 35, 7.5, 6.4, 35, 3.0 7.8, 9.0, 14, 213, 2.8
All vegetation (excluding peat) 40, 7.8, 17, 172, 2.9 5.0, 8.0, 21, 140, 4.2

EFs calculated by dividing by the mean DMTS concentration by the corresponding mean at each of the two reference
locations
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Fig. 2 Comparison of
bioaccessible metals in
selected vegetation, dust,
and lead (Pb) concentrate
samples obtained from
sites near the DMTS haul
road in northwest Alaska,
2005–2006. Error bars
represent ranges (n = 2)
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from locations nearest the DMTS road (18 and
25 m) were evaluated in this manner. Rinsing had
moderate to minimal effects on the metals con-
centrations in vegetation, and had the least effect
on cadmium and zinc—about 40% of those two
elements were removed from cranberry leaves,
about 20% from sedge and birch samples, and
only about 5% from willow leaves. Somewhat
greater fractions of aluminum, barium, and lead
were removed by rinsing. The percentage of these
three metals removed ranged from about 50%
for each from sedge to about 20% from willow
leaves. Bioaccessibility of metals (in non-rinsed
samples; plotted as the percent of total concentra-
tion extracted) are depicted in Fig. 2. In vegetation
samples, bioaccessibility was greatest for cadmium
and zinc, and lowest for aluminum. Among the
four vegetation types, cadmium and zinc bioacces-
sibility seemed to track closely with patterns ob-
served for the rinsed samples, i.e., bioaccessibility
of these metals was high in birch, sedge, and es-
pecially willow leaves. Compared to the dust and
especially the lead concentrate, bioaccessibility of
these two metals was substantially increased in the
vegetation (Fig. 2). Barium was intermediate in
this respect, whereas the bioaccessibility of lead
was highest in the dust (about 50%), lowest in the
mine concentrate (about 5%), and intermediate
in the vegetation. Bioaccessibility of lead in non-
rinsed vegetation ranged from about 6% in birch
to about 29% in sedge, whereas bioaccessibility

of all five metals in the mine concentrate ranged
from only about 1% to 5%. Aluminum bioaccessi-
bility was relatively low (<6%) in all sample types.

Discussion

Metal enrichment near the DMTS road Vegeta-
tion samples collected near the haul road were
significantly enriched in metals, especially lead. In
samples collected 25 m from the road, lead was
elevated by an average factor of 140, whereas zinc,
which at Red Dog Mine is produced in greater
amounts than lead, was only enriched by a fac-
tor of 3.5. Presumably, the comparatively small
enrichment for zinc stemmed from the fact that
zinc is essential to most plant species, which also
was reflected by a relatively narrow range of zinc
enrichment among the four vegetation types ex-
amined. Except for aluminum, enrichment factors
for DMTS samples were similar when compared
with either reference location, indicating that road
dust typical of this region of Alaska was prob-
ably not a major source of barium, cadmium,
lead, or zinc at the DMTS locations. Statistical
analyses (previously discussed) also indicated no
differences between the two types of reference
locations with respect to concentrations of bar-
ium, cadmium, and lead in the plants, but zinc
concentrations were lower at the road reference
location. Increased aluminum concentrations in
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plants would be expected near any road where
dust is produced. Greater zinc concentrations at
the CAKR reference location as compared to the
road reference location might be associated with
mineral outcroppings in some parts of this region
of Alaska (Exponent 2007).

Comparison to 2001 and 2004 vegetation data
Notably, our two 2006 DMTS sites were not signi-
ficantly different from one another with respect to
metal concentrations in surface vegetation, which
contrasts the 2001 studies of moss samples that
indicated concentrations in CAKR were great-
est when sampled near the port site boundary
(Fig. 1), including locations near our New Heart
Creek sampling locations (Hasselbach et al. 2005).
However, for our 2006 sub-surface peat samples,
concentrations of cadmium, lead, and zinc were
significantly greater (about two to three times
on average, Table 2) at the New Heart Creek
location as compared with the Aufeis Creek loca-
tion. Differences in metal concentrations between
these two sites for sub-surface peat, but not sur-
face vegetation, probably reflects recent (2002–
2003) clean-up and improvements in lead/zinc
concentrate transfer activities at the shipping
port (Alaska Department of Environmental
Conservation 2007). Presumably, over time, some
of the metals in surface vegetation tend to mi-
grate downward to the sub-surface peat through
plant leaf decay processes and metal solubiliza-
tion/mobilization during rainfall and snowmelt.
Thus, if the sources of the metals are eliminated
or greatly reduced, one might expect metals con-
centrations to begin to increase in the sub-surface
peat as compared to the surface vegetation. Ac-
cordingly, the absence of differences between
the two DMTS locations for surface vegetation
metal concentrations supports the premise that
improved concentrate handling procedures at the
port site after 2003 has had an effect on what was
previously measured to be greater contamination
near the port site boundary. However, enrichment
of lead by a factor of more than 100-fold in all veg-
etation sampled 25 m from the road from either
DMTS location, as compared to enrichment of
only fourfold in the sub-surface peat (Table 3) also
indicates that as of 2006, metal dispersion from
past and/or present releases of fugitive dusts along

the DMTS road may still have been contributing
to elevated metals in the surface vegetation.

As noted, the maximum distances estimated
to reach reference conditions for each element
among the four vegetation types was about 1,220,
850, 640, 890, and 560 m for aluminum, barium,
cadmium, lead, and zinc, respectively. Interest-
ingly, the distance calculated to reach reference
conditions was remarkably similar for all four
vegetation types for lead, but it varied for the
other four elements. Presumably, this reflects in
part differences in plant physiology and trace ele-
ment processing. Willows, for example, are known
to bioconcentrate cadmium from soil (Robinson
et al. 2000), which probably explains the com-
paratively short distance (61 m) determined for
that element/plant combination. Differences be-
tween concentrations in the reference samples as
compared with actual “background” concentra-
tions at other locations (elevated zinc for example,
as noted above) also might have been a factor.
The 2001 moss studies indicated that cadmium,
lead, and zinc were elevated out to much greater
distances (several kilometers) from the DMTS
road as compared with a maximum of about
1.2 km estimated by our study. The lesser distance
for our 2006 study presumably reflects decreased
source inputs compared to 2001, but physiologi-
cal differences between mosses and the vascular
plants of our study also could be an important fac-
tor. Mosses lack vascular systems and obtain most
nutrients from precipitation and dry deposition of
airborne particles (Steinnes 1995). Then too, com-
pared to the vegetation that we sampled, mosses
are necessarily obtained from relatively close to
the ground and might tend to behave more like
adsorbent sponges in terms of retaining metals
associated with dusts and particulates. Finally, the
2001 studies included many more samples and
from much greater distances from the road; conse-
quently, regression models using those data would
expected to be more statistically robust.

Willow and sedge samples collected in 2004 had
similar barium and zinc concentrations compared
to our corresponding (by distance from road) 2006
samples, but those 2004 samples tended to be
lower in lead and cadmium concentrations. For
example, mean barium and zinc concentrations in
either willow or sedge samples collected 100 m
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north of the DMTS road in 2004 (the only distance
common to our study) at two locations nearest
to our 2006 sites (transects TT2/TT8; Exponent
2007) were within 20% of the means for corre-
sponding samples that we collected at 100-m dis-
tances (Table 2). Lead concentrations in our 2006
samples, however, were greater than those 2004
samples on average by a factor of 1.4 for sedge and
3.0 for willow leaves. Cadmium concentrations in
our 2006 willow samples were similar to those of
2004, but were greater in sedge by a factor of 2.8.
It is uncertain why lead and cadmium concentra-
tions seemed to be greater in our 2006 samples
as compared with 2004 samples, but methodolog-
ical details, including differences in detection lim-
its, could have been a factor. Furthermore, these
comparisons are based on a very small number
of samples having common distance and location
characteristics.

Comparison of non-rinsable and bioaccessible
metal concentrations We were somewhat sur-
prised that rinsing had only moderate to minimal
effects on the metals concentrations in vegetation
sampled 25 m from the road because we assumed
that particulates on plant surfaces would be a ma-
jor contributor to concentrations measured in
non-rinsed samples collected from that distance.
However, because samples were collected during
relatively cold and wet conditions, the amount of
dust on plant surfaces might have been smaller
than when drier and warmer conditions are pres-
ent. As noted in the results section, cadmium and
zinc concentrations were least affected by rins-
ing (≥80% was non-rinsable in sedge, birch, and
willow). Accordingly, cadmium and zinc bioac-
cessibility in vegetation seemed to track closely
with patterns observed for the rinsed samples,
i.e., bioaccessibility of these metals was similarly
high in birch, sedge, and especially willow leaves
(Fig. 2). Such concurrence might be expected if
most of the metal in the non-rinsed samples was
in fact biologically incorporated into the plant
tissues. Furthermore, compared to the dust and
especially the lead concentrate, bioaccessibility of
cadmium and zinc were substantially increased in
the vegetation, whereas bioaccessibility of lead
was highest in the dust, lowest in the lead concen-
trate, and intermediate in the vegetation (Fig. 2).

Of course, there is some uncertainty when making
these comparisons because dust and concentrate
samples were collected 1 year earlier than the
plants, and the dust was obtained from a slightly
different location.

Low bioaccessibility of all five metals in the
lead concentrate was not surprising because the
ore originates from sulfide-bearing mineral de-
posits, and bioaccessibility of these metals has
been shown to be low in sulfide minerals (Schaider
et al. 2007; Shock et al. 2007). Increased metal
bioaccessibility in the dust samples relative to the
lead concentrate presumably occurred as a result
of weathering and oxidation of the metal sulfides.
Cadmium bioaccessibility values in CAKR dust
samples were at or just below the low end of a
range of values reported in studies using both con-
taminated (21–95%, mean 63%; Schroder et al.
2003) and uncontaminated soils (29% to >100%,
mean 65%; Morman and Plumlee 2009), which in-
cluded a wide range of concentrations. Results for
barium and aluminum bioaccessibility in the con-
centrate and road dust mirrored those of Shock
et al. (2007), who reported barium bioaccessibility
as less than 0.4% in Red Dog Mine ore dust, but
up to 20% in nearby tundra soil samples; and
aluminum bioaccessibility of at most 4% in the
same set of samples.

As previously mentioned, studies have demon-
strated that sulfide/sulfate mine wastes such as
galena, anglesite, and lead jarosite are less bioac-
cessible than other lead mineral phases such as
lead oxide, cerrusite, and manganese–lead oxide
(Ruby et al. 1993, 1996, 1999; Davis et al. 1993).
For lead, in addition to mineral form, particle size
and encapsulation are important; finer particles
demonstrating increased bioaccessibility and en-
capsulation decreasing it (Ruby et al. 1999). We
did not conduct particle size analysis, but presum-
ably dust particles obtained from plant surfaces
were finer sized. Zinc bioaccessibility values and
distribution mimicked those of cadmium, indi-
cating similar processes occurred for those two
metals, but lead exhibited somewhat different pat-
terns. Relative to the dust, uptake by vegetation
greatly increased the bioaccessibility of cadmium
and zinc, but slightly decreased the bioaccessi-
bility of lead. It is unclear why lead behaved
differently in this respect. Importantly, although
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enrichment of lead in vegetation was nearly eight
times greater than cadmium, any potential risks to
animals that forage near the haul road might be
equally important for both of these highly toxic
metals because bioaccessibility for cadmium was
considerably greater than for lead.

Conclusions

In this investigation, vegetation (willow, birch,
and cranberry leaves, and sedge stalks/blades),
sub-surface peat, and dust were sampled at vari-
ous distances from a lead–zinc mining haul road
in northwest Alaska. Samples were prepared by
three different methods to document aluminum,
barium, cadmium, lead, and zinc concentrations
and to evaluate bioaccessibility of these metals.
Compared to reference locations, total metal con-
centrations in vegetation samples collected 25 m
from the road were enriched on average by factors
of 3.5 for zinc, 8.0 for barium, 20 for cadmium,
and 150 for lead. Triple rinsing of vegetation sam-
ples before analysis reduced metal concentrations
by at most 50%, and by only 5% for cadmium
and zinc in willow leaves. Thus, in these plant
samples, which were collected during wet weather
conditions and therefore might have contained
comparatively small amounts of dust particles
on exterior surfaces, the apparent metal uptake
was large compared with metals concentrations
associated with particulates on exterior surfaces.
Differences in metal concentrations between the
four vegetation types were not significant for alu-
minum, but for the other four metals greatest
concentrations were found in leaves of: birch and
cranberry (barium); willow (cadmium); cranberry
(lead); and birch and willow (zinc). Cadmium and
zinc bioaccessibility approached 100% in willow
leaves and was greater in vegetation (50% to
100%) than in dust (15% to 20%); whereas the op-
posite pattern was observed for lead bioaccessibil-
ity (<30% in vegetation; ∼50% in dust). Barium
bioaccessibility ranged from about 20% to 40% in
dust and vegetation, whereas aluminum bioacces-
sibility was low (<6%) in all sample types. This
reconnaissance-level study indicates that clean-up
efforts and improvements in lead/zinc concentrate
transfer activities have been effective; however,

as of 2006, metal dispersion from past and/or
present releases of fugitive dusts still may have
been contributing to elevated metals in the surface
vegetation along the DMTS road. Vegetation was
most enriched in lead, but because bioaccessibility
of cadmium was greater, any potential risks to
animals that forage near the haul road might be
equally important for both of these metals.
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