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EXECUTIVE EUHARY 
The identity, sources and transport of hydrocarbons to the 

lower Mackenzie River were characterized under two flow regimes. 
There were three main sources of alkanes to the river: Great Slave 
Lake is a source of algal alkanes; erosion of bituminous bedrock 
is a source of undegraded petroleum-related alkanes; and a source 
ofv high molecular weight, combustion—related alkanes, likely 
transported on particles. Two main sources of PAHs to the river 
were found. Under low flow conditions, low levels of PAHs from 
petroleum—related sources, likely'seeps, were detected. Under high 
flow conditions, PAH patterns were dominated by atmospherically- deposited combustion-related PAHs carried into the river by 
snowmelt. Several features of hydrocarbon distributions in 
developed ‘temperate regions were absent indicating that 
anthropogenic inputs of from use of petroleum fuels and natural 
inputs of terrigenic hydrocarbons are likely less important in 
Arctic Rivers than in rivers farther south. 

MANAGEMENT PERSPECTIVE 

The study demonstrated that, at this time, inputs of 
hydrocarbons due to anthropogenic activities within the basin are 
relatively minor compared to inputs from natural_processes or long- 
range transport of atmospheric soot particles into the basin. The 
results provide a baseeline against which future impacts can be 
assessed. The results do not support the contention that the construction of the refinery at Norman Wells has led to pollution 
of the river by hydrocarbons.
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mm 
La nature, les sources et le transport des hydrocarbures presents 

dans le oours inférieur du fleuve Mackenzie ont été caractérisés. 

Les données ont été recueillies 5 deux périodes ofl les regimes 

d'écou_le1_\ent étaient différents. Les alcanes presents dans le 

fleuves proviennent de trois principales : 1e Grani lac des 

Esclaves, une source d'alcanes algaux; l'érosion du substrat 

rocheux bitumineux, responsable de la presence des alcanes non 

dégradés apparentés au pétrole; et enfin, la combustion de 

canbustibles fossiles, cause possible de la présenoe d'alcanes de 

poids mioléculaire élevé qui sont probablement transportés dans 
1'air sur des particules. Deux sources principales de HAP ont été 

identifiées. Les données recueillies quand le débit du fleuve 

était faible ont permis de détecter de faibles quantités de HA? 
provenant de gisements petrol iferes, probablement de suintements. 

Les données recueillies quand 1e débit était élevé ont montré 

que les HAP trouvés dans le fleuve étaient surtout des produits de 
combustion énis dars l'atr_no_sphere qui se sont déposés au sol avant 
d'-étre entrainés dans le fleuve au moment de la fonte des neiges. 
A bien’ des égards, la distribution des hydrocarbures dars oette .
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région ne dorrespondait pas A celle existant dens les régions 

tempérées développées, ce qui montre que les apports en 

hydrocarbures provenant de 1'ut1lisat1on du pétrole par 1'homme ou 
les apports natutels terrigénes sont probablement moins importants 

dans les riviéres de 1'Arctique que dans les ziviéres situées plus 

an sud. 

PERSPECTIVE-GESTIOH 

Cette étude a démontré que, 5 ce jour, les apports en.hydrocarbures 

dans 1e bassin du fleuve Mackenzie dus aux activités humaines sont 

relativement pen importants comparés aux apports naturels ou dus 

au transport sur de longues distances de particules de suie dans 
1'atmosphére, particules qui se déposent ensnite dans ce bassin. 

Les résultats de cette étude fournissent une base permettant 
d'éva1uer les impacts futurs. En outre, ces résultats vont 5 

1'encontre de l'al1égat1on suivant laquelle la construction de la 

raffinerie de Norman Wells aurait été responsable de la pollution 
du fleuve par les hydrocarbupes.
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Cette etude examine les sources et le transport des hydrocarbures 

dans le cours inferieur du fleuve Mackenzie afin de repondre aux 

apprehensions relatives 5 liimpact environnemental des activites 

huaines, en particulier l'exploitation des hydrocarbures, 
dans 1e bassin du fleuve Mackenzie. En outre, cette etude est 

guidee par la necessite d'effectuer une caracterisation de la 

qualite de 1'eau qui pourra servir de base pour evaluer les effets 

des amenagements dans 1e futur. Nous avons realise deux etudes 

au cours desquelles nous avons couvert, 5 l'aide d'une embarcation, 
la distance separant le confluent de la riviere Liard et du fleuve 

Mackenzie et un defluent important du delta du Mackenzie situe 
1250 km en aval pres d'Inuvik. La premiere etude, menee en 1985; a 

ete-realisee dans des conditions d'ecou1ement estivales et la 

deuxieme etude a permis de rendre compte des apports 

d'hydrocarbures dus 5 la fonte des neiges durant la debacle du 
printemps de 1986. Nous avons analyse les echantiilons d'eau et de 
sediments en suspension recueillis en huit endroits pour savoir si 

ceuxeci contenaient des alcanes normaux et des HAP, et pour 

determiner la nature de ceux—ci- Les sediments en suspensions
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recueillis A tous les sites et durant lessdeux périodes 

d'€chantil1onnage contenaient des alcanes normsux. D'aprés leurs 

distributions et la structure de leurs isoméres, les alcanes 

présents dsns le fleuve semblent provenir de trois sources 

principales : 1e Grand lac des Esclaves, une source d'alcanes 

slgadij 1'érosion du substrat rocheu constitué de schistes 

bitumineux, responsable de la présence des alcanes non dégradés 

apparentés au pétrole; la combustion de combustibles fossiles, 

cause possible de la présence d'a1canes de poids moléculaire 

élevé. Les HAP présents dans 1e fleuve proviendraient également de 

plusieurs sources. ‘Dans des conditions d'écou1ement faibles, de 

petites quantités de HAP provenant de gisements pétroliféres, 

probablement de suintements, out été détectées tandis que quand 1e 

débit du fleuve était élevé, les HAP trouvés dans la riviére 

provenaient surtout des produits de combustion trsnsportés dans 

1'atmosphére qui se sont déposés au sol avant d'étre entrainés dans 

1e fleuve au moment de la fonte des neiges.
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ABSTRACT 

This study examines the sources and transport of hydrocarbons 
to the lower Mackenzie River in response to concern over the 
environmental impact of human activities, particularly related to 
hydrocarbon development, within the Mackenzie River Basin and the 
need to establish a water quality baseline against which the 
effects of future developments can be measured. Two time-of-travel 
studies were carried out by boat, commencing at the confluence of 
the Liard and Mackenzie rivers and extending 1250 km downstream to 
a major distributary channel in the Mackenzie delta near Inuvik. 
The first study, carried out in 1985, characterized summer flow 
conditions and the second study reflected snowmelt inputs during 
spring break-up in 1986. Samples of suspended sediment and water 
were obtained at.a total of 8 sites and analyzed for normal alkanes 
and PAHs. Normal alkanes were present in suspended sediments at 
all sites in both sampling periods. Based.on their distributions 
and isomer patterns, alkanes in the river appear to originate from 
three main sources: Great Slave Lake is a source of algal alkanes; 
a source of undegraded petroluem-related alkanes, possibly from
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erosion Jof sbituminous. shale-. bedrock; »a_nd.a source ..of .high molecular 
weight alkanes, porribly related to combustion. PAHs also entered 
the river from several sources. Under low flow conditions, low 

levels of PAI-Is from petroleum-related sources, possibly seeps, were 
detected while under high flow conditions, PAH patterns were 
dominated by atmospherically—deposite'd combustion-related PAHs 

carried into the river by snowmelt. 

INTRODUCTION 

The Mackenzie River is longer (4200 km) and has a larger 
drainage basin (1.7 million kmz) than any other Canadian river. 
Apart from the headwaters in the agricultural lands of the northern 
prairies, the Mackenzie Basin is largely undeveloped. Present 
human impacts are limited to urban communities such as Yellowknife 
on Great Slave Lake, pipeline construction, current and abandoned 
mines with associated tailings deposits, producing oil wells and 
a small refinery at Norman Wells, just south of the Arctic Circle. 
The river discharges into the Arctic Ocean by way of the Beaufort 
sea, a site of considerable oil and gas exploration in recent 
years. River traffic includes commercial barging upriver from the 
Beaufort Sea to Hay River on Great Slave Lake. Despite this 
relatively low level of development, there is a great deal of 
concern about the environmental impact of human activities within 
the Mackenzie Basin. This concern is based on uncertainty as to 
the degree to which arctic ecosystems can tolerate ecological

'

2



disturbance;~It is clear that as new development proceeds, the 
resulting ecosystem impact will have to be carefully monitored. 
At present, there is a need to establish an ecological baseline 
against which subsequent changes can be measured. 

With respect to water quality, a baseline may reflect either 
(1) natural background chemistry, or (2) an operational baseline. 
An operational baseline is appropriate where, due to anthropogenic 
inputs, natural background has no practical meaning. For most 
synthetic organic compounds, for example organochlorines such as 
PCBs and DDT, the natural background can be presumed to be zero. 
.Assessments of distributions of‘ these compounds can "therefore 

provide little information cu: natural biogeochemical processes 
within the ecosystem. For major ions and most metals and for some 
organic chemicals, one can expect to find measurable levels in 
water and sediment samples arising from both natural and 
anthropogenic sources. Therefore these substances have the 
potential to provide information about both natural and 
anthropogenic inputs, and are of use in determining the relative 
impact of certain anthropogenic activities._ 
- Hydrocarbons are among the organic compounds that can 
originate from both natural and anthropogenic sources. Both n- 
alkanes and polycyclic aromatic hydrocarbons (PAHs) have been used 
to provide information about biogeochemical processes. Since n~ 
alkanes dominate the hydrocarbon fraction of natural waters, they 
are useful markers of various aquatic processes. Saliot (1981) has 
summarized research into the n-alkane patterns of various sources
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‘of -"hydrocarbons-'to" "'aguat:i;c~"" systems. . 

" ' Both “~the~""’identity 'of 

individual alkanes and their relative concentrations can provide 
useful information. Published reports of the geochemistry, of 
saturated hydrocarbons include studies of such diverse aquatic 
systems as: a small eutrophic lake (Cranwell, 1984); the North 
Atlantic Ocean in the region of the Georges Bank (Boehm, 1984) and 
near the New York Bight (Farrington & Tripp, 1977); Puget Sound 
(Barr-ick et al., 1980; Bates et al., 1984): the Greifensee, 
Switzerland (Giger et al. , 1980); the Mediterranean Sea (Saliot et 
al., 1985): the Loire estuary (Tronczynski et al., 1986); the 
Mahakam delta, Borneo (Gonzalez et al., 1985); and the deltas of 
the Orinoco, Nile and Changjang Rivers (Kennicutt et al. , 1987). 

I_n addition to the saturated hydrocarbons, PAI-Is distributions 
have also been used to provide information about environmental 
processes. Major sources of these compounds to the aquatic 
environment are combustion of carbonaceous fuels, petroleum and in- 
situ aromatization. Combustion and petroleum are ‘generally 
considered the most important. Phenanthrene, fluorene and pyrene 
are important PAI-Is from a variety of combustion sources (Lee et 
al., 1977) while in PAH suites from petroleum related sources, 
ajlkylated naph-thalenes and anthracenes are more generally more 
important than their unalkylated homologues (Sporstol et al. , 1983; 
Neff, 1979). If the source is in-situ aromatization, the mixture 
is dominated. by compounds such as perylene, retene and pimanthrene 
that are not important in other sources (Hites et al., 1980; 
Wakeham et al. , 1980b). PAH profiles in cores from aquatic systems
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around the world.generally show that_current influxes are 5-10 

times greater than 80 years ago but have diminished by a factor of 
2 over the last three decades (Bites et al., 1980: Wakeham et al., 
19803; Gschwend & Hites, 1981; Bates at al., 1984).i u 

The Mackenzie basin contains a number of potential hydrocarbon 
sources, including: natural oil seeps in the banks along the river 
and in the riverbed itself; natural gas fields along the Liard 
River; petroleum production and a small refinery at Norman Wells; 
and biogenic sources such as phytoplankton from Great Slave Lake 
which divides the Mackenzie from several major tributaries. In 
this study, we attempt to use seasonal and downstream trends to 
investigate sources, transport and fate of hydrocarbons in the 
Mackenzie River. The data were also examined to determine the 
impact of the Norman Wells refinery on the hydrocarbon chemistry 
of the river in response to reports of fish tainting and impaired 
fish liver quality in the subsistence fisheriesi on the lower 
reaches of the river. The efield program was designed to 
investigate the effect of different flow regimes. The chemistry of 
rivers is substantially influenced.by hydrologic regime, especially 
for sediment associated substances such as metals (Blachford & 

Ongley, 1984). Our recent studies of the North Saskatchewan River 
(Ongley et al., 1988) show that river chemistry displays large 
seasonal differences reflecting presence or absence of erosion 
products supplied to the river during runoff events.

5
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The field program focused on the section of the Mackenzie 
River from Great Slave Lake to the sea_and included one sampling 
site on its major tributary, the Liard River. Since tributary 
plumes can remain distinct over long distances, sampling sites were 
selected to be either upstream from major tributaries or far enough 
downstream to allow substantial mixing. The sampling sites listed 
in Table 1 reflect: the Liard (L) and the Mackenzie (M1) 

immediately upstream from the Liard-Mackenzie confluence; a site 
intermediate between the confluence and Norman Wells (M2); a site 
upstream.from Norman Wells (M3); two sites intermediate between 
Norman Wells and the river delta (M4 & M5); a site immediately 
upstream from the confluence of the Mackenzie and the Arctic Red 
Rivers (M6); and a site on a major distributary of the Mackenzie 
delta (M7). sampling dates, turbidities, distances and locations 
are noted in Table 1. The program was designed to contrast summer 
flow conditions, sampled in late August—early September, 1985, with 
the high flow, high turbidity conditions following spring breakup 
in June, 1986.

Y 

. The sampling program was operated from a 24 ft. launch, 
commencing at site 1 and working sequentially downstream over a two 
week period. The objective was to sample at approximate time of 
travel of the water mass. At a mid—stream surface velocity of
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approximately 1 m/sec characteristic of_the 1986 program, transit 
time should be approximately 15 days over the sampled-distance of 
1358 km.

. 

Sampling was at mid-stream as determined by the bathymetry of 
the channel. A turbidity profile was carried out at each site to 
ensure that the sampled point was representative of the section. 
Following earlier studies (Blachford & Ongley, 1984; Ongley et a1., 
1988), samples were taken from a depth of 0.3 m. We have found that 
the. geochemically active fine—grained fraction (<62.5 um) of 
sediment tends not to be depth dependent in turbulent rivers.

V 

Samples were obtained using a submersible pump and a 
"Sedisamp" portable continuous-flow centrifuge operated at a flow 
rate of 4 L/min. The sediment samples were wrapped in acetone- 
cleaned aluminium foil and placed on ice. The sediment samples 
were subsequently frozen and stored at ~20 °C until extraction and 
analysis. At each site, 18L of centrifugate were collected in a 

stainless steel vessel and, under nitrogen pressure, were passed 
through a stainless steel column containing Amberlite XAD—2 resin. 
The columns were capped and stored at 4 °C until analysis. 
sampling time for suspended sediments varied from 1 hour to 8 hours 
depending on sediment concentration in the river. Centrifuge 
recovery efficiencies, determined by filtering aliquots of raw 
water and centrifugate at 0.45 um and comparing filter weights, 
generally exceeded 90%. 

I‘
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(Analysis I 

The analytical methodology was essentially identical to that 
used in our earlier study of the North Saskatchewan River (Ongley 
et al. 1988). Sediment samples were extracted wet using soxhlet 
extractors with acetone:hexane (l:l v:v) as solvent. The crude 
extracts were then sequentially extracted in a separatory funnel 
with water and 6N NaOH. The hexane phase, containing the neutral 
hydrocarbons, was concentrated on a rotary evaporator, followed by 
nitrogen blow—down to 2 ml. The concentrated extracts were then 
fractionated into four fractions using a fully-activated silica gel 
column and the following solvents: 

Fraction 1 hexane 
Fraction 2 20% dichloromethane in hexane 

60% dichloromethane in hexane Fraction 3 

Fraction 4 dichloromethane/methanol sequentially 
Fractions 1 and 2 contain the n-alkanes and PAHs, fractions 3 and 
4 were not analysed in this study. As a check on the extraction 
efficiency, several sediment samples that had been previously 
extracted as above were re-extracted using dichloromethane. After 
preconcentration and solvent exchange, these extracts were found 
to contain no detectable hydrocarbons. .

- 

Extracts for analysis of dissolved hydrocarbons were obtained 
by removing the XAD—2 resin from the absorption columns and soxhlet 
extracting it with acetonezhexane (1:1 v:v). The extract was washed 
with 0.1N KZCO3,» preconcentrated and analysed without further 
cleanup. ~



. Quantitative analysis of fractions 1 and _2 from the sediment 
cleanup" and of theresin extracts was performed "by"capilla_ry gas 
chromatography using flame ionization detectors (GC/FID) . The 1985 
samples were analysed using a splitless injection onto Perkin-Elmer 
Sigma 2000 equipped with a 30 m DB-5 fused silica column. In 1986, 
samples were analysed using a_ Hewlett—Pa_ckard HP—570O gas chromato- 
graph and a 10:1 split injection. The temperature program used in 
both cases consisted of an initial hold at 70 °C for 2 min followed 
by pa programmed rise of 4 °C/min to 280 °C and a final hold of 15 
min. Samples were quantitated against external standards contain- 
ing C12 to C26 normal alkanes and 16 PAI-Is listed in Table 2. 

Confirmation was by positive ion gas chromatography—mass spectrome- 
try (GC-MS) with electron impact ionization at 70 eV. The G0-MS 
system consisted of a C_arla—Erba gas chromatograph equipped with 
a 30m DB-% column and a Delsi-Nermag R1010 mass spectrometer. An 
on-column injection technique was used for the GC-MS analyses. 

RESULTS 

In order to determine the effects of flow conditions on 
hydrocarbon distributions, our sampling program was designed to 
obtain samples under two flow regimes, spring and summer flows. 
In most parts of Canada, these seasons are times of high and low 
river flows respectively. However, the hydrographs of arctic 
rivers are considerably different from those of rivers in more 
temperate regions. The flows for the Mackenzie and. Liard Rivers
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for 1985 and 1986 (Water Survey of Canada, 1986 & 1987) are shown 
in Figure 1.' lThe‘hydrographs shown in this figure consist of 
essentially three flow regimes. During the ice—free period from 
Hay to October, flows are characterized by the presence or absence 
of runoff from snowmelt. Snowmelt inputs to the Mackenzie and 
Liard Rivers are particularly evident in June and July. The flow 
regime in mid- and late summer is dominated by high alpine melt and 
rainfall and by contributions from the swamps and muskeg in the 
basin. The difference of flow between these two flow regimes is 
less than a factor of 2. This is in marked contrast with temperate 
region rivers where flows during freshet are often an order of 
magnitude or more greater than midesummer. The onset of below- 
freezing temperatures causes a sharp reduction in flow, 
particularly in the Liard River. Low flow occurs during the 
November to April period when ice conditions exist in the river. 
Since there was no possibility of operating the centrifuge in this 
remote location under very low temperature conditions, the lowest 
flow period could not be sampled. As shown in Figure 1, the 1985 
sampling trip, which spanned the dates August 25 to September 12, 
was a period when snowmelt inputs were absent. In contrast, the 
1986 sampling survey from June 21 to July 1 coincided nicely with 
the time of significant snowmelt inputs and should therefore allow 
a comparison of the two major flow regimes for the iceefree part 
of the year.

_ 

The downstream variation in suspended sediment concentrations 
is presented in Figure 2. The estimated values for concentrations,
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calculated from turbidity measurements, are included in Table 3. 

For the lower flow period sampled in 1985, a comparison-of the 
suspended sediment concentrations for sites L and M1 at _the 
Mackenzie=Liard confluence with the flows in Table l indicates that 
although the Mackenzie contributed about two thirds of the flow at 
the time of sampling, the Liard contributed almost 75% of the 
suspended sediment. Based on the observations at sites L and Ml, 
the concentration of suspended sediment downstream from the 
confluence is calculated to be 39 mg/l.which compares well with the 
values observed at sites M2 and M3 of 44 and 36 mg/L respectively. 
Further downstream at sites M4 and M6, concentrations increased to 
110 and 168 mg/1. respectively indicating additional suspended 
particulate inputs. 

Under the runoff conditions sampled in 1986, the suspended 
sediment distribution was more complex. As in 1985, the Liard 
contributed most of the suspended sediment to the upstream sites: 
the Mackenzie contributed 60% of the flow, the Liard River 
contributed about 80% of the suspended sediments. As expected, the 
concentrations of suspended sediments were higher in 1986 than at 
the same site in 1985 (Fig. 2). However, the relative increases 
varied. At sites above the Liard—Mackenzie confluence the 1986 
concentrations were greater than the 1985 values by a factor of 
1.47. Increases at sites M3 and M4 were proportionately greater; 
at M3 1986 concentrations were 16x greater than the 1985 values, 
whereas concentrations at M4 increased by a factor of 6.1. Farther 
downstream at site M6, the ratio of 1986 to 1985 values was 1.9,
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much closer to the ratios observed at the upstream sites. The most 
likely explanation for t.hese-uobservations is that t~ime—of-travel 
criteria for sampling were not achieved during the spring dischar- 
ges of 1986 and that the sampling vessel overtook the runoff» 
associated turbidity maximum. Sampling at sites H6 and M7 likely 
preceded this turbidity maximum.

. 

Hydrocarbon Analysis Suspended Sediments
_ 

The results of the hydrocarbon analyses of the centrifuged 
sediment samples from the two sampling periods are listed in Table 
3. Alkanes were present at detectable levels in all suspended 
sediment samples collected in this study. Total n-alkanes varied 
from a high of 3.6 ug/g at the most upstream site under low flow 
conditions to a low of 0.125 ug/g observed upstream from Norman 
Wells under high flow. These concentrations are below or com- 
parable to those observed in areas "relatively unimpacted by 
hydrocarbon pollution such as the North Atlantic abyssal plain 
where Farrington and Tripp (1977) observed total hydrocarbon 
concentrations of about 1 ug/g and the Georges Bank region where 
Boehm (1984) reported concentrations of 0.2 =- 20 ug/g. They are 
well below those observed in areas of significant hydrocarbon con- 
tamination such as the New York Bight where Farrington and Tripp 
(1977) observed concentrations of 500 to 3000 ug/g. 

The results" of the PAH analysis of suspended sediments 
collected under low flow conditions in 1985, indicated that 
although PAHs could be detected by GC/MS at site L, the Lia_rd River

12



site, concentrations of individual PAHs were below the Gc/FID 
quantitation limit-of about 5 ng/g. -Using the GC/MS, these-RAHs 
were identified as: naphthalene and several alkylated naphthalenes; 
phenanthrene (or anthracene) and two methylated isomers; and 
fluoranthene (or pyrene) and their concentrations were estimated 
to be on the order of 1 ng/g dry sediment. Although they are not 
direct indications of concentration because the complexity of mass 
spectra varies from compound to compound, total ion current counts 
can give a rough estimate of relative For the 
naphthalene series, the suggested order of concentrations was 
methylnaphthalenes>dimethylnaphthalenes>naphthalene. After these 
analyses were complete, the extracts were concentrated by a factor 
of 10 by evaporation and the GC/MS analyses were repeated. In 
these more concentrated extracts, naphthalene, methyl- and 
dimethylnaphthalene and phenanthrene/anthracene were detected 
throughout the system. 

In the 1986 high flow sample, PAHs were found in measurable 
quantities on sediments from all sites. Concentrations of the 
compounds detected are listed in Table 3. Naphthalene was the most 
prominent PAH observed at every site. Also present at every site 
were the high molecular PAHs benzo(k)fluoranthene and 
dibenzo(a,h)anthracene. Fluorene was detected at five of the eight 
sites. Analysis by GC/MS revealed that the methyl homologs were 
relatively less important in these samples than in the low flow 
samples.

13
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. »DIBCU88ION 
Information about the importance of different hydrocarbon 

sources can be often obtained by comparing the qualitative and 

quantitative distributions of individual n-alkanes. Alkanes of 

recent biological origin usually contain an odd number of carbons, 
whereas those related to fossil fuels exhibit no such odd-carbon 
preference. ’ For example, an alkane series from about n*Cu to n- 

C33, dominated by odd-carbon components is considered characteristic 
of input from terrestrial plants and marsh grasses, whereas a 

series with no odd-carbon preference maximizing around n—C“ is 

characteristic of crude oils (Adlard et al., 1972).. ‘ 

The alkane compositions at each site in the current study are 
depicted in Figures 3 and 4. The simplest of these distributions 
was found at site 1 where the alkanes were dominated by n=C5 and 
n-C". Such a distribution has been shown by Blumer et al. (1971) 

and Youngblood et al. (1971) to indicate a phytoplankton source. 
This interpretation would be consistent with the location of this 
site, immediately downstream from Great Slave Lake and with the 

fact that the concentration of the n—C“ and n-C" components was 
considerably lower in the spring sample than in the late-summer 
sample. 

‘A second distinctive hydrocarbon distribution pattern was 
observed in samples from the downstream sites, most notably site 
M6. This distribution contained components from n-GR to n-Capwith 
very little odd-carbon preference and a maximum concentration at

15



n-“C15. The alkane pattern strongly resembles the n-alkane 
distribut-ion~ in a "number ~of""crude - oils ~(Regnier- ~& -~Scott, 19751 

Jackson et al. , 1975‘) and is likely petroleum-related.“ This source 

appeared to be relatively unaffected by the different flow regimes. 
The relationship between concentrations of individual n-alkanes at 
site H6 under high and low flows is shown in Figure 5. The strong 

correlation (R2 = 0.876) indicates that the distribution of 

individual alkanes wa_s essentially identical under both flow 

reqi.mes- V 

The third pattern observed is a bimodal distribution with 

maxima at n—G15 and n-C25, a minimum at n-C29, and little or no odd 

carbon "preference. This pattern was observed in the Liard samples 

and in the Mackenzie samples immediately downstream from the Liard 
confluence. The relative magnitudes of the two nodes varied, 

suggesting that they may have been due to two different sources; 
one source producing a pattern similar to the pattern observed at 
site 6 and av second source consisting of a series with no odd-— 

carbon preference and a maximum at n-‘C25. Such a series was 

observed by Prahl et al. (1984) in their study of the relative 
importance airborne and riverborne particulate matter assources 
of hydrocarbons to Washington coastal sediments. They attributed 
this series to combustion of home heating fuels. 

In addition to hydrocarbons that can be resolved by capillary 
gas chromatography, many environmental samples with significant 
imputs of petroleum-related compounds contain an unresolvable 
complex mixture, or UCM. This UCM is usually attributed to
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degraded petroleum residues and when it is present at significant 
levels "compared to the "resolvable hydrocarbons," it is’ taken as an 
indication of anthropogenic inputs. Urban runoff has been shown to 
be a significant source of UCM in many systems. The current 

samples were characterized by a near total absence of UCM 
suggesting that anthropogenic inputs of alkanes were relatively 
minor. This suggestion is consistent with the low level of 

development and absence of major urban centres within the Mackenzie 
basin. However, the absence of UCM may also indicate that the 
hydrocarbons are held in a matrix that makes them non- 

biodegradable . ' 

Barrick et al. (1.980) compared the UCM and resolvable n-alkane 
distribution in sediment cores from Puget Sound. They suggested 
that anthropogenic and fossil fuel hydrocarbon suites may be 

distinct in that» the~ anthropogenic source consists almost 
exclusively of- an UCM accompanied by low levels of resolvable 
hydrocarbons while the fossil fuel source consists of resolvable 
alkanes accompanied by little UCM. They concluded that the 
anthropogenic compounds have been subjected to extensive biological 
degradation producing the UCM while the natural suite may be 
associated with rock debris or some other matrix that is protective 
towards microbial attack. Similar observations were made by Prahl 
and Carpenter (1983) who concluded that Washington coastal 
sediments contained a dense lithic fraction containing an unburned 
hydrocarbon suite. The hydrocarbon distribution observed in our 
study at site M6 is consistent with such an explanation. The
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alkane.» .d-ist-ribution- is. very similar. to those - reported for ' three 
black shales by Fowler and Douglas (1984) in their investigation 
of hydrocarbons in North American Ordovician rocks. Bituminous 
shale is a common bedrock in the lower Mackenzie River basin, 

particularly near M6 at the confluence of the Mackenzie and Arctic 
Red Rivers. ' 

M Based on the above discussion, hydrocarbons in Mackenzie River 
suspended solids originate from at least three different sources: 
Great Slave Lake, which acts as a source of planktonic hydro- 
carbons; a source of undegraded petroleum-related hydrocarbons, 
likely from erosion of the bituminous shale bedrock; and a source 
of high molecular weight alkanes, possibly related to combustion. 

Downriver trends of sediment hydrocarbon concentrations under 
both flow conditions follow the same general pattern (Fig. 6a). 

Minimum concentrations of total n-alkanes were observed at M3 under 
both flow regimes. Upstream from this site, alkane distributions 
were dominated by planktonic hydrocarbons from Great Slave Lake and 

by the bimodal distribution containing significant concentrations 
from nwczs to n-C26. Downstream from M3, concentrations increase but 
the alkane distribution changes to the petrol-eum-like pattern with 
a maximum at n-C15. Based on the concentrations presented in Figure 
6a, Great Slave Lake would appear to be the most significant source 
under both flow conditions. However, this site also had the lowest 
concentration of suspended solids and when actual loadings were 
calculated, inputs from this source were found to be relatively
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minor_(Eig. 6b). ,Under both flow conditions,.the.most Significant 
"hydrocarbon isource "appears "to 'be "the downstream "source of 

petroleum—related compounds. This source first appears downstream 
from Norman Wells at site H4 but loadings increase between H4 and 
I6. Thus it is difficult to ascribe these petroleum-related 

alkanes to the refinery at Norman Wells. Observed loadings at M2 

were approximately what was to have been expected from mixing of 

the Liard and Mackenzie Rivers. 
The identity and distribution of the PAHs detected in this 

study also indicate more than one source. As mentioned above, 

combustion and petroleum are generally considered the most 
important sources of PAI-is to the environment. The relative 

importance of these sources can often be determined by comparing 
the concentrations of related alkylated and non-alkylated PA!-Is to 

obtain an alkyl homolog distribution, or AI-I'D (Blumer & Youngblood, 
1975; Mille et al., 1982: Boehm & Farrington, 1984). The 

naphthalene AHD has been suggested as a sensitive petroleum source 
indicator by Sporstol et al. (1983), who determined that in crude 
oil, this series has the relative distributions Cz>C1>C3>C°. These 
observations were in agreement with the analyses reported by Neff 

(1979) for a variety of reference crude and fuel oils. In our low 

flow sample, PAH concentrations were below our quantitation limit 
but members of the naphthalene series were detected by GC/MS. 

Based on total ion currents from the GC/MS analyses, the relative 
distribution of naphthalenes was c1>c2>c,,. Although this 

distribution is not identical to that reported above forcrude oil, 

'
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the relative importance of the alky1ated_naphthalenes suggestsithat 
petroleum rather than combustion is the source of_a significant 
proportion of the PAHs in the low flow sample.

_ 

Ihe high flow sample was characterised by the presence of two 
high molecular weight PAHs and a diminished importance of alkylated 
derivatives. These features suggest combustion as the probable 
source but there are differences between the PAHs observed in this 
study and the predominant PAH combustion products of wood, coal, 

gasoline and kerosene which are reported to ‘be phenanthrene, 
pyrene, fluoranthene and anthracene (Lee et al. 1977; Moller et al. 
1985; Alsberg et al. 1985). Similar products were reported by 
Jensen & I-lites (1-983) who identified the major PAI-Is in diesel 
emissions to be naphthalene, ‘fluorene, phenanthrene, pyrene,

1 

fluoranthene and phenylnaphthalene. These compounds have been 
identified as major PAHs in sediments from Narragansett Bay (Pruell 
& Quinn 1985), several Australian boat harbours (Smith et al. 1985) 
and Washington coastal sediments (Prahl et al. 1984). However, in 

a number of other studies, involving such diverse sites as the Gulf 
of Maine, Walvis Bay, Africa, and the Amazon River floodplain 
(Laflamme & Hites 1978), Lake Haruna, Japan (Kawamura et al. 1987), 
Buzzards Bay, USA (Hites et. al. 1977), sedimentary PAHs were 
dominated by higher molecular weight compounds, particularly 
benzo(k)f1uoranthene. 

The major difference between these studies appears to he the 
extent to which they are influenced by local combustion sources and 
urban runoff or receive their PAHs via long range atmospheric
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transport. Most of this long range transport occurs on soot. 

"According to"Wol£f'(1985)'the two most important"sources of soot 
to the environment are diesel engines and woodburning. Although 
urban and suburban sites have highest soot concentrations, 

measurable amounts are found in remote areas such as the Arctic 

because of the long residence times of soot in the atmosphere. 

Pedersen et al. (1980) noted that more than 90% of the high boiling 
PAHs such as benzo(a)pyrene and benzo(ghi)perylene were emitted on 

particles with diameters less than 1 um whereas the lighter PAHs 
were emitted in the vapour phase. High molecular weight compounds 
such as benzofluoranthenes were the most prominent PAHs observed 
on airborne particulates by several authors (Brorstrom-Lunden & 

Lindskog 1985; Wise et al. 1985). Thus it is to be expected that 
PAH patterns in remote areas should contain proportionately greater 
amounts of the higher molecular weight compounds. 

Based on our observations, we conclude that under low flow 
conditions, the Mackenzie River receives low levels of PAHs from 
petroleum related sources, probably seeps, while under high flow 
conditions, these petroleum related compounds are overshadowed by 
atmospherical1y—deposited combustion-related PAHs carried into the 
river by snowmelt. . 

All three proposed alkane sources and one of the PAH sources 
involve particulate and it is presumed that the hydrocarbons enter 
the river adsorbed on solids. This association with particulate 
may help explain the puzzling lack of correspondence between the 
dissolved hydrocarbons and those on sediments. It is common to
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think of contaminant partitioning betweenlsedimentshand water in 
terms of equilibrium processes. “In such cases, contaminant 
identities are similar in both phases although relative 
concentrations may vary. However, in cases where contaminants 
enter the system already adsorbed, the rate at which they can 
approach equilibrium is controlled by desorption kinetics. It 

seems apparent that in the case of the. particulate phases 

investigated in our study, these kinetics are sufficiently slow 
that the system cannot approach equilibrium. Such kinetic control, 
if true, would have considerable implications with regard to the 
bioavailability and subsequent effects of adsorbed contaminants, 
It is likely that the tendency to treat all suspended material in 
rivers as a single phase is unjustified and that the type of 

suspended particle plays a more important role in contaminant 

dynamics than previously recognized. The question clearly deserves 
further attention.

A 

One unique aspect of the results presented here is the near 
total absence of terrigenic leaf-wax type hydrocarbons. iThese are 

usually the major components of the alkane fraction in aquatic 
sediments. For example, Barrick et al. (1980) studied aliphatic 
hydrocarbon compositions for sediment cores collected at 23 mid- 
channel stations in Puget Sound. They concluded that terrestrial 
plant wax alkanes could account for up to 80% of the hydrocarbons 
in the samples. ‘Stations in river mouths were higher in plant wax 
alkanes consistent with the suggestion that plant wax alkanes are 
delivered to Puget Sound by rivers. The explanation for our lack
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sof_terrigenic»alkanes likely lies with the ground cover of the 
Mackenzie River basin. The basin is mostly covered by nmskeq, 

coniferous trees, swamp and lakes. There are no major sources of 

plant waxes such as deciduous trees and grasses. 

It appears from our study that hydrocarbon inputs to the 

Mackenzie River are currently dominated by natural sources such as 

petroleum seeps, erosion of petroleum-containing bedrock, and 

plankton. Anthropogenic inputs due to atmospheric transport of 

combustion products also occur. It is likely that the alkane 

sources we have tentatively identified as associated with bedrock 

erosion and atmospherical1y-transported soot also exist in rivers 

in more temperate regions but their alkane signature is overwhelmed 

by the terrigenic leaf—wax alkane suite. 
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FIGURE ¢APTIONS 

Figure 1. Monthly mean daily discharges in 1985 and 1986 for the 
Liard River upstream from its comfluence with the Mackenzie 
and for the Mackenzzie River downstream from the Liard 
confluence. 

Figure 2. Downriver variation in suspended solids concentration 
(g/L) during the 1985 (......) and 1986 (_______) sampling 
programs. 

Figure 3. Concentration of n-alkanes (ug/g) on Mackenzie River 
suspended sediment sampled under summer flow conditions after 
peak river flows in late August - early September, 1985. 

Figure 4. Concentration of n-alkanes (ug/g) on Mackenzie River 
suspended sediment sampled under conditions of snowmelt input

\ 

in June, 1986. 

Figure 5. Relationship»between concentrations of individual alkanes 
on suspended sediment sampled in 1985 and 1986. 

Figure 6. Downriver distributions of (a) total alkane concentration 
on suspended sediment (ug/g) and (b) total adsorbed alkanes 
per unit volume of water (ug/L).
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Distance from Great ' Discharge 
_Site 

_ 

Slave Lake (km) (m'j3Isec) Date Location 

Table 1. Mackenzie River sampling sites and dates. 

M1
L 
M2 
M3 
M4 
M6 

M1
L 
M2 
M3 
M4 
M5 
M6 
M7 

329 
332 
577 
848 

1 O44 
1 444 

329 
332 
577 
848 

1 044 
1 094 
1 444 
1 587 

1985 

9550 
3260 

1 2300 

1986 

14700 
V 
5930 

21100 

Aug. 25 
Aug, 26 
Aug-. 26 
Sept. 1 

Sept. 8 
Sept. 12 

June 21 
June 19 
June 23 
June 26 
June 27 
June 28 
June 29 
July 1 

Fort Simpson 
Liard River 
Wrigley 
Halfway Island 
Hardie Island 
Arctic Red River 

Fort Simpson 
Liard River 
Wrigley 
Halfway Island 
Hardie Island 
Fort Good Hope 
Arctic Red River 
lnuvik



Table 2. Composition of the PAH standard. 

identity 
_ _ 

m~|0>m:>o>go-

9 
10 
11 
12». 

13 
14 
15 
16 

naphthalene 
acenaphtlylene 
acenaphthene 
fluorene 
phenanthrene 
anthracene 
fluoranthene 
pyrene 
benzo(a)anthracene 
chrysene 
benzo(b)fluora_nthene 
benzo(k)fluoranthene 
benzo(a)pyrene 
indeno(1 ,2,3=c,d)pyrene 
benzo(g.h.i)peryIene 
diben_zo(a_,h)anthracene

U
I



Table 3. Concentrations oi hydrocarbons on Mackenzie River suspended sediment (uglg) 

M1 +43 - M4 us 

n-C12 
n-C13 
n-C14 
n-C15 
n-C16 
n-O17 
n-C-1 8 
n-C19 
n-C20 
n-C21 
n-C22 
n-C23 
n-C24 
n-C25 
n-C26 
total alkanes 

0.850 
0.161 
1 .962 
0.056 
0.072 
0.044 
0.100 
0.000 
0.083 
0.060 
0.144 
92% 
3.595 

suspended solids (gll) 0.0152 

n-C12 
n-C13 
n-C14 
11-C1 5 
n-C1 6 
11-C1 7 
n-C1 8 
n-C1 9 
n-C20 
n-C21 
n-C22 
n-C23 
n-C24 
n-C25 
{I-026 
total alkanes 

naphthalene 
fluorene 
phenanthrene 
fluoranthene 
benzo(b)fluoranthene 
benz0(k)flu0rant_her_1e 
diibenzo(a,h)anthracen9 
inden0(1 .2.3.c.d)pyrene 
benz0(g,h,i)perylene 
total PAHs 

suspended solids (gll) ' 

0.031 
0.045 
0.066 
0.201 
0.089 
0.303 
0.071 
0.007 
0.08 

0.109 
0.109 
0.002 
0.043 
0.129 
9.-.010 
1.523 

0.199 
0.053 
0.037 

0.097 
0.032 

0.01 6 
0.029 
0.037 
0.076 
0.044 
0.139 
0.026 
0.027 
0.020 
0.042 
0.040 
0.069 
0.068 
0.105 QM 
0.025 

0.044 

0.047 
0.053 
0.059 
0.07 
0.06 

0.073 
0.048 
0.055 
0.039 
0.054 
0.045 
0.049 
0.027 
0.067 
Q-£5 
0.791 

0.071 
0.035 

0.067 
0.023 

0.021 
0.032 
0.039 
0.060 
0.039 
0.101 
0.023 
0.023 
0.017 
0.029 
0.012 
0.013 

0.017 

0.426 

0.036 

0.004 
0.006 
0.01 1 

0.014 
0.013 
0.015 
0.003 
0.01 

0.006 
0.013 

0.01 

0.014 

0.125 

0.021 

0.019 
0.012 

1985 

0.091 
0.137 
0.125 
0.151 
0.1 17 
0.139 
0.07 

0.061 
0.05 

0.078 
0.035 
0.03 

0.022 
0.032 

1.158 

0.11 

1986 

0.013 
0.015 
0.018 
0.022 
0.018 
0.021 
0.012 
0.013 
0.01 

0.014 
0.014 
0.007 
0.015 
0.913 
0.205 

0.04 

0-022 
0.014 

0.028 
0.032 
0.034 
0.027 
0.028 
0.01 5 
0.017 
0.009 

0.013 
0.016 
0.009 
0.027 

0.255 

0.067 
0.024 

0.035 
0.021 

0.416 

0.022 

0.196 

0.106 

0.052 

0.576 

0.076 

0.672 

0.147 

0.576 

0.1 12 
0.142 
0.149 
0.152 
0.144 
0.124 
0.071 
0.067 
0.051 
0.081 
0.039 
0.038 
0.026 
0.04 

9.915 
1 .272- 

0.168 

0.079 
0.096 
0.109 
0.124 
0.103 
0.121 
0.072 
0.065 
0.056 
0.07 
0.06 

0.053 
0.026 
0.055 
0.0% 
1-.116 

0.145 

0.01 
0.01 

0.077 
0.023 
0.036 

0.391 

0.312 

0.05 
0.059 
0.071 
0.087 
0.077 
0.084 
0.052 
0.048 
0.038 
0.057’ 
0.044 
0.034 
0.022 
0.032 

0.-773 

0.185 
0.043 

0.01 1 

0.034 
0.016 

0.289 

0.344 

0.024 
0.028 
0.029 
0.041 
0.033 
0.063 
0.021 
0.022 
0.01 7 
0.02.9 
0.016 
0.020 
0.01 1 

0.029 

0.393 

0.064 

0.073 
0.082 
0.086 
0.089 
0.074 
0.077 
0.051 
0.049 
0.035 
0.035 
0.042 
0.064 
0.07 

L921 
0.924 

0.102 

0.12 
0.042 

0.264 

0.124
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