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The Predominance of Inorganic
Arsenic Species in Plants from
Yellowknife, Northwest Territories,
Canada
I R I S K O C H , ' 1 L I X I A W A N G , 1

C H R I S A . O L L S O N . '
W I L L I A M R . C U L L E N . ' A N D
K E N N E T H J . R E I M E R '
Environmental Sciences Group. Royal Militan College of
Canada, 12 Verite Avenue, Box 17 000 Station Forces.
Kingston, Ontario, Canada, K7K 78^. and Department of
Chemistry, University of British Columbia 20Mi Main Mall,
Vancouver, British Columbia, Canada VIST I/I

Elevated levels of arsenic in Yellowknife, NWT. Canada,
from historic and recent gold mine operations, arc of
increasing concern to Yellowknife residents. Ihe study of
arsenic in Yellowknife plants is a part of ongoing
bioavailability and food chain research A variety of
plants from Yellowknife were analyzed for total arsenic
and water soluble arsenic species The plants included
vascular plants and bryophytes (mosses) lotal amounts of
arsenic were greatest in mosses and varied greatly
within specimens of the same plant species from different
locations. Mostly inorganic arsenic species were extracted
from plants using rnethanol/wator (1.1) This result is very
important from a toxicological point of view, since
inorganic species are relatively toxic arsenic species
Small amounts of methylated arsenic species, as well as
arsenosugars, were present in some plants On average,
greater than 50% of arsenic in these plants was not
extracted; the chemical and toxicological characteristics
of this fraction remain a topic for further study

Introduction
Yellowknife is located on Great Slave Lake, in the Northwest
Territories, Canada. A major industry in the c i t y is gold
mining, and two gold mines, the Royal Oak Giant Mine and
the Miramar Con Mine, have been in rorent operation. The
gold in the mined ore is associated wi th arsenopyrite (FeAsS),
and hence arsenic waste is generated d in ing the smelting
operation. This has led to increased amounts of arsenic in
the Yellowknife environment, associated wi th aerial emis-
sions, tailings runoff and effluent discharge (/. 2). The
increased amounts in Yellowknife of arsenic, a known poison
and carcinogen, is of great concern to residents of the city.
Therefore, information pertaining to the problem of arsenic
contamination in Yellowknife is directly relevant to the parties
involved.

While arsenic is associated with adverse effects, its toxicity
is dependent on the chemical form, or species, that it takes.
For example, arsenobetaine ((CH3)3As'CH2COO ) is found
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FIGURE 1. Structure for arsenosugars and numbering system (1 a -
d) for the different structures.

in marine animals and mushrooms and is much less toxic
than arsenous acid or arsenite (As(OHh). For this reason,
the determination of the total amount of arsenic in a sample
is not sufficient to assess environmental risk, and speciation
analysis is necessary in order to determine the form of arsenic
in the sample.

The study of arsenic in plants is significant in two ways:
(1) uptake of arsenic by plants can indicate that fraction in
the soil which is bioavailable (dependent on plant species)
and (2) the residual arsenic in the plant is then available to
the next level in the food chain, making the determinat ion
of the form of arsenic in the plant necessary. L i t t l e is known
about arsenic speciation in plants in the freshwater and
terrestrial environments. In a hot springs environment three
species of vascular plants contained predominantly inorganic
arsenic (3), and carrots (4) and other vegetables (5) grown
in arsenic contaminated soil under laboratory condit ions
also contained large amounts of inorganic arsenic Arsenic
species in vegetables meant for human consumption or
grown naturally in contaminated environments have not yet
been determined. In Yellowknife specifically, only total
concentrations of arsenic have been determined in macro
phytes (aquatic plants) (6. 7) and birch leaves (8). Concen
trations were found to be elevated compared wi th spec imens
collected from uncontaminatcd areas. Toxic effects of
reduced plant health and lack of biodiversity were observed
in areas of high arsenic content (6).

The previous findings of inorganic arsenic in a few plants
point to the importance of determining arsenic species in a
greater variety of plants from a natural environment that has
been contaminated with arsenic. The concern in Yellowknife
about arsenic contamination makes this study of arsenic
speciation in plants from the area especially timely.

Experimental Section
Chemicals and Reagents. Arsenic standards to make solu-
tions of arsenate (As(V)), arsenite (As(lll)). monomethyl-
arsonic acid (MMA), and dimethylarsinic acid (DMA) were
obtained from commercial sources. Trimethylarsine oxide
(TMAO) (9) and tetramethylarsonium iodide (Tetra) (10) had
been synthesized previously according to standard methods.
Extracts of kelp powder (Galloway's, Vancouver, BC) and
Nori (Porphyra tenera) of known arsenosugar content (11)
were used to identify the retention times of arsenosugars:
the retention times were then verified by comparison with
those obtained from pure arsenosugars generously donated
by K. Francesconi and T. Kaise. The structures and numbering
system for arsenosugars are summarized in Figure 1. Other
reagents of analytical grade or better were obtained from
commercial sources.
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Sampling. Plants were collected during four sampling
periods: from June 22 to June 29, 1997, from August 23 to
August 30,1997, from July 1 to July 16.1998. and from October
5 to October 12, 1998. The samples were collected from the
locations shown in Figure 2. Sample locations 1 -3 are found
on the Giant Mine property and include drainage pathways
from Giant Mine. Location 4 is in Back Bay near Giant Mine
Locations 5 and 6 are on the shores of Niven Lake, a former
sewage pond supporting prolific plant growth. Locations
7-18 are on the Con Mine property, surrounding the tailings
ponds. Locations 19-23 follow the Con Mine effluent
discharge outflow (Meg Lake-Keg Lake-Peg Lake-Great
Slave Lake outflow), and locations 24—30 encompass areas
that are further from the tailings ponds. These include areas
that are in the city of Yellowknife such as Rat Lake, Yellowknife
Bay east of the city, Frame Lake, Range Lake, and Karn Lake.
The plant samples consisted of vascular plants (including
flowering plants, grasses, aquatic submergent plants, and
emergent plants) and bryophytes (mosses).

The plant samples were picked by hand, stored in Ziploc
bags, and kept cool until processing in the lab. There, they
were washed thoroughly with tap water and Sparkleen to
remove soil and other particles, rinsed with deionized (18
MQ) water, blotted dry, and frozen. Prior to sample prepara
tion, plants consisting of both roots and shoots wen-
separated into root (below soil surface) and shoot (above
soil surface) subsamples. Only plant shoot samples were
analyzed for this study. Aquatic plants and mosses were
processed whole. Plant samples were freeze-dried and
pulverized to a fine powder for analysis.

Plants were identified by using field guides (12- 16) with
assistance from experts at UBC, RMC, and the Canadian
Wildlife Service (Yellowknife office). A summary of the genera,
and species where verification was possible, is given in the
Supporting Information (Table Sl-1).

Sample Preparation and Analysis. Details of sample
preparation for the analysis of total arsenic and arsenic
species are given elsewhere (3, 11). Briefly, for the deter
ruination of total arsenic, samples were first digested with
nitric acid and hydrogen peroxide, using a glass and Teflon
reflux apparatus (17). This acid digest was diluted ap
propriately and analyzed by using ICP-MS equipped with a
flow injection sample introduction system. To determine
arsenic species in the water soluble fractions of plants, the
plants were extracted with a mixture of methanol/water in
a ratio of 1:1. The sample extracts were analyzed by HPLC
ICP-MS for arsenic species as described elsewhere (3). For
the determination of total arsenic levels in some plant
extracts, microwave digestion was used for sample prepara
tion. The extracts (5 ± 0.05 g) were filtered (0.45/<m syringr
filters, Millipore) into 50 mL Teflon centrifuge tubes, and 3
mL of nitric acid as well as 1 mL of hydrogen peroxide was
added. The loosely capped tubes were heated in an Emerson
550W microwave oven at high for 3-4 min, three times, with
a cooling period of 10 min between each heating period. The
clear solutions remaining were diluted to 25 mL with
deionized water. These solution were analyzed for total
arsenic by using ICP-MS. See Koch et al. (3) for instrumental
and chromatographic details.

QA/QC. A blank, a duplicate, a certified reference material
(fucus, IAEA-140/TM and oyster tissue, NIST 1566a) where
applicable, and a spiked sample were carried through sample
preparation and analytical procedures for batches of 12-15
samples or smaller. Plasma instability and variations in m/z
sensitivity were monitored and corrected with the use of a
rhodium internal standard during ICP-MS and HPLC-ICP-
MS analysis of samples. The certified reference materials
and spiked sample recoveries were within 10% of the certified
or theoretical values, relative standard deviations were less
than 6% for total amounts of arsenic and less than 30% (except

FIGURE 2. (A) Map of Yellowknife and surrounding area, showing
sample locations (circled) and total amounts of arsenic in plants.
(B) Detail of Con Mine property in Yellowknife. Codes for plant
types: A = Equisetum fluviatile, B = Drepanocladus sp.; C = Typha
latifolia; D = Sparganium augustifoliunr, E = Potomogetan rich-
ardsonir, F = Myriophyllum sp.; G = Lemna minor, H = Bidens
cernuar, I = Carex sp.; J = Rubus idaeus; K = Potentilla fmticosar,
L = Agmstis scabra; and M = Hordeum jubatum.
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TABLE 1. Concentrations of Total Arsenic (ppm Dry Weight)
Presented as a Range of Values and the Median value for
Groups of Plant Types

type of plant range median

terrestrial (grasses and shrubs)
all emergents
emergent Carexsp
emergent Equisetum fluviatile
emergent Typha latifolia
submergents
mosses

3.6-84
0.52-260
3.6-136
30-260
0.52-5.0
2.5-78
490-1220

53
25
24.5
48

3.8
24

825

in quantities near the limits of detection) for arsenic species,
and blanks were less than the limit of detection, except when
they were used to determine the method limit of detection
(for total arsenic).

Results and Discussion
The total amounts of arsenic in plants are shown at their
respective locations on the maps in Figure 2. Mosses contain
the highest levels of arstim (>\9>() \ 'ZZO ppm dry weight, see
Table 1), reflecting concen t ra t ions that are remarkably higher
than those for other plants Hie higher concentrations of
moss compared wi th that of another plant (horsetail,
Equisetum fluviatile) col lec ted from the same location
(location 1) might suggest tha t mosses accumulate more
arsenic than other plants

Typha latifolia appears to take up the least amount of
arsenic (see Table 1). Dushenko et al. postulated that the
lower levels of arsenic in rvphu sp as well as its abundance
at all sampling sites (observed in the present study as well)
indicates a greater tolerance to arsenic contamination by
using mechanisms for the exc lus ion of arsenic (6).

In other studies ( I f f ] , t e r r e s t r i a l plants on mine waste have
been observed to contain liiglii-v levels of arsenic (up to 3470
ppm dry weight) than those observed here. Nevertheless,
the arsenic levels in most of the Yel lowknife plants in this
study appear to be elevated compared with general back-
ground levels found in plants (nondetectable to 3 ppm dry
weight (18-20)).

The water soluble f r ac t i ons of plants were analyzed for
arsenic species, and the results for the 13 different plant
genera are summarized in Table 2 (details for individual plant

._ samples are given in Support ing Information, Table SI-2).
' The results indicate that for all the terrestrial plant species

studied, the major water soluble compounds arc 'norganic
As(V) and As(III) . This is very impor tant from a toxicological
perspective, since inorganic arsenic is relatively toxic. Previ-
ous studies have shown that carrots (4) and other vegetables
(5) also contain predominantly inorganic arsenic, but this is
the First study to show conclusively that inorganic arsenic
predominates in a wide variety of plants that were sampled
at different locations and times, from a natural environment.

The effect of these levels of toxic arsenic on consumers
of the plants are unknown, especially since episodes of wildlife
poisoning by arsenic have been documented only rarely (18}.
Domestic sheep that were fed diets containing lake weed
(288 ppm arsenic) for 3 weeks showed no ill effect. On the
other hand, a generalized feeding level of 50 ppm arsenic
was linked to adverse affects in mammals. A prescribed limit
of <4 ppm fresh weight (corresponding to about 20 ppm dry
weight) total arsenic in feedstuff containing plants for
domestic livestock was stated in the literature (/#). Therefore
for plants containing greater than 20 ppm dry weight of
arsenic, the possibility that wi ld l i fe may be affected cannot
be excluded.

The difference between arsenate and arsenite distributions
for MYriophyllumsp. between June and August is interesting
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TABLE 2. Percent Arsenic Species of Sum of Arsenic Species
(Standard Deviation) and Percent Extraction Efficiency (EE) for
Different Plants"

Q» a/ Q/ a/

plant n As(lll) As(V) methyl sugars % EE

Terrestrial (Vascular)
Rubusidaeus 1 47 53 0 0 25
Potentilla 1 27.5 72.5 0 0 46

fruticosa
Hordeum 2 34(12) 63(14) 3.6(2.4) 0 43(6)

jubatum
Agmstis scabra 2 24(4) 76(4) 0.6(0.5) 0 50(19)

Emergents (Vascular)
Carexsp. 18 18(9) 79(9) 3 .3 (34 ) 0 63(18)
Bidenscernua 18 88 4 0 16
Equisetum 3 51 (11) 49 (11) 0 0 72(50)

fluviatile
Typha latifolia 3 24(3) 71(10) 5.3(7.0) 0 87(28)

Submergents (Vascular)
Lemna minor 1 17 63 9 11 23

(Aug)
Potomogetan 1 12 79 35 59 13

richardsonii
(A-ug)

Sparganium 1 30 70 0 0 37
augustifolium
(Aug)

Myriophyllum 1 26 67 55 09 44
sp. (Aug)

Myriophyllum 2 71(12) 25(14) 3 .4(2.2) 0 47(6)
sp. (June)

Mosses (Bryophytes)
Drepanocladus 4 31(13) 67(15) 1 7 ( 2 . 0 ) 0 9.8(5.4)

sp.

"Methyl — MMA 4- DMA ~ Tetra. sugars arsenosugar la •*- 1b; n
= number of sample

to note. The sample collected in August contains the same
proportion of arsenate as the June sample c ontains of arsenite
(approximately 70%). In general, submergent plants collected
in August contain predominantly As(V) (see I able 2). and
therefore the trend observed for Myriophylliunsp. may extend
to other submergent plants. Throughout the growing season.
the submergent plants probably take up arsenic from the
surrounding water as arsenate. which is the1 predominant
form of arsenic in Yellowknife waters (21).

Speciation analysis also revealed that small amounts of
methylated arsenic compounds are present in some plants,
including MMA, DMA, and tetramethylarsonium ion (Tetra)
as well as arsenosugars la and Ib Chromatograms of
standard solutions containing arsenic compounds are shown
in Figure 3. Chromatograms of methylated compounds and
arsenosugars in duckweed (Lcmna minor) using three
different chvomatogvaphic methods to confirm the chro-
matographic identification of arsenicals are shown in Figure
4. When the sample is subjected to anion exchange chro-
matography (Figure 4a), peaks are seen that are attributed
to the following: a cationic species: A s ( I l l ) and/or sugar la;
DMA; MMA. sugar Ib (proposed); and As(V) When cation
exchange chromatographic conditions are used (Figure 4b),
the cationic species in Figure 4a is determined to be
tetramethylarsonium ion (Tetra), and a small peak with the
same retention time as sugar la appears. To confirm the
identity of the arsenosugars. ion-pairing chromatography
results in the elution of sugars la and Ib after the other
peaks (Figure 4c). as demonstrated by kelp extract containing
arsenosugars (Figure 3c). Note that although sugars Ib and
Ic are not resolved from each other on the ion-pairingsy, stem,
the peak at the retention time for Ib/lc in Figure 4c is
nevertheless identified as sugar Ib, since the presence of
sugar Ic is not evident in Figure 4a.

The existing evidence (22—24) indicates that these com-
pounds may be present as a result of uptake from the
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FIGURE 3. Chromatograms of standard solutions of arsenic
compounds (— commercial standards; - - kelp extract). A. Anion
exchange chromatographic conditions: Hamilton PRP-X100 250 x
4.6 mm column, 20 mM ammonium phosphate, pH 6.0 at 1.5 mL/min.
B. Cation exchange chromatographic conditions: Whatman SCX
Partisil 5, 250 * 4.6 mm column, 20 mM pyridinium formate, pH 2.7
at 1 mL/min. C. Ion-pairing chromatographic conditions: GL Sciences
ODS 250 x 4.6 mm column, 10 mM TEAM, 4.5 mM malonic acid, 0.1%
methanol, pH 6.8 at 0.8 mL/min.

environment, synthesis by the plant, or both. Additionally,
arsenic als may be adsorbed onto the outside surface of the
plant. All the plants were thoroughly washed, but they were
not subsequently examined under a microscope to ensure
that all other organisms had been removed. The character-
ization of arsenic (especially with respect to the finding of
minor constituents) in all plants is therefore better regarded
as characterization of a plant community. While keeping
this in mind, the discovery of arsenosugars in some of these
plants (amounting to as much as 11% of extracted arsenic
in Lemna minor) represents the first conclusive association
of arsenosugars with higher terrestrial plants. Halophytes
(salt marsh plants) were proposed to contain an arsenosugar,
but no identification (i.e.. comparison with known arseno-
sugar compounds) was carried out (25). Interestingly, only
arsenosugars la and Ib are observed in the present study,
which was also the case for other findings of arsenosugars
in terrestrial environmental samples (3, 11, 26, 27). The
arsenosugars are found only in submergent plants, which
are most likely to be contaminated with other organisms; for
example, Myriophyllumsp. and Lemna m/norwere growing
in physical contact with algae, which may be a possible source
of arsenosugars.

Tetramethylarsonium ion (Tetra) was found in a vascular
plant from Meager Creek (J). and its presence in some
samples in the current study, albeit at very low levels, indicates
a wider distribution than might otherwise be expected,
considering its rare occurrence in sediments or waters (28,
29}. One other study has suggested the presence of tetra-

lime (5)

FIGURE 4. Chromatograms of an extract of duckweed (Lemna minor).
A. Anion exchange chromalography. B. Cation exchange chroma-
tography. C. Ion-pairing chromatography; for details see caption for
Figure 3.

alkylated arsenicals in plants, which was attributed to the
uptake of similar compounds from the surrounding water
(25). Tetramethvlaisouium ion occurs in Drcpanocladussp.
sampled from location I in June and August but does not
appear in the same species of moss sampled from the two
different locations 3 and 7 The arsenic species extracted
from moss may be spe( i t ic to the its growing environment
and affected by factors sue h as chemical species available in
the water/soil as well as organisms present in or on the moss.

Extraction etfic ieiu•iesare included inTable 2and detailed
in Supporting Information, and they range from 3 to 100%,
with a median value of 49% These results indicate that_a_
large fraction of arsenic in many plant samples is not water
soluble. The chemical and toxicological characteristics of
this fraction remain unknown Unextracted arsenic could be
bound to lipidsoi to cel l wall components, includinginsoluble
cellulose, calcium or magnesium pectates. or lignin. Research
to determine the bioavailability and nature of this arsenic is
ongoing.

The present study verifies the ubiquity of predominantly
inorganic arsenic species in the extractable (and potentially
bioavailable) portion of plants from a natural terrestrial
environment impacted by mining activities. Future research
should address the bioavailability of plant arsenic as well as
its impact on the food chain.
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Literature Cited
(1) Mudroch. A.; Joshi, S. R.; Sutherland, D.; Mudroch. P : Dickson.

K. M. Environ. Ceo/. Wat. Sci. 1989, 14. 35-42.
(2) Environment Canada. Health Canada. GNWT Health and Soc ial

Services. Controlling Arsenic Releases to the Environment in the
Northwest Territories: Discussion ofManagement Options:. April
1997.

(3) Koch. 1.: Feldmann, J.; Wang. L.; Andrewes. P.; Reimer. K J .
Cullen. W. R. Sri. Tot. Environ. 1999, 236, 101-117.

(4) Helgesen, H.: Larsen, E. H. Analyst 1998, 13. 791 -796
(5) Pyles, R. A.. Woolson, E. A. J. Agric. Food Chem. 1982. 30. 866

870.
(6) Dushenko, W. T.: Bright, D. A.; Reimer, K. J. Aquat Bot 1995.

50. Hl-158.
(7) Wagemann, R.; Snow, N. B.: Rosenberg, D. M.; Lutz. A Arch

Environ. Contain. Toxicol. 1978, 7, 169-191.
(8) Hutchinson, T. C.: Aufreiter, S.; Hancock. R. G. V J. Radioanul

Chem. 1982. 71. 59-73.
(9) Nelson. J. C. Ph.D. Thesis. University of British Columbia. 19H3

(10) Cullen. W. R.: Dodd, M. Appl. Organomet. Chem 1989. .'{. 401
(11) Lai. V W.-M.; Cullen, W. R.; Harrington. C. F.. Reinier. K J Appl

Organomet. Chem. 1997. II. 797-803.
( 1 2 ) Pojar, J : McKinnon, A. Plants of Coastal British Columbia. RC

Ministry of Forests and Lone Pine: Vancouver. Canada. 1994
(13) Porsild. A. E.; Cody, W. J. Vascular Plants of Cnntinent.il

Northwest Territories, Canada: National Museums of Canada.
Canada. 1980.

( 1 4 ) MacKinnon. A : Pojar. J.. Coupe, R. Plants of Northern British
Columbia. BC Ministry of Forests and Lone Pine. 1992.

(15) Trelawny. J. G. Wildtlowers of the Yukon. Alaska and North-
western Canada. Sonp Nis, Victoria. BC, 1988.

(16) Grant. A. J. Mosses with Hand-Lens and Microscope: Grant. A.
J.. Ed.. New York, 1903.

(17) Bajo. S.: Suter. U.; Aeschliman. B. Anal. Chim. Acta 1983. 149.
321-355.

(18) Eisler. R. In Arsenic in the Environment, Part II: Human Health
and Ecosystem Effects: Nriagu, J. O.. Ed.; John Wiley & Sons:
New York. 1994.

(19) Adriano. D. C. Trace Elements in the Terrestrial Environment,
Springer Verlag: New York, 1986: p 50.

(20) Bowen. H J. M. Environmental Chemistry of the Elements:
Academic: London, 1979; pp 88-93.

(21) Bright. D. A.; Dodd. M.; Reimer. K. J. Sri. Tot. Environ. 1996.
180. 165-182.

(22) Cullen. W. R.; Hettipathirana, D.; Reglinski, J. Appl. Organomet.
Chem. 1989, 3. 515-521.

(23) Nissen. P.; Benson, A. A. Physiol. Plant. 1982. 54. 446-450.
(24) Anderson. A. C.; Abdelghani, A. A.: McDonnell, D.; Craig. L. J.

Plant Nutr. 1981. 3. 193-201.
(25) <lt- Bettencourt. A. M.: Duarte, M. F.: Facchetti, S.; Florencio. M.

H .Gomes. M. L.; van't Klooster.H. A.;Montanarella. L.; Ritsema.
R Vilas Boas, L. F. Appl. Organomet. Chem. 1997. 11. 439-450.

(2(>) Cf'is/inger. A.. Goessler, W.; Kuehnelt. D.; Francesconi, K. A..
Kosmus. W Environ. Sri. Techno/. 1998. 32, 2238-2243.

(27) I ai sen. E. H.: Hansen. M.; Goessler, W. Appl. Organomet. Chem
1998. 12. 285-291.

(28) Hanaoka. K.. Dote. Y.. Yosida, K.; Kaise, T.; Kuroiwa, T.: Maeda.
S Appl. Organomet. Chem. 1996, 10, 683-688.

(291 ilc Bettencourt. A. M: Florencio, M. H.; Duarte, M. F. N.; Gomes.
M. 1. R.: Vilas-Boas. L F C. Appl. Organomet. Chem. 1994. 8.
43 56

Received for review June 16, 1999. Revised manuscript re-
ceiied September 14. 1999. Accepted September 23, 1999.

KS9906756

26 • ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 34. NO 1. 2000


