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Jules M. Blais, David W. Schindler, Derek C.G. Muir, Martin Sharp, David Donald, Melissa Lafreniere, Report Eric Braekevelt and William M.J. Strachan 

Melting Glaciers: A Major Source of Persistent 
Organochlorines to Subalpine Bow Lake in 
Banif National Park, Canada 

Organochlorine pesticides and polychlorinated biphenyls 
(PCBs) are ubiquitous and persistent in the environment. 
They are known to concentrate in cold environments as a 
result of progressive evaporation from warm regions, and 
condensation in colder regions. In this study we show that 
melting glaciers supply 50 to 97% of the organochlorine 
inputs to a subalpine lake in Alberta, Canada, while con- 
tributing 73% of input water. Tritium analyses indicated that 
during the mid- to late summer warm period, at least 10% 
of the glacial melt originated from ice that was deposited 
in 1950-1970, when it was more contaminated with or- 
ganochlorines. This finding suggests that climate warming 
may cause melting glaciers to become increasing sources 
of contaminants to freshwaters. Organochlorines from 
glacial streams were largely in dissolved form because the 
organic-poor glacial clays had a limited sorption capacity 
for the more hydrophobic chemicals. 

INTRODUCTION 

Persistent organic pollutants (POPs), have been shown to reach 
the most remote regions of the Earth (1). Among the pollutants 
of greatest concern are organochlorine pesticides (such as the 
hexachlorocyclohexanes (ca and y isomers), endosulfan, aldrin, 
dieldrin, chlordane), polychlorinated biphenyls (PCBs), poly- 
chlorinated dibenzodioxins and furans (PCDD/F) and DDT (see 
description of selected POPs in Table 1). The UN Economic 
Commission for Europe considers reducing future production 
and use of these chemicals as a top priority (2). 

These chemicals are characterized as toxic, hydrophobic, and 
persistent in the environment. Their hydrophobicity causes them 
to assimilate rapidly in biological tissues, and as a result, they 
may be biomagnified in food chains. They reach concentrations 
in organisms from remote northern climates that are higher than 
those found in more industrialized parts of the world (3). This 
is of special concern because aboriginal people rely on these con- 
taminated organisms for food (4). The concentrations of 
polychlorinated biphenyls (PCBs) in human breast milk from 
northern Inuit communities were 5 times higher than in south- 
ern areas where PCBs were heavily used (3). Hexachlorobenzene 
concentrations in human breast milk from Inuit communities 
were over 10 times higher than in southern areas (1). These re- 
sults prompted a research program to study the transport and fate 
of POPs in the north (1). In Lake Lebarge, Yukon, the concen- 
trations of toxaphene, a chlorinated pesticide transported through 
air from distant sources, were high enough in fish for Health 
Canada to issue a restriction on consumption of the fish on which 
local aboriginals relied (5). 

The transport of POPs to northern latitudes results from 
volatilization from warm source areas and redeposition to cold 
Arctic areas. This contributes to high concentrations of POPs in 
Arctic food chains (1, 6). In earlier studies, we showed that simi- 
lar condensation of airborne POPs in cold alpine environments 
results in surprisingly high concentrations of these chemicals in 
snow and surface waters (7, 8). In the mountains of western 

Canada, both the deposition of semivolatile organochlorines and 
the concentrations of certain organochlorines in fish increase dra- 
matically with elevation (8), occasionally causing concentrations 
of POPs in fish to approach levels that would trigger health 
advisories (9). Organochlorine concentrations in fish also tend 
to be higher in glacier-fed lakes than in lakes at similar eleva- 
tions that are fed only by annual precipitation and runoff, sug- 
gesting that glaciers may act as a source of these chemicals to 
surface waters (9). High concentrations of POPs are found in the 
foodweb of glacier-fed, subalpine Bow Lake near the continen- 
tal divide between Alberta and British Columbia (8, 10). Donald 
(9) observed that concentrations of several organochlorines were 
higher in Bow Lake than other lakes surveyed in the area. Com- 
pounds identified included lindane, endosulfan, toxaphene, PCBs 
and DDT. This is not attributable to biomagnification along com- 
plex foodchains (10), as was observed in other lakes (5, 1 1). A 
possible alternative explanation is that elevated concentrations 
of POPs in the foodwebs of glacier-fed lakes reflect enhanced 
delivery of these contaminants to the lakes from glacial runoff 
sources. 

Glaciers are known to accumulate atmospherically-derived 
contaminants, and have provided records of the deposition of 
POPs over time (12-14). For instance, at Snow Dome, 20 km 
north of Bow Lake, in Banff National Park, Alberta, Donald et 
al. (12) found elevated concentrations of several POPs in layers 
of ice deposited in the 1950s to as late as the early 1990s. For 
example, caHCH showed a steady decline over time in glacial 
strata, with 1 ng L-1 in strata deposited in the 1950s, but only 
0.05 ng L-l in horizons deposited in the early 1990s (12). Like- 
wise, DDT peaked in glacial strata corresponding to the early 
1980s at 2 ng L-1 compared to 0.01 ng L-' in recent strata (12). 
Endosulfan peaked at 0.2 ng L-1 in horizons deposited in the late 
1980s, compared to 0.03 ng L-l in contemporary strata (12). Not 
all organochlorines followed this decreasing pattern, however. 
Hexachlorobenzene increased in the glacier, from 0.001 ng L-l 
in horizons deposited in the 1960s, to a surface peak of 0.02 ng 
L-'. Thus, older, contaminated ice at the surface of a glacier in 
its ablation zone is likely to result in release of POPs to the en- 
vironment when surface melting occurs. 

Another possibility is that dissolved phase concentrations of 
POPs in glacial runoff are unusually high because of low 
volatilization losses from low temperature meltwaters and lim- 
ited catchment retention. The potential for adsorption of POPs 
onto glacial sediments may be limited by their low organic matter 
content (15). It may also be limited because, under summer con- 
ditions, much glacial runoff becomes channelized on the glacier 
surface, and is then routed rapidly through englacial and sub- 
glacial conduits, having little contact with catchment soils and 
sediments. By contrast, in nonglaciated alpine catchments, snow- 
melt is likely to percolate through the residual snowpack and in- 
filtrate into underlying organic and mineral soils before it reaches 
a stream channel. This significantly increases the chances for 
POPs to be lost by adsorption onto soils and sediments. We 
tested these hypotheses by determining the potential for dissolved 
phase and particle-bound fluxes of organochlorines to Bow Lake 
in glacial streams and streams fed only by annual snowmelt and 
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rainfall. This study is the first to investigate the impact of gla- 
ciers on the delivery of organochlorines to surface waters. 

STUDY SITE 
Subalpine Bow Lake, in Banff National Park, Alberta, Canada, 
is located near the Continental Divide between Alberta and Brit- 
ish Columbia (Fig. 1). The principal inflow to the lake (with a 
surface area of 2.8 km2) is a stream fed by meltwater from the 
Wapta Icefield. The catchment area of this stream is approxi- 
mately 27 km2, approximately 11 km2 (41%) of which is glacial 
ice. 

METHODS 
Three streams draining into Bow Lake (Fig. 1) were sampled. 
The "glacial" stream (A; Fig. 1) is fed primarily from glacial 
melt waters. In contrast, the "alpine" stream (B) is located in an 
alpine catchment with steep slopes and little vegetation, but no 
permanent ice or snow. The "valley" stream drains a low gradi- 
ent subalpine catchment (C) with a thick vegetation cover of low 
lying shrubs (Salix spp.) and a mixed forest of spruce and fir. 
The outflow stream from Bow Lake (D) was also sampled. 

Water samples were collected from each stream twice a month 
between early June and late August 1997. This period spans the 
snow-free season at this location, which is generally from June 
to September or early October. At each sample site, hourly meas- 
urements of stream stage, electrical conductivity and water tem- 
perature were recorded using a data logger (Campbell Scientific). 
Stream waters were collected using methods in Donald et al. (8), 
and snow samples were collected using methods in Blais et al. 
(7). Rain samples were collected in a precipitation collector that 
passed rainwater immediately through a solid phase extraction 

column (XAD resin). This resin was leached 
into hexane by Soxhlet extraction in the 
laboratory to remove the analytes for analy- 
sis by gas chromatography. 

Water was also collected in airtight vials 
for tritium analysis using scintillation count- 
ing. Tritium concentrations in precipitation 
were much higher during the period of at- 
mospheric bomb testing (16), thus we hy- 
pothesized that increased levels of tritium in 
runoff would indicate that ice or ground- 
water > 10 yrs in age were contributing to 
runoff. Fluxes were calculated by multiply- 
ing streamwater concentrations of organo- 
chlorines with daily mean water discharge 
rates. Concentrations are expressed as Cw 
(concentration in water as pg L-') and Cpv 
(concentration on particles on a water vol- 
ume basis, in pg -1'). The distribution coef- 
ficients in this paper (Kd) account for sus- 
pended particle concentrations in the water 
and are calculated as the ratio of Cpm (in units 
of pg contaminant g-' dry sediment) to C, 
(pg contaminant L-'). 

Sample Extraction and Analysis by Gas 
Chromatography 
Water samples were filtered through pre- 
combusted Gelman GF/A filters (pore size 
0.6 mm). At least 65 L per sample were ex- 
tracted into dichloromethane, using a high 
volume Goulden extractor (17). Internal 
standards were also extracted to determine 
extraction efficiencies. The solvent extracts 
were concentrated by roto-evaporation, and 
separated into 3 fractions with 1.2% deacti- 
vated Florisil as in other studies (7, 18, 19), 
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using the following solvent mixtures: fraction 1:37 ml hexane; 
fraction 2:38 mls of 80:20 hexane: dichloromethane; fraction 
3:52 mls of 50:50 dichloromethane:hexane. This procedure 
allowed a separation of the more polar organochlorine pesti- 
cides (fractions 2 and 3), from the more nonpolar PCBs and 
chlorobenzenes (fraction 1). Extracts were injected into a gas 
chromatograph equipped with a 63Ni electron capture detector 
using a 30 m DB-5 column with He carrier gas. Chromatographic 
interpretation of peaks was performed using HP Chemstation 
software. 

All samples were filtered in the field through 0.45 micron cel- 
lulose nitrate membranes immediately after collection. Alkalin- 
ity and pH were measured on site following filtration, and fil- 
tered aliquots of sample were collected for ion analysis. 

Alkalinity was measured by titration with 
sulfuric acid, the end point was determined 
colorometrically using brom-cresol green-methyl 
red indicator. The total error of the titration is 
less than ? 2% (for HCO3 > 400 peq L-'). pH 
was determined using a portable Orion 290A 
digital pH meter (error ? 0.1 pH unit). 

Ion samples were stored in polyethylene vi- 
als and kept refrigerated until time of analysis. 
Cation samples were acidified to pH 2 with 
methanesulfonic acid upon return from the field. 
Major anion (C[-, NO-, and SO2-) and cation 
(Na+, K+, Mgc2+, and Ca2+) concentrations were 
determined by ion chromatography on a Dionex 
500 ion chromatograph. 

Total dissolved solids (TDS) in mg L-' were 
calculated as the sum of all ions and alkalinity 
as HCO-. Dissolved organic carbon (DOC) was 
measured using an Ionics Corporation 1555 
DOC analyzer with 100% Pt catalyst. 

RESULTS AND DISCUSSION 
The glacial stream supplied 73% of total water 
inputs to Bow Lake (Fig. 2). The valley and al- 
pine streams had snowmelt-fed runoff pulses in 
spring, followed by gradual declines in water 
discharge over the summer (contributing 23% 
and 1% of water inputs to Bow Lake, respec- 
tively, with the remainder (3%) from rain). By 
contrast, discharge in the glacial stream remained 
high through the summer because ice-melt re- 
placed snowmelt as a water source after annual 
snow cover melted. Maximal discharge from the 
glacial stream was observed in early June dur- 
ing snowmelt, and again in late July and early 
August during the ice melting period (Fig. 2). 
Rainfall was sporadic through the season (Fig. 
2). Tritium activity was below detection limits 
(< 6 tritium units (TU)) in the alpine and valley 
streams, and also in rainfall throughout the sam- 
pling period. However, tritium was detectable in 
the glacial stream after late June, suggesting a 
contribution to runoff from ice deposited during 
the period when tritium levels in precipitation 
were elevated as a result of atmospheric bomb 
testing (1955-1970s). Tritium levels in glacier 
ice were not measured in this study. However, 
concentrations of tritium in precipitation at Ot- 
tawa, Ontario (latitude 45025' N, longitude 
75040' W), peaked at 1000 TU in 1963. Tritium 
has a half-life of 12 years, so ice dating from this 
period that contained similar concentrations of 
tritium at the time of deposition would still have 

contained - 125 TU in 1997. Tritium concentrations in glacial 
runoff were below detection limits earlier in the summer because 
the glacier was still snow-covered and tritium-rich ice was not 
exposed to ablation. However, once it was exposed and tritium 
was detected in the glacial stream, it continued to be detected 
throughout the rest of the summer. It was also detected in the 
Bow Lake outflow stream in early August (Fig. 2). A profile 
from nearby Snow Dome shows that maximal enrichment of 
organochlorine pesticides in glacier ice coincides with the pe- 
riod of atmospheric nuclear weapons testing, when precipitation 
contained the highest levels of tritium (12). Organochlorines in 
glacial runoff during the period when tritium was detectable may 
therefore have been derived in part from sources in old glacier 
ice. 

Figure 2. Stream discharge for the 4 streams, rainfall, and tritium activity are shown 
against Julian day for the summer of 1997. 
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In all, 9 chlorobenzenes, 15 organo- 
chlorine pesticides, and 80 PCB con- 
geners were detected regularly in the 
streams, snow-fall and rainfall. A de- 
tailed budget of inputs from the 3 
tributaries as well as rainfall and 
snowfall for 5 of the most abundant 
compounds is in Table 2. Fluxes of 
other constituents, including 8 of the 
chlorobenzenes, 8 other organo- 
chlorine pesticides, 7 of the PCB con- 
geners and the sum of all detected 80 
PCB congeners are shown in Table 3. 
Inputs of many compounds to Bow 
Lake, most notably the di- and 
trichlorobenzenes aHCH, yHCH, and 
dieldrin were supplied to Bow Lake 
predominantly from the glacial stream 
(Tables 2 and 3). This stream pro- 
vided 50-97% of the stream inputs of 
these compounds (Tables 2B and 3), 
compared with only 73% of the input 
of water runoff. 

Contributions by rain and snow to 
the lake surface were second only to 
glacial inputs as a source of POPs to 
Bow Lake, as expected from high 
fluxes of these compounds from the 
atmosphere (7). The contribution of 
rain was particularly important for 
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HCH isomers, endosulfan (Table 2), and 1,4 DCB (Ta- 
ble 3). Lindane (yHCH) and endosulfan are still in use 
in Canada (2), thereby explaining in part their high con- 
tribution by rainfall. 

Total concentrations (C,+ Cpv) of most organo- 
chlorines in all streams were lower than in snowfall and 
rainfall (Table 2A). This indicates that losses occurred 
during melt and runoff, either by volatilization or catch- 
ment retention. Concentrations of most POPs were 
higher in the glacial stream than in the other streams 
(Fig. 3). Concentrations were between 2 and 50 times 
higher in the glacial stream than in the valley stream for 
most organochlorine pesticides. This suggests that losses 
of these compounds to retention and/or volatilization in 
the glacial catchment were less than in the valley catch- 
ment. However, concentrations of the more hydropho- 
bic polychlorinated biphenyls (PCBs) tended to be simi- 
lar in both streams, suggesting that for these hydropho- 
bic compounds, losses to retention and volatilization 
were similar in the 2 catchments. 

Total concentrations of POPs were, on average, 29 
times higher in the glacial stream than the valley stream. 
Even though the mean particle concentration in the gla- 
cial stream was 2.8 times higher than in the valley 
stream, the dissolved fraction of POPs measured (C,/ 
(C,+Cpv)) was similar in the glacial (75 ? 35%) and val- 
ley (79 ? 34%) streams. This implies that the higher dis- 
solved concentrations in the glacial stream can be ex- 
plained at least in part by relatively low adsorption on 
the sediments transported by the glacial stream. 

Retention of organochlorines in vegetated catchments 
is generally considered to be high as a result of sorption 
to soils and vegetation (20). The glacial stream is fed by 
cold meltwaters, which become channelized on the gla- 
cier surface and pass through major englacial and 
subglacial drainage conduits in which they have limited 
contact with catchment soils. This may diminish the po- 
tential for losses of organochlorines due to sorption. Al- 
though some fraction of the runoff probably does fol- 
low more distributed subglacial drainage paths that al- 
low greater water-sediment contact, this fraction is nor- 
mally small during the summer melt season, except un- 
der recession flow conditions. Under summer conditions 
it is probably never a major component of runoff from 
Bow Glacier because the glacier currently terminates in 
a small proglacial lake (Fig. 1) with an estimated water 
residence time of ca. 40 days. Water storage in this lake 
effectively mixes and homogenizes runoff from the gla- 
cier. If most glacial runoff has limited contact with soils 
and sediments, the potential for losses of organochlorines 
due to sorption is probably reduced relative to the po- 
tential for loss from snowmelt waters in the valley catch- 
ment. These likely infiltrate both organic and inorganic 
soils underlying the snowpack prior to draining to the 
valley stream. Comparison of the total dissolved solids, 
alkalinity, and dissolved organic carbon content of the 
waters from the glacial and valley streams (Table 4) in- 
dicates that waters from the valley stream have had 
greater contact with both mineral and organic soils than 
those from the glacial stream. Low retention of 
organochlorines in the glacial catchment may therefore 
also be attributable to the relatively low organic carbon 
content of sediments from the glacial stream (organic 
carbon fraction, foc = 0.05 + 0.00 1) compared to that of 
sediments from the valley stream (foc = 0.15 ? 0.003). 
Particle-bound transport was more important for more 
hydrophobic compounds in all tributaries, including the 
glacial stream, because these compounds have a greater 

Figure 3. Concentrations of aHCH, yHCH, dieldrin, a endosulfan and HCB are 
shown for the 3 inflowing streams into Bow Lake during the summer of 
1997. 
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affinity for mineral surfaces than less hydrophobic contaminants. 
Further evidence of the higher sorptive capacity of subalpine 

soils for these organic compounds is provided by the distribu- 
tion coefficients (Kd) for each compound in the different streams. 
Distribution coefficients are defined as the particle/dissolved 
concentration ratios (Cpm/Cw). For each stream, values of Kd are 
related to the hydrophobicity of each compound as measured by 
the octanol-water partition coefficients (Kow, (21, 22) as follows: 

Glacial stream: 
Log Kd = -0.82 + 0.49 log Kow r2 = 0.47, p << 0.05 Eq. 1 

Valley stream: 
Log Kid= 0.52 + 0.36 logKow r2= 0.43, p << 0.05 Eq. 2 

Thus, for most compounds, Kd is lower in the glacial stream 
than in the valley stream. This reflects the lower sorptive capacity 
of the glacial soils and sediments, which allows a higher pro- 
portion of these substances to remain in solution. 

CONCLUSIONS 
This study shows that glaciers are important contributors of per- 
sistent organic pollutants to surface waters. The melting of lay- 
ers contaminated in the past by higher concentrations of some 
compounds (12) contributes to the high values, suggesting that 
as climate warming increases glacial melting, contaminant flow 
from glaciers may increase. Glacial streams contain unusually 
high proportions of POPs in solution, because of the low poten- 
tial for these compounds to adsorb to suspended sediments in 
the glacial stream that are characterized by low organic matter 
content. This is partly a function of the low organic content of 
the sediments, and partly a function of hydrological flow rout- 
ing in glacial systems which minimizes contact between runoff 
and catchment soils. The prevalence of inputs of organochlorine 
compounds in the dissolved phase, coupled with the low dis- 
solved organic carbon concentrations in the lake water (0.46 ? 
0.12 mg L-U) indicates a high bioavailability of these compounds 
to aquatic biota (23). These results likely explain why concen- 
trations of these compounds in fish and other aquatic biota are 
elevated in glacier-fed lakes (9). 
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