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Abstract Selected trace metals were determined in
stormwater runoff and sediments of the highly urban-
ized Brunette watershed in Metro-Vancouver. Surface
sediment samples from three tributaries and a lake
between 1974 and 1998 were analyzed for total and
acid-extractable trace metals. Metal bioavailability was
also investigated using Chelex-100 resin. Sediment
geochemistry was determined by sequential extraction.

Total trace metal concentrations decreased as storm-
water moved through the hydrologic gradient of
stormwater runoff, headwater stream to outflow river.
The percentage of dissolved metals increased down-
stream largely due to disposition. Higher concentra-
tions of particle-associated trace metals were flushed in
stormwater runoff as the rainfall and total suspended
solids transport increased. The highest trace metal
levels were found in the lower reaches of a creek before
entering the lake and in the lake where organic matter
accumulated. Copper was associated with the organic/
sulphur sediment components, whereas iron and
manganese were mainly mineral-bound. Zinc concen-
trated in the easily acid reducible phase, augmented by
increasing traffic and development. At least half of the
sediment-bound lead was associated with the easily
acid reducible and organic/sulphur-bound phases with
an overall decrease as lead has been phased out as a
gasoline additive.
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1 Introduction

Trace metal influx within river basins due to urban
development is an ongoing concern affecting water
and sediment pollution (Li et al. 2006). Trace metals
are by far the most common priority pollutants in
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urban runoff, with copper and lead as the most
prevalent metal contaminants (USEPA 1983). There
is a wide array of non-point sources of metals within
the urban environment, with motor vehicular traffic
likely responsible for the major inputs of lead, zinc,
manganese and copper (Novotny and Olem 1994;
Mason et al. 1999; Davis et al. 2001; Rose et al. 2001;
Couillard et al. 2004; Preciado and Li 2006). Runoff
from galvanized roofs and drainpipes can be a source
of zinc contamination (Good 1993). Another potential
source of trace metals in the urban environment is the
dry deposition of particulates upon roof tops and their
subsequent remobilization during storms (Tuccillo
2006). Contaminants transported within stormwater
discharges from urbanized catchment are a major
cause of impairment of receiving waters (USEPA
1986; Makepeace et al. 1995; Novotny 1995).

The ultimate concern of trace metal contaminants
in receiving water is their toxic impact on aquatic
organisms and fish species (Bindra and Hall 1977;
Morrison et al. 1989; Morrison and Revitt 1987;
Kushner 1993; Sutherland and Tolosa 2000; De Carlo
et al. 2004). The pollutant behaviour is mainly
governed by its speciation (Morrison and Revitt
1987; Florence et al. 1992; Perin et al. 1997). Trace
metals may be present in numerous physicochemical
forms (soluble, adsorbed on mineral surfaces, com-
plexed with organic matter, precipitated or entrapped
in mineral phases). Exchangeable forms are usually
considered as immediately bio-available species
(Morrison and Revitt 1987). Much recent research
has focussed on fractionation and partitioning to
interpret the environmental impact to aquatic organ-
isms (Chandra Sekhar et al. 2003; Burton et al. 2005;
Glosińska et al. 2005; Boughriet et al. 2007). The
partitioning of metal contaminants between specific
forms is classically determined using sequential extrac-
tion (Serne 1975; Tessier et al. 1979; Lake et al. 1984;
Förster 1996; El Samrani et al. 2004; Pardo et al. 2004;
Preciado and Li 2006) and others have applied BCR
(the European Community Bureau of Reference) three-
step sequential extraction (Quevauviller et al. 1997).
The mobility and bioavailability of contaminants in
receiving water are important in evaluating the risk of
toxicity to aquatic organisms. Understanding these
processes is of special interest to local governments
in order to manage the contaminants and reduce their
environmental impact. However, there is limited
information on the long term monitoring of such

processes in relation to changes in land use due to
urban development.

This study examines the extent of trace metal
contamination in storm runoff, and in stream and lake
sediments. It determined potentially bio-available
trace metals in water and sediments and their spatial
and temporal distribution over a 24-year period in the
Brunette River watershed, located in a major metro-
politan area. Other features of the study included: (1)
determination of the distribution of trace metals in the
Brunette watershed during three winter storm events;
(2) collection of information on the availability of
metals to aquatic organisms for base and stormwater
runoff conditions using dialysis with the receiver resin
technique; and (3) investigation of the bioavailability
of trace metal contaminants (Cu, Fe, Mn, Pb and Zn)
in the Brunette River watershed by following the
hydrological gradient through the watershed, and their
distribution as traffic intensity, fuel additives and land
use changed from 1974 and 1998. Traditionally, total
trace metals form the basis in evaluating the environ-
mental impact on aquatic organisms. This study
provides insight on the evaluation of geochemical
fractionation of metals over a 24-year period due to
changes in environmental activities in the watershed
(traffic, impervious surfaces) that affect watershed
quality and aquatic life.

2 Study Area

The Brunette River watershed is located in the highly
urbanized area of Metro Vancouver, British Colum-
bia, Canada, covering an area of 7200ha (Fig. 1). It is
an area of high traffic density and intense land use,
with impervious surfaces, such as roads and roof tops,
covering more than 50% of some sub-watersheds
such as that drained by Still Creek (McCallum 1995).
The stormwater drainage system collects runoff from
the impervious surfaces and discharges it directly to
numerous streams (Still, Eagle, Stoney Creeks, etc.)
in the watershed and through two lakes, Deer and
Burnaby Lakes, which act as natural sediment traps
(Fig. 1). The Brunette River receives discharge over a
control dam from Burnaby Lake, and the runoff from
the watershed is transported to the Fraser River at
New Westminster, BC.

This watershed provides an excellent area for the
study of spatial and temporal trace metal contam-
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ination in sediments due to urbanization. The water
and sediment quality conditions in this watershed
have been investigated since the early 1970’s (Hall
et al. 1974, 1976; Li et al. 2006), with continuing
research focused on specific contaminant relation-
ships (McCallum 1995; Yuan 2000; Muraro 2005;
Li 2007).

3 Methodology

3.1 Sampling

To investigate the dynamics of trace metals associated
with stormwater runoff, three sites – a sediment trap
in the Eagle Creek sub-watershed, Still Creek and the

Fig. 1 Location of Brunette River watershed sampling sites
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Brunette River (Fig. 1) – were selected for water
sampling and field Chelex-100 resin deployment.
Grab samples were collected at all three sites under
baseflow (no stormwater runoff, n = 2) and during
rainfall events (n = 3). Intensive water sampling was
also conducted during a storm event where grab
samples (n = 7) were collected every 40min in a
rotation sequence at all three sites.

For the field in-situ studies, 1g of Chelex-100 resin
(Na form) was placed in cellulose dialysis tubes
(Spectra/Pro, 80mm × 24mm dia., molecular cut-off
1,000Da, previously washed with 0.01M EDTA),
sealed with plastic clamps, and mounted in concrete
blocks for placement at the three sites. The resin tubes
were collected after storm events or after 1–2weeks of
baseflow.

Surface sediment samples were collected at selected
sites on Still (1, 2, 3, 4), Eagle Creeks and the Brunette
River (Fig. 1) with an aluminum pot attached to a 3m
pole. A minimum of three to five composite locations
within each sampling site were sampled and the
sediment sieved through a 2mm sieve into plastic bags.
Sediment cores were taken from Burnaby Lake in a
transect from Still Creek to the Brunette River (Fig. 1a–
d) with a 1m piston corer. The core tubes were
transported to the laboratory. The core was then
extruded and sectioned into 20mm sections which
were placed in plastic bags and frozen until analysis.
Thawed stream and lake sediments were sieved
through a 180μm sieve, and the <180μm fraction was
dried at 104°C and disaggregated prior to digestion.
Only surface sediment trace metal geochemistry for the
lake sediment cores is presented in this paper.

3.2 Sample Extraction and Digestion

3.2.1 Water

Water samples were transported to the laboratory under
ice in coolers and filtered through glass fiber filters
(45mm, 1.2μm pore size). The dissolved phase (1–3l
stormwater or 10l baseflow water) was passed through
a Chelex resin column (6g of Chelex-100 resin in the
sodium form in a 25 × 1.5cm dia. glass column) at a
flow rate of 5–10ml/min. The resin after exchange was
transferred to a 50ml polyethylene tube to which 20ml
of 2M HNO3 was added followed by a 3h shake period
(Eberbach Corp. shaker) to extract trace metals from
the resin. The sample was centrifuged (3,000rpm for

20min, Beckman J2-21M/E centrifuge) and the eluant
filtered (Whatman no. 4). The resin was then washed
with 15ml of distilled water, which was combined with
the acid extract. Metal species bound to colloidal
material or very strongly complexed, passing through
the Chelex 100 column, were determined by the
difference between the total dissolved metal (TD) and
the Chelex removable metal (CR). The TD and CR
fractions of trace metals were digested with 5ml of
conc. HNO3 to dryness on a hot plate, dissolved in
10ml of 1M HNO3, made up to 25ml with distilled
water, and filtered (Whatman no. 4) prior to analysis.

The glass fibre filters containing the suspended
solids were cut into small pieces and sequentially
extracted with 20ml of 1M MgCl2 at pH = 7
(exchangeable phase), followed by 20ml 0.01 of
acidic hydroxylamine hydrochloride (weakly reduc-
ible phase). The two phases were combined to report
the results as easily reducible solids metals since the
exchangeable phase was usually very low. The
remaining particulates on the filter after centrifugation
(10,000rpm for 30min) were digested in a porcelain
crucible with 20ml of aqua regia on a hot plate and
the residue dissolved in 0.05M HNO3 for analysis.

The suspended sediment weight on replicate filters
was determined by Standard Methods procedures
(APHA 1989).

3.2.2 Field Deployed Chelex Resins

The resin was extracted with 10ml of 1MHNO3 in 25ml
plastic centrifuge tubes for 3–4h on a shaker and
centrifuged at 3,000rpm for 20–30min. The resin was
washed with distilled water and the combined extract
analyzed. The trace metals complexed with the Chelex
resin in the field are expressed as pg metal/mm2 of
resin/h for a relative comparison at the three field sites
since flow measurements were not taken. The Chelex
resin metal binding capacity for zinc and copper were
measured in the laboratory to ensure that the resin
capacity was not exceeded in the field (Yuan 2000).

3.2.3 Sediments

For total metal determination, dried sediment samples
(1–2g) were digested on a hot plate using either nitric
acid or aqua regia (APHA, 3030, 1989). For total
extractable metals, which might be considered a
potentially bio-available fraction, dried sediment (2g)
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was extracted at room temperature with 20ml of 0.5M
HCl in screw capped tubes on a mechanical shaker.
The extracted samples were filtered through GFC filters
and the extracts made up to 40ml with distilled water.

In 1974, the sediment geochemistry was deter-
mined by the sequential extraction method of Engler
et al. (1974), whereas the 1998 analysis of stream and
lake sediments followed the methodology of Tessier
et al. (1979). Both methods segregate the trace metals
into six geochemical fractions, but the extracting
reagents differ. For comparative purposes, fractions
were combined to represent four geochemical phases
of trace metals, namely exchangeable phase (EP = f1),
easily acid reducible phase (EARP = f2), organic/
sulphur bound phase (OS = f3), and a residual phase
(RP = f4).

Organic matter content of the sediments was deter-
mined by loss on ignition (LOI), determined by ashing
samples in a muffle furnace at 650°C (APHA 1989).

3.3 Trace Metal Analysis

Digested samples from stream water and sediments, and
sediment extracts were analyzed by atomic absorption
spectroscopy (Thermo Jarell Ash Video 22AA) or by
inductively coupled plasma spectroscopy (Thermo Jarell
Ash ICAP 61 instrument operated in the ICP-AES
mode). Only copper, iron, manganese, lead and zinc are
reported in this paper. Method precision was determined
by duplicate or triplicate analysis of grab samples, and
the accuracy of water trace metals was determined by
spike recovery. For sediment determination, accuracy
was evaluated by analyzing a certified reference soil.

4 Results

4.1 Metals Distribution in Runoff in the Brunette
Watershed

Trace metals in water from three sites during three
winter storms between November 1999 and January
2000 are presented in Fig. 2. For all metals (Cu, Fe,
Mn and Zn) there is a decrease in the total metals in
water samples from storm-water trap to Still Creek to
Brunette River. The range of values is quite variable,
possibly due to sedimentation.

The total dissolved (TD) Cu and Zn becomes a
higher proportion of total metal (TM) as one moves

downstream, confirming sedimentation of the sus-
pended fraction transported in water. Chelex remov-
able metal (i.e. complexed dissolved fraction) shown
in Fig. 2 demonstrates that there is very little copper,
indicating that the majority of dissolved Cu is already
bound to strong complexing agents. There is only a

Trap            Still Cr.      Brunette R. 

Cu 

 

 

 

 

 

Fe 

 

 

 

 

 

Mn 

 

 

 

 

 

Zn 

0

20

40

60

80

100
TM   TD   CR     TM   TD   CR     TM   TD   CR       

0

4000

8000

12000

TM   TD   CR     TM   TD   CR      TM   TD   CR     

0

50

100

150

200

250

300

TM   TD   CR      TM   TD   CR     TM   TD   CR     

0

100

200

300

400

500

TM   TD   CR      TM   TD   CR     TM   TD   CR      

C
o
n

ce
n

tr
a
ti

o
n

 (
µg

/l
) 

Fig. 2 Distribution of trace metals in Brunette watershed
during three (Nov 1999–Jan 2000) winter storm events (median
and range of values). TM Total metal (dissolved+suspended),
TD Total dissolved metal, CR Chelex resin removable metal

Water Air Soil Pollut (2009) 197:249–266 253



small fraction of the iron in the dissolved and
complexed fraction. At least half of the Mn and Zn
are removed by Chelex resin, demonstrating that this
portion is uncomplexed or that any complexes are
weaker than the Chelex association.

Trace metals associated with suspended sediments
(i.e. total and easily reducible) are presented in Fig. 3.
There is a decrease in suspended sediment bound trace
metals downstream, confirming the sedimentation sus-
pected from the total and dissolved metal distribution in
Fig. 2. In the sediment trap, less than half of the
particulate bound metal (Cu, Fe, Mn and Zn) was in the
easily reducible fraction. In Still Creek and Brunette
River (although concentrations were lower than in the

street trap), a higher proportion (up to 90%) of
suspended sediment bound metal was easily reducible.

4.2 In-situ Bioavailability by Chelex Resin
Adsorption

Relative resin adsorption (free or weakly complexed,
dissolved-trace metals) during dry (baseflow) and wet
(stormwater discharge) periods is presented in Fig. 4.
In a street trap, Fe and Mn were higher during a dry
period due to stagnant conditions in the trap where
low dissolved oxygen (DO) and reducing conditions
released Fe and Mn for adsorption by chelex, whereas
with the storm runoff, the presence of O2 caused more
precipitation of Fe and Mn. Cu and Zn were higher in
the trap during the wet period indicating transport of
dissolved metal from the street. The considerable
variability (large range of values at any one station) is
likely due to a variable preceeding dry period, where
contaminants could collect in the street, as well, as the
amount of rainfall needed to mobilize and transport
those contaminants.

Less copper in the wet periods compared to dry
intervals in stream and river samples is probably due to
strong complexation with humic/fulvic acid materials
leached from boggy sediments in the watershed which
would be diluted during rainfall-runoff periods. Also
illegal connections of sanitary sewers to storm drains
contributes copper from a corrosive water supply
(corrosion of copper pipes in houses) – more notice-
able during dry low-flow periods.

Fe, Mn and Zn were higher in Still Creek during
wet periods due to runoff from streets and flushing
from sediment traps during runoff events. In the
Brunette River, there was almost no change for Fe,
but Mn and Zn were higher during wet periods.

4.3 Water Quality over a Storm Event

Trace metal distribution in water at the three sites over a
rainfall event during a November storm are shown in
Fig. 5. There were two periods when the rainfall
exceeded 1mm/h (Table 1), but the peak flows
downstream never materialized until the last hour of
monitoring (Table 1). This higher flow resulted in
mobilization of higher sediment concentrations, with
the sediment levels decreasing during downstream
transport (Table 2). The highest proportion of trace
metals in the sediment trap is associated with the
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Fig. 3 Distribution of trace metals associated with the
suspended solids during three (Nov 1999–Jan 2000) winter
storm events (median and range of values). SS Suspend solids
metal, ER Easily reducible solids metal
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particulates transported in the runoff, and concentra-
tions are highest when the higher rainfall scours these
materials from the impervious surfaces and within the
trap (TM-TD = SS, Fig. 5). There is very little
difference in total dissolved and Chelex removable
metals, so most dissolved metals were not complexed
as they entered the storm drain from the street.

In Still Creek and Brunette River, most copper was in
the dissolved fraction reflecting sedimentation of sedi-
ment-bound Cu during transport through the watershed.
Very little of this copper was bound to Chelex, indicating
that it was already complexed – probably in the humic/
fulvic acids leached from boggy areas since the water
was relatively highly coloured in this watershed.

Fe decreases as runoff moves along the watershed,
and most of the Fe is particle-associated. There is
very little free dissolved iron since very little is bound
to chelex resin during the runoff event.

Mn followed the same trend as Fe in the sediment
trap. Mn concentrations decreased down the water-
shed (trap to Still Creek to Brunette River) again
reflecting sedimentation. There is a higher proportion
of dissolved Mn in Still Creek, approximately half
binding to Chelex. There is very little dissolved Mn in
the Brunette River and most of this is Chelex-bound
and therefore not complexed.

Zinc showed a similar trend to other metals in the
sediment trap. Total zinc decreased from trap to Still
Creek to Brunette River. Dissolved zinc predominated
during the early part of storm event in Still Creek. The
proportion of the Zn bound to Chelex decreased
towards the middle of storm event. In the Brunette
River half or less of the Zn was dissolved and most
dissolved Zn was bound to the chelex resin.

4.4 Trace Metals Associated with Bottom Sediments

4.4.1 Total Trace Metals

Trace metals in the surface sediments along a
hydrologic gradient through the watershed and
changes that occurred over a 24year period (1974 to
1998) are presented in Table 3. Both total and acid
extractable trace metals in Burnaby Lake are tabulated
for the 1998 period.

In Still Creek there was an increase in sediment
concentrations of all trace metals, except manganese, in
the downstream direction. This is mainly attributed to
the lower gradient at the last two stations (3 and 4)
resulting in the deposition of finer sediments that usually
bind higher concentrations of trace metals. The lower
reaches of this sub-watershed also featured more
commercial and industrial activity, causing more traffic
and impervious surfaces (Tables 4 and 5). Lead
decreased at all stations in Still Creek over this
24-year study period, attributable to the removal of
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lead from fuels (Li et al. 2006). Iron and manganese
show similar temporal trends at all stations. Since iron
and manganese occur naturally in soils, there may have
been better management of erosion during construction
activities in the watershed (GVSDD 1999). Copper and
zinc followed the same temporal trend between 1974

and 1998, with concentrations at the upper stations (1
and 2) increasing, whereas those at the downstream
stations (3 and 4) decreased. Downstream station
decreases in Cu and Zn are likely attributable to the
phasing out of some industrial activities in the lower
reaches of this sub-watershed over this period.
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Table 1 Flow and rainfall data over storm event (November 19
1999)

Time Flow (m3/s)a Rainfall (mm/h)

0925 2.6 0.35
0953 2.7 0.45
1022 3.8 0.8
1051 3.9 1.0
1120 3.0 0.4
1149 3.9 1.2
1217 5.7 1.25
1246 6.5 0.8

a Flow in Brunette River

Table 2 Suspended solids over storm event (November 19, 1999)

Time Site 1
(Trap)

Site 2
(Still Creek)

Site 3
(Brunette River)

0910–0940 89 3 5
0955–1025 31 1 4
1040–1105 35 2 5
1125–1150 73 5 7
1205–1230 223 20 7
1245–1320 948 18 10

Values in mg/l
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In Burnaby Lake the first two stations (A and B)
are located in the delta region where the coarser
sediments from Still Creek are deposited. There sandy
sediments have lower trace metal concentrations than
the finer sediments deposited further along the lake
(stations C and D).

Eagle Creek and the Brunette River, both down-
stream of Burnaby Lake (Fig. 1), showed decreases in
both iron and manganese between 1974 and 1998
again reflecting better erosion control. However, lead
did not decrease in these two tributaries over this
period, even though it was removed from fuels. This
is likely attributable to the slower hydrologic transport
through the lower reaches of the watershed, with the
surface sediments of Burnaby Lake providing a
source of lead to the Brunette River.

4.4.2 Geochemical Distribution
of Trace Metals – Stream Sediments

The geochemistry of the sediment-associated trace
metals can affect their transport dynamics as well as
their potential availability to aquatic organisms.
Figure 6 presents the proportions of the trace metals
associated with four geochemical phases for the
stream/river sediments in 1974 and 1998.

The largest proportion of copper is associated with
the organic/sulphur component of the stream sedi-
ments. The percentage in this phase tends to increase
downstream in Still Creek (stations 1 to 4), probably
due to a decrease in the gradient and sedimentation of
smaller/lighter particles higher in organic matter
(Table 6). The higher proportion (although overall
low levels, 3.5–11.6%) of Cu in the exchangeable
phase in 1998 compared to 1974 and the lower
percentage of Cu in the residual phase at all stations
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Table 4 Total impervious area (TIA) and traffic in sub-
watersheds in the Brunette River Basin

Sub-watershed 1973 1993 Traffic Density

Still Creek 47 54 709
Eagle Creek 16 27 283
Brunette River 35 41 491

TIA expressed as percent of total area in the sub-watersheds.
Traffic density for 1993 in vehicle km/ha/day. Traffic density for
whole watershed: 1973 – 3.0×106 vehicles km/day; 1993 – 4.3×
106 vehicles km/day. Traffic density per unit area for whole
watershed: 1973 – 414 vehicle km ha−1 day−1 ; 1993 – 593
vehicle km ha−1 day−1
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over this period are likely from anthropogenic sources
of Cu due to traffic activities (Table 4). This
exchangeable form of Cu is more mobile and easily
bio-available. This source could well be copper from
the wear of brake linings, accentuated by significantly
higher traffic volume (FHWA 1998; Kayhanian et al.
2003). When sediment copper levels were low (1974
in Eagle Creek and Brunette River), most of this
copper was in the residual phase.

Iron and manganese were predominately associated
with the residual phase, reflecting their natural occur-
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of trace metals in surface
stream sediment from the
Brunette watershed in 1974
and 1998. See Fig. 1 for
station location. Values
expressed as percent of total
metal

Table 5 Land use in the Brunette Watershed

Land Use 1973 1993

Residential 41.4 45.4
Grass/Forest/Water 45.7 35.9
Industrial/Commercial 12.8 16.7

Expressed as percent of total area of 7,250 ha.
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rence in soils of the watershed. The residual phase
containing Fe and Mn is not readily bio-available, but
could be important in the geochemical distribution of
other elements due to the adsorptive properties of
their oxides (Jenne 1968).

As the total iron in the watersheds decreased
between 1974 and 1998 (see Table 3), the proportion
in the residual phase also decreased in the stream
sediments (Fig. 6). In 1998, more of the iron was
distributed in the EARP and organic/sulphur bound
phases, possibly affecting its mobility.

Manganese geochemistry is dominated by the
residual and EARP phases, with very little manganese
associated with the organic/sulphur phase. In 1998 a
much higher proportion of the Mn was associated
with the EARP, as well as the exchangeable phase
(EP). This change in distribution was probably a
consequence of the use of MMT (methylcyclo-
pentadienyl manganese) as a fuel additive between
the late 1970s and 2004, with manganese phosphate,
sulphate and oxide combustion products contributing
to these geochemical phases (Stokes et al. 1988;
Blumberg and Walsh 2004).

Lead is distributed between the EARP, organic/
sulphur and residual phases with at least half of the
lead in these first two geochemical phases. In Still
Creek between 1974 and 1998, there was a consistent
increase in the proportion of lead associated with the
EARP (Fig. 6), even though the total lead concentra-
tion decreased (Table 3). Organic/sulphur-bound lead
is also an important component (25–38%) of lead
geochemistry, with no overall consistent temporal
trends over the study period. However, where lead
concentrations increased between 1974 and 1998
(Eagle Creek and Brunette River), the proportion of
lead in the organic/sulphur phase also increased.
Except for one station (Still Creek 4), lead in the
residual phase decreased from 1974 to 1998.

The largest proportion of zinc (average 50%) is
associated with the easily acid reducible phase
(EARP). The proportion of zinc in this geochemical
phase increased over the study period (1974–1998),
similar to the behaviour of lead in Still Creek. The
percentage of zinc in the residual phase decreased over
this period (Fig. 6). The geochemical fractions for zinc
rank in order f2> f4 > f3. Corrosion of galvanized
components on vehicles followed by washing into
urban streams is believed to be a major source of zinc
contaminants on roadways (Li et al. 2006).

Comparison of all stream stations during both
sampling periods reveals that the f1 (exchangeable
phase) concentration for metals (Cu, Fe, Mn, Pb and
Zn) is generally very low in sediments, indicating that
this readily bio-available fraction of these metals is not
an important contributor to organism bio-concentration
or toxicity. The relative importance of these metals
bound to the EARP is Zn > Mn > Pb > Cu > Fe. The
relative importance of the five trace metals bound to
the organic/sulphur geochemical phase is Cu > Pb >
Zn > Fe > Mn, while their relative importance in the
residual phase is Fe > Mn > Cu = Pb = Zn.

4.4.3 Geochemical Distribution
of Trace Metals – Lake Surface Sediments

The total trace metals and the cold 0.5M HCl
extractable metals during 1998 in the surface lake
sediments are provided in Table 3. These data are
presented from the west end of the lake (station A)
where Still Creek discharges (Fig. 1) in a transect to
the outlet eastern end at the Brunette River (station
D). Still Creek provides more than 50% of the flow to
Burnaby Lake and is the most highly urbanized sub-
watershed in the drainage basin, with over half of the
land surface considered impervious (Table 4). Stations
A and B are in the delta area of Still Creek and have
fine to coarse sandy sediments, imbedded with
organic debris (LOI = 17–24%). The finer silts with
higher organic matter content (LOI) accumulate
further along the lake (station D, LOI = 47.5%).

Overall most trace metals in the lake surface
sediments are higher at the two downstream lake
stations (C and D) – Table 3. These finer sediments
can provide a reservoir of trace metals to the Brunette
River due to sediment scouring in the shallow lake
(Zav ≤ 1m) during high rainfall periods when the lake
can have a very short residence time (<1day; Hall

Table 6 Organic matter (LOI) in stream surface

Station 1974 1988

Still Creek (Renfrew), Station 1 1.3 2.6
Still Creek (Gilmore), Station 2 1.3 4.5
Still Creek (Willingdon), Station 3 6.8 8.4
Still Creek (Douglas), Station 4 9.3 6.5
Eagle Creek (Piper Ave) 29.1 3.3
Brunette River (North Road) 0.9 1.6

Values as % LOI (Loss on Ignition)
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et al. 2002). The coarser sandy sediments deposited
from Still Creek (station B) contain the lowest overall
concentration of trace metals in the lake surface
sediment.

Research (Fytiano and Lourantou 2004; Moalla
et al. 2006) indicates that the 0.5M HCl extract of
sediments represents a single fraction of the trace
metals that are potentially more mobile in aquatic
sediments. The proportions of the trace metals in
Burnaby Lake that are HCl extractable are in the order
of Fe (31–45%), Mn (37–66%), Cu (46–72%), Pb
(56–87%) and Zn (76–86%).

The sequential geochemical distribution of trace
metals in the surface lake sediments follow a pattern
which is similar to those observed for the stream
sediments (Fig. 7). Copper is dominated by the
organic/sulphur-bound phase (65–79%), whereas iron
and manganese are dominated by their residual
phases, and zinc is largely (50% or more) associated
with the EARP. However, where concentrations of
manganese are highest (station C and D), the
exchangeable phase was dominant (40%), while only
26% was in the residual phase. It is likely that this is
the area of the lake where the manganese used in
MMT, the gasoline additive, was primarily deposited.
At least 90% of the lead was associated with the
EARP and organic/sulphur phases, with no exchange-
able lead. The residual lead was only of minor
importance (8–10%).

A comparison of the HCl extractable metals to the
sum of the three sequential metal extracts indicates
that for Cu, Pb and Zn a higher proportion is extracted
by the series of sequential extractions. This is
especially true for Cu where 74% (average) is
associated with the single organic/sulphur phase
whereas only 61% (average) of the Cu is extracted
with HCl. The suspect data from station D, with
higher HCl extractable Cu than the total, has been
excluded in these calculations. It appears that the HCl
does not dissolve some of the O/S bound Cu. For iron
and manganese, the proportion extracted by either
method was similar and again relatively low due to
their natural occurrence in the rock and soils of the
watershed. The relative percentage extractions of the
two methods are:

Sequential extraction ( f1 + f2 + f3) Pb > Cu > Zn > Mn > Fe
0.5M HCl extraction Zn > Pb > Cu = Mn > Fe

5 Discussion

5.1 Dynamics of Trace Metals in the Brunette
Watershed

The mobility and deposition of trace metals in the
Brunette River watershed are influenced by the land
use changes and the hydrologic characteristics of the
watershed. Increased urbanization over a twenty year
period (Table 5) has resulted in a loss of green space
areas which reduces the infiltration capacity of the land
surface with more paving and roof tops (Table 4). This
also increases the peak discharge of the streams and
alters transport and deposition of contaminants. Super-
imposed on this urbanization footprint is the source
control management of contaminants such as the
removal of lead and then manganese as fuel additives.

The hydrologic gradient through the watershed has
shown a decrease in the trace metals associated with
suspended sediments (Fig. 2). These sediments are
deposited where the gradient is lower, such as the
lower reaches of Still Creek and the downstream end
of shallow Burnaby Lake (Table 3) where a small
dam helps facilitate deposition of lighter sediments
(higher organic matter content). These deposition
areas can act as sources of sediment contaminants
for many years after source control, especially during
extreme rainfall and runoff events.

5.2 Water and Sediment Quality in the Brunette River
Watershed

During the monitored storm events, the total copper
and zinc (Fig. 2) at all three sites far exceed the water
quality criteria for the protection of aquatic life
(Table 7). Even the total dissolved (TD) Cu and Zn
exceeded these criteria. The Chelex resin bound
dissolved metal, which should be the most bioavail-
able fraction of these metals, approaches the concen-
trations in the stream channels which are considered
unsafe for aquatic life. Lead was not monitored in the
stormwater since previous investigations (Macdonald
et al. 1997) found levels to be very low following its
removal as a fuel additive in the 1970s. No
consideration has been given to the cumulative effects
of these metals in stormwater.

With the exception of the upper Still Creek stations
(A and B) in 1974, and copper in Eagle Creek and the
Brunette River on single occasions, the total trace
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metals (Cu, Pb and Zn) in sediments (Table 3)
exceeded the ISQGs (Interim Sediment Quality
Guidelines) that have been established for Canada
(CCME 2001). More contaminated areas of the
watershed such as the lower two stations on both
Still Creek (1974) and Burnaby Lake even exceeded
the PEL (probable effects level) demonstrating severe
impacts on aquatic organisms.

If only the HCl extractable trace metals in the lake
sediments are considered potentially bioavailable, Cu
exceeds the ISQG but is less than the PEL while both
HCl extractable Pb and Zn exceed the ISQG at all

stations and they even exceed the PEL at the two
lower lake stations (C&D). The sequential geochem-
ical distribution of the trace metals in Burnaby Lake
sediments demonstrate that both the organic/sulphur
bound Cu and Pb exceeds the ISQG while the sum of
the O/S (f3) and EARP (f2) exceeds the ISQG at three
of the stations and at the lower two stations f1+f2+f3
exceeds even the PEL.

Similar conclusions can be reached in comparing
the stream sediment criteria to the geochemistry. The
O/S fraction of Cu and Pb often exceeds the ISQG
especially in the lower reaches of Still Creek. For
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lead, the EARP+O/S (f1+f2) often exceed even the
PEL for this metal. For zinc the EARP (f2) exceed the
ISQG especially in lower Still Creek and this has not
changed for over 20 years.

It will require laboratory bioassay studies with well
characterized sediments to determine which geochem-
ical trace metal fractions are more bioavailable and
potentially toxic to aquatic organisms.

5.3 Distribution of Trace Metals in Stormwater

Very few studies have investigated the distribution of
trace metals in urban watersheds as water moves
through the hydrologic gradient. Recent investiga-
tions have reported dissolved and particle-associated
trace metals associated with stormwater and highway
runoff (Tuccillo 2006; Hallberg et al. 2007). Tuccilo
(2006) reported that Cu and Zn were mainly in the
dissolved phase, whereas lead was associated with
particles >5 μm and iron with larger particles. In
investigating highway runoff in Stockholm, Hallberg
et al. (2007) reported that at least 80% of the trace
metals Cu, Fe, Mn and Zn were particle-associated.
However, the proportion of dissolved metal increased
from <5% to 6–17% for these elements in winter,
likely attributable to deicing agents releasing some
particle-bound metals.

In river studies, Farag et al. (2007) reported that in
the mainstream Boulder River (Montana) more than
50% of the Cu and Zn were dissolved during high-
flow periods, increasing to 80–95% during low-flow
periods, an obvious effect of sediment resuspension
during higher flows. In the Wallkill River (New
Jersey), very little iron was dissolved (4–22%) while

more zinc (36–76%) and manganese (67–94%) were
dissolved compared to the total leachable metals from
the water (Barringer et al. 2008).

Therefore it appears that many different factors,
including flow, season and activities in the watershed,
can affect the trace metal distribution in streams and
rivers, and thus their potential impacts upon the
aquatic biota. Our investigations concluded that
reaches of lower flow (shallow lake), redox condi-
tions changes as a result of stormwater runoff, as well
as complexing agents in the water can affect the
dynamics of trace metals distribution between dis-
solved, complexed and particle-associated phases.

5.4 Trace Metal Sediment Geochemistry

Copper is predominantly associated with the organic/
sulphur geochemical phase in both stream (Fig. 6) and
lake sediments (Fig. 7) of the Brunette River
watershed. Recent sediment contaminant research
has shown a similar trend in both freshwater (Fytiano
and Lourantou 2004 – lakes in N. Greece; Wang et al.
2004 – wetlands in China) and coastal marine sedi-
ments (Burton et al. 2005 – Queensland, Australia;
Morillo et al. 2007 – S. Spain). As benthic inverte-
brates graze the organic detritus in sediments, this
selective feeding could potentially ingest more of the
copper bound sediments.

As with this investigation, previous sediment studies
have found 70–90% of the iron firmly bound to the
residual geochemical phase confirming that erosion of
natural minerals is an important source (Fytiano and
Lourantou 2004; Wang et al. 2004; Van der Veen et al.
2006 – River Ellie, Germany). However vehicle
corrosion can also be an important source of iron
in street surface contaminants (Kartal et al. 2006;
Tokalioglu and Kartal 2006 – Turkey). Vehicle iron
corrosion could be a factor that resulted in a reduction
in the iron in Brunette River watershed sediments
between 1974 and 1998 during a period when better
corrosion protection became more prevalent.

Previous research has reported that a relative high
proportion of the manganese (30–80%) is found in the
easily or moderately reducible geochemical phases
where it is present as manganese oxides or adsorbed
to iron oxides (Pardo et al. 2004; Wang et al. 2004;
Tlustos et al. 2005; Van der Veen et al. 2006 and
Morillo et al. 2007). This component of the manga-
nese would be extracted as the EARP (f2), which was

Table 7 Regulations for trace metals for the protection of
aquatic life

Phase Regulatory institution Cu Pb Zn

Water BC 5 – 30
CCME 2 2 30
USEPA 20 3.8 380

Sediment CCMEa

Threshold Effects Level (ISQG) 35.7 35 123
Probable Effects Level (PEL) 197 91.3 315

Regulations selected to agree with hardness level in water of
Brunette River watershed (30–80 mg CaCO3/l) (Hall et al.
1974). Water concentrations in μg/l and sediment concentra-
tions in mg/kg dry wt.
a Canadian Council of Ministers of the Environment (2001).
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also a component of the Brunette watershed sedi-
ments with 25–46% in stream sediments and 21–28%
in lake surface sediments. However, manganese was
also predominant in the residual phase of the Brunette
River sediments (20–80%) since it is an important
element in the natural eroding minerals of the
watershed. At two Burnaby Lake sites (C and D),
40–50% of the manganese was in the exchangeable
phase (f1) which could possibly be attributed to the use
of manganese in the fuel additive MMT. Street and car
park dust in Turkey as also been found to contain up to
30% exchangeable manganese (Tokalioglu et al. 2003;
Tokalioglu and Kartal 2006).

Sediment geochemical studies have found consid-
erable lead associated with the amorphous iron and
manganese oxides (Pardo et al. 2004; Wang et al.
2004; Burton et al. 2005; Van der Veen et al. 2006;
Morillo et al. 2007) which was also the case for the
Brunette River watershed sediments [20–50% of lead
found in the EARP (f2)]. However, lead bound to
organic/sulphur (f3) can also be important and will
probably depend on the organic matter characteristics
of the sediments. In the high organic lake sediments
(sites C and D), 50–60% of the lead was in the
organic/sulphur phase (Fig. 7). Organic/sulphur
bound lead has also been a prevalent geochemical
phase (up to 50%) in other sediments (Tlustos et al.
2005) and street dust (Tokalioglu and Kartel 2005).
As with copper, grazing of organic detritus could
make the lead in this phase more readily available to
benthic invertebrates.

Zinc is highly associated with the EARP (f2) – 30–
60% – in the urbanized Brunette watershed sediments
and it has increased over the study period (Fig. 6)
along with vehicular traffic density (Table 4) where
corrosion of galvanized components appear to be an
important source of the zinc. The zinc along with lead
are often bound to the iron and manganese oxides in
the sediment and are extracted in these acidic
reducible phases (Tlustos et al. 2005; Burton et al.
2005; Van der Veen et al. 2006; Boughriet et al. 2007;
Morillo et al. 2007).

A recent critical review found that the Tessier and
BCR sequential extraction methodologies were the
most common techniques to evaluate the geochemical
properties of solid-associated trace metals (Rao et al.
2008). Thus, where comparative data are available,
usually using the Tessier et al. (1979) or BCR
sequential extraction techniques (Kartal et al. 2006),

in both freshwater and coastal marine sediments,
general geochemical distribution trends are emerging.
Further research, probably under controlled laboratory
conditions, is required to relate sediment geochemistry
to organism contaminant bioavailability and to begin to
change regulations to better reflect sediment character-
istics and their binding properties with trace metals.

Single sediment extracts have been proposed as
alternatives to the sequential extraction technique to
evaluate potential bioavailability of trace metal con-
taminants in sediments, since they are less time-
consuming and expensive (Sutherland 2002; Fytiano
and Lourantou 2004; Moalla et al. 2006). The order of
extraction of trace metals, as a percent of the total
sediment trace metals, indicates that Cu, Pb and Zn
are usually more extractable, demonstrating that they
potentially originate from an anthropogenic source,
whereas iron and manganese appear to be more firmly
bound to sediments.

Sutherland (2002) Pb>Mn>Zn>Cu>Fe
Fytiano and Lourantou (2004) Pb>Cu>Zn>Mn>Fe
Moalla et al. (2006) Zn>Cu>Pb>Fe>Mn
This investigation Zn>Pb>Cu=Mn>Fe

Sutherland (2002) reported that 0.5 M HCl
extracted a slightly higher proportion of total trace
metals from roadside sediments (approximately 10%
more) than the sum of the three sequential extraction
phases. Our research found that the sequential
extraction technique (f1+ f2+ f3) extracted more copper
(20–40% more) and lead (10–30% more) from
contaminated lake sediments than 0.5 M HCl,
primarily due to the association of these two metals
with the organic/sulphur bound fractions. The pro-
portions of Fe, Mn and Zn extracted from lake
sediments by the two techniques were similar.

6 Conclusions

The quality of stormwater runoff and watershed
sediments provide information on the mobility and
bioavailability of trace metals (Cu, Fe, Mn, Pb and
Zn) in the Brunette Watershed. There was a decrease
in total trace metal concentrations as the stormwater
moved through the hydrologic gradient of stormwater
runoff, headwater stream (Still Creek) to outflow river
(Brunette). The dissolved portion of trace metals
increased downstream, largely attributable to disposi-
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tion in the lower reaches of Still Creek and Burnaby
Lake. Chelex resin bound very little dissolved copper,
indicating that it was bound to strong organic
complexes. Higher concentrations of particle-associated
trace metals were flushed in stormwater runoff as the
rainfall intensity and total suspended solids transport
increased. The highest levels of sediment-associated
trace metals were found in the lower gradient reaches of
Still Creek before it enters the lake and in the down-lake
stations of Burnaby Lake where higher levels of organic
matter accumulate. The highest concentrates of copper
were associated with the organic/sulphur sediment
components, whereas iron and manganese were mainly
mineral-bound (residual phase). The largest proportion
of zinc was in the easily acid reducible phase, this phase
which has become more significant as traffic and
development in the watershed have increased. At least
half the sediment-bound lead was associated with the
easily acid reducible and organic/sulphur bound phases,
with an overall decrease in total lead as it has been
phased out as a gasoline additive.
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