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Abstract:

Surface water samples from the St. Lawrence River were collected in order to study the processes
controlling minor and trace elements concentrations (Al, Fe, Mn, Cd, Co, Cu, Ni and Zn), and to
construct mass balances allowing estimates of the relative importance of their natural and
anthropogenic sources. The two major water inputs, the upper St. Lawrence River, which drains
waters originating from the Lake Ontario, and the Ottawa River were collected fortnightly over 18
months. In addition, other tributaries were sampled during the spring floods. The output was monitored
near Quebec City at the river mouth weekly between 1995 and 1999. Dissolved metal concentrations
in the upper St. Lawrence River carbonated waters were lower than in the acidic waters of the
tributaries draining the crystalline rocks of the Canadian shield and the forest cover. Biogeochemical
and hydrodynamic processes occurring in Lake Ontario drive the seasonal variations observed in the
upper St. Lawrence River. Biogeochemical processes relate to biological uptake, regeneration of
organic matter (for Cd and Zn) and oxyhydroxide formation (for Mn and Fe), while hydrodynamic
processes mainly concern the seasonal change in vertical stratification (for Cd, Mn, and Zn). In the
Ottawa River, the main tributary, oxyhydroxide formation in summer governs seasonal patterns of Al,
Fe, Mn, Cd, Co and Zn. The downstream section of the St. Lawrence River is a transit zone in which
seasonal variations are mainly driven by the mixing of the different water masses and the large input
of suspended particulate matter from erosion. The budget of all dissolved elements, except Fe and Zn,
was balanced, as the budget of particulate elements (except Cd and Zn). The main sources of metals
to the St. Lawrence River are erosion and inputs from tributaries and Lake Ontario. Direct
anthropogenic discharges into the river accounted for less than 5% of the load, except for Cd (10%)
and Zn (21%). The fluxes in transfer of dissolved Cd, Co, Cu and Zn species from the river to the
lower St. Lawrence estuary were equal to corresponding fluxes calculated for Quebec City since the
distributions of dissolved concentrations of these metals versus salinity were conservative. For Fe, the
curvature of the dilution line obtained suggests that dissolved species were removed during early
mixing.
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1. INTRODUCTION

The St. Lawrence River (SLR), one of the largest rivers in the world, drains sub

Basins with contrasting lithologies and weather conditions, which are subject to
various land uses and other anthropogenic disturbances. This immense region is
underlain by carbonated and crystalline rocks and quaternary sea sediments and
covered by forest, farms and urban areas (Fig. 1). Consequently, the chemical
composition of the SLR varies from its source (Lake Ontario) to its mouth
(Quebec City) (Janson and Sloterdjick 1982; Tremblay and Cossa, 1987; Yang
et al., 1996). The highly carbonated waters characteristic of Lake Ontario are
altered downstream by inputs of tributaries, especially the poorly mineralized
Ottawa and St. Maurice Rivers, the two main tributaries draining the
Precambrian Shield on the north shore, an area largely covered with forests that

provide good protection against erosion. On the contrary, the southern tributaries



drain urbanized, industrialized and agricultural areas of Paleozoic limestones and the Canadian
Appaachians (e.g., Yang et a., 1996). The main lacustrine feature at the source of the St.
Lawrence (Lake Ontario) is the very low load of suspended particulate matter (SPM). However,
inputs of particles from the tributaries of the southern sub-basins and by the adjunct of material
from erosion of its banks and bed load change this aspect (Rondeau et a., 2000). Another effect
of the lacustrine regime is seasonal hydrologic stability, which is reinforced by regulation of the
flow at the Cornwall dam above Montreal, whereas the tributaries display marked hydrologic
regimes. Thus, the diversity of its features makes the SLR a good experimental model for
studying the biogeochemical and hydrological processes that control element concentrations in

natural waters.

Major ion composition has been largely described for the SLR (e.g., Tremblay and Cossa,
1987; Rondeau, 1993), and the dynamics of carbon, strontium and sulfur studied (Pocklington,
1982; Yang et al, 1996). However, little is known about the composition and the behavior of
minor and trace elements. Cossa et a. (1990) noted the seasonality of iron and manganese
distribution at the river mouth. Only cadmium and mercury chemistry have recently been
explored significantly (Lum, 1987; Quémerais et a., 1998; Quémerais et al., 1999; Lalonde et a.,
2001). Time series are important for understanding reactivity, identifying sources and calculating
transport (Shiller, 1997). In the present study, a time series was obtained for 8 minor and trace
metals (dissolved and particulate) at three main stations along the St. Lawrence. Our objectives
were to investigate the biogeochemical and hydrological processes that control element
concentrations and provides a mass balance budget for the metals studied by identifying sources

and estimating the loading to receiving waters.



2. ENVIRONMENTAL SETTINGS

The St. Lawrence River ranks 15th in the world for mean annual water discharge. It drains a
total area of more than 1.3 million km?, including the Great Lakes basin, and has atotal length of
nearly 1200 km between its source at the outlet of Lake Ontario and its mouth into the Gulf of St.
Lawrence (Fig. 1). The main urban and industrialized areas are located around the Great Lakes
and in the Montreal area. The total population of the basin is around 40 million inhabitants, with
5 million in the SLR valley itself, mainly concentrated in Montreal and its suburbs. The fluvia
section of the St. Lawrence extends from Cornwall to Quebec City (Fig. 1). In this section, the
SLR is composed of two main water masses, the Ontario Lake and the Ottawa River (its main
tributary), and also receives inputs from numerous smaller tributaries (Fig. 1, Table 1).
Tributaries on the north shore make up 10% of the discharge at the river mouth during low water
periods, but contribute 55% during periods of high water. The variations in the flow of St.
Lawrence tributaries subsequent to winter snow accumulation and spring thaw is the dominant
hydrological event for the river (Table 1). These variations double river discharge in the Quebec
City area during spring snowmelt. Water flow from the Great Lakes is quite stable throughout the
hydrological year (Table 1). Discharge measured at the Cornwall station does not reflect the
natural hydrological cycle, but rather the controlled flow of regulated water levels by the three
dams (Iroquois, Moses Saunders and Long Sault) between the outlet of Lake Ontario and

Cornwall.

The SLR drains a basin comprising the crystalline rocks of the Canadian Shield on the north
shore and clays deposited as Champlain Sea sediments during the last marine invasion on the

south shore. While the north shore tributary basins are occupied by forest, the banks of Lake



Ontario and the SLR are largely used for agriculture. The chemical characteristics of the waters
are highly controlled by the geology of the catchment basins (eg., Yang et a., 1996).
Hierarchical cluster analyses, based on major ions concentrations (Bobée et al., 1980; Yang et al.,
1996) underlie the typology shown in Table 1. The three different types of water correspond to
the geology of the various catchments. The water of the tributaries draining the Canadian shield
(north-shore tributaries) have very low dissolved major ions and high dissolved organic carbon
concentrations (Table 1). Waters from Lake Ontario and the tributaries from the south shore are
more mineralized, but differ with respect to their particulate matter content (Table 1). The upper
SLR waters at Cornwall show the typical composition of the Lake Ontario outflow for numerous
chemical compounds (Cossa et a., 1998; Yang et al., 1996). At that point, the waters are crystal
clear, since the lake constitutes a sedimentary basin, whereas the south shore tributaries carry
high sediment loads. In addition, the bed and banks of the SLR itself are currently eroding and
are thought to constitute the largest source of the SPM transported downstream (Rondeau et al.,

2000).

Temporal variations of major elements of the two main water masses, the Ontario Lake and
the Ottawa River, are low. Seasonal variations at the mouth of the river are clearly related to
changes in the relative contribution of these two main sources during hydrological cycle. For
example, the curve for Ca illustrates the variation of concentrations at the mouth of the river,

corresponding to the dilution between these two end-sources (Fig. 2).

3. SAMPLING METHODS, FILTRATION AND ANALYSES

Sampling was conducted weekly or monthly, depending on the water regime of the St.

Lawrence and on the expected variability in contaminant concentrations, and additional samples



were obtained during periods of flooding. Surface water samples were collected at three main
stations along the river (Fig. 1): the upper SLR at Cornwall (composed almost exclusively of
Lake Ontario waters), the mouth of the Ottawa River (the mgjor St. Lawrence tributary) at
Carillon, and Quebec City, the furthest downstream point before the waters becomes brackish. At
Cornwall and Carillon, sampling sites were located in the main channel, and samples were
collected at 1m below the water surface. At Quebec City, samples were collected from the
municipal drinking water intake at a depth of approximately 10 m. A previous study showed that
the water column at Quebec City iswell mixed vertically and the water collected at the municipal
intake is representative of the St. Lawrence water mass (Rondeau, 1998). In addition, the
Richelieu, St. Francois, Yamaska and Nicolet Rivers were sampled during spring 1996 at their
confluence with the SLR. Analysis was also carried out on samples collected during spring 1995

in the St. Maurice River at its confluence with the SLR.

Samples were collected using a pneumatic Teflon pump and tubing. In the field, the pump and
tubing were thoroughly rinsed with surface water at each sampling site prior to sample collection.
All material in contact with samples was acid-washed and rinsed beforehand. Samples were
filtered under a HEPA-filtered laminar flow bench (class 100) using 0.4 pm pore size
polycarbonate membranes 47 mm diameter. Filtration was performed within 4 h of collection
according to the procedure described in detail elsewhere (Cossa et a., 1996; Rondeau et al.
2000). After the first 50 mL were discarded, the filtrates were collected in LDPE bottles,
acidified (HNOs 0.1% v/v, Seastar), and kept in two polyethylene bags until analysis. Dissolved
Co, Cu, Zn, Al, Mn and Ni were determined by inductively coupled plasma-mass spectrometry
(ICP-MYS) in the Chemistry Department of the Montreal University (1995-1997) and the Maurice

Lamontagne Institute, Department of Fisheries and Oceans (1998-1999). Dissolved Fe was



determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) and Cd by
graphite furnace atomic absorption spectrophotometry (GFAAS) after preconcentration (by a
factor of 10) by evaporation under a HEPA-filtered laminar flow bench (class 100). Suspended
particulate matter samples collected on filtration membranes (0.4 um) were digested using
HNO3/HF (2:1 v/v, Seastar) in Teflon reactors (125°C, 1 h) and anayzed by GFAAS (Cd, Co,
Cu, Ni) or ICP-AES (Al, Fe, Mn, Zn). The sampling and analytical methods have been fully
detailed elsewhere (Cossa et al., 1996; Dumouchel et al., 1998). Accuracy for dissolved metals
was checked regularly using SLRS-3 (Riverine Water Reference Material for Trace Metals
certified by the National Research Council of Canada). For particulate metals, accuracy was
determined by analysis of MESS-1 (National Research Council of Canada). The means of the
values measured for these certified reference materials were in agreement with the certified
concentrations (Table 2). The blank signal was determined using acidified Milli-Q-UV-Plus
water (for dissolved metals), which was stored in an identical manner as for samples; unused
blank filters were also digested (for particulate metals). As blank for dissolved metals were below
detection limits and the methodological detection limits (US EPA, 1984) were used. For
particulate metals, detection limits was determined using 3 standard deviations of the blank.

Table 2 lists the mean blank trace el ement concentrations and detection limits.

4. RESULTSAND DISCUSSION

4.1. End-member sources

The end-member sources considered here for the SLR are (1) upper SLR waters at Cornwall,

which have the typical composition of Lake Ontario outflow for numerous chemical compounds



(Cossa et al., 1998), (2) the Ottawa River at Carillon, considered as representative of the north-
shore tributaries (Cossa et al., 1998), (3) several south-shore tributaries, namely Richelieu, St.
Francois, Yamaka, and Nicolet Rivers, and (4) an internal particulate matter source constituted by
erosion of the SLR bed and banks (Rondeau et al., 2000). The rivers were sampled during the
water year 1995-96: 39 and 42 times throughout the year for the first two stations respectively,
between 8 and 15 times for the south-shore tributaries, especially during the spring runoff in
1996. The main chemical characteristics of these waters are gathered in table 1. The eroded
material consisted of Champlain Sea sediments with an elemental composition close to that of the

earth crust (Table 2).
4.1.1. Hydrograms and sedimentograms

The Cornwall hydrogram was stable during the sampling period, showing no obvious seasonal
variation owing to flow controls exerted by the dams (Fig. 3B). On the Ottawa River near its
confluence with the upper SLR, the hydrogram showed more seasonal variation, despite flow
control. South-shore tributaries displayed distinct pulses in spring, corresponding to lag between

the snowmelts period of the various catchments.

The concentrations of SPM at Cornwall showed only small seasonal variations (mean = 1.0
mg L™, standard deviation = 0.6 mg L™, n = 39). Two types of particles were found in Lake
Ontario outflow: organic-rich particles (40 to 70 % by weight) collected in spring 1995 and
summer 1996, and less rich particles (8-25 % organic) during other seasons. A statistically
significant relationship was observed between POC and chlorophyll a (r = 0.58, n = 39),
indicating the increase importance of the algae fraction during warm seasons. These results are
quite consistent with the expectation, as the waters originate from the Lake Ontario, which acts as

a sedimentary basin with abiologically productive epilimnion during summer.



The Ottawa River showed a mean SPM of 7.3 mg L™ and much larger seasona variations
(standard deviation = 9.9 mg L™, n = 42). During the 1996 spring runoff, SPM reached 60 mg L™
for a water discharge of 5000 m® s* (Fig. 3A). Average organic carbon content was 8.4 %,
whereas SPM and water discharge (unlike the results for outflow from Lake Ontario) were

covariant with lower organic carbon content (down to 2.4 %) during the 1996 spring runoff.

The south-shore tributaries had the highest mean SPM (around 25 mg L™), but the lowest

carbon contents (Table 1).
4.1.2. Minor elements (Al, Feand Mn)

Table 2 reports the summary statistics for dissolved and particulate minor and trace element
concentrations. The most striking feature was the very low concentrations of dissolved Al, Fe and
Mn in the waters from Lake Ontario (Cornwall) as compared to the corresponding concentrations
in tributaries. The highest mean concentrations of dissolved Al and Mn were found in south-
shore tributaries (up to 1141 and 373 nmol L™ respectively), except the Richelieu River. The
discrepancies between concentrations in the upper SLR and its tributaries also concerned
particulate Fe and Al, and to a lesser extent for particulate Mn. The minor element composition
of SPM from tributaries was quite similar to concentrations in the earth's crust (Table 2), whereas
that of the upper SLR was poor. This is consistent with the high level of organic carbon content

in particles collected at Cornwall (Table 1).

Temporal variations of the minor elements exhibited significant seasonal patterns (Fig. 4). The
concentrations of dissolved Mn in the Ottawa River pattern is a particularly striking example,
showing maximum values in winter and minimum values in summer and during the snow-melt
period in spring (Fig. 4). Dissolved Al and Fe displayed comparable variations, but with low

concentrations during the snow-melt period, which was quite significant in 1996. In addition,



particulate Mn distribution mirrored the dissolved seasonal pattern exactly suggesting aMn phase
change. This was not observed for flow periods, especialy in the fall 1995 when eroded particles
having low Mn concentration are released into the river. When these particles are excluded from
the calculation, the correlation coefficient between particulate and dissolved Mn becomes - 0.63
(n = 44), suggesting that the dissolved to particulate Mn transfer does not concern eroded
material. In summer, particles were four times Mn enriched (~ 80 pmol g™) than the earth’s crust
(mean ~ 14 pmol g™) in winter and during floods periods. This suggests that the Mn carrier phase
is seasonally dependent, as already described in other surface natural waters (e.g., Stumm and
Morgan, 1996). Ponter et a. (1992), in studies concerning the Kalix River (Sweden), reported
very ssimilar Mn behavior in comparable geographical conditions, i.e. Precambrian lithology,
boreal forest cover, sub-boreal climate and head lakes. They correlated seasonal variation of Mn
concentrations in lakes with variations in streams and rivers. A temperature-correlated seasonal
variation in SPM was found for Mn/Al ratio, with a 25-fold increase in late July as compared to
flood periods, which suggest biologically mediated precipitation of a Mn oxyhydroxide phase
during summer. In autumn, sedimentation and mineralization of the non-detrital Mn phase in
river and upstream lakes produced a steady increase of the dissolved Mn concentration in the
river water. Large concentrations of dissolved Mn were built up in the hypolimnion of head lakes
during the ice-covered period. Finaly, a marked increase of dissolved Mn occurred during snow-
melting, which was interpreted as the result of Mn-rich mire water mixing with melting snow.
Similar observations and interpretation were subsequently made for other rivers (Congo River :
Seyler et Elbaz-Poulichet, 1996 ; Mississippi River : Shiller, 1997). For the Ottawa River, Mn/Al
(mol/mal), ranging from less than 5 in spring to more than 30 in summer, and the positive
relationship (R = 0.80, n = 33) between the distribution coefficient (Kd) for particulate and

dissolved phases (Kd = [Particulate Mn]mayg / [Dissolved Mn]mam.) and temperature are
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consistent with this line of interpretation. A similar relationship was found for Fe (R = 0.60, n =
33). In fact, the existence of upper basin lakes (Lake Dozois, Grand Lake Victoria, Lake Simard,
Lake Temiscaming, etc.) reinforces the geochemical similarity of Ottawa River to the Kalix
River. Dissolved Al and Fe showed a trend similar to that of Mn, which can also logicaly
attributed to oxyhydroxides precipitation. However, the corresponding metal enrichment of
particles was not observed, as their oxide concentration changes were probably concealed by the
more abundant Al and Fe present within the clay crystals analyzed by our HCI/HNOs/HF
dissolution technique. In addition, Al concentrations and, to a lesser extent, those of Fe were

depleted in the dissolved phase during the snow-melting flood period (Fig. 4).

In contrast, dissolved and particulate Mn in the upper SLR displayed an "in phase" seasonal
pattern, with minimum values in winter and maximum in summer (Fig. 4). Nonetheless, this
discrepancy with the Ottawa River pattern is not so obvious outside the winter and spring seasons
when mixing of the epilimnion with deep Lake Ontario waters occurs after the destruction of the
summer thermocline. Dissolved Mn and particulate Mn showed inverse patterns, particularly in
the summer 1996 (Fig. 4) when particles were much more enriched [Mn/Al (mol/mol) = 15] than
in winter [Mn/Al (mol/mol) = 7]. This suggests that Mn oxyhydroxides form in the surface
waters of Lake Ontario in summer. The low dissolved Mn concentration in winter is consistent
with the typical distribution of dissolved Mn in deep oxic lakes, showing lower concentrations in
the hypolimnion than in the epilimnion. Indeed, it has been determined that the vertical
distribution of dissolved Mn in Lake Ontario, despite the ten times lag in concentration levels,
shows higher concentrations in epilimnion than deep waters (Nriagu et al., 1996). The dissolved
Al concentrations were too low (< 74 nmol L™) to be detected by standard analytical protocol.

The distribution of dissolved Fe concentrations was quite complex, showing a general tendency

11



to low values in summer (consistent with a biological uptake) and several peaks, especialy in
spring and fall (consistent with increase in runoff). The particul ate phase of Al and Fe, like that of

Mn, showed lower concentrations during winter when deep water mixes with the epilimnion.

In summary, the concentrations of Mn, Al and Fe in the main river water sources are governed

by the formation of oxyhydroxides and the hydrodynamic forcing of the head |akes.
4.1.3. Trace elements (Cd, Co, Cu, Ni and Zn)

Mean dissolved Cd concentrations in the upper SLR and the Ottawa River (0.07 + 0.04 and
0.09 + 0.05 nmol L™, Table 2) were very similar and comparable to those measured in the south-
shore tributaries (0.09 - 0.10 nmol L™) five years before (Quémerais and Lum, 1997).
Conversely, the particles from Ottawa River and especially the Lake Ontario were Cd-enriched
compared to those from the south-shore tributaries. Mean dissolved low Cu and Zn
concentrations were found in the waters from Lake Ontario (10.4 and 4.6 nmol L™, respectively),
while Co, Cu, Ni and Zn were high in St. Frangois and Y amaska rivers (3.12, 27.8, 35.3 and 19.6
nmol L™ respectively) which are industrialized and agriculturally active regions. Particulate Co,
Cu, Ni and Zn are less variable than Cd from one water mass to another; however, SPM from
Lake Ontario tended to be Zn-enriched and Co- and Ni-depleted (Table 2). The Ottawa River is
representative of the north-shore tributaries that drain areas of crystalline rock and forest cover in
most catchment basins and show high dissolved metal concentrations (with the exception of Ni)
promoted by their complexation with organic matter. Modeling the metal speciation using the
complexation constants from Mantoura et al. (1978), allows to calculate (from the COD and total
dissolved metal concentrations) that the organic metal complexes represent a large fraction of the

total dissolved for Co, Mn, Ni, Zn, and Cu in Ottawa River.
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In Ottawa River, seasona variations were noted for severa metals (Fig. 5). The lower
dissolved Cd, Co and Zn values observed in summer increased steadily in the fall and remained
high in winter before decreasing in spring. These seasonal distribution patterns were parallel to
that of Mn, except for high runoff periods. If these periods are excluded, the relationships
between dissolved Cd, Zn and Co on the one hand and dissolved Mn on the other are highly
significant, with correlation coefficients of 0.69, 0.68 and 0.57 respectively. The Kd (defined as
previously for Mn) of Co and Zn (correlation coefficients of 0.66 and 0.55) where aso related to

the water temperature.

Concentrations of dissolved metalsin the upper St. Lawrence River, with the exception of Cd
and Zn, which co-varied (R = 0.62) and tended to show high values in winter, were quite stable
throughout the 18-month sampling period (Fig. 5). The aquatic cycle of Cd and Zn are known to
be biologically dependent. They are taken up by phytoplankton during the productive months in
the epilimnion, then export by the biogenic particles in the hypolimnion, and finally regenerated
in deep waters during the mineralization of particulate organic matter. Thus, these two metals
generally show higher concentrations in the deep waters than in surface waters, as observed for
Cd and Zn in Lake Ontario (Nriagu et al., 1996). Thus, the type of vertical distribution in Lake
Ontario waters and winter mixing most likely account for the seasonal variations of dissolved Cd
and Zn observed downstream in the SLR. Moreover, reported concentration levels in the epi- and

hypolimnion (Nriagu et al., 1996) are consistent with our summer and winter values at Cornwall.

For the Ottawa River and south-shore tributaries, particul ate concentrations increased (Al, Co)
or decreased (Cd, Ni, Zn, Mn) with an augmentation of SPM, reaching a constant concentration
levels. The copper concentrations in particles exhibited more complex distributions in these

rivers; however, they also tended to match a constant value for the highest SPM levels. The same
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was observed for Cd, Cu, Ni and Zn in the upper SLR. Rondeau et al. (2000) showed that the
high SPM concentrations occurred when high water flow promotes the resuspension of deposited
sediments and/or surface runoff involves soil erosion. The resuspended or eroded material shows
high Al and Co, and relatively low Cd, Cu, Ni and Zn contents compared to the SPM present in

the river during the low water discharge periods.

It is noteworthy that particulate Cd, Cu and Zn in the south-shore tributaries were covariant
with particulate Mn, showing correlation coefficients of 0.58, 0.60 and 0.62 respectively,

suggesting a control of these three trace elements by Mn.
4.2. River mouth

The data series presented here concern 190 water samples collected at Quebec City between

April 1995 to March 1999.
4.2.1. Hydrogram and sedimentogram

Hydrogram at Quebec City indicated that large variations occur in tributary catchment basins
during spring snow-melt (Fig. 3E). Water from Lake Ontario accounted for only 19% of
discharge at the river mouth during spring flood periods, but 82% during low-water periods (Fig.
3D). Spring high discharge Quebec City continues for two months because of the lag times

between flood peaks in north- and south-shore tributaries.

SPM concentrations at Quebec City were directly dependent on variations in water discharge
(Fig. 3E). They were much higher than those at the end-member sources because of the huge
amount of material eroded from the bed and banks of the river, averaging 60% of the suspended
load at the mouth of the River (Rondeau et al., 2000). The lowest concentrations were observed

in winter (3 a4 mg L™) when the proportion of water from Lake Ontario was maximum (> 80%).
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Consistently with the POC average concentrations in the main water masses (Table 1), the POC
content at Quebec City was inversely correlated with the SPM, constituting 1% of SPM during
spring runoff and 20% during periods when the proportion of water from Lake Ontario was

maximal.
4.2.2. Minor elements (Al, Feand Mn)

Table 2 provides summary statistics for dissolved and particulate minor and trace element
concentrations at Quebec City. As expected, the values were within the concentration ranges at
the main sources. Dissolved Al, Fe and Mn exhibited clear seasonal patterns, showing maximum
values during the spring runoff and a gradual decrease during summer, with a minimum in
September (Fig. 6). Fe and Mn showed steady increases in concentrations during fall and winter.
Conversely, concentrations of dissolved Al were stable in fall and winter. With exception of high
levels of dissolved Mn in April, the seasona patterns of particulate and dissolved Mn were
opposite with a correlation coefficient of - 0.58 (n = 115); this observation is consistent with the
oxyhydroxide formation in the Ottawa River. In summer, particulate Mn was enriched two-fold
(~ 35 pmol g') compared to winter values (mean ~ 20 umol g*) close to earth's crust. During
winter, the decreased concentration between the confluence with the Ottawa River and the mouth
of the St. Lawrence (~ 80 vs 35 pmol g™) could have been due to the dilution of tributary
particules by eroded marine clays. Particulate Fe concentrations were quite stable throughout the
sampling period (Fig. 6), and particulate Al showed dightly lower values in winter. No seasonal
metal enrichment of particles was observed, because the varying phase (oxides phase) was

probably diluted by the Al and Fe present within the clay crystals.

The seasonal variation in relative proportions of water masses from end-member during

hydrological cycle accounted for the concentrations and seasonal patterns for dissolved minor
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elements (Fig. 3D). The proportion of water from tributaries made up 81% of the discharge at the
river mouth during spring flood periods, but 18% during low-water periods. The seasonal
patterns of dissolved Mn, Fe and Al (Fig. 6) at the mouth of the SLR were very similar to those
of the water sources (Fig. 7). The relationships between dissolved Mn and the proportion of water
from tributaries were highly significant (correlation coefficients of 0.72). The key factors
accounting for seasonality at the river mouth were the large differences in the concentrations for
the dissolved minor elements between the Ottawa River (higher) and the upper SLR (lower) and
the hydrologic stability of the main flow from Lake Ontario as compared to the marked
hydrologic regimes of tributaries. Unlike major elements (Fig. 2), dissolved Fe and Mn showed a
dilution line influenced by seasonality for the tributaries. Fe and Mn concentrations in the Ottawa
River show lower concentrations in summer and early fal than in winter and spring (Fig. 8),
which correspond to the oxyhydroxides precipitation previously described. Low Fe and Mn
concentrations are associated with high Ca in the upper SLR water (Fig. 8). The dilution of
Ottawa River with upper SLR waters account for the intermediate concentrations measured at the
mouth of the river (Fig. 8). Highest concentrations of dissolved Mn correspond to snow-melting

during high discharge from south-shore tributaries in winter and spring.
4.2.3. Trace elements (Cd, Co, Cu, Ni and Zn)

Trace elements, unlike minor elements, showed no large difference between the two end-
members and consequently a dlighter dilution effect. However, seasonality of trace metals at the
river mouth could relate to that of source end-members. Dissolved Zn displayed a seasonal
pattern similar to that of dissolved Mn (Fig. 6), i.e. associated with dilution of water masses with
a larger monthly amplitude (Fig. 7). Dissolved Cd, Ni and Co showed maximum values during

winter, minimum values in summer and steadily increasing concentrations in fall. The seasonal
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pattern of Cd at the river mouth was the same than the upper St. Lawrence River. Dissolved Cu

exhibited great variability in spring in relation to high flows of north- and south-shore tributaries.

Particulate Ni, Co and Zn concentrations were stable throughout the sampling period (Fig. 6)
and did not exceed twice the values of the earth's crust (Table 2). These metals showed no
relationship with SPM, and concentrations were very similar to those found in material eroded
from the bed and banks of the river (Table 2), which constitute a large part of the suspended |oad
at the river mouth (Rondeau et al., 2000). Particulate Cu and Cd showed slightly higher valuesin

winter when POC content at the river mouth was maximum.
4.3. Mass balances

The relative importance of the main metal sources in the St. Lawrence was estimated by a mass
balance budget in the sector stretching from Cornwall to Quebec City for the 1995-1996 period. This
budget was based on flux estimates derived from samples collected during that period and from
published loads (Table 3). The caculations (Appendix 1) involved high-frequency data concerning
the main discharges (upper St. Lawrence, Ottawa River and Quebec City) and lower frequency
measurements in sources of lesser importance (the St. Maurice, Richelieu, St. Frangois, Yamaska
and Nicolet Rivers). Load estimates for the origin of industrial, municipal, atmospheric and eroded

sediment origin were previously published values (see the caption of Table 3).

The budget summarizes the relative importance of metal sources in the river. The Lake Ontario,
which provides most of the discharge to the river (> 60%), are aso the main source of dissolved
trace elements, but a small source of minor elements (< 20%). As expected because of the very low
SPM concentrations in the upper St. Lawrence River, the Lake Ontario constitutes a minor source of
particulate metals, representing less than 5% of the load to the SLR. The Ottawa River and other

tributaries are major sources of dissolved and particulate metals to the SLR (~ 40%). Particulate
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matter contributed more than 80% of the load at the mouth of the river for Al, Fe, Mn, Co, and Zn
and more than 50% for the other dements in this study. With the exception of Cd and Zn, more
than 80% of the total and dissolved load of metals at the outlet of the SLR can be explained by
the different sources considered. Within the estimated uncertainty, the budget of al dissolved
elements, except Fe and Zn, was balanced, as was the budget of particulate elements, except Cd and
Zn. The main sources of metals to the River are erosion, tributaries and the Lake Ontario. The
budget is not balanced for Fe because of missing tributary data and shows an output surplus of

Cd and Zn, which can only be attributed to unidentified internal sources.

The metal budget closely reflects the water and suspended sediment budget and is consistent
with seasonal variations observed at the river mouth. The amounts of metals at the river mouth
are strongly governing by dilution effects of waters from the Lake Ontario (dissolved minor
elements) and erosion (particul ate elements). With the exception of Cd and Zn, these amounts are
mainly attributable (30 to 50%) to marine clays eroded from the bed and banks of the St. Lawrence,
congtitute the largest component of the river sediment budget (Rondeau et al., 2000) and makes a

significant contribution to the metal loads transported by the river.

Metals known to be rejected directly to the river by anthropogenic sources accounted for less
than 5% of the load observed at Quebec City, except for Cd rejects that comprise 10% of the
load. An important fraction (16%) of the Zn comes from atmospheric sources directly into the
river, while 21% is left unexplained and is suspected to be attributable to anthropic (unknown)

SOurces.
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5. SUMMARY AND CONCLUSIONS

The chemistry of river water is controlled primarily by the weathering of different lithologies
and their related soils and biomass, and secondarily by anthropic inputs. The longer residence
time of waters in Lake Ontario than other water sources of the St. Lawrence River promotes the
metal impoverishment in the dissolved phase of the water column as a result of metal scavenging
by particles and their subsequent sedimentation. Indeed, metal concentrations in the upper St.
Lawrence River are generally lower than in the tributaries and the input of particulate metals is
negligible (load < 5%). The Ottawa River is representative of the north-shore tributaries that
drain areas of crystalline rock and forest cover in most catchment basins and show high dissolved
metal concentrations (with the exception of Ni) promoted by their complexation with organic
matter. The south-shore tributaries exhibit some high metal concentrations, possibly due to
anthropogic activities in their basins. With the exception of these tributaries, dissolved metal
concentrations in the SLR are comparable to levels found in only dlightly contaminated bodies of
water and often approached «pristine» levels (Table 2). Recorded anthropic sources accounted for
less than 5% of the load observed at the river mouth, except for Cd rejects that comprise 10% of
the load. Moreover, 21% of the Zn load is unexplained and probably attributable to unidentified
anthropic sources. Particulate metals, with the exception of Zn, are relatively low and coming
close to values for the earth's crust during floods and especially at the river mouth where
inorganic particles from erosion of the SLR bed and banks constitute more than 45 % of the SPM

and metals load.

The interaction between hydrologica cycles and chemistry controls seasonality. This classical
paradigm applies to the different waters masses of the SLR studied here. Several biogeochemical

and hydrodynamical processes occurring in Lake Ontario drive the seasonal variations of minor
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and trace elements observed in the upper St. Lawrence River: the biogeochemistry processes
consist of biological uptake, regeneration of organic matter (Cd and Zn) and oxyhydroxide
formation (Mn and Fe); the hydrodynamic processes relate mainly to seasonal change in the
vertical stratification in Lake Ontario (Cd, Mn, Zn). In the Ottawa River, oxyhydroxide formation
in warm seasons governs many seasonal patterns for metals, namely Al, Fe, Mn, Cd, Co and Zn.
At the river mouth, seasonal variations of minor elements are driven by dilution effects. High
concentrations of dissolved metals from tributaries (> 60% of the loads) are diluted by large
amount of water from lake Ontario containing lower concentration (< 15% of the loads). For
dissolved trace metals, seasonal variations reflect biogeochemical and hydrodynamic processes
observed at the two end-members. Trace metal concentrations in the upper SLR are generaly
lower than in tributaries, but loads are quite similar. Particulate metals at the river mouth are
highly governed by dilution effects due to large inputs of inorganic particles from erosion of the

SLR bed and banks.
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APPENDIX: METAL FLUXESCALCULATIONS

Dissolved metals
Sampled fluxes

Dissolved metal loads were calculated as averages, weighed by flow (F4 from Meybeck, 1992) :

ZQ. .
"y o

Where C; and Q; are sampled concentrations and discharges respectively, and Q is the total flow for the
whole year. Standard error estimations neglect flow measurement errors and assume independence

between concentration measurements :
SE(CQ) = f—b\/ZiQFVar ©

This last assumption was not entirely met in cases where most samples were taken during the spring
freshet. This may have led to an underestimation of the error for these cases. On the other hand, the
concentration variance is greater during that time of the year, thus the combined effect of the sampling
plan and our estimation method probably yields fairly conservative dissolved load estimate errors.

Unsampled tributaries

The dissolved metal contribution to the budget from smaller rivers was estimated from the overall specific

yield of sampled tributaries |ocated on the same shore. Variance estimates from sampled rivers were

multiplied by factors reflecting these extra contributions to the budget.

Particulate metals

The metal flux carried by suspended particles increases aimost proportionally with the concentration of
suspended matter. The composition of the particles may also vary, as the relative contributions from
various erosion sources change with hydrological conditions. The simple load estimation model s that

follow attempt to capture both phenomena together.
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Most rel ationships were modeled by power functions. The model parameters were estimated by least
sguares on the log scale and back-transformed to the original scale with the smearing estimate correction
(Duan, 1983). Standard error calculations on the loads derived from these models followed Gilroy et al.,
1990.

Sampled fluxes

When enough data was available, the relationship between metal concentration in water and flow was
established by regression, daily values were calculated from known discharge rates, and the corresponding
fluxes were summed over the entire year. Otherwise, the loads were estimated as weighed averages, in the
same way as for dissolved metals. Iron and copper in the Y amaska River were special cases. The load
estimates for these two metals were established using their average concentration in the SPM because the
relationship between water concentration and discharge was very much influenced by one of the four SPM

observations available.

Table 1. Power models for estimating the metal concentration carried by SPM from discharge expressed in m® s™.
Seetext for F4 equation.

Al (umol/l) Fe (umol/l) Mn (umol/1) Co (nmol/l) cd (pmol/l) Cu (nmol/l) Ni (nmol/l) Zn (nmol/l)
exponent factor exponent factor exponent factor exponent factor exponent factor exponent factor exponent factor exponent factor

Nicolet 1.05 0.90 0.90 0.58 0.91 0.0118 0.95 0.15 0.79 3.09 0.74 0.87 Fa Fa
Richelieu 1.72 0.0011 1.61 0.0007 146 4E-05 191 4E05 1.10 0.0922 156 0.0008 Fa Fa
Saint-Frangois 1.26 0.0272 115 0.0174 111 0.0006 1.23 0.0033 0.94 0.54 0.95 0.0554 Fa NA
Saint-M aurice Fa Fa Fa Fa Fa Fa Fa Fa
Yamaska 113 066 Average'” Fa 088 027 093 195 Average'” NA Fa
Ottawa 1.07 0.0062 0.97 0.005 0.59 0.0028 1.07 0.0007 0.88 0.13 1.02 0.0019 1.02 0.0045 0.92 0.0267
Great Lakes 1.10 0.0001 141 2E-06 126 2E-07 242 6E-11 339 7E-13 1.06 6E-05 0.46 0.0156 -1.59 7E+06
Québec 191 8E-07 169 2E-06 132 2E-06 1.84 2E-07 167 2E-05 1.81 4E-07 176 1E-06 165 1E-05(

YAverage metal concentration in SPM is multiplied by SPM load

Unsampled tributaries

The SPM metal contribution from unsampled rivers was estimated by assuming that their specific yield
was the same as neighboring rivers. On the North shore, the overall specific yield of the Ottawa and Saint-
Maurice Rivers was taken to represent other rivers. On the South shore, the Chéteauguay and Chaudiere
Rivers were assumed to have the same specific yield as the Saint-Francois River whereas other small

tributaries were assumed to resemble the Nicolet and Y amaska Rivers.
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Suspended matter

The suspended particulate matter (SPM) budget was cal culated from rating curves at all sources and from

daily turbidity measurements at the mouth of the River (Table 2). The contribution from smaller
tributaries was set to 30 t yr* km?, with aCV of 25 %.

Table 2. Rating curve parameters (corrected) for predicting suspended

particulate matter (SPM) concentration in mg | from dischargein m® s™.

River Exponent Factor Condition
Nicolet 0 5.04 discharge < 40m3/s
1.29 0.083 discharge >= 40m3/s
Richelieu 0.60 0.55 from 10-04 to 13-12
2.00 0.00008 from 14-12 to 09-04
Saint-Francois 0.52 1.26
Saint-M aurice 0.98 0.0068
Yamaska 0 62.67 from 19-06 to 16-10
0.86 0.78 from 17-10 to 18-06
Ottawa 1.05 0.0022
Great Lakes 0 1.40 from 20-05 to 19-11
0 0.47 from 20-12 to 19-05
Québec 1.15 0.87
A ssomption 0 17.01 from 14-07 to 06-10
0.78 0.72 from 07-10 to 13-07
Batiscan 0.84 0.16
Sainte-Anne 0.63 1.26
Jacques-Cartier 0 4.46 discharge < 100m3/s
h 0.06 -3.76  discharge >= 100m3/s
Chéateauguay 0 8.99 discharge < 50m3/s
1.16 0.10 discharge >= 50m3/s
Chaudiere 0.68 0.46 discharge < 250m3/s
1.04 0.066 discharge >= 250m3/s

@ Rating curve is applied to turbidity measuresin NTU.
@ Slope and intercept of linear relationship.
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TABLES

Table 1. Hydrologic and mean chemical characteristics of the main water masses of the St. Lawrence

River System.
Upper St. Lawrence North-shore South-shore River mouth
River (Cornwall) tributaries tributaries (Quebec City)
Hydrological features
Drainage basin (km?) 7.7x10° 2.1x10° 0.6x10° 10.3x10°
Annual mean water discharge (m® sec’l) 7370 3100 1060 12600
Seasonal amplitude (m® sec™) 3400 8200 7200 14200
Annua mean suspended particulate 1 7.1 24.8 17
matter (mg L™)
Specific sediment yield (ton km? yr) 0.3 4.1 17.9 6.7
Suspended particle flux (10° tonsyr™) 200 900 1300 6900°
Chemical characteristics
Na' (mEqL™) 0.48 0.14 0.50 0.43
K* (mEq L™ 0.04 0.01 0.04 0.03
ca® (mEq L7 174 0.34 0.99 1.36
Mg?" (mEq L™) 0.68 0.14 0.36 0.53
ClI" (mEq L™ 0.62 0.17 0,57 0.48
S04% (mEq L) 0.57 0.16 0.38 0.47
Total akalinity (mEq L™) 1.47 0.33 0.87 13
Conductivity (uS cm™) 298 73 203 229
pH 7.7 6.8 76
DOC (umol L) 209 512 298
POC (mmol g% 24.8 7.0 5.0 37

Hydrological data are from Rondeau et al. (2000), and chemical data are from Cossa et al. (1998) and Yang et al.
(1996). Tributaries data are weighted means for the following rivers: Ottawa, St. Maurice, L’ Assomption, Batiscan,
St. Anne and Jacques Cartier, which represent 96 % of the north-shore water flow; and Chateauguay, Richelieu, St.
Francois, Yamaska, Nicolet and Chaudiéere, which represent 95 % of the south-shore tributaries. (a) 65 % of the
suspended particles outflowing at Quebec City originate from erosion of the SLR bed and banks (Rondeau et a.,

2000).
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Table 2. Summary statistics for minor and trace element concentrations in water (D ; nmol L™) and suspended particles (P ; pmol g™) of the St.
Lawrence River and its tributaries (mean £ SD, No. of samples in parentheses ) and measured values for reference water and sediment reference

material.
Al Fe Mn Cd Cu Zn Co
D P D P D P D P D P D P D P D P
Upper . Lawrence
Cornwall <74 1980 + 430 72+36 620+110 28+12 183+80 0.07+0.04 0.0100+0.0077 104+11 0.73+025 11.2+13 092+024 46+20 56+27 0.87+0.09 0.14+0.05
(35) (39) (39) (39) (39) (39) (34) (38) (39) (32 (39) (28) @7 (29 (37 (39)
North-shore tributaries
Oftawa 726+297 2740+380 665+ 227 1050+ 100 106+64 34.0+186 0.09+0.05 0.0156+0.0097 13.8+26 059+0.09 7.6+23 139+045 90+51 39+ 13 0.77+032 031+004
(49) 9 3 (64) (51) (64) (45) ) (51) (64) @3 C=) @ (63 (43 3
St. Maurice 2300 £ 1280 2100 + 40 1400+ 120 200+154 29.0+5.0 0.0110+ 0.0064 11.1+7.9 0.4+0.03 109+33 04 =0.03 47+11 12+011 02=*0.05
U] 4 4 U] 4 (6) ) 4 U] (©) (©) (©) 4
South-shore tributaries
Richelieu 512+179 2750+ 280 900+90 33+13 215+ 51 0.0065+0.0037 139+ 30 082+028 63+22 118+026 90+18 29+06 141+0.66 0.32+0.12
9 (26) (26) 9 (26) (35) (9 (35) 9 (12 9 M (9 (35)
St. Frangois 978+ 255 2760+ 230 900+ 70 373+347 26.9+69 0.0077+0.0025 27.8+37 088+0.19 353+39 144+018 138+37 1.61+0.63 0.28 + 0.05
9 (16) (16) 9 (16) (7) (9 (16) 9 @ 9 (9 (17)
Yamaska 974+125 3160 + 230 1010+50 294+61 188+6.5 0.0034+0.0010 26.8+4.8 0.68+0.06 22.1+3.0 196+81 3.12+0.56 0.34+0.05
(® (18) & (6) 4 (18) (8 @ (8 (8 (7) (14
Nicolet 1141+ 357 3150 + 210 1060+ 260 297 +107 23.0+79 0.0037+0.0021 16.0+21 071+039 169+29 098+013 83+36 29+0.7 191+034 0.36+0.21
® (23) (23) M (23 (23) (8 (23) ® (6) ™ &) ® (24)
Erosion® 3300 + 220 880+ 50 150+0.7 0.0014 + 0.0005 0.75+0.02 1.04 +0.05 16+0.1 0.37£0.05
Yl (7) (7) (6) 4 (6) (6) (6)
Earth crust 3022 702 14 0.0080 044 0.80 1.0 0.29
River mouth
Quebec 670+274 2780+400 357+164 950+130 98+67 245+6.2 0.10+0.050.0068+0.0037 14.8+25 0.64+0.15 108+30 099+0.14 108+49277+0.73 098+0.3 0.30+0.04
(164) (178) (165) (181) (156) 179 (115) (150) (157) (176) (157) 172) (146) (171) (165) (169)
Water and sediment
reference material®
Certified values 1148+ 111 2150+ 70 1792+36 540+ 40 71+ 6 9.3+05 0.11+0.020.0053+0.0009 21.3+11 039+0.06 141+14 051+005 159+14292+0.26 046+ 0.1 0.18+0.03
Measured values’ 1148+31 2190+40 1810+18 560+ 20 67+2 9.1+02 0.10+0.020.0063+0.0004 214+06 036+0.02 152+0.7 044+002 159+09292+0.14 053+0.1 0.16+0.01
(48) (85) (48) (85) (48) (85) (14) (85) (48) (85) (48) (85) (48) (85) (48) (85)

3: sediment metal concentration from unpublished data (S. Lepage, St. Lawrence Centre); ° : average earth crust composition according to Rudnick and Gao (2003); ©: Certified values for SLRS-3 water
reference material and MESS-1 sediment reference material % measured values matched certified values within the 2-sigma uncertainty, except dissolved Co and particulate Ni and Cd with respective
coefficient of variation of 16, 19 and 12%.
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Table 3. Dissolved (D), particulate (P) and total (T) metals loads (10° mol yr™) and coefficient of variation (%) in italics from the various sources
in the St Lawrence River.

Sources Mean water Al Fe Mn Cd
discharge
(m*s?) D P T D P T D P T D P T
Upper S Lawrence
Cornwall 75437 <16.1 506 (22) <522[<2] 17.3(8) 161 (20) 178[ 2] 6.6 (7) 4.7 (44) 11.3[5] 0.018 (9) 0.003(53)  0.021] 24]
North-shore tributaries
Ottawa 2007° 50.3 (6) 1785 (9) 1835[ 8] 42.4(6) 647 (8) 689[9] 7.8(9) 179(9) 257[12] 0006(10) 0.008(7) 0.014[16]
St Maurice 7307 58.1(21) 400 (24) 458[ 2] 249 (23) 249[ 3] 5.9 (25) 5.7 (27) 116[7] 0003(15) 0.001(21) 0.005[6]
Other rivers® 570 16.0 (17) 203 (12) 219[ 1] 55(3) 97 (13) 103[ 1] 1.8(18) 2.4 (14) 42[2] 0001(10) 0001(9) 0.002[2]
South-shore tributaries
Richelieu 535" 8.6 (12) 1454 (23) 1463[ 6] 436 (22) 436[6] 0.6 (13) 8.1(17) 87[4] 0.002(9)  0.003(9 0.005[6]
St Frangois 2849 9.0(9 796 (20) 805[4] 245 (16) 245[ 3] 3.8(30) 6.6 (11) 104[5]  0.001 (14) 0.003(6) 0.004[5]
Y amaska 122 3.9(6) 1638 (31) 1642[ 7] 379 (12) 379[5] 1.2 (10) 293(47) 305[14] 0.001(16) 0.001(26) 0.002[ 2]
Nicolet 96" 3.2(14) 1040 (29) 1043[ 5] 278 (26) 278[ 4] 0.9 (16) 6.0 (27) 69[3] 0.0003(19) 0.001(21) 0.001[1]
Other rivers® 435 13.3(5) 3522 (17) 3535[ 15] 917 (12) 917[ 13] 4.0(13) 40.0 (32) 44120] 0.002 (7)' 0.005(8)  0.007[ 8]
Erosion® 9592 (9) 9592[42] 2736 (9) 2736 [ 37] 46.5 (9) 465[22] 0.004 (13) 0.004[ 5]
Atmospheric deposition®® 5[<1] 0.7[<1] 0.3[<1] 0.002[ 2]
Effluent Urban® 0.04[<1] 26[<1] 0.005[ 6]
Industries 6[<1] 18[<1] 0.7[<1] 0.003[ 3]
River mouth )
Quebec City 12323 2285 (6) 22737 (7) 22966 140.7 (7) 7218 (4) 7359 38.6(8) 176.4 (5) 215.0 0.039 (8) 0.048 (5) 0.087
Balance N.S. N.S. 1841[ 8] 75.6 (13) 1074 (44)  1150[15] N.S. N.S. 142[7] N.S. 0.018(16)  0.012[14]
Sources Suspended Co Cu Ni Zn
sediment
(10°t ah) D P T D P T D P T D P T
Upper S Lawrence
Cornwall 220(8) 0.208 (2) 0.039 (20) 0.247[9] 247 (2) 0.19 (12) 2.66[27] 2.68(2) 022(12)  290[23] 1.09 (9) 119(12) 228[9]
North-shore tributaries
Ottawa 512 (6) 0.049 (7) 0.200 (10) 0.249[ 9] 0.83(3) 0.38(9) 1.21[12] 0.43 (6) 0.85(11)  1.28[10]  0.55(10) 234(8) 289[11]
St Maurice 150 (7) 0.029 (5) 0.048 (25) 0.077[ 3] 0.22 (33) 0.08 (26) 0.30[ 2] 0.24 (13) 0.07 (36) 0.31[ 3] 0.84(32) 0.84[ 3]
Other rivers® 529 (16) 0.010 (4) 0.024 (13) 0.034[1] 0.11 (16) 0.05(12) 0.16[ 2] 0.09 (9) 0.07 (11) 016 1] 0.08 (5) 0.34(18) 042[ 2]
South-shoretributaries
Richelieu 456 (9) 0.024 (15) 0.170 (20) 0194[7] 0.24(7) 0.33(15) 057[6] 0.10(11) 0.89 (47) 0.99[ 8] 0.15(7) 0.70 (37) 0.85[ 3]
St Frangois 277 (11) 0.015 (13) 0.076 (14) 0.092[ 3] 0.25 (14) 0.21(12) 046[5] 0.31(4) 0.73(33) 1.04[ 8] 0.12 (10) 012[1]
Yamaska 374 (12) 0.012 (9) 0.148 (30) 0.160[ 6] 0.11(7) 0.24 (13) 0.35[4] 0.09 (2 0.09[ 1] 0.08 (19) 0.08[ <1]
Nicolet 414 (21) 0.005 (7) 0.093 (27) 0.098[ 4] 0.05 (5) 0.16 (26) 021[2] 0.05 (7) 0.21 (26) 0.26[2] 0.03(41) 072(41) 0.75[3]
Other rivers® 579 (24) 0.031 (5) 0.322 (16) 0.353[ 13] 0.32(5) 0.61 (10) 0.93[10] 0.34(3) 1.19 (21) 153[12] 0.18 (10 1.82(21) 2.00[ 8]
Erosion® 3108 (8) 1.256 (10) 1.256[ 44] 2.60 (10) 2.60[27] 366(10) 3.66[30] 511(9) 511[20]
Atmospheric deposition®® 0.05[<1] 0.03[<1] 4.14[16]
Effluent Urban® 240 0.015[<1] 0.41[4] 015[1] 0.49[2]
Industries 0.06[<1] 0.05[<1] 0.73[ 3]
River mouth
Quebec City 6866 (3) 0.436 (5) 2.393 (5) 2.829 4.88(3) 491 (4) 9.79 428 (2) 8.16 (4) 12.44 2.92 (6) 23.22(6) 26.14
Balance N. N.S. 0.054[ 2] N.S. N.S. 0.18[ 2]. N.S. N.S. 0.01[<1] 064(33) 10.16(23) 5.44[21]

N.S. : Non significant;
[ 1: percentage of total load;
2 see appendix;

®: Based on the concentration of metalsin Champlain Sea clays currently eroding in the SLR (near Beauharnois and Verchéres). Values were measured by Serge L epage (St. Lawrence Centre);

¢ and ?: net direct atmospheric deposition was evaluated for a surface of the SLR of 1.74 X 10° m?

¢ datafrom Simonetti et a. (2000);

d: Total deposition (wet and dry) was estimated in Bergeron and Poissant (2000) and Simonetti et al. (2000). Direct deposition values were estimated using a surface area of 1.74 x 10° m?of the SLR;
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¢: Based on data from MUC (Montreal urban community) and CERS (Centre d'épuration de la rive Sud) effluent. The total load of MUC effluent was estimated by Deschamps et al. (1998). The load from the CERS effluent was estimated from
Environmental Protection Branch (Environment Canada) data;

"' Based on data from Environment Canada. Total loads were estimated from direct discharges of 38 industrial plantsin 1995;
9 data from Hydro-Quebec;

": data from Environment Canada;

' datafrom Quebec Ministry of the Environment;

). datafrom St Lawrence Centre;

¥ data from Frenette et al. (1989);

": data from Quémerais and Lum (1997).
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FIGURE CAPTIONS

Figure 1. Location of sampling stations along the St. Lawrence River and its main tributaries.

Figure 2. Relationship between calcium (Ca) and conductivity at the main sampling stations,
and relationship between calcium and the percentage of water from the upper St.

Lawrence River at the river mouth (Quebec).

Figure 3. Variations of water discharge (0) and suspended particul ate matter (SPM)
discharge (m) at the main sampling stations. (A) Ottawa River, (B) upper SLR, (C and
E) mouth of the SLR, (D) relative contributions of the upper SLR, North and South
Shore tributaries to the water discharge at the SLR mouth.

Figure 4. Tempora variations of minor element concentrations (Al, Fe and Mn) at the two
source end-member stations (Ottawa River and upper St. Lawrence River); (O)

particulate and (m) dissolved.

Figure 5. Temporal variations of trace element concentrations (Cd, Co, Cu, Ni and Z) at the
two source end-member stations (Ottawa River and upper St. Lawrence River); (O)

particulate and (m) dissolved.

Figure 6. Seasonal variations of minor and trace element concentrations (Al, Fe, Mn, Cd, Co,
Cu, Ni and Zn) at the mouth of the St. Lawrence River between 1995 and 1999. There

were 9-25 montly samples.

Figure 7. Seasonal variations of dissolved Mn and the percentage of water from tributaries at

the river mouth between 1995 and 1999. There were 9-25 montly samples.

Figur e 8. Relationships between Ca and minor elements (Fe and Mn) at the river mouth
between 1995 and 1999; (O) Ottawa River from June to October; (M) Ottawa River
from November to May ; (A) Upper St. Lawrence River; (<-) Mouth of the St.

Lawrence River from June to October ; () Mouth of the St. Lawrence River from

November to May. Station locations are on figure 1.
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