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Abstract-- A substantial portion of the 1otal copper. nickel and zinc in bottom sediments of the lower Fraser
River and a tributary, Still Creek were in reactive forms. Particalate rather than dissolved components were
responsible for the bulk of the metal interaciions within all of the sediments examined. Increased flow
generalty resulted in a loss of reactive copper. nickel and zine from sediments of Still Creek and of reactive
copper and zinc from sediments of the Fraser River. Decreased flow was accompanied by an increase in the
ievels of the reactive copper, nickel and ziac fractions 1n both systems. Flow-related processes appeared to
influence concentration and phase disiribution of the metals in these lotic environments.

INTRODUCTION

Ohver the last decade considerable effort has been made
{0 desvelop an understanding of the fate of trace metals
and other potental poliutants following their dis-
chirge nto aguatic environments. The bulk of evi-
dence indicates thal heavy metals react readily with
suspended particulate matter and. through sedimen-
tation  processes. accumulate in bottom deposits
tWithams e al., 197¢: Bewers and Yeats, 1978: Ealon,
F979s Dhayenesis of metals can be delayed, however,
by physical or chemiecal disturbances {Duke et al.
1978,

Spring freshel. an annual phenomenon in western
Canada and the northwestern United States. can
substantially modify river and stream beds Drainages
such as the Fraser River in British Columbia. Canada,
which transports an estimated 1.2 x 10'* g suspended
sediment during freshet from May to July {Thomas
and Grill, 1977), are thus likely to mobilize con-
siderable quantities ol heavy metals which accumulate
in botlom sediments of poliuted regions during low
flow periods.

While the literature contains numerous reports of
the geochemical partitioning of heavy metals in van-
ous hydrosoils {Jenne, 1968 ; Rashid, 1971 ; Guy e! al.,
1975}, there bave been few reports which describe the
impact of flow-related processes on the concentration
and phase distribution of metals in river bed sedi-
ments, We report here the effects of seasonal water flow
variations on the concentrations of reactive and non-
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reactive copper. nickel. and zinc in surficial bottom-
deposits of the lower Fraser River and one of its more
pelluted tributaries, S1ill Creek.

METHODS

Sampling sites

Three sampling locations were used in the study D two sites
on Still Creek, in the Brunenie drasnage basin. and one site on
the Fraser River at New Westminster (Fig. I Sull Creek
drains a highiy urban-industriahzed area within the munici-
palities of Burpaby and Vancouver, B.C. and has been
classified as a storm sewer by the Grealer Vancouver
Regional Distriel. Most reaches of the creek, however, are
uncovered. A more detailed description of the Brunette basin
is presented elsewhere {Hall et al, 1976). Samples were
collected from the west side of the Gilmore Avenue
{491 545N, 123°00'48" W) and Douglas Road [49°15'35"N,
122758 59"W bridges. two areas of intense indusirial de-
velopment. Sediments at Gilmore Avenue were composed of
coarse sand and decaying plant material while those at
Douglas Road consisted of loosely packed. fine clay. Samples
from the Fraser River were collected &t the marina in New
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Westminster (49°12°20°K, 122-5256' W1 Sediments at this
site were composed of compacied ctay and silt. This region of
the river was under tidal influenze bul sediments were never
exposed during Jow tide und were upsiream from the salt
wedge, Additional sediment characteristics have beer re-
porte¢ elsewhere (Bindra and Hall, 1979, Chapman er ai.,
1979,

Sampiing

Threr sediment cores (1op 5 em were collected from each
sampling site by hand in alcohol-rinsed Plexiglas coring lubes
13 x 30em) Water samples were collecled in glass-stoppered
botikes which were prewashed in 59, nitric acid for al least
48 bk and then rinsed in double-distilled, deionized water
id-H; O} Sediment cores were stered intact in the Plexiglas
tibes with the overiying water present and sealed at each end
with neoprene stoppers, Cores were maintained on ice during
transpori and stored a1 5°C prior 1o processing (which
accurred within 3-4 days of coliection.

Water and ash determinanens

The overlying water was siphoned from § core and 2
subsamples from the surface sediment were transferred 10
prewzighed crucibles. Dry weights were delermined aher
drying for 48 hat 90°C. Ash contemt was determined from the
subsamples of 1 core following combustion at S00°C for 7h

Sediment fractionation

An extra core was collecied [rom each site on 19 Februan
197 The top 4 cm of the core was transferred 1o an
mlersivie water secovers apparatus {Reeburgh, 1967 and
the mtersiial water (W squeezed from the core by positive
riifoger przssure throvgh & nyion mesh filer (Mithpore
Corp.. e prewashed. sterile polypropylene vials. The
fitralz was fiitered through a 0.2 pm pore size membrane
{Naciepore Corpa meumed in & sweenex adaptor on a S mi
plastic sanpge

Meta dvictminaiion

Thres subsamples of surface sediment from 1 core were
trunsferred 10 15 mil Corex centrifuge tubes by means of a
TezRen-tipped spataia and drieé for 48 h at 90-C. Afier
adpusting the sedimem dry weight to 0.1-02 g 10 mi of
byvdregen peroxide facidified 10 pH 2.0 with concentrated
nitric acidr was added slowly while the mixture was main-
1ained at 90-95°C. Addivional acidified peroxide was added
until no more fumes evoived from the reaction mixiure
Membranes containing IW pariiculate materials were trans-
ferred directly 10 Coren centrifuge tubes and treated as above.
Afier oxidation was complete. 0.5 m! of 3 N hydrochloric acid
fAristans was added and diluted immediately with 5 ml d-
H;0. and ihe reaction continued for an additiona) 30 min a1
90-95'C. The mixiure was centrifuged at 6800 g for 10 min
and the peltet washed one time with d-H,0, dried and
weighed The supernatant fractions were pooled. evaporated
10 dryness and resuspended in 1.5 N hvdrochioric acid. The
pooled material contzined metals that were associated with
organic, sulfur and easily acid-eatractable components of the
sediment and will be referred to as the reactive metal fraction.

The dried peliet from above was transferred to Tefion
beakers, 10 ml hyvdrofiuoric acid {49%;} was added and the
misture evaporated to dryness at 180 C in a sand bath. Five
m} concentrated nitric acid and Sml perchlonc acid (70-72¢ )
were added and the mixture was again evaporated 1o dryness.
The flocculent residue was suspended in 1.5 N hydrochleric
acid. centrifuged and the supermatant fraction was retained
for subsequent analysis. The metal recovered by this extrac-
tian procedure represents the non-reactive metal associated
with the sediment.

Aqueous samples were evaporated o dryness and re-
suspénded in 1.5 N hydrochloric acid prior 1o astimation of
toral metal concentration.

All glassware and materials were precleaned in 5, nitric
acid for ai least 4K h prior 10 use. All fractions for metal
analysiswere stored in new metal-free poivethyviens cemrifuge
tubes (Eppendorf} prior to detersmination of copper. nickel
and zin¢ by flameiess atomic absorption spectrometry using a
Varian Techtron Model 63 carbon atomizer. S1andards were
prepared by dissolving elemental metals in concentrated
nitric acid and diluting 10 the appropriate concentration with
L5 N hydrochoric acid. Although recovery of a meial spike
gives lttle information about the recovery of the metal
naturally present in the sample {Martin er al. 1980} known
quantities of each metal were added to subsamples 10
compare metal extracuon from the same sediment sies at
diflerent samphng times

Oraanic carbor

Three subsamples tapprox. 0.2 g wet weight susface sedi-
mentifrom the remaimng core were transferred Lo tared, acid-
washed tubes. dried at 90°C. and weighed before addition of §
ml of 0.0} or 0.05 M potassium dichromate and 10 mt of
concentraled sulfunc acid. The oxidation reaciion was con-
ducied for 3 h at 90 C. afier which the contents of the tubes
were cooled 10 room temperaturs, the particulate material
pelizted by centrifegation at 6800 g for 10 min. and the oplical
density of the supernatant fraction measured at 480 and 520
am 16 & Bawsch and Lomb Specirenic 20 colonmeter
Organic carbon determined by wet oxidatior was estimaled
from 2 standard curve m which potassium phthalate was
useé as a standard Orgamic carbor analisis of agueous
sampies was conducied by imstially evaporanng the sojution
te dryness ai 90°C prnior 1o resuspension in the above
reagents. The procedirs for orpanic carbon deterpuinstion by
combustion was similar 1o that described above for ash
delerminatior. Al plassware wat washed in chropue acd
solution and nnsed in 6-H,0 before use,

Eh dererminarion:

A separaie sedimen: sampie was collected from the New
Westminster site with a top-lcading Ponar grab. An Orien
407A lonaraiszer with a platinum elecirede was used to
measure oxidatien-reduction potertiais i the lop centimeter
of the sedimazn. :

RESULTS

Seasonal water discharge characteristics of the
lower Fraser River differed greatly from those of
smaller tributaries in the lower Fraser River drainage
(Fig. 2. During .the transition from the wet to dry
season {May-July) tributaries such as Stil Creek
exhibited reductions in flow, whereas freshet con-

Flow (m® ¢' 1000)
Q =t B~ 0

1876

Fig. 2.-Seasonat flow pattern of the Fraser River and Still
Creek. Fraser River data (solid line, flow units on left vertical
axistwere obiained at Hope B.C. by Water Survey of Canadu.
Still Creek flow tdotted line, units on right vertical axis) was
estimated from rainfall daia obtained from the Greater
Vancouver Sewerage and Drainage Districl using the pro-
cedurs doweribed In their Technical Repon on Stili Creek,
1979,
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Fig 3 Seusonal reactive metal concentrations in the Fraser
Rirer anc Suli Creek Bar represents +1 3D of 3 replicate
sampie

ditions. resulting from snowmelt in the distant moun-
wins, produced annual peak discharge in the Fraser
River at this time.

Meial concentrations in the sediments sppeared to
vary with fiow conditions. As the flow decreased from
May to July reqcnve nickeiand zine increased drama-

of meiaic 2

ticaily in the middle reaches of Siil} Creek {Fig, 3.
Reactive copper also increased at Gimere Avenue but
decreased at Douglas Road. As flow increased with the
onset of the wet scason (Seplember-November), the
reactive metal concentrations decreased to lQevels
similar to those observed at the end of the previous
wet season. At the Gilmore Avenue site, the metal con-
centrations remained low during the wel season

“(November-February), whereas thev increased at

Douglas Avenue.

Reactive capper and zinc decreased in sediments of
the Fraser River (New Westminster) during [reshet
{Fig. 3). Following peak discharge, the metal increased
as flow decreased. Zinc concemrations fluctuated
more than copper and, in fact. decreased again be-
tween November and February. Reactive nickel con-
centrations remained relatively constant throughout
the vear.

Reactive zinc accounted for the bulk of the total zinc
in the sediments of Still Creek (Table 1). Further
stuches revealed that reactive zinc increased in relation
to non-reactive zinc as flow decreased during the dry
season. A similar patiern was observed for reactive
nickel. although its relative contribution 1o total
sediment pickel was less than that of zine (Table 21,
Reactive copper contributed from 96 to 987, of the
total sediment cepper in Still Creek (Table 31 No
changas in the relative contribution of reactive to total
capper were observed. however.

The reactive forms of copper. nickel and zinc
accounted for the bulk of their respective total metal
concentrations in sediments of the Fraser River
{Tubles §. 2 and 31 As flow increased during freshet, the

Tadle § Disirihunon of 2inc among sedumen: frazuoes

‘', Assopated

Fracuop® with reactive
Siwe Date Reactivet  Non.reacuve; fraciion
Dougias Road 21 May 9% + 46 0+ 77
24 July 228+ 78 9+ g6
Giimore Avenue 21 May Q=3 940 "
24 July 342+ 64 19+1 93
New Westminsier 25 May  207+45 S+1} 72
24 July §az 13 9 +2 74

*pg metal g7t dry weight sediment imean 1 8D of 3 replicatest

fRecovery efficiency was 100-1507,,.
tRecovery efficiency was 1359,

Table 2. Distribution of nickel among sediment fractions

. Associated

Fraction® with+cactive R
She Daie Reactivet Nop-reactived fraction to s
Dauglas Road 2] May 1442 258=3 36
24 July LR R3] 83
Giimure Avenue 21 May 13x1 1745 42
Muly 4623 161 7%
New Westminster H May 46 —4 391 53
24 oy 5222 3542 0

*pgmetai g7 b dry weight sediment (mean = | 5D of 3 replicatest.

tRecovery elficiency was 61-83%,

+Recovery efficiency was 92 and 84%, for May and July sumples. respectively.
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Tzble 3 Distribuvion of copper among sedimeni fractions

& Associated

Fraction® with reactive
Sue Date Reactivet  Non-reactived fraction
Doupias Road 2 May  1i8+40 i+t G5
24 Juh =12 3z 56
Gilmore Avenue 2 May 62=6 3+ gt
34 July £24 =56 294+ 11 97
New Westminseer 21 May 41+ 11 615 LY
24 July H+6 91 69

*pg metak g7 ! dry weight sediment tmean 1 SD of 3 replicaresh.

Recovery efficiency was 51-66%

tRecovery was 180 and 78°, for May and Juiy samples. respectively.

relative contribution of reactive to tota) copper de-
creased while that of zinc and nickel remained rela-
tively constant {Tables 1. 2 and 3).
Oxidation-reduction potentials in surface sediments
of the Fraser River also varied with the development of
freshet conditions. As flow increased 1o peak discharge
in June of 1982, Eh increased from + 105 10 + 220 mV
and then decreased again as Alow decreased (Fig. 41,
Essentially all of the reactive copper and nickel
partitioned with the particulate phase of the sediments
{Table 41 The phase distribution. defined here as the
logarithm of the amount of reactive metal in | g dny
weight sediment-amount of total metal in the intersti-
tial waler accompanying 1 g dry weight sediment
ranged from 3.45-3.53 in Sull Creek te 4.2% in the
Fruser River for nickel and from 3.8010 4,15 for copper

0.
i P
a- “BC.22; X y
. i o5
: -1 RN \\-
6! 1057 .
: Pt v Fa
' :
g 7 '
< v 22
e
,
o
y !
& 4
K
3
2
Mey Jur Juty
1982

Fig. 4. Oxidation-reduction potential (EW of surface sedi-

ments in the Fraser River at New Westminster during 1982

freshet. Flow data were obtained at Hope B.C. by Water
Survey of Canada,

at all sires (Table 5). With the exception of copper. the
dissolved metal concentration in the interstitial water
was similar 10 the total concentration of each metal in
the water overlying the sediments {Table 4). The data
thus demonstrate that the particle-associated reactive
copper and nickel were 3-4 orders of magnitude more
abundan{ than the total amount of the respective
metal in either the interstitial or flowing water.

Organic content of the sediment remained relatively
constant throughout the vear in the Fraser River at
New Westminster, contributing from 4 to 5% on the
basis of weight loss following combustion (Table 61
Organic carbon determinations based on wel oxi-
dation of sediment subsamples vielded estimates that
were generally 20-30%, of those obtained by combus-
tion. The orpanic content of Stil Creek sedimenis
exhibited greater seasonal variability than the Fraser
River. Variations in orginic content were abo ob-
served between the 2 sampling sites in Still Creek.

The partitioning of dichromate-oxidizable organic
carbon between the particulate and dissolved fraction
of the sedimenis was considerably diflerent from that
of the heavy metals {Table 7). While the majority of the
oxidizable organic carbon in the sedimem was
particle-associated, it generally contributed no more
than 3 times that which was “dissolved™ in the
interstitial water.

DISCUSSION

1n most instances, the bulk-ofthe total copper. nickel

Table 4 Distribution of réactive metals belween pariiciflate and Qissolved phases f sediments

Dougias Road Gilmore Avenue New Westminster
Fraction Cul” Ni- Cu** Ni*™ Cu?™ - Ni?”
I. Total reactive metal 121 47 98 99 64 58
we gt dry weight
sedimenty
2. Total metat species in £515.91° 16.7(11.6) 154141}  29{1.8) 464817 34030
filtered interstitial
water {ng in water
accompanying | gram dry
weight sediments .
3, Total metal species in t4 113 33 53 £.2 89

unfiltered water
overlying sediment

el

*Values in parentheses represent ug metal 17 ! interstitial water.

Samples cellected 19 February 1972




Dastribution of metals

Table & Phuse distribwuon of copper and aickel
in sediments (19 February 1979y

Sne Cu®” NiTT
Duug]a« Read 4.t5 345
Giimore Avenue 30 353
New Weaminster 4,15 4.3

* Paniition coefficients expressed as the logarithm
of the amount of reactive metal in [ g dr)
weight sediment. amount of totat metal in the
interstitial waler accompanying 1 g dry weight
sediment. {Interstitial water has been filtered
te remove > 0.2 pm diameter particles.)

and zinc in the sediments of those siles examined in the
Fraser River and Still Creek consisted of the more
reactive species of these metals. These results are
consistent with previous findings of Bindra and Hall
{1975} and others (Chapman et al.. 1979). Since essen-
tially ali of the reactive metal partitioned with the
piarticulate phase. it is likely that the metals were
assoclated with clay particle surfaces (Gibbs, 1973;
Agemiar and Chau, 1976}, organic ligands tGuy er al.
19781 suifides { Preslev et al., 1972V and hydrous oxides
of manganese and iron tdenpe, 1968} Determination of
the relative contribution of these components to the
reactive metal [raction in the sediments, however, was
bevond the scope of the present study.

The significant increase (P < 001} in reactive
copper. nickel and zinc in all but one instance in
sediments of Suil} Creek during the period of decreased
flow was likely due 1o a more rapid deposition of
metals introduced via industry-related activities {Hall
el a'. 19761 Interestingly. the 20-30 pg reactive nickel.
TM250 g e nine and 738 pe reactive copper
tGoment Avepue g0 dny sediment which accumu-
lated auning low fiow appeared (o be released from the
surncial sediments as flow increased during the sub-
sequent rainy season {August-November). The reason
for the decrease in reactive copper-at Douglas Road
during low flow is not presently known. -

Reactive copper and zinc levels in sediments of the
Fraser River fluctuated with flow conditions in a
manner similar 1o those-at the Gilmore Avenue site in
Still Creek. The apparent release of approx. 20 ug Cu

GUUNVE

Table 6. Total organic carbon associated with whole sediments

Organic carbon
{mg C g~? dry weight sediment}

Site Date  Wet oxidation  .Combustion
Douglas Road 21 May 13.2+69 47+ 14
2§ Nov. 104434 52t
19 Feb. 6324218 - —
Gilmose Avenue 21 May 43403 6+t
2F Nov, 60+18 31+18
19 Feb. 104160 —
New Westminster 2 May 09+1.1 4041
2F Nov. 0.+ 20 474
19 Feb. 126+69 —

*Approximately (L g dry weight sediment was assayved in triplicate.
Vatues represent mean = 1 ymean + | SD of 3 replicates).
#Value obtained from | sample.

Table 7. Organic carbon in interstitial water of sediments®
{19 February 1979}

Site prCml L IW  IWCH  TOCE

Douglas Road
Gilmore Avenuel
New Westminster

188134 27.1+549 % n
250 9.4 pii] 2
169434 18938 32 kY,

*Interstitial water (W} was squeezed from duplicate cores and filtered
through a 0.2 pm pore size membrane. Orpanic carbon concen-
tration was estimated by wei oxidation. Values represemt mean
41 8D of 3 replicate samples.

fug carbon in inteestitial water accompanying | g dry weight
sediment.

jug towal organic carbon g™' dry weight sediment after W was
removed.

§Percent of TOC coatributed by IWC

JSamples pooled 10 obiain sufficient IW for analysis.

g~ ! dry sediment at New Westminster suggests that
bottom deposits serve as a source of metals for the
overlving river water and may contribute to their
elevated concentrations in the flowing water during
periods of peak flow (Thomas and Grill, 1977).
Increased flow likely caused scouring and oxidation of
the bottom:. processes which favor the dissolution and
release of copper and zine from the sediments (Holmes
et al.. 1974 Lu and Chen, 1977). The increase {more
positive) in Eh of surface sediments of the river during
freshel demonstrates that the bottom, in fact, became
more oxidized during increased flow., Since [reshet also
cavsed resuspension of sediments, the reactive metals
may also have been released from the bottom deposits
in a particulate form. The relative importance of
dissolved and particulate mechanisms in the release
process is difficult to determine, however, due to rapid
association of the dissolved metals to particles aiready

‘in suspension in the Bowing water.

The 25-35 pg Nig~ ! dry sediment that accumulated
during low flow conditions in Suill Creek also appeared
to be released as flow increased with the onset of the
local wet season. Although Eh was not determined for
sediments of Siill Creek, oxidation has also been
reported to favor the release of this metal from bottom
deposits (Lu and Chen, 1977). A loss of nickel was not
observed in the Fraser River, however. The small
seasonal variation in reactive nickel concentration and

the consistent relationship between reactive and non-... -

reactive nickel fractions at New Westminster. sugges!

that flow-related changesin sediment chem:slry were '

insulficient for the release of this'metal,

The decrease in réactive Zinc from May to Juty in

sediments -at New Westminster | may also have been

related to freshet conditions. The large-fluctuationsin .= -1 7 _
conceniration of this metal at other times of the year, .. - ... . ...

though, indicate that factors other than ﬂnw influence.
zinc levels in the sediment. -

The large increase in reactive metals al Douglas
Road during the wet season (Movember—February}
may have been due to changes in organic carbon
concentration. Sediment organic carbon increased
approx. 6-fold at the site during this period. The
organic material may, therefore, have provided ad-
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ditional metal-binding capacity for the streambed.
Since episodic changes in current patterns were ob-
served. at the Douglas Road site, short-term accumu-
lation of particulate organic matier in the streambed
may have contributed to the observed elevated organic
carbon levels.

Organo-metal associations in imerstitial water have
been considered key factors in regulating the release or
retention of metals from sediments {Sugai and Healy,
1978). The tendency for copper and nickel to partition
with the particulate phase in the presence of relatively
high interstitial water dissolved organic carbon con-
centrations does not suppoft a major role for dissolved
organic carbon in the transport of these metals
between bottom deposits and the overlying water.
Instead. flow characteristics, which influenced sedi-
menl Eh and particle movement. appear io be more
important in controlling the concentration and phase
distribution of metals in these lotic environments.
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