MasTER. QF -230

R / INTERIM REPORT ON THE EFFECTS OF \

ATMOSPHERIC DEPOSITION OF METALS FROM
THE SUDBURY SMELTERS ON
AQUATIC BENTHIC ECOSYSTEMS

U. Borgmann, T.A. Jackson,
T.B. Reynoldson and F. Rosa

\ NWRI Contribution No. 98-230 J




t e S ST T

~ INTERIM REPORT ON THE EFFECTS OF
ATMOSPHERIC DEPOSITION OF METALS FROM
THE SUDBURY SMELTERS ON

AQUATIC BENTHIC ECOSYSTEMS
. U. Borgmann, T.A. Jackson, T.B. Reynoldson and F. Rosa

Aquatic Ecosystem Restoration Branch
‘National Water Research Institute
~ Environment Canada
BURLINGTON, Ontario L7R 4A6

' NWRI Contribution No, 98-230



MANAGEMENT PERSPECTIVE

This is part of Environment Canada’s Action Plan (Conserving Canada’s Ecosystems). It deals
with the issue of the effects of atmospheric transport of metals from smelters: does this impact
the biota; how can this be quantified; how far are the effects felt (local, regional or trans-

boundary); and can t_hé effects be clearly demonstrated to bé caused by specific metals?

This feport summarizes data collected to date as part of an ongoing study. The degree of
contamination from the smelters at Sudbury, including sediment enrichment factors for various
metals and how far this contamination extends, has been quéntiﬁed. Biological impact in the
form of absence of selected sensitive benthic invertebrates in lakes near Sudbury, .and severe
toxicity of sediments collected from these lakes, has also been demonstrated. Information on thé
geochemical form of metals, and how these correlate with sediment toxicity, has also been

obtained.

» Direct quantification of the bioa\}ailabi'lity of metals will be determined by measuring metal
accumulation in benthic invertebrates exposed to sediments collected from lakes near Sudbury.
| Studies are also planned in which non-toxic sediments are spiked with metals to determine the
relationships between metal bioaccumulation and toxicity under conditiohs where the toxic agent
is known. Critical body concentrations at which toxicity first appears in the spiked sediment
~experiments will be compared to metal accumulation following exposure to Sudbury area
sediments in order to identify the toxic agent. This should establish a direct cause and effect
relationship between biological impacts and the metals responsible for those impacts. The effects
of metal contamination on ihdigenous microbial communities in sediments will also be examined.
This may shed light on the processes and feedback cycles involved in the degradation of benthic

communities by metal poisoning.

N.B. The Mariagement Pe_rspecﬁvefis being translated into French.



EXECUTIVE SUMMARY

During the summer of 1996, a collaborative study by members of the Sediment Assessment and
Restoratoin Project, National Water Research Institute (NWRI) was initiated in order to assess
the effects of atmospheric transport of metals from the smelters at Sudbury. The objective of the
study was to determine whether effects of metals on aquatic ecosystems could be demonstrated,
whether such effects could clearly be linked to specific metals or metal species, and to determine
the spatial extent of such effects and the roles of metal speciation and bioavaliability and rela'téd
environmental factors. Twelve lakes were selected; four contaminated lakes in the immediate
vicinity of Sudbury (<13 km from the smelter stacks at Copper Cliff); four reference lakes at
considerable distances (94-154 km) from Sudbury; and four lakes at intermediate distances (32-52
km). Two sampling sites were selected in each lake, the deepest location and a site at a depth
- of 10 m if the deep site was greater than 10 m. In ordel; to address specifically the issue of metal
effects as distinct from acidification, only lakes with circumneutral pH (6.7-7.7 in the surface
waters) were selected, and the study focused on sediments and benthic invertebrates. Metals are
readily sorbed and accumulated by particulate matter, with the result that metal concentrations
in sediments are much higher than those in the water column. Consequently, benthic
invertebrates living in these sediments should be among the most sensitive indicators of adverse
metal effects in lakes. This report summarizes data collected so far, in the course of this study.
The investigation is continuing, and the conclusions are provisional pending completion of the
study.

All of the lakes studied were thermally stratified, and probably at the peak of stable stratification
at the time of sampling. All the lakes had a similar and fairly constant conductivity of 35-

50 uS/cm, except for three of the lakes closest to Copper Cliff which had a conductivity of 300
| uS/cm. The concentrations of different forms of carbon, nitrogen and phosphorus in the bottom
water showed no distinct differences among the lakes sampled, with the possibie exception of
total Kjeldahl nitrogen. Strong, and statistically significant, decreasing trends in the
concentrations of sulphate (5-fold), nickel (100-fold) and copper (15-fold) were observed in the
deep waters as a function of distance from Sudbury. A statistically significant correlation

- between water and sediment concentrations of coppér and nickel was also observed. This



suggests that de-sorption and molecular diffusion from the bottom sediments may be the main

processes controlling the concentrations of soluble metal species in the water column.

A well defined sediment profile, with higher concentrations in the surface sediments (<5 cm) and
lower concentrations in the deep (>10 cm) was observed for several metals (Cd, Co, Cu, Ni, Zn)
in the deep stations in the lakes close to Sudbury. These profiles were much less pronounced
in the reference lakes. A strong lead profile was seen in every lake, regardless of distance from
Copper Cliff. Chromium concentrations did not vary with depth. Loss on ignition, total carbon,
iron and manganese often varied only moderately with depth, although some lakes did have
strong profiles for iron and especially manganese. The enrichment factor (EF = surface (03
cm)/deep (16-20 cm) sediment concentration) for several metals demonstrated an exponential drop
with distance from Sudbury, approaching a value of 1.0 near the reference lakes. Maximum
enrichment factors (EF at 0 km from Copper Cliff) were about 40-fold for Cd, Cu and Ni, 7-fold
for Co, and 3-fold for Zn. The distance to a 50% drop in excess (surface-deep) metal in the
surface sediments was about 15 km for Cu, Ni and Co, 25 km for Cd, and about 50 km for Zn.

- Sampling of in situ benthic invertebrates revealed phantom midges (Chaoborus spp), chironomids
(inclﬁding Chironomus spp.), and oligochaetes in many of the lakes, regardless of the distance
from ‘Copper Cliff. However, amphipods (Diporeia hoyi), bivalves (fingemail clams), and two
chironimids (Micropsectra spp. and Tanytarsus spp.) were notably absent from the lakes closest
to Sudbury. The response of the in situ community-to-site characteristics was assessed using
species level ordination analysis. There is a possible relationship between both Ni concentration
and total metal concentration and abundance, taxa, and the ordination axes. However, there is
considerable variation in the reference sites. Ordination of 19 taxa was used to try and
discriminate response patterns in the community. There may be effects at the community level,
but when analyzed at the species level they are no greater than those associated with normal
variation. The variation among the reference lakes makes discrimination of community level
effects difficult. There appear to be two major response gradients; one associated with depth and
depth related variables (e.g., temperature, particle sizeé), and a second related to metal

concentration.
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Chronic toxicity tests, with sediments collected from the study sites, revealed no clear relationship
between survival or growth of Chironomus ﬁpariué and distance from Copper Cliff. This is
consistent with the presence of Chironomus sp. in benthos samples from lakes near Sudbury.
However, survival and growth of mayflies (Hexagenia sp.) and amphipods (Hyalella azteca) in
sediments collected from lakes within 12 km of Copper Cliff were substantially poorer than in
_intermediate and reference lakes. Complete mortality was observed for Hyalella exposed to
sediments from three of the six sites near Sudbury. This is consistent with the absence of
amphipods in benthos samples collected from these lakes. Reproduction of oligochaetes (Tubifex
tubifex) was also lower in the Sudbury area sediments, although effects were less dramatic than
for mayflies or amphipods. Sediment toxicity to Hexagenia and Hyalella correlated closely with
the measured Ni in the overlying water during the toxicity test, with one exception: Hexagenia
growth, where positive, was related to loss on ignition (possibly related to food quality). Using
observed relationships between water and Ni in the sediment, and Ni in the sediment and distance
from Copper CIiff, it is possible to compute predicted mean Hyalella mortality rates as a function
of distance from Copper Cliff. The predicted distance to a mean mortality of 50% in a four-week
toxicity test, relative to the reference lakes, is 25 km, 25% mortality is predicted at 36 km, and
10% at 49 km. However, these predicted mortality rates must be interpreted with caution,

because they are based on extrapolation beyond the range over which precise data are available.

Sequential extraction of sediments with solvents ranging from mild to rigorous (CaCl,,
NaAc/HAc, NH,OH*HCI/HNO,, hot H,0,/NH acetate/HNO,, and citrate/dithionite solutions, in
that order) showed that most of the extractable Cu and Ni are strongly bound to organic matter
and possibly sulfide, whergas little Cu or Ni is bound to Fe and Mn oxides and oxyhydroxides.
Small but measurable quantities of weakly sorbed, exchangeable (CaCl,-extractable) Cu and Ni
(presumably the most readily bioavailable species) are also present. Concentrations of most
solvent-extractable Cu and Ni species in the sediments, as well as Cu and Ni levels in the pore
water, decline exponentially with distance from Sudbury, l.eve_lli_ng off over distances on the order
of ~50-100 km. However, the percentages of weakly sorbed, exchangeable Cu and Ni species in
the total solvent-extractable Cu and Ni pools increase progressively with distance from the
smelter. The survival of Hyalella tended to decrease with an increase in total solvent-extractable

Cu and Ni in sediments. This relationship was most evident at the 10-meter sites, but was largely
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masked unless the survival data were normalized with respect to lake water hardness. The
toxicity data for Hexagenia larvae also correlated with extractable Cu and Ni.  Survival of
Chironomus showed a "V" shaped pattern when plotted against the sum of solvent extractable
Cu and Ni, but only for the deep stations. The ratio of large (>500 pm) to small (<500 um)
Tubifex tubifex young correlated with extractable Cu and Ni, but was also significantly related
to spectral properties of sedimerntary humic matter, implying interrelations between bioavailability
of metals and characteristics of the humic matter. The total production of young by T. tubifex
also correlated, to some extent, with extractable Cu and Ni, but the toxic effect may have been

ameliorated by sulfide.

The work completed to date clearly demonstrates the level of contamination, especially by Cu
and Ni, in the lakes selected for this study, confirms that contamination is recent (in the surface

- and not in deeper and older sediments), and quantifies the magnitude of enrichment and the rate
at which this contamination decreases with distance from Sudbury. Furthermore, results of both
in situ benthic invertebrate community structure and sediment toxicity tests suggest that sediments
in lakes near Sudbury are less able to support a number of sensitive species, including
amphipods, bivalves and mayflies. However, further research is needed to quantify the
bioavailability of metals to the biota. Comparison of water and sediment concentrations; and
compariéon of CaCl,-extractable and total extractable metals, suggests that, while total
bioavailable Cu and Ni are most likely higher in lakes near Sudbury, bioavailability is not
directly proportional to total metal in the sediments. Direct estimates of bioavailable metal
through ‘measurement of the amount of metal actually accumulated in the tissues of benthic
organisms still need to be x‘nade. Additional research is also required to clearly identify the toxic
agent(s) in Sudbury area sediments. A number of toxicity measures correlate with Ni and Cu in
water and sediments, but correlations do not prove cause and effect. Studies are needed with

" metal-spiked sediments to obtain relationships between metal bioaccumulation and toxicity under
conditions where the toxic agent is known. Comparison of the critical body concentrations at
which toxicity first appears with metal accumulation following exposure to Sudbury area
sediments may help identify the toxic agent.

i\IB The Executive Summary is being translated 11;0 i’fench.
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1. INTRODUCTION

The ore mined at Sudbury, Northern Ontario is an important source of nickel and copper. Minor
" quantities of palladium, platinum, gold, silver, seélenium, and tellurium have been extracted from
it as well (Lindgren, 1933; Bateman, 1950). Thus, the mining and smelting operations conducted
by the INCO and Falconbridge companies at Sudbury are of considerable economic significance
to Canada. The smelters, however, are major regional sources of air pollution, whose effects on
surrounding terrestrial and aquatic ecosystems is a cause for concern (Anonymous, 1978; Chan
et al., 1983). The principal point source of pollution is the INCO smelter, which is vented by
a tall (381 m) "superstack." The Falconbridge smelter, with its shorter (93 m) chimney, could
have a disproportionately large local effect, but the INCO smelter presumably has the dominant
effect over relaﬁ@ely long distances as well as the greater total effect. Analysis of particulate
matter and gases discharged by the INCO smelter in 1996 showed that the smelter emits particles
containing a wide range of heavy metals - chiefly copper, nickel, and palladium accompanied by
minor amounts of many other elements - which are mainly in the form of oxides and sulphates
(T.C. Bumnett, verbal communication), along with vapour consisting mainly of SO, with lesser
| quantities of H,SO, and nitrogen oxides (unpublished survey data from INCO; T.C. Burnett,
personal communication). The principal heavy metal in the particulate fraction of the 1996
emissions was copper (Cu), whose mole concentration exceeded that of nickel (Ni), the second
most abundant metal, by a factor of 4.30. Owing to the SO,, H,SO,, and nitrogen oxides in the
smelter emissions, acidification as well as heavy metal contamination is a significant issue here.
Any comprehensive assessment of toxic effects of the emissions must take SO, and other
components of the vapour phase as well as the heavy metals into account (Linzon, 1958;

Dreisinger and McGovern, 1969, 1970; McGovern and Balsillie, 1975; Anonymous, 1978).

During the summer of 1996, a collaborative study by members of the Sediment Assessment and
Restoration Project of the Aquatic Ecosystem Restoration Branch of the National Water Research
Institute (NWRI), was initiated in order to address the issue of atmospheric transport of metals
from smelters. The objective of the study was to determine if biological effects on aquatic
ecosystems could be demonstrated; if such effects could clearly be linked to specific metals; and

to determine the spacial extent of such effects. The study area chosen was Sudbury, because of



its long history of metal mining and smelting and because of the proximity of this site to NWRI.
This report summarizes data collected so far as part of this study, and includes appendices of
chemical and physical data at the study sites. This study is continuing, and the conclusions are
not final. A more detailed interpretation of the data must await additional measurements (e.g.,

metal bioavailability).

An extensive literature base already exists on environmental research conducted in the Sudbury
region (e.g., Gunn, 1995). Much of this research, however, has been focused on the effects of
acidification, and most of the emphasis in biological studies has been on plankton and fish.
Metals are known to adsorb onto particulate matter and then settle into the sediments. Metal
concentrations in sediments are; therefore, much higher than those in the water column.
. Consequently, it might be expected that benthic invertebrates living in these sediments should be
among the best indicators of adverse metal effects in lakes. However, relatively little research

on benthos and/or sediment toxicity has been reported in the Sudbury area.

In order to specifically address the issue of metal effects, rather than acidification, only survey
lakes with circumneutral pH were selected, and the study focused on sediment and benthic
invertebrates. Lakes were selected from an inventory of lakes and accompanying pH and water
chemistry data provided by W. Keller (Ontario Ministry of Northern Development and Mines)
and sampled between August 19 and 26, 1996 with the Department of Fisheries and Oceans
launch Petrel. Twelve lakes were selected, four potentially impacted lakes in the immediate
Sudbury area (<13 km from the smelter stacks at Copper CIliff), four reference lakes at
considerable distances (94:154 km) from Sudbury, and four lakes at intermediate distance (32-52
km, Table 1.1, Figure 1.1). Two sampling depths were selected in each lake, the deepest location
(site codes ending in D), and a site at 10 m depth if the deep site was greater than 10 m (site
codes ending in 10). Only a single (deep) site was chosen for Ramsey Lake. This lake is within
the City of Sudbury and sediment contamination by metals is not necessarily entirely due to
atmospheric deposition. This site was included since it was very close to the site of emissions,
known to be heavily contaminated, and might show effects even if the other lakes did not (i.e.,
it might serve as a positive control, if needed). All the lakes had circumneutral pH (6.7-7.7) in
the surface waters, although pH in the deep water was lower (5.7-7.2, Appendix 1). In addition,




toxicity tests included controls using sediments from Hamilton Harbour or Lake Erie. These
sediments had been used previously and were known to support good survival and/or growth of

benthic invertebrates in the laboratory.

TABLE 1.1. Study lakes and control sediment collection sites (for toxicity tests), site
codes, latitude (Lat) and longitude (Long.), distance from the smelter
stacks at Copper Cliff, and depth.

Lake name Site codes Lat. Long. Distance Depth
(deg)  (deg)  (km) (m)

Sudbury Lakes:

Ramsey RAMD 46.4806 80.9758 6 21
McFarlane MCF10 46.4233 809494 10 10
MCFD 46.4136 80.9689 20
Raft RAF10 464125 809406 11 10
RAFD 46.4128 80.9514 15
Richard " RICD 46.4378 809167 12 9
Intermediate Lakes:
Nepewvassi NEPD 46.3333 80.6956 32 9
Kakakiwaganda KAK10 46.1917 80.7894 38 10
KAKD 46.1900 80.7908 24
Trout TRO10 46.2283 80.6408 43 10
TROD 46.2278 80.6169 46
Lower Sturgeon LOS10 46.1269 80.6006 52 10
LOSD 46.1353 80.6081 46
Reference Lakes:
Tomiko TOM10 46.5383 79.8333 94 10
' TOMD 46.5439 79.8142 23
Restoule RES10 46.0561 79.7953 107 10
RESD 46.0569 79.8061 28
Nosbonsing NOS10 46.2167 79.2228 144 10
NOSD 46.2183 79.2181 14
Talon TALI10 46.2964 79.0436 154 10
TALD 46.3014 79.0647 40
Control sediment collection sites: '
Hamilton Harbour (site 1) HH1 43.2802 79.8728 368 12
Lake Erie (site 303) LE303 42.5639 80.0417 443 25
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Figure 1.1. Map of the study area including the location of the smelter stack at Copper Cliff. Study lakes
are indicated by a 3 letter code corresponding to lake names in Table 1.



TABLE 1.2. Table of Notali'orns:‘ -

B-1 ' 1 m above the bottom sediments

1 m ' 1 m below the water surface
~Cl - chloride |
COND specific conductance
DIC . ‘ dissolved inorganic carbon
DO dissolved oxygen
" DOC . N dissolved organic carbon
Epi : epilimnion
Hypo hypolimnion
Meso ~ mesolimnion or thermocline
NH, : ammonia o
NO,,, ‘nitrate plus nitrite
Si0, - - silica* -
S04 sulphate
SRP soluble reactive phosphorous -
TDC total dissolved carbon
- TKN " - total Kjeldahl nitrogen
Temp _ temperature (°C) ‘
TPF total filtered phosphorous
TPUF total phosphorous. '

TPP  total particulate phosp_horo‘us'

2. WATER CHEMISTRY
2.1  Sampling and Analytical Methods

In the twelve lakes sampled, a continuous surface-to-bottom depth profile of pH, specific
conductance (COND), dissolved oxygen concentration (DO), and temperature was recorded by
a HYDROLAB Profiling Systém, Model DataSonde, 3. There were a maximum of ty&o stations
in each lake: a shallow station (10 m or less) and another at the the deepest sounding (Table 1.1).
'Water samples for the determination of' nutr'ie_nt,-and'trace and major eiement concentrations' were

collected 1 m ab‘éve the bottom sediments, using a van Dom bottle (Rosa ef al., 1991).



The water samples collected for the determination of the concentrations of nutrients and major
and trace elements were filtered and then divided into diffefen_t subsamples. These subsamples
were stabilized with various preservétives such as HNO, (conc.) for subsamples for the
determination of trace and major eleménts, and H,SO, for subsamples for the determination of
chemical forms of phosphorus. Total filtered and unfiltered phosphorus (TPF and TPUF,
respectively), and dissolved organic and inorganic carBon (DOC and DIC, respecti?ely) were
determined by the methods described by Environment Canada (1995a). The concentration of total
particulate phosphorus (TPP) was calculated as the difference between that of TPUF and TPF.
The concentration of total dissolved carbon (TDC) was calculated by summing that of DOC and
DIC. Total nitrogen (TN) was calculated as total Kjeldahl nitrogen (TKN) plus nitrate (NO;) and
_nitrite (NO,). Total inorganic nitrogen (TIN) was calculated as (NO,” + NO,’) plus amimonia
(NH;).- By t_hié method, TIN levels may be overestimated by the contribution of NO,” which in
most lakes is negligible coxﬁpar‘ed to NOy,, based on the findings of Molot and Dillon (1991). .

The concentrations of total and dissolved major and tracé elements in the water samples (Cd, Cr,
Cu, Fe, Mn, Ni, Pb, Tl and Zn) were determined according to the methods described by
Environment Canada (1995b). Prior to the determination of the elements, the water samples were
filtered in the field within a few hours of collection using a Millipore glass filter apparatus with
0.45 micron (pore size) cellulose acetate ﬁltérs; Filtered samples were acidified with "Ultrex"
grade HNO; (conc.) to a final concentration of 0.4% and shipped to the laboratory. The samples |
were stored at 4°C prior to analysis. In addition to major a_nd trace elements, the concentrations

of SO, Si0, and CI" were also determined in all collected samples.

+

2.2 Water Temperature

All of the lakes studied were thermally stratified and were probably at the peak of stable
stratification (the greatest temperature difference between surface and bottom). - The surface
| temperaturé at all the sites was fairly constant (Figure 2.1) with a mean of 22.4°C, and a standard
deviation of 0.4°C, (Table 2.1). The thermal layers at the deep sites (D), and some of the shallow

sites, were typical of well stratified northern lakes, with epilimnion and thermocline thickness
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Figure 2.1. Temperature, specific conductance, dissolved oxygen concentration and pH,_ at one meter below surface (o)
and one meter above the bottom (%), at each site in the study lakes. Data were obtained from the Hydrolab profiles ( See

" Appendix 1).



between 4-7 m, and 2-5 m, respectively, and the remainder of the water column consisting of a
cold (5-7°C) hypolimnion, with the exception of Lakes RIC and NOS which had no hypolimnion
- (Table 2.2). Some variability in the thermal structure is not uncommon, owing to differences in
depth, different hydrodynamic conditions induced by variable solar radiation and wind forcing
at the water surface, and of course the surface area and orientation of the main axis to prevai]ing

winds, which also play an important role.

23  Conductance, pH, and Dissolved Oxygen Concentrations

Conductance, pH, and dissolved oxygen measurements for all the sites, at the surface (1 m) and
bottom (B-1) were obtained from the Hydrolab profiles data, (Table 2.1). The surface and bottom
conductivities at each site are very similar (Figure 2.1). Conductivities are highest (10-fold) in
the four lakes closest to Copper Cliff with the exceptioﬂ of Raft Lake; .‘all the. other lakes,
including Raft, have a fairly constant conductivity of 35-50 uS/cm. Surface oxygen
concentrations and pH values fall in the ranges 8.0-9.0 mg/L, and 7.0-7.5, respectively. The
lowest oxygen concentrations (<1.0 mg/L )in the bottom water, were found at the deep site of
lakes MCF and NOS, (Table 2.2). The depth-concentration data collected with the Hydrolab
Profiling System are reported in Appendix 1. The conductivity showed less variability between

the surface (1 m) and 1 m above the bottom (B-1) than did oxygen and pH (Figure 2.1).

24 Nutrients and Majqr Ions

The concentrations of different forms of carbon, nitrogexi, and phosphorus in the bottom water
show no distinct differences among the lakes sampled (Figure 2.2), with the possible exception
of TKN, which seems to decrease with increasing distance from Copper CIiff. Tﬁe range of total
phosphorus c‘oncentrat‘iods in the bottom waters were 0.007-0.029 mg/L (Table 2.3). These
concentrations are much higher than those found in nutrient limited cehtra.l Ontario lakes (less
than 0.01 mg/L) a‘ccord_ing to Molot and Dillon (1991). The concentrations of the different
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TABLE 2.1. Temperature, pH, conducﬁvity and dissolved oxygen
(percent saturation and mg/L) at each site and distance
from Copper Cliff.

Lake/sitt Distance @~ Temp  pH  Cond ~  Sat 0

(km) CC) (uS/cm) (%) (mg/L)
Summary data, 1 meter above bottom :
RAMD 6 72 7.01 299 57 6.69
MCF10 10 93 7.17 300 61 6.76
MCFD 10 6.7 6.74 303 7 0.83
RAF10 11 10.6 6.89 40 92 9.96
RAFD 11 7.5 6.47 42 50 5.78
RICD 12 202 7.20 169 70 6.09
KAKD 38 56 6.13 - 69 22 262
TROD 43 5.7 5.78 32 47 5.76
LOS10 52 5.5 6.44 32 64 7.83
LOSD 52 4.5 6.11. 32 70 8.79
TOM10 94 16.0 6.36 33 70 6.67
TOMD 94 9.2 571 31 46 5.07
RES10 107 109 634 32 62 6.64
RESD 107 6.1 5.72 33 52 6.20
NOS10 144 176 6.56 62 35 3.20
NOSD 144 12.2 6.48 82 5 0.46
TAL10 154 10.3 6.88 46 70 7.56
TALD 154 5.7 6.10 45 62 1.57
Mean 9.5 6.45 93 52 5.80
SD ‘ 44 0.46 98 22 - 2.48
Summary data, 1 meter below surface
RAMD 6 222 7.54 308 98 8.27
MCF10 10 - 224 7.37 325 96 8.06
MCFD 10 222 1.73 325 99 8.32
RAF10 11 226 7.01 42 97 - 815
RAFD 11 230 7.10 42 99 8.21
“RICD 12 21.7 6.74 33 96 8.14
KAKD 38 22.1 7.12 66 96 8.07
TROD 43 225 6.89 34 101 8.42
LOS10 52 227 7.11 35 98 8.16
LOSD 52 229 7.16 35 100 8.30
TOM10 94 225 7.47 51 103 8.60
TOMD 94 226 685 34 102 8.52
RES10 107 217 6.85 33 97 8.24
RESD 107 21.8 6.74 33 96 8.14
NOS10 144 22.2 7.23 52 97 8.18
NOSD 144 222 7.18 52 96 8.10
TAL10 154 22.5 7.46 170 98 8.19
TALD 154 23.1 7.48 50 103 8.50
Mean 224 717 95 98 8.25
SD 0.4 0.28 105 2 0.16
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ERRATA: The data for RICD, TROD, TOM10, TOMD, TAL10 and TALD at 1 meter below the
surface have been inadvertently exchanged in Table 2.1. The correct values are given below.

Table 2.1. Temperature, pH, conductivity and dissolved oxygen
(percent saturation and mg/L) at each site and distance

from Copper Chff _

Lake/site  Distance ~ Temp pH Cond Sat DO
(km) (6(®)] (uS/cm) (%) (mg/L)
Summary data, 1 meter m
RAMD 6 72 7.01 299 57 6.69
MCF10 10 93 7.17 300 61 6.76
MCFD 10 6.7 6.74 303 -1 0.83
RAF10 11 10.6 6.89 40 92 9.96
RAFD 11 75 6.47 42 50 5.78
RICD 12 20.2 7.20 169 70 6.09
KAKD 38 5.6 6.13 69 22 2.62
TROD 43 5.7 5.78 32 47 5.76
LOS10 52 55 6.44 32 64 7.83
LOSD 52 45 6.11 32 70 8.79
TOM10 94 16.0 6.36 33 70 6.67
TOMD 94 9.2 5.71 31 46 5.07
RES10 107 10.9 6.34 32 62 6.64
RESD 107 - 6.1 5.72 33 52 6.20
NOS10 144 17.6 6.56 62 35 3.20
NOSD 144 12,2 6.48 82 5 0.46
TAL10 154 10.3 6.88 46 70 7.56
TALD 154 57 6.10 45 62 7.57
Mean 95 6.45 93 52 5.80
SD 44 0.46 98 22 2.48
Summary data. 1 meter be fac
RAMD 6 222 7.54 308 98 8.27
- MCF10 10 224 7.37 325 96 8.06
MCFD 10 222 7.73 325 99 8.32
RAF10 11 226 7.01 42 97 8.15
- RAFD 11 230 7.10 42 99 821
RICD 12 225 7.46 170 98 8.19
KAKD 38 22.1 7.12 66 96 8.07
TROD 43 23.2 7.06 33 101 8.31
LOS10 52 227 7.11 35 98 8.16
LOSD 52 229 7.16 35 100 8.30
TOMI10 94 226 6.85 34 102 8.52
TOMD 94 225 6.89 34 101 8.42
RES10 107 21.7 6.85 33 97 8.24
RESD 107 218 6.74 33 96 8.14
NOS10 144 22.2 7.23 52 97 8.18
NOSD 144 222 7.18 52 96 . 8.10
TAL10 154 231 748 50 103 8.50
TALD 154 225 747 51 103 8.60
Mean 225 7.19 95 98 8.26

SD 0.4 027 105 2 0.15
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TABLE 2.2, Water depth at the bottom of the epilimnion [e] and top of the
hypolimnion [h], total water column sounding depth [s], thickness of
the epi-, meso- and hypolimnion, and dissolved oxygen concentration
at the sediment-water interface (SWI) and 1 meter off the bottom
(B-1) at each site and distance from Copper CIiff.

Lake/site Distance [e] (h) s] DO-SWI DO-B-1 Epi Meso Hypo
) () o @) mel) @) ) ) 2@

RAMD 6 78 11.3 206 - 645 6.69 78 35 93
MCFI0O 10 56 - 80 10.0 0.07 6.76 5.6 24 20
MCFD 10 5.5 10.3 19.6 0.51 0.83 5.5 48 93
RAF10 11 55 9.9 99 99 9.96 5.5 44 00
RAFD 11 6.1 9.9 15.3 4.40 5.78 6.1 3.8 54
RICD 12 74 9.0 9.0 3.72 6.09 74 1.6 00
KAKD 38 5.1 7.2 23.6 1.65 2.62 5.1 2.1 16.4
TROD 43 4.6 9.0 463 5.74 5.76 46 44 373
LOS10 52 4.1 6.6 9.8 7.98 7.83 41 25 32
LOSD 52 40 6.7 463 428 8.79 4.0 27 396
TOMIO = 94 7.3 9.9 9.9 6.14 6.67 7.3 26 00
TOMD 94 6.1 11.7 22.6 4.87 5.07 6.1 56 109
RESI0 107 3.9 10.4 10.4 6.33 6.64 3.9 65 00
RESD 107 4.1 9.3 28.3 6.02 620 4.1 52 190
NOSI0 144 8.1 10.3 103 155 3.20 8.1 22 00
NOSD 144 90 135 135 . 034 0.46 9.0 45 00
TALI0 154 4.7 11.0 11.0 765 7.56 4.7 63 00
 TALD 154 4.7 9.2 36.1 71.55 7.57 47 45 269
Mean.  69.1 5.8 9.6 19.6 473 - 580 58 39 100
SD 54.2 1.5 1.7 12.0 2.83 2.48 1.5 15 126

4

phosphorus forms show a possible i mcreasmg trend with log distance from Copper Cliff. Greater

than 70% of the total phosphorus is in the particulate fractlon

Significantly greater concentrations of SO,* were found in the lakes closest to Copper CIiff, with
statistically significant decreasing trend with distance (Figure 2.3). Sulphate shows a clearer and
greater decrease in concentration with distance away from the smelters than all the other elements
- measured with the exception of nickel and copper. Decreasing trends with distance are also ’

shown by Cl, and DIC, but these parameters are not as highly correlated with distance, as SO,
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TABLE 2.3. Chloride, silicate, sulphate, dissolved inorganic carbon, dissolved organic carbon, total
dissolved carbon, total Kjeldahl nitrogen, soluble reactive phosphorus, ammonia, nitrate
plus nitrite, total dissolved (filtered) phosphorus, total particulate phosphorus, and total

phosphorus (unfiltered) at 1

meter off the bottom at each site and distance from Copper

39

~ CIiff.

Lake Distance €l  SiO, ‘SO, DIC DOC TDC TKN SRP NH, NO,, TPF TPP. TPUF
' (kim) : ' '

Deep station _ : E .
RAMD 6 596 31 . 236 72 7.1 143 0372 00019 0011 0067 00039 00073 00112
MCFD 10 618 50 153 126 40 166 0431 00020 0176 0.92 00060 00106 0.0166
RAFD 11 11 24 129 26 60 86 0322 00015 ND ND  0.0057 00065 00122
RICD 12 312 16 123 75 33 108 0.80 00011 ND 0010 00034 00081 00115
NEPD 32 12 58 84 41 70 1L1 0368 00047 0052 0010 00127 00142  0.0269
KAKD 38 66 63 71 73 .78 151 0361 0.0029 ND 0230 0.0056 00074 00130
TROD 43 10 37 72 44 65 109 0234 00032 ND 0168 0.0060 00063 0.0123
LOSD 52 13 6.6 60 55 78 133 0313 00031 ND 0202 00118 00082 0.0200 .
TOMD 94 25 45 52 39 71 110 0246 00013 0005  0.162 00042 = 0.0042 00084
RESD 107 29 53 73 14 53 67 0242 00021 0007  0.190 0.0033 00044 00077
NOSD 144 31 119 25 110 54 164 0177 00023 0052 ND - 00076 00037 00113
TALD 154 40 59 73 53 52 105 019 00011 ND 0218 0.0024 00047  0.0071
Shallow station N : _ : o

MCFI0 10 624 39 - 167 123 49 172 0325 00015 0043 0091 00025 00260 0.0285
RAF10 11 1.5 10 146 16 31 47 0.8 00017 ND ND 00065 00010 0.0075
KAKIO 38 66 52 83 62 76 -138 0294 00052 ND 0.116 _ 0.0068 0.0022  0.0090
TROI0O 43 09 34 71 38 65 103 0326 00021. ND  0.175 00040 0.0050  0.0090
LOSI0 52 09 S6 80 S8 74 132 0304 00013 ND 0215 00029 00041 0.070
TOMIO 94 26 36 56 54 73 127 0266 00012 0014 0130 00031 00045 0.0076
RESIO. 107 26 49 65 38 58 96 0224 00013 0005 018 00018 00076 0.0094
'NOS10 144 28 93 54 70 53 123 0354 00065 0085 _ ND 00172 00069 0.0241
TALIO 154 40 53 6.6 48 . 87 0160 00003 0007 0.90 00025 0.0051 - 0.0076

‘ND= Not Detected
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The correlation between distance and SO, (0.51), is statistically significant at the 5% level of
significance. Silicate shows a tendency to increase with distance from Copper Cliff (Figure 2.3),
but the trend is not statistically significant. Other nutrients show a variable pattern of spatial

~ distributions and do not reveal any trends with respect to distance from the smelters (Figure 2.2).

2.5 Trace Elements

The effect of s_mé_l.ting operations in the Su_d‘bbury Basin on the metal léadings to the Sudbury area
" lakes is clearly r_eve_aled by fgéﬁlts'showh in Table 2.4. The lake v,v"qter concentration of nine
metals (Table 2.4), sampled in two sites in each lake within the stﬁdy é,rea, shows considerable
- decrease in metalv concéntrations from the severely pélluted areas (Sudbur_y lakes) to the
“reference” lakes, especially for Ni, Tl and Zn (Figure 2.4), and also Cu (Figure 2.3). The
greatest decrease (100-fold) was observed in the concentration of nickel, followed by copper,
which showed a 15-fold decrease. In contrast, the concentration of Cd was below detection Iimit'
for all‘ sites, with the. éXception- pf three sites where the Cd levels were at the detectionv.l—_i'mit._
Concentrations of Cr wére.vei'y low and fairly constant (2-3 ug/L)._for all the sites. The same
spatial pattern was observed for Hg (see _Section'6). I |

Regression analyses ;elating the total thallium and copper COncent_ratibAn,s in water to .t_h,e total
‘nickel content showed significant positive 'c_o‘rrela._tic'ms (Figu_re 2.5),’\Which may indicate the
| possibility of these elements originating from a similar source. Moreover, the cqnc,e'nt;a'.t;ion,s‘ of
Ni and Cu in-ihe sUrﬁcia'l:'(_O‘-l cm) sediments are well correlated (Figure 2.5). Sta_tisticaﬂly
significant positive correlations between Wa‘t‘ef and sediment coricentration of Cu and Ni were
also found (Figuré_2-.3). This may be a result of desorption and molecular diffusion transferfing
soluble metal species from the contaminated sediments leadjng to the release of the metals to the -
- water column above. 'N'ickel. in water was directly proportional to Ni in 's,edi,m_e‘nt; but thq Cu
'concexitrat_iOn's'i_n watér increased more slowly than se&i,ment Cu cqncentfations (Figu;e 2.3).
This may be due to the higher binding capaéity_ of Cu to organic .ma‘tt‘e‘r,‘ compared with Ni (see

Section 6.3.6). The strong relé;ti'onship between Ni in sediment and Ni in water is only seen if
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TABLE 2.4. Total metal concentrations (ug/L except for TI) in water 1 meter

' off the bottom at each station and distance from Copper Cliff.
Copper concentrations in parentheses are anomaloiisly high when
compared to the other stations from the same lake and might be
due to contammanon.

Lake Distance Cd Cr Cu Fe Mn Ni Pb  Zn Tl

(km) . : o : (ng/L)

Deep station _

RAMD 6  ND 3 13 60 81 74 . ND 13 11
MCFD 10 3 2 8 26 857 53 1 16 8
RAFD 11 ND 3 19 239 252 112 - 1 12 13
RICD 12 ND .3 11 105 146 67 ND 9 14
NEPD 32 ND. 3 4 784 604 9 ND 3 4
KAKD 38  ND 3 9 1100 859 13 ND : 4
TROD - 43 _ ND . 3 3 9 9 s 2 3 -3
LoSsD 52 ND 3 7 - 1387 238 6 2 14 5
TOMD 94  ND 3 63) 249 24 4. ND 9 6
RESD 107 ND 3 @0) 155 34 2 ND 15 3
NOSD 144 ND 2 1 4241 1012 1 ND 2 2
TALD 154  ND 3 (Q0) 171 9 3 ND 14 4
Shallow station )
MCF10 10 3 3 9 59 140 38 2 12 s
RAFI0 11 ND 3 11 ‘84 16 101 1 13 18
KAKI0O 38  ND 3 13 91 20 11 ND 33 4
TRO10 43 ND 3 3 .90 13 6 ND 4 2
LOSI10  S2 ND 3 (132) 131 8 6 1 15 4
TOMI10 . 94 ND . 4 2 88 22 2 ND 4 4
RESI0O 107  ND 3 s 75 14 2 1 -5 2
NOSI0 144 = 3 3 2 349 869 1 ND 4 5
TAL10 154 ND '3 (166) 84 ] 3 32 34 3

L e

ND < Not Detected

data for all lakes are co’mpa‘réd; no such relationship is observed when the S’udburfy area lakes

are examined separately.
2.6 Summary of Water Chemistry Observations .

| 1) All of the lakes studled were thermally stratified, and probably at the peak of stable

stratification.
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2) The surface and bottom conductivities at each-site were very similar. Conductivity is highest
(tenfold), in the four lakes closest to Copper CIiff with the exception of Raft Lake. All the
other lakes, including Raft, have a fairly constant conductivity of 35-50 uS/cm.

3) The concentrations of different forms of carbon, nitrogen, and phosphorus in the bottom water
show no sigﬁiﬁcant differences among the lakes sampled, with the possible exception of
TKN.

4) Significantly greater concentrations of SO were found in the lakes closest to Copper CIiff,
with statistically significant decreasing trend with distance from Sudbury. Sulphate shows
the clearest and greatest decrease in concentration with distance of all the eleme,rits measured
with the exception of nickel and copper.

5) The greatest decrease (100-fold) was observed in the concentration of nickel, followed by
copper with a 15-fold concentration decrease.

' 6) A statistically significant correlation between water and sediment concentration of copper and

nickel also exists. This correlation suggests that de-sorption and molecular diffusion may be

the main processes transferring soluble metal species from the contaminated _sédiments to the

water column above.

3. SEDIMENT BULK CHEMISTRY
3.1 Methods:

Surface sediment samples for metal analysis were obtained from' within the top 5 cm of sediment
collected with a box corer. In addition, at the deep stations only, a 20-cm sediment core was ,
taken using a Technical Operations Corer (modlﬁed combmatlon of Kajak-Bnnkhurst and
Benthos Gravity Corers) and carefully sectloned using a hydrauhc extruder (Mudroch and
MacKnight, 1994) into 1-cm intervals for the first 10 ¢m, and 2-cm intervals for the next 10 cm,
to obtain a sediment profile of metal concentrations. Sediment samples were freeze-dried and
ground in a mortar and pestle before analysis for total rﬁetals. A 0.5 g subsariple was digested
with concentrated nitric (5 mL) and hydrofluoric (3 mL) acid in teflon beakers on a hotplate at
95°C and evaporated to dryness. Residues were redissolved in hydrogen peroxide (30%, 1 mL)
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and nitric acid (0 4 M, 5 mL) and gently heated for 1 h. Samples were then cooled diluted to
/ 50 mL w1th 0 4 M nitric acid and centrlfuged at 5000 rpm for 30 minutes. Metals were analyzed
on alJy 74 inductively coupled argon plasma optical emission system (ICAP OES). Recovery
of metals from certified reference matenal (NIST-2704 Buffalo River sediment) was w1thm 10%

- of the certified values.

Particle size was determined by sieving to remove sand and gravel (62.4 micron mesh).  The
- material passing through the sieve was suspended in a dispersant solution and analyzed on a
Sedigraph analyzer for particle size (silt >3.91 microns> clay). Organic and inor'ganic carbon
| were measured by infrared ahalysi_s of combusred carbon from dried sedi,menf sam_ple_s using a
LECO-12 Carbon Determinator. | o

3.2 Sediment Metal Profiles

A well defined sedi"me"’n‘f proﬁle;_ with higher concentrations in the surface se‘diment§(<5 cm) and
| lower concentrations in the deep sediments (>10 cm) was observed for several metals (Cd, Co,
Cu, Ni, Zn) in_marry of the. deep stations, especially in the‘ lakes close to Sudbury (Appendix 2).
These proﬁles_yve_re much less pronounced ijn-s_edime"nts of the reference lakes. ‘A strong lead
Aproﬁle was seen in every lake, regardless of distance from Copper Cliff. The depth of maximum
changev in met'al concentrations was slmilar for each of these metals within a lake, but varied
 between lakes. Chromium concentratlons did not vary with depth.. Loss on ignition, total carbon '
iron and manganese often varied only moderately with depth, although some lakes d1d have -

strong profiles for iron and especially manganese (e.g., McFarlane Lake, Appendix 2).

In order to examine métal concentrations with distance from Sudbury, the'average surface (mean |
of the 0-1, 1-2, and 2-3 cm depths) and average deep (mean of 14-16, 16-18 and 18-20 cm
depths) metal concentrations were calculated (Table 3. 1) For surface manganese at site MCFD
and surface ifon at srte RESD where one of the measurements was over range, the median is
reported instead of the mean. Surface and deep. metal concentrations ‘were then plotted as a

function of distance from Copper Cliff (Figure 3.1). Smooth solid curves drawn through the
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TABLE 3.1, Mean metal éonce‘ntra‘ﬁons in surface (0-3 cin) and deep (14-20 c¢m) sediments
of the deep water sites in each lake and distance from Copper CIiff.

Site - Distance Cd Co Cr Cu Fe Mn Ni Pb Zn LOI TC
(m) (g/p) (ng/s) (ng/) (gl C4) (g/e) (e/e) (ele) (ngle) (%) (%)

Surface sediment mean concentr%ition

RAMD 6 494 95 - 94 1753 420 904 1838 143 303 10.7  5.56
MCFD 10 1815 198 62 1325 497 4109 5307 99 . 1107 208 9.86
RAFD 11 3.60 51 69 989 381 420 1399 100 182 174 966
RICD 12 4.86 75 64 1023 279 432 1968 57 228 147 803
NEPD 32 291 37 98 222 425 870 353 56 275 181 9.23
KAKD 38 3.69 38 71 190 625 1673 299 70 280 230 1093
TROD 43 6.65 55 67 259 754 5767 38 189 395 217 10.69
LOSD 52 4.01 41 . 79 | 141 492 1247 177 152 294 210 975
TOMD 94 2.26 22 42 28 315 1152 35 19 148 279 1334
RESD 107 742 25 50 55 159 5694 57 137 369 180 995
NOSD 144 231 18 81 39 636 984 49 30 174 187 825
TALD 154 476 25 106 39 9.90 4626 57 49 390 152  6.11

Deep sediment mean concentration

RAMD 6 0 18 96 48 3.08 448 72 0 99 127 4.80
" MCFD 10 1L11 23 66 34 3.15 1446 43 0 149 28.1 15.03
RAFD 11 0.01 20 74 44 2.56 529 45 0 85 18.1 9.85
RICD 12 0.50 14 64 73 - 2.00 368 205 0 89 260 1549
NEFD 32 0.30 29 131 41 4.94 722 73 0 166 140  6.10
KAKD - 38 0.62 24 83 42 366 974 58 18 166 207 10.04
TROD 43 0.22 22 67 34 3.38 2335 33 0 132 286 14.05
LOSD 52 0 31 74 32 332 1366 34 0 140 295 1472
TOMD 9% 1.44 23 68 21 3.26 989 29 0 137 306 1456
RESD 107 1.25 16 53 33 402 1472 23 0 168 273  12.84
NOSD 144 1.00 19 90 34 467 626 48 4 161 9.5 5.19
TALD 154 2.59 26 120 29 797 2788 53 0 181 159  7.08

plots represent linear regressions of log(concentration) against distance from Copper Cliff (the
lines are curved because distance is plotted on a log scale for clearer presentation). The surface

concentrations of Co, Cu and Ni decreased with distance from Copper Cliff, while the deep
| concentrations remained relatively constant. The surface concéntrations 'of Cd and Zn decreased

slightly with distance from Copper Cliff, and the deep sediments increased somewhat. For all
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five of these metals the surface and deep sediment concentrations converged at the reference
sites. Surface concentrations of Pb decreased slightly with distance, but were always much
higher than the deep sediments. The surface concentrations of Fe and Mn were generally slightly
higher than the deep concentrations, and both surface and deep sediment concentrations increased
with distance from Copper Cliff, possibly due to a gradual shift in surface geology. The
concentrations of Cr, loss on ignition, and total carbon showed no 'co_ns_istent trend, either with

depth or with distance from Copper CIliff.
For Cd, Co, Cr, Cu, Ni and Zn the surface data were fitted to the equation
log(surface metal concentration) = log(background + 104 *2*¢) ' _ m

where d is distance from Copper Cliff and A and B are constants. Equation 1 (dashed lines in
Figure 3.1) provides a much better fit to surface metal concentrations than a linear regression of
log[metal] against distance, and can be used to predict approximate metal concentrations in
surface sediments without reference to deep sediments; if necessary. This equation could not be
fitted successfully to Fe, Mn or Pb surface concentrations. Background metal concentrations
predicted from equation 1 are summarized in Table 3.2 and compared to observed deep sediment
concentrations. Background metal concentrations predicted in this way were similar to the deep
sediment concentrations for all of the metals except Cd and Zn, the 2 metals for which

concentrations in the deep sediments increased with distance from Copper CIiff.

For Cd, Co, Cu, Ni and Zn, which showed significant enrichment in sutface sediments near
Sudbury, the enrichment factor (EF = surface/deep concentration) was calculated and fitted to the
~ equation

log(EF) = log(1 + 10°*%") ()
where d is distance from Copper Cliff and a and b are constants; 10° is the maximum EF (EF,...)

obtained at d=0 and -log(2)/b is the distance over which EF-1 drops by 50% (Dos). The EF
values are plotted against distance from Copper Cliff and the fitted equation is shown by the
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dashed curve in Fig’ure 3.2, .Maxir‘num enrichment factors for Cu and Ni were about 40-fold, and
the distance to a 50% drop in excess (surface-deep) metal in the surface sediments (D0 s) was:
“about 15 km (Table 3. 3) The EF,,, was lower for Co, but the D05 was similar. The EF,,, for
Cd was similar to that for Cu and N1 but had wide conﬁdence hmrts because of con51derable '
scatter in the data due to the very low measured Cd concentrations in the deep sedlments The\

predlcted D, ; for Cd was shghtly higher than for Co, Cu or Ni, but the conﬁdence limits overlap

TABLE 3.2. Background metal concentraﬁon predicted for surface (0-3 cm) sediment
- concentrations using equation 1 (Bk,.), estimates of A, B and R* from -
equation 1, and the observed concentration in the deep (14-20 cm) sediments

(Bk,..,,)
Metal Bkmd A B R?  Bkg

(95% confidence limits) _(range)
Cd  379(140-618) 067  -00303  0.157 0.42 (0-1.11)
Co 21(10-33) . 200  -00168 . = 0.761 21 (14-29)
Cr .69 (41-96) - 0.89 0.0157 0.015 86 (64-131) .
Cu 38 (25-51) - 334  -00278 - 0973 47 (34-73)
Ni - 47(2272) 363  -0.0301  0.946 83 (43-205)
Zn 253 (25-480) 210 -0.0128  0.063 126 (85-166)

Zinc was enriched much less than the other metals (EF, = 2.3) and its Do s was considerably
greater (Table 3.3). This metal did not, therefore, fit the general pattern for the other metals in
which a 50% drop in excess metal wis observed for every 15 km increase in drstance from

Copper Clrff
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‘Figure 3.2. Ratio of metal concentration in surface to deep sediments (enrichment factor)
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TABLE 33. The maximum ennchment factor (EF = surface/deep sediment
concentrations at 0 km fmm Copper Cllff) and the increase in distance
- required for excess metal (EF-1) to drop by 50% (DM) The predicted
EF at any given distance (d, km) from Copper Chff can be computed '
~ fiom 1 + EF,,_ x 10®°e®xd/D ) S

' (95% confidence limits)  (95% confidence limits) © :

cd C 39(86-174) 25 (13-1115) . 0.530

Co - 6.7 (3.2-14) 12 (7-35) 0786 .-
Cu 372361 . 14 (10-21) - 0936
Ni 43 (16-112) . 15(9-41) 0.799

Zn 2.3 (1.1-4.7) | 53 (24-infinity) ~ 0.335

33 Surficial Sediments, Cmb Samples, and Particle Size

" The particle size distribution of the surface sediment samples was relatively uniform, consisting

of 50-75% clay with the remainder being silt. The only exception was sediment from RAF10
which contained 41% sand. Sediment from TRO10 also contained a small am_ot'm‘t of sand (2%).

Metal concentrations in the surface grab samples were very similar to - the rhean, metal
concentrations in the top 3 cm of the sediment profiles (Tables3.1 and 3.4). In most cases, metal -

concentrations in the surface sediments from the 10 m and deep statlons were. Slmllar (Table 3.4).

~The major exceptxons were 'MCF and RAF, where the deep sediments contamed higher

'concentratlons of Co Cu, Ni, Pb and Zn than the 10 m sedlments The sedlments from RAF10

contained fewer small patticles than those from RAFD so thelr lower metal concentrations are, |
perhaps not surprising.- The grain size distribution of MCFlO -and MCFD sediments were,

however similar. In contrast at sites >30 km from Sudbury, sediments from the 10 m site
contained similar concentrations of Cu and sn_m;lar. or higher concentrations of Ni than the deep' 3

sed:i,ments. Sediment focusing, therefore, seemed to be minimal in lakes >30 km from Sudbury.
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TABLE 3.4. Particle size distribution, loss on lgmuon (LOI), organic carbon (0C), inorganic
carbon (IC) and metal concentrations in surface grab samples from each site and
distance from Copper Cliff. HH1 and LE303 are control sediments from
Hamilton Harbour and Lake Erie known to be non-toxic.

Site.  Distance Sand Silt Clay LOI OC IC Co Cr Cu Fe Mn Ni Pb Zn

&m) (%) .(%') % &) ) '(%f) (re/e) (ug/g) (kg/e) (%) (he/s) (ue/e) (he/e) (e/R)

RAMD 6 0 352 648 120 347 032 89 105 1716 4.07 770 2027 99 271
MCF10 10 0 497 503 130 377 0.2 1i3 95 1077 3.06 1259 2016 37 440
MCFD 10 0 427 573 281 480 0.4 213 5S4 1190 4.11 81650 5818 81 1096
RAFI0O 11 411 30.1 288 49 789 008 56 8 725 352 977 874 19 117
RAFD 11 0 465 535 235 802 008 8 8 2187 3.66 637 2293 178 221
RICD 12 0 495 505 156 480 029 113 87 1732 3.10 561 3193 74 354
NEPD 32 0 252 748 239 655 0.13 26 100 251 342 875 383 28 249
KAKI10 38 0 309 69.1 19.1 503 029 22 78 169 3.18 1164 328 25 274
KAKD 38 0 380 620 243 692 003 26 8 208 510 1566 323 40 271
TROI0 43 2.1 469 510 261 756 022 29 52 194 470 5794 374 107 250
TROD = 43 0 319 681 297 872 016 35 81 204 7.02 2247 229 116 273
LOS10 52 0 434 566 172 533 024 33 8 8 6.10 11580 235 37 308
"LOSD 52 0 257 743 276 751 006 22 9 140 428 1962 154 78 265
TOMI0 94 0 437 563 270 883 004 19 98 69 535 3822 102 77 456
TOMD 94 0 474 526 230 760 009 29 8 65 360 1383 90 71 298
RESI0 - 107 0 409 591 619 673 021 27 59 41 953 13420 69 38 378
RESD 107 0 400 600 295 740 212 9 47 43 642 3046 51 90 303
NOSI0O 144 0 459 541 184 537 016 10 106 38 432 862 52 <25 172
NOSD 144 0 503 497 197 542 014 10 9 43 482 956 51 5 162
TALI0O 154 . 0 365 635 167 490 020 13 107 46 841 7111 8 33 435
TALD 154 0 424 576 181 513 006 13 113 42 624 2880 63 16 . 386
HH1 368 - - - 118 309 213 12 119 101 454 1722 47 113 1235

LE303 443 - - . - 30 040 366 3 34 25 219 682 19 <25 69

4, BENTHIC COMMUNITY STRUCTURE
4.1 Methods and General Observations

In situ benthic invertebrate communities were sampled in each of the lakes and compared to

metal concentrations and other potential modifying factors. Animals were collected using a box
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corer (38 x 38 x 46 cm) from er‘ich 5 core tubes (10 cm deep by 6.5 cm diameter) of sedi'r_nent_
were sampled, sleved through a 250 micron mesh and fixed in 5% formalin. The samples u/ere
transferred to 70% ethanol after several days to brevent decalciﬂcatioﬁ A listing of the more
‘common taxa is given in‘Table 4.1. Phantom midges (Chaoboms spp), chrronomrds and
oligochaetes were found in many of the lakes regardless of the drstance from Copper Cllff N
Blvalves (ﬁngemarl clams) were found in all of the intermediate and reference lakes, and at ost
sites, but were notably absent from the lakes closest to Sudbury. Amphrpods (Drporela hoyi)
were found in 5 out of 8 -mtermedlate or refere_nc_e lakes (6 out of 157s1tes),v and were also absent
from the Sudbury lakes. Two of the chironimods (Micropsectra and Tazryzarsus) were likewise
absent from the lakes closest to Copper CIiff, ‘w'hereas Chaobomsﬂavicgns_was found only in __
the lakes near Sudbury (Table 4.1). | | |

4.2 Co_mm_unity Structuie Response Usmg Sbecies Level Ordination Analysls

‘Da,ta. have been examined based on total abundance, number of taxa (specie_s), and using
ordination su_mmaries at the lowest taxon‘ornifczlevel (usually'Species). Thirty-three taxa have been
. identiﬁed, 17 of these only occur at o_ne of the 21 sites (Table 4.2). The most common
| (frequently occurrlng) and abundant (numerically dominant) taxa are Chironomius spp (14 sites),
Chaoborus (12 sites) and Endochtmnomus Spp (12 sites). There is no relationship between
abundance number of taxa or the ordination axes with distance from Sudbury (F igure 4.1), based
on either correlation or ANOVA- There i isa possible relatronshrp between both Ni concentration |
' and total metal concentratron and abundance taxa and the ordination axes (Figure 4.2). However,
there is considerable variation in the low concentration (reference) sites.. There are statistically
significant relanonshrps (P. < 0.05) between, taxa and lead, axis 1 scores and mckel and zingc, axis .
3 scores and lead There are also srgmﬁcant relatronshrps between abundance ‘and axis 3 w1th

temperature and TOC.
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TABLE 4.1.

Mean abundance (number per replicate) of major (féun_d at more than 2 sites)
‘taxa in 5§ replicate samples of 5.5 cm diameter by 10 cm deep sediment cores

collected from each sampling site, dxstance from Copper Qliff (km), and water
depth at the samplmg site.

[ otigo.

without hair chaetae

: ' Midges Chironomids Blvalves -
Site km Depth | Cf Cp|Cs. Es Hs Ps Ms Ts |Dh|Mp Pis Ss | o+ o-
m) - ' '
RAMD 6 20.6 1.6 |04 04 . 204 0.2
MCF10 10 10 06 04 {60 0.2 1.6 0.6
MCFD 10 196 {08 04 |02
RAF10 11 9.9 02 102 08 06 0.2
RAFD 11 153 (04 12
~ RICD 12 9 12 |170 o
"NEPD 32 = 89 74 |04 04 |04 16
KAK10 38 99 0.2 06 04 26 |08 |12 02 .
KAKD 38 236 0.2 0.2 02 S 0.2
TROI0 43 109 4.0 04 |02 36
TROD 43 463 02 02 02 : o 10
LOS10 52 9.8 2.0 06 06 |28 |18
LOSD 52 463 30 08 02|06 Jos
TOMI0 94 9.9 1.0 “ N :
TOMD 94 22.6 0.6 0.2 1.0 {06 |
RES10 107 10.4 26 |02 2.8 04 08 |32 38 ‘
RESD 107 283 02 (12 o4 ’ 08 | .
NOS10 144 10.3 14.2 125.2 2.0 24 06 56
NOSD 144 135 204 | 3.4 0.2 110 ’
TAL10® 154 11 |1 " o6 1.8 0.2
TALD 154 396 12 18 02 10 02 0.6
Group Code Taxon _
Phantom midge cf ' - Chaoborus flavicans )
o Cp . Chaoborus punctipennis
Chironomids Cs"  Chironomus spp
Es Endochironomus spp
Hs Heterotrissocladius spp
Ps  Procladius (Holotanypus) spp
Ms Micropsectra spp
. Ts Tanytarsus spp .
Amphipods Dh Diporeia hoyi
Bivalves Mp - Mu.géuliu’m partumeium
Pis. Pisidium spp
: » ) : Ss - Sphaerium spp ‘
Immature oligochaetes .ot with hair chaétae
o-
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- TABLE 4,2. Taxa present at the sampling sites, overall abundance (mean
individuals per replicate summed over all sites), occurrence
(number of sites where found), and strength of the relation

between each taxon on the major ordination axes.

" Taxa

Abundance Occurreiice Ordination "r"
Tanytarsus spp 5.6 6 0.6757
Musculium partumeium 3.6 3 0.6673
Chaoborus 50.6 12 0.6523
Chironomus spp 58.8 14 06122
Pisidium casertanum 7.0 4 0.5962
Heterotrissocladius spp 9.8 6 0.5827
Endochironomus spp 7.2 11 0.5822
Diporeia hoyi 7.4 6 0.5266
Sphaerium striatum 4.6 2 0.4924
Zalutschia tatrica group 8.8 1 0.4825
Procladius (Holotanypus) spp 6.2 5 0.4762
Micropsectra spp 22 - 4 0.4663
Immatures with hair chaetae 23.8 7 0.4539
Stictochiroriomus spp 1.4 1 0.4485
Pisidium nitidum 30 3 0.4444
Aulodrilus pigueti 0.8 2 0.4321
Limnodrilus hoffmeisteri 1.2 2 0.4007
Immatures without hair 84 6 0.3083

chaetae

Sphaerium simile 1.0 1 0.2551
Paracladopelma galaptera 0.8 1 -not included
Tribelos spp 0.6 1 not included
Atractides spp 02 1 not included
Cryptochironomus spp 0.2 1 not included
Djalmabatista pulcher 0.2 1 not included
Huitfeldtia spp - 0.2 1 not included
Hydra cauliculata 0.2 1. not included
Laversia spp 0.2 1 not included
Neotiphys spp 0.2 1 not included
Parizkie[feﬁella spp 02 1 not included
Probezzia spp 1 0.2 1 not included
Pseudofeltria spp 0.2 1 not included
Tubifex tubifex 0.2 1 . not included
Uncinais uncinata 0.2 1 not included
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Ordination of 19 taxa was used to tiy and discriminate response patterns in the community. Three
ordination axes (stress = 0.174) were required (as mentioned above) to explain the observed
variation. Taxa contributing most to the new axes were: Tanytarsus, Musculium, Chaoborus, and
Chironomus (Figure 4.3). The environmental variables most correlated with’ the ordination
s,tru:cturewere temperature and zinc (P < 0.05), nickel, cobalt, cadrhium, TOC and LOI (Figure
4.3). There appear to be two community responses. First, along a depth temperature gradient
(axis 3) influencing Chironomus, Chaobomé and Pisidium. Second along a metals LOI gradient
(axis 1) affecting worms, Diporeia and Procladius. However, examination of the distribution of

- these species with either metal concentrations or depth showed no statistical relationship.

In summary, there may be effects at the community level, but when analyzed at the species lev_el
they are no greater than those associated with normal variation. The variation in the reference
lakes makes discrimination of community level effects difficult. There appear to be two major.&_ ‘
response gradients, one associated with depth and depth related variables (e.g., temp’erature;

particle size), the second related to metal concentration.

5.  SEDIMENT TOXICITY

5.1  Methods

At each sampling site, five mini-ponar sediment samples were collected to obtain repli'cate'
~ samples for sediment toxigity testing. Samplés were stored at 4°C until analyzed. Four toxicity
tests were conducted, a 10-day sufvival and growth test with Chironomus riparius, a 21-day
survival and growth test with Hexagenia limbata, a 28-day survival and growth test with Hyalella
azteca, and a 28-day survival and reproduction test with Tubifex tubifex. Methods, except for
sediment and water volumes and number of animals per container (see below) followed Day et
dl. (1995) and Borgmann and Norwood (1993). Each separate experiment was conducted with
one species and sediment samples from one replicate ponar grab from each sampling site (21
sites) plus two control sediments (Hamilton Harbour and Lake Erie). This was the maximum

number of experimental containers that could be processed in one day. A second experiment was
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conducted with gach species using sediments from a second ponar grab, and a third experiment
was conducted with sediment from a .t,h_i‘rd’ ponar grab for’ Hyalella. Experitnents were conducted
at 23°C with dechlorinated Burlington City tap water (originating from Lake Ontario, hardness
130 mg/L, alkalinity 90 mg/L, DOC 2.3 mg/L, pH 7.8-8.6) o\?erlying» the test sediments. |

In initial static Bioa'ssa‘y’s' coﬁducted in bea;kér's with a sediment to water ratio of 1:4, the pH
quickly dropped to around 4 in most of the test containers, resultmg in high or complete mortahty
of Hexagenia and Hyalella in all test sediments except for controls mcludmg Sudbury area,
intermediate, and reference sedlments It is assumed that, under aeration, sulfide in sediments
from these regions probably became oxidized and resulted in the ac1dlﬁcatlon of the overlying
water. This does not occur with sediments from the Great Lakes, and reqmred modification of
the test procedure. The rate of drop in the pH was r’ec,orded for each of -thé sediments. -
Sediments from the most _rabidly‘ acidifying containers were -the'h mixed with water in v_arious"
- sediment to water ratios. Mixtures of 1.5% sediment by volume or less resulted in m‘ih‘i'mal
change in overlying wat_e_; quality; pH values cqnsisten’gly ‘rema_i_,n,'ed above 7.5. Al furthe’f
toxicity tests wére, therefore, ‘gon_ducted in polycarbonate Imhoff séttling cones, plugged with a
#4 silicone rubber stopper. Fifteen mL of sed_i_mént and 1 L of overlying water was added to
each cone. This resulted in a sediment depth of .about 2.4 cm and Circular surface of 3.1 cm

diameter.

Experiments with _vérying numbers of Chironomus and Hya(ella were conducted to check for
dens';ity efféects due to the decreased volume of sediment used in the coneé‘., No reductions in
survival or growth could be detected even at the hig‘heSt density tested (15 Chironomus or 30

Hyalella per container). For all subsequent tests, 15 Chironomus, 15 Hya"IeIIa,, 2 He)cagem’a, or
| 2 Tubifex were added per test chamber. Survival, growth and reproduction for all species in

. control sediments were comparable to previous test results in beakers.
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52  Sediment Toxicity and Distance from Copper Cliff

No réla’tionship could be detected between survival or growth of Chironomus riparius and
distance from Copper CIliff (Figure 5.1, Appendix 3). Survival was variable from site to site,
usually ranging from 40 to 100%. Final animal size was between 1 and 4 mg (wet weight). No
differences could be detected between Sudbury area, intermediate, or reference sediments.
Although sediments from some sites did appear to be toxic (e.g., NEPD), this did not appear to
be related to -proximity to Copper CIiff.

All Hexagenia in the toxicity tests survived except for 1 out of 4 animals in each of RAMD,
MCF10, and RICD sediments, and 1 animal in each replicate (2/4 animals overall) of the MFD
sediments (Figure 5.1, Appendix 3). All Hexagenia exposed to sediments within 12 km of
Copper Cliff grew less than those exposed to any other sediment. ANOVA on log transformed
growth rates by sediment group (Sudbury, intermediate, reference and control) followed by the
Tukey test indicated significantly lower (P<0.001) growth in the Sudbury area sediments than all

others, and no significant differences between the other groups.

Sediments collected from lakes within 12 km of Copper Cliff also appeared to be toxic to
Hyadlella azteca (Figure 5.1, Appendix 3). Survival and growth were variable in sediments from
intermediate and reference sites, and even between replicates of sediment collected from the same
site. In contrast, survival and growth were consistently low in sediments collected near Sudbury.
The mean survival at each site averaged across replicates was always greater than 41% at all
intermediate and reference sites and in the control sediments, but always less than 32% at any
site within 12 km of Copper ClLiff (Table 5.1). The mean survival (transformed to log mortality
rates) and gfowth (log final size) were both significantly lower in the Sudbury group of lakes
than in either the intermediate or reference lakes, or in control sediments (ANOVA with Tukey
test, P<0.01). This is identical to the results obtained with Hexagenia. Sediments from RAMD,
MCFD, and RICD always resulted in 100% mortality (Table 5.1). Furthermore, at the MCF and
RAF sites, sediments from the deep station were more toxic than those from the 10 m station.
This is consistent with the higher metal concentrations in the sediments from the deep site of

 these two lakes (Table 3.4).
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TABLE 5.1. Survival of Hyalella azteca as a function of distance from
Copper CIiff and station depth (10 m or maximum depth).

Lake Distance Percent survival (range)

(km) _ _ _ e

' o lom  deep

RAM _ 6 . ' - 0 (0-0)
MCF . 10 13 (0-33) 0 (0-0)
RAF 11 31 (0-67) . - 9(0-27)
RIC : 12 - 0 (0-0)
NEP 32 53 (20-100)
KAK 38 56 (20-80) 51 (7-73) .
TRO : 43 51 (33-80) 72 (20-100)
LOS 52 71 (60-80) 56 (7-87)
TOM 94 42 (0-93) 60 (7-100)
RES 107 44 (0-87) 42 (0-67)
NOS 144 82 (73-87) 76 (47-93)
TAL 154 67 (33-100) 84 (80-93)
HH1 368 - 87 (73-93)
~LE303 443 _ - ' - 87 (73-93)

Most of the Tubifex tubifex survived the toxicity tests. Reproduction was observed in all
sediments with both adults‘ surviving. The total number of live young produced was lower in the
Sudbury area sediments (P<0.01) and lower in control sedirhents (P<0.05) than in intermediate
or reference sediments (ANOVA with Tukey test). Reproduction in control and Sudbury area
. sediments was not significantly different (Figure 5.2, Appendix 3). The same general trend was
observed for large young retained on a 500 um screen as for small young passing through the
screen, but the total number of young was more sensitive at discriminating between the sediment
groups statistically that either large or small young. There were no significant differences among
the sediment groups for either empty or full cocoons, except that there were fewer empty cocoons

in the control sediments than in the intermediate or reference sediments (P<0.05).
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Overall, the toxicity tests results were in good agreement with observations on benthic
community structure. There was no observed toxicity to Chironomus (Figure 5.1) and abundance
of this genus was not limited by proximity to Copper Cliff (Table 4.1). Similarly, Tubiféx
toxicity tests showed only minor reproductive effects in sediments from Sudbury area lakes
(Figure 5.2) and oligochaetes were found in two lakes close to Copper Cliff (Table 4.1). Toxicity
- to the amphipod Hyalella was high in Sudbury area sediments (Figure S.i) and no amphipods
were found within 12 km of Copper Cliff (Table 4.1). Furthermore, toxic‘ity to Hyalella was
higher.in sediments collected from the deep stations than at the 10 m stations, suggesting that
shallower sediments could be less toxic still. HyaIeIIa are, in fact, found in shallow water in all
four of the lakes close to Copper Cliff (Watson 1992), in spite of the absence of amphipods i in
benthos samples from the deep sediments. No mayflies were found at any of the sites sampled,
so toxicity to Hexagenia in Sudbury area sediments (Fignre 5.1) cannot be compared to
abundance in the field. However two genera of Chironomids (Micropsectra and T anytarsus) and
blvalves were absent from lakes within 12 km of Copper Cliff (Table 4.1), in accordance with
the hlgh toxicity of these sediments to Hexagenia and HyaIeIIa

A closer examination of the toxicity test data for those parameters which demonstrated e clear
difference between the Sudbury area and the other sites suggests that sediments from the Sudbury
area can be divided into two groups. Tests with sediments from RICD, MCFD and RAMD
resulted in nio Hexagenia growth (decrease in body weight) and no survival of Hyalella (Table
5.2). Sediments from sites RAFD, MCF10 and RAF10 supported slight growth of Hexagenia,
and some survival of Hyalella. Sediment toxicity to Hexagenia and Hyalella corre_le,tes closely
with the measured Ni in the overlying water, with one exception; Hexagenia growth, if positive
(W/W>1), was related to loss on ignition. Nickel concentrations in the overlying water exceeded
the one week LC50 in waterborne toxicity tests (un'published data) in all Sudbury area sediments
except RAF10, but Cu in water was always well below the one week LC50. This suggests that
Ni is more likely the toxic agent than Cu. However this cannot be concluded deﬁmtwely
because dissolved orgamc matter originating from the sedlment mlght decrease the toxicity of
- waterborne Ni, and Cu in the sediment might also contnbu_te to toxicity (i.e., via ingestion). The
growth of Hexagenia, if positive, is probably affected by food quality, as suggested by the

correlation to LOI, and this confounds the toxicity-chemistry relationship. Reproduction by
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i Tub'ifex on the Other hand “does not fit into the same vp’attern' as j'tox‘icity to Hexagenia and -
HyaIeIIa Reproductron was higher in MCFD sedlments and lower -in RAFD- sedtments than |
‘ expected if RICD MCFD and RAMD sedlments are more toxi¢ than RAFD, MCFlO and RAFIO"‘
_sedrments Tubrfex therefore appears to respond slrghtly drfferently from the other specres

TABLE 5.2. Sedlment loss on lgmuon (LOl), mean Cu and Nl concentrauon in’ bloassay
‘ ‘water and in sedlments, and toxicity to Hexagenia, Hyalella, and Tubifex.
Sltes are ordered fmm hlghest to lowest Nl m ﬂle bloassay water.

.

Site S L'OI:,. Cuin Cu in "Niin  Niin Hexagema Hyalella Hyalélla _'Tubt;fe.x.
' ‘(%)  water sediment watér sediment. - growth  survival . weight young

L (el) (efe)  (ell) (e) (W/W) (%) (mg) produced

RICD 16 10" 1732 . 726 3193 . 074 -

0

MCFD 28 -~ 7 1190 506 . 5818 - 081 o - a5
"RAMD . 12- 15. 1716 . 245 2027 .. 091 . 0 - - 32
RAFD 24 8 . 2187 213 2293 195 - 9 038  24.
CMCF10- - 13- 7 1077 123 2016 170 - - 13 . 100 = 47
RAFI0- . 5. .7 725 37 874 156  3i 083 43

NEPD-TALD __ 17-62 .08 38251 021 51-383. 422777 . 42-84  0.90-191  41-65

1 week LC50 to Hyalella in
waterborne toxicity tests: ~ 140 -~ 70

-

Tt is possible to use the data in Table 5.2 to compute predlcted mean HyaIeIla mortallty rates as’

a functlon of distance from Copper Chff under the assumptlon that mortahty 1is proportlonal to -

Ni in the overlymg water durmg the toxrcrty test. Mortalrty rates can be computed from
m=m+m’=m +a" Niinwae) (3

~ where m = -log(fractlon of ammals surv1vmg)/t1me in weeks m s the control or reference
_'mortahty rate, m” is the mortahty rate correlated to Ni in the toxlcrty test water and a and n

are constants. 'Usmg the mean survrval in the reference sedlments (61. 94%) to compute m th1s
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gives estimates of 0.485, 0.384 and 0.172/wk for m” for survival rates.of 9, 13, and 31% after
four weeks respectively. Add,i’tional_ly,. an approximate minimum mortality rate can be estimated
for the lowest Ni concven,tr,at_ion giving 0% survival by assgmin'g that 0.5 gni_mals sufvived out of
45 (3 replicates of 15 animals each). This gives an m” of 1.005/wk at Ni.= 245 pg/L. Log-log

regression of m™ against Ni in water gives
log(m”) = 0.786 log(Ni in water) - 2.02 - @

with an R? of 0.87. A similar régression of m” against Ni in sediment gives an R? of only 0.64.
This is lower, as expected if metal bioavailability from sediments is more variable than from
overlying water. For sediments from the six sites near Sudbury, a log-log regression of Ni in

toxicity test water against Ni in sediment gives
log(Ni in water) = 1.623 log(Ni in sediment) - 3.126 - ‘ 5)

with an R? of 0.83. Combiniﬁg equations 3-5 with equation 1 for Ni in surface sediments as a
function of distance from Copper Cliff, using the coefficients in Table 3.2, allows computation
of average percent survival expected as a function of distaﬁCe from Copper Cliff. The predicted
_ survival, relative to thé reference lakes (i.e., survival/0.6194), is 9% at 10 km, 51% at 25 km,

90% at 50 km and 98% at 100 km from Copper Cliff. Alternatively, the predicted distance to
| a survival of 50% in four weeks is 25 km, 75% is 36 km and 90% is 49 km, relative to the
reference lakes. The average survival in the intermediate lakes (56.39%), divided by mean
- survival in the reference lakes (61.94%) was 91%, in approximate e;greement with the predicted
survival at a distance 6f‘ 50 km. However, this difference was not sufficient to be statis_tic,ally
significant. These are average mortalities since survival in éedi'r‘ne'nts from any given lake will
depehd to sofne-. deg‘:ee of _lbcal geochemistry and other p.aram;eters, affécti‘n‘g total Ni and Ni
bioavailability. These estimates are based on the assumption that survival is correlated to Ni in
the toxicity-test wate_r._.v This should not be taken to imply that Ni is necessarily the cause of
toxicity. Furthermore, pfe‘diction of mortality rates at distances in excess of 12 km from Copper
Cliff must be interpreted with extreme caution, because these aré based oni_extrapdlation of

equations 3-4 beyond the range over which reliable data were available.
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6. METAL SPECIATION IN RELATION TO SEDIMENT TOXICITY
T.A. Jackson and N. Nguyen

6.1. Appmach to the Pmblem, and its Scientific Rationale

Th'e' biological uptake,.b_ioeccumulaﬁon, and adverse or beneficial biological effects of heav_y' i
“metals in aq’uatic. ehvironments ,'dep_end. on the relaﬁve bioaﬁail,abili.ty of differenit forms of the ,
metals and the concentrations of these bioavailable forms in different compartments of the water
" and surficial bottom sediments. The bioavailability, bioaccumulation, and blologncal effects of
metals are functions of metal speciation and the binding and release of metals by complexing
agents and sorbents in the environment. These processes, in turn, are controlled or affected'by
a wide range of'physical, chetﬁical, and biological factors, ‘i,n_cluding éulﬁdes, iron and manganese
oxyhydroxides, clay minerals, humic substances, labile organic matter, pH, dissolved salts, water
hardness and alkalinity, Eh, dissolved O,, priniary .pro.ductivi'ty,‘ and e. complex assortment of
microbial activities and other speciﬁc' bielogical processee, as well as the fundamental properties
of the metals themselves (io‘nizaﬁ'oh potentials, electronegativity, etc.). ~ Hence, biological
consequences of heavy metal pollution, such as bioaccumulation of the metals and various toxic
effects (including inhibition of enzymes and impairment of grewth, reproducﬁon, and other vital
functions, as well as death), in aquatic environments are likely to be much more significantly
~ correlated with the concentrations of bioavailable forms of the metals and fhe'environmental
and biological variables which affect bioavailability than with the total concentrations of the
metais in the waiter.b and sediments. - Further‘r’hore, -fihe-gfained sediments, which bind and
accumulate heavy metals introduced into aquatic environments, are the chief repositorieé and
Seconﬂary-eourCes of these ‘metals in bodies of water. C;onSe"qUeﬁtly, the au_thbrs are investigating
the forms and bieavailability, as well as total concentrations, of heavy metals in ﬁne—lgr‘a.ined :
conta‘m‘inated bottom sediments in relation to eedfment properties environmenté‘l variables, and
toxic effects of the sedlment-bound pollutants on benthlc microbes and ammals As the
geographlcal extent of the ecological damage caused by the pollut:on is a matter of serious
concern, the authors are also compe.rmg lake sites located at different dlstances frem the INCO

smelter.
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6;2._ Materials and Methods

Sediment samples consisted of triplicate specimens of the top 5 cm of se‘ditﬁent from each site.
The sediment samples were collected with a box corer and then transferred to plastic bags with
exclusion of ‘ai,r. The sediments consisted of mud varying in colour from very dark brownish
~ grey (nearly black) to greyish brown. One of the subsamples from each site was immediately
frozen, and the other two were stored at 4°C. Analysis va material kept at 4°C began shortly
after the samples were brought back from the field. Only a brief outline of the laboratory
techniques will be given here. More detailed descriptions of the methods can be made available
on request. Samples stored in their native state at 4°C were used for all analyses listed below

except where otherwise indicated. The analyses were done in duplicate.

The pH and Eh of the sediment were measured using a pH meter, and tﬁe moisture content was
estimated by measuring loss of weight on héating at 105°C. Pore water was separated from tﬁe
solids by centrifuging weighed sediment sampleé and collecting the supernatants. Humic matter
in the pore water speciméns was analyzed by UV-visible spectrophotometry, and the Cu,‘Zn, Cd,
Hg,‘Pb, Ni, Cr, Fe, and Mn concentrations of the water were determined by atomic absorption
spectrophotometry (AAS) following stabilization of the samples with suitable preservatives (BrCl
for Hg, and HNO,; for all other metals); the Hg analyses were performed by cold vapoﬁr AAS
preceded by reduction of Hg(I) to Hg(0) by SnCl,. The spun-down solid fraction of the
sediment wa;s rinsed with N,-purged water and then subjected to sequential solvent extractions
to Aisola_te different operationally defined forms of heavy metals using methods similar to those
of Gupta and Chen (1975), Tessier et al. (1979), Jackson (1988), and Jackson et al. (1995). The
solvents and solvent mixtures, listed in the order in which they were used (with the theofetic‘ally

expected, though as yet ill-defined, nature of the metal species in brackets) were as follows:

1. N,-purged 0.5 M CaCl, [weakly sorbed, "exd\angeable" species; regarded as readily
bioavailable]; ' ,
2. N,-purged Na acetate/acetic acid (NaAc/HAc) at pH 5 [carbonate-bound species and some

oxide- and oxyhydroxide-bound species, possibly accompanied by some fulvic acid
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-comp‘lexes; more strongly bound than the CaCl,-extractable fraction but could be relatively
bioavailable]; l o

3. N -purged NH,OHHCI/HNO; at pH 1.7 [strongly bound by easily reduced "amorphous" Mn

 and Fe oxides and oxyhydroxrdes owmg to specrﬁc sorption” and coprecipitation; thls'

B} fractlon may include some humic complexes solubilized durmg extraction];
-4. hot H,0,/NH, acetate (Ac)/HNO [strongly bound by orgamc matter and sulﬁdes]

5. citrate/dithionite [strongly bound by less easily reduced more crystallme Fe and Mn oxides

and oxyhydroxrdes]. ' '

' All extracts were analyzed for Cu, Zn Cd, Hg, Nr Cr, and Pb in addmon extracts 3 4 and 5
| were analyzed for Fe and Mn. Metal content was determined by AAS techniques and calculated _‘
as extractable metal per unit dry weight of sedrment (Appendlx 4). Fractions 1 and 2 - especially
1- are assumed to be much more- readlly available to organisms than fractlons 3,4,and 5. In

any case, this is probably true of slngle-cell_ed organisms, such as bacteria and algae, which take |
up Subs'tances from their surrOundingS' solely by absorbing dissolved substances through the cell
membrane. . All of the extractable fractions could be largely or completely avarlable to benthic

animals that mgest sedrment partlcles (Jackson et al., 1995).

On completion of the analy.se‘s _of sedlment samples ;sto_red at 4°C, frozen samples were thawed
and subjected to additional a’nalyses. Percent loss on ignition was measured, and humlc matter
‘was extracted und'er N, Wi‘th.Nz'-pu“rged 0.1M NaOHF(‘Jaék_son, 1988), whereupon the extracts
were subjected to UV-‘visible spectrophotometry_(Schnitzer‘ and Khan, 19‘72;.Pennan'en, 1975;
 Salfeld, 1975; Chen ef al., 1977; Aiken et al., 1985) followed by determination of Cu, Ni, and
Fe content. (Note: Loss on ignition, though commonly used as an estimate of the organic
content of 'sediments is an ambiguous and unreliable parameter, because dehydroxylation of clay
mlnerals and oxyhydroxrdes may affect the results; consequently, orgamc Cis probably a more
| 'satlsfactory parameter although it, too, has llmltatrons as dlfferent kmds of organic matter differ
inC content.) Total nonvolatile sulﬁde was determmed by digesting sediment samples with hot
’ Nz'-_pur'g_ed 6 M HCl to volatili'ze the sulfide as H,S and then trapping the gaseous sulfide by
bubbling it through Nz-purged anac_etate solution to convert it to ZnS$, reacting the ZnS with
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other reagents to form a coloured aqueous complex, and measuring the concentration of the

complex in solution by colorimetry.

6.3. Results and Tentative Interpretations

6.3.1. Variations in the concentrations of heavy metal fractions in sediments with distance from
the smelter-

As would be expected, the total solvent-extractable Cu and Ni fractions in the surface sediments,
together with the concentrations of Cu and Ni in pore water, show a sharp exponehtiél decline
with distafice from the INCO smelter, reaching .backgr‘ound levels at distances on the'ordef of
~50-100 km (Figure 6.1, A-D). The NaAc/HAc-, H202/NH Ac/HNO,:, and NaOH-extractable
fractions display essentially the same trend (Appendlx 4), as do the tota] Cu and Ni
concentrations in the sediments and the SO,* content of the water (Fi 1gures 2.3 and 3. 1). '_l'hese
results are not at all surprising, as Cu, Ni, and oxidized S comp‘bunds are the major contaminants
emanating from the smelter (unpublished INCO survey data; T.C. Bumett, personal
communication). The observed trends clearly reflect a progressive decline in the deposition rates

of airbome pollutants with distance from the principal source of pollution.

' Similarly, CaCl,-extractable Cu and Ni, the most loosely bound and hence, presumébly, the most
readily bioavailable Cu and Ni fractioné' tend to vary inversely with distance from the smelter.
However, the correlation between CaCl, -extractable Cu and distance (Flgure 6.2A) is relatively
weak owing to an exceptronally large amount of seeringly random scatter, and the range of
CaCl,-extractable Cu concentrations is rather small (~0.3-0.9 pg/g at the deep sites). Much of the
variation in the CaCl,-extractable Cu data is ‘proba,bly attributable to local variations in
environmental factors (as discussed more fully below), whereas relatively little of it is due to the
decrease in the rate of Cu deposition with distance ffom the sfneltef. CaClz-extr'actable Ni shows
much less random scatter and generally closer ag‘reeme'ht with the major Cu and Ni fractions (see

“above) than CaCl,-extractable Cu does, besides being two orders of magnitude more abundant
(Figure 6.2B). Nevertheless, it is anomalous in one respect: Among the four lakes situated

within 12 km of the smelter, the CaCl,-extractable Ni content of sediments in the lake closest to
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Figure 6.1. The total solvent-extractable Cu and Ni content of sediments from deep sites (A and
- B, respectively), and the concentrations of Cu and Ni in the sediments" ‘pore water (Cand D,
respectlvely), plotted against distance from the smelter.
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Figure 6.2. The concentrations of CaCl,-extractable Cu and Ni (A and B, respectively) in
sediments from deep sites plotted against distance from the smelter.
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the smelter isvabe‘rrantly' low: coﬁséq’uently, with increasing distance from the smelter the CaClze '
extractable Ni concentration first rises sharply to form a maximum '~1'1§12 km frbm the smelter
before plunging to uniformly low values fu,rtﬁer away. Evidently variation in the CaC'lz-
extractable Cu or Ni content of vsédime_n,t thh distance from the én‘ielter is a function of both the
gross rate of metal deposition (which 'decli,_nes progressively outward from the smelter,
 establishing the basic trend) and the net effect of local "erjvirOnmental coﬂ'clitionsion metal binding
(a more complex and patchy process whiéh modi’ﬁ‘e_'s the trend, partly obscuring it m the case of -
Cu). i |

In contrast to the major §xtractab1e Cu and Ni fractions, the corresponding fractions of Hg, Cd,
Zn, Pb, and Cr did not vary systematically with respect to di‘stancé from the sme]ter (Appendix
4). This undoubtedly reﬂects the. fact that these mietals, unlike Cu and Nl are quantltatlvely
neghgxble as smelter contammants (Moreover, what little Hg is dlscha:ged from the smelters |
is probably to a large extent. dlspersed in_the atmosphere as Hg(0) gas as well as particulate
Hg(H) and is t’ran’ﬁpofted'far aWay.) From this point on,‘t’herefore, we will focus on the principal

heavy ‘metal pollutants, Cu and: Ni’, and éay nothing further about the other heavy metals.

63.2. The pan'iﬁpniﬁg of Cu and Ni among different s,olveﬁt-ekﬁ'actable sediment fractions

In bottom sediments at-all sampling sites, by far the greatest proportion of the sequentially
extracted Cu or Ni is in the ‘H202/NH4ACII-INOQ-‘eXtr’actable fraction, although measurable
‘quantities of the metals were found m all or most of the other fractions as well (Figure 6.3, A-D).
The - NaOH-extractablé Cu and Ni fractions are comparable in magnitude '%o the
H,0,/NH,Ac/HNO;-extractable fraétions (_App:endix 4), as would be expected if the organic matter.
- consisted chiefly of humic S‘ubstance_s. ‘Evid'ently. the bulk Qf the sediment-bound Cu and Ni
species are strongly bound to ofgaﬂi'c maiter and sulﬁdes, 'and"most of it is in the form of humic
omplexes The orgamc-and-sulﬁde fraction, being resistant to moblhzatlon by mild extractants :
| such as 0.5 M CaClz, is probably not readlly avallable for uptake by orgamsms with the possnble .
exception of benthic animals that mgest sediment partlcles and may subsequently solublllze bound

metals during digestion and absorb them through the gut wall (Jackson ef al., 1995).- By

47



B B
600
600 RAFT LAKE RAFT LAKE
] .
2 w0q c
S - S
=
200 .
0 —— = T T —
Ca NlAc. NH,0HHQ, H;0s citrate, NaAc, NH;OHHQ, H;0. citrate,
s HAc ﬁNO; NHAc,  dithionite @& HAc I;NO, N;L:c. dithionite
HNO, HNO,
FRACTION ‘ " FRACTION
10— . C - 20 : . p
1 RESTOULE LAKE RESTOULE LAKE
% . )
2
8

C:Q,  NaAc, NH,OHHQ, H;On  citrate, = Ca,  NeAo NE,OHEQ, H0p  citrate,
HAc  HNO;  NHAc, dithionite HAc  HNO,  NH.Ac dithionite
HlNO) s BNOJ
FRACTION FRACTION

Figure 6.3. The concentrations of different solvent-extractable Cu and Ni fractions in sediments
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comparison, very little Cu or Ni appears tb be associat,e'd' w1th Fe and Mn oxides and
: oxyhydroxides. This distribution is consistent with the Eh valﬁes [oxidaﬁqn-reduction potentials]
| and sulfide concentrations of the sediments (Appendix 4): ; The Eh values were invariably
negative, indicating that reducing conditions prévailed in the sediments at all of the sampling
sites, even though the bdttbm water contained abundant dissolved O, (F-i'gure 2.1 ), and all samples
contained méaSurable qhantities of sulfide. (In sediments from the deep sites, ~sulﬁde gave a
highly significant inverse correlation with Eh, as would be expected [Appendix 4].) The small
amounts of oxide- and oxyhydroxide-bound Cu and Ni (possibly including NaAc/HAc- as well
as NH,OHHCI/HNO;- and citrate/dithionite-extractable species) ‘»may well be localized in a thin
oxidized zone at the sediment-water interface (the interface between the zones of oxidizing and
redﬁcing conditions). The weakly sorbed CaCl,-extractable Cu and Ni fractions are ﬁro,bably
distributed am‘ongst cation exchange sites of organic (mainly humic) matter, oxyhydroxides, and
clay minerals. These fractions, however, make up no more than a small proportion of the total
Cu and Ni or even ‘the total solvent-extractable Cu and Ni although the propo'rtibn tends to
increase with distance from the smelter (compare Figures 6.3A & 6.3B with Figures 6.3C &‘ ‘,
6.3D, respectively; also, see _nekt section). Judging from the distribution of the metals amongst
the different solvent-extractable fractions (Figure 6.3, A-D), along with well established general
principles (Jackson, 1998), it is probable that the Cu and Ni associated with organié matter,
oxyhydroxides, and edge faces of clay are, -v in large part, strongly b‘ound by "surface
- complexation* ("specific sorption") and are not easily dissociated and taken up by organisms -
| ekcept,_.perhaps; inside the intestines of 'd'eposit'-fe‘_eding benthic animals, as mentioned above
 (Jackson et al., 1995). Besides, much of the Cu and Ni associated with oxyhydroxides and FeS
may be inaccessible to organisms because the metals were sealed inside these mineral ld'e’po'sits .

‘through coprecipitation.

6.3.3. Effects of smelter emissions on Cu and Ni speciation and related environmental factors
. We have seen that the concentrations of the major solvent-extractable Cu and Ni species in the
sediments, the total Cu and Ni concentrations in the sediments and pore water, and the SO *

‘content of the lake water decrease progressively, as would be expected, with increasing distance
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from the smelter. In contrast, the percentages of the total solvent-extractable Cu and Ni fractions

which are in the form of CaCl,-extractable species (hereafter designated %CaCl,-Cu and %CaCl,-

Ni for brevity) increase with distance from the smelter (Figuré 6.4, A & B). Thus, the
proportion of weakly bound, easily desorbed metal species to more Stﬁro'ngly bound speciés (in
other words, the relative bioavailability of the metals) tends to be lowest in the most severely
polluted lakes (the ones closest to the smélter) and highest in the leaét polluted lakes (the ones
farthest away), suggesting that the harmful biological effects of the pollutants have been mitigated
to some extent by environmental changes caused directly or indirectly by the pollutants

-themselves.

As uncfitical use of compound variables can lead to misinterpretations and errors, it is necessary
to digress briefly at this point to ponder the actual meaning of the observed variations in %CaCl,-
Cu and %CaCl,-Ni. The %CaCl,-Cu and -Ni values lwere_ obtained by multiplying the CaCl,-
extractable Cu and Ni concentrations by 100 and dividing by the corresponding total solvent-
extractable Cu and Ni concentrations, respectively; therefore, the variations in these values are
to a greater or lesser extent attributable to the previously described variations in the total
extractable Cu and Ni data (Figure 6.1, A & B), especially the H,0,/NH,Ac/HNO,-extractable
species, which make up the dominant extractable fractions. Since total extractable Cu and Ni
decrease with distance from the smelter, their reciprocals-automatit:ally show-equal but opposite
trends; and since the total extractable metal concentrations vary over a much wider range of
values than the CaCl,-extractable fractions, their variations are largely responsible for the
observed variations in the percentage CaCl,-extractable metal data. Thus, it is primarily bepause
the total solvent-extractable Cu and Ni concentrations decrease with distance from the smelter

that the ‘%CaClz-Cu and -Ni values increase. Nevertheless, the trends showing that %CaCl;-Cu

and -Ni increase with distance are not to be dismissed as mathematical artefacts created by
questionable use of compound variables: '_I'héy havé ’physical meaning and reveal real
information about metal binding and bioavailability. (If ‘the sedimentary environments and the
forms of the sediment-bound metals were constant throughout the field area, all the %CaCl,-Cu
and %CaCl,-Ni values would be the same within the bounds of analytical enof, and the curves
shown in Figure 6.2 would be horizontal. As that was not the case, it follows that not only the

total extractable Cu and Ni but also the factors that determine the relative bioavailability of the
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Figure 6.4. The percentages of the total solvent-extractable Cu and Ni in deep-site sediments
that are in the form of CaCl,-extractable species plotted against distance from the smelter (A and
B, respectively). - S g : L .
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Cu and Ni vary systematically with distance from the source of pollution. Furthermbre, the
solubility of Cu and Ni salts in water was not a limiting factor: According to information from
the Handbook of Chemistry and Physics, CAaCl2 extraction would, in theory, have removed all the
Cu and Ni, even from the most metal-rich sediments, if the metals had been in the form of Cu(Il)
and Ni(II) chlorides and sulphates and had not been bound by specific sorption sites on the
sediment particles.) Thus, %CaCl,-Cu and -Ni are useful measures of bioavailability, but to
interpret their variations properly, one must know the relative contributions made by the simple -
variables of which they are composed. In the present case, it would seem that the differences
between the values obtained for different lakes are due mainly to variations in the concentrations
of the more strongly bound (less bioavailable) forms of Cu and Ni (notably H,0,/NH,A¢/HNO;-
extractable Cu and Ni) rather than variations in the concentrations of CaCl,-extractable (relatively
bioavailable) Cu and Ni species: Thus, the progressive increase in the percentage of CaCl,-
extractable Cu and Ni species with distance from the smelter is attributable to a 'dro,p in the
abundance of strongly bound, relatively unavailable metal species; it was not caused by an
increase in the abundance of weakly bound, readily available species. This interp'ret,a,tiOn leads
to the conclusion that the sedimentary Cu and Ni in the lakes closest to the smelter have the
highest proporﬁons of strongly bound metal species owing either to environmental changes
caused by smelter pollutants or to special p(openiés of the smelter particles that settle out closest

to the source, or both.

Now let -ﬁs consider possible reasons for the observed trends. One is that the coarsest particles
in the smelter plumes settle out closest to their source, whilst the finest ones ‘ar‘e transported
farthest. This hypothesis is based on the premise that many of the Cu- and Ni-bearing smelter
particles that settled out have remained intact in the sediments and that Cu and Ni are less readily
dissolved from the coarser particles than from the finer ones by relatively mild reagents like 0.5
M CaCl,, owing‘; perhaps, to the greater specific surface of finer particles, entrapment of Cu and
Ni inside the larger particles, and the well known fact that metal cations in larger ini_néra_l
particles are generally less soluble than mietal cations in smaller particles of the same material
because they are more strongly bound by the anions to which they ‘coordinated (Blaedel and
Meloche, 1963). Possibly the electron microscopic examination and energy dispersive X-ray

microanalysis of selected sediment samples, which is currently underway, will help to resolve this
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question. Another possibility, which is consistent with a body of indirect chemical evidence,
is that the smelter emissions alter local enviroﬁm"entg;l conditions, biological activities, and '
_b‘iogeobhemical processes in ways that influence the forms of the metals, lQWériﬁg their
bioavailability. ,The following lines of chemical ev‘idence» are particu'lvarly telling: - The
. concentrations of SO42; in bottom water (Figures 2.3 and 2>.4) and the Mn/Fe ratios of sediment
pore water at deep sites (Figure 6.5A) are exceptionally high in the four lakes closest to ‘the
smelter, and Fe levels in the deep-site pore water of these same lakes are very low (Appendix
4), whereas lakes further away have relatively SO,*-poor bottom water and Fe-rich pore water |
with low Mn/Fe ratios. The abundance of SO,> (one of the principal pollutants from the smelter)
probably stimulates the growth of S0, >-reducing B’acte‘rih, resulting in precipitation of Fe as FeS
accompanied by immobilizaﬁon of Cu and Ni owing to copreéibitation and sorption by FeS and
binding by thiols. This could account for the relative abundance of the less bioavailable forms
o.f Cu and Ni in the immediate vicinity of thevsmel’ter, The high Mn/Fe ratios in the pore water
are consistent with this theory, as reducing conditions and sulfide production 'p_romote :
solubilization of Mn whilst removing dissolved Fe (Jackson and Bistricki, 1995). The sulfide
data (Appendix 4) are not consistent with this interpretation, as they are independent of distance -
from the smelter, but this does not rule out the possibility that SO *-reducing bacteria are most
- active, and are exerting specific effects on metalhvailability (e.g., by pro.ducing certain metal-
sequestering thiols), in the SO, -enriched environments with high Mn/Fe ratios situated closest

to the smelter.

Other varieties of microbial activity besides SO, reduction could play direct and indirect roles
in controlling metal bioavgﬂabilfi_ty. If microbial activities and other bi_ol_dgical processes in the |
lakes of the study area tend to promote mobilization of sediment-bound Cu and Ni (fo_f instance,
by producing complexing agents and acids and by liberating the metals from decomposing
reméins_ of aquatic and benthic organisms), thereby enha.néing their bioavailability, then inhibition
~ of microbes and other orgahi'sms by toxic smelter emissions could cause the bioavailability of Cu
and Ni to be relatively low near the.smelter and higher farther away. (Of course, organisms may
immobilize heavy metals as well as mobilizing them under both oxidizing and reducing
conditions, as occurs, for example, when microbes mediate precipitation of highly insoluble

metal-binding agents such as FEOOH and MnOOH and, as mentioned above, FeS. Many
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processes may occur simultaneously, and the net effect may vary with environmental conditions,

owing in part to ecological succession in the microbial community.)

and it is lm_ked- to the Mn/Fe ratio and other chemical parameters that:are affected by the smelter
emissions, Unexpectedly,- certain spectral properties of the sed‘imentary'humic matter were found
to vary sys'tematicalIy as a function of distance from the s‘melter." Thus, with increasing distance,
the U_V-\{i_Sihlc a‘bsorbance‘ ratio Ajonn/Asonm Of the NaOH-extractable fraction of the sediment
rises, levels off, and then comes back down (Figure 6.5B). ("Al' stands for absorbance at the
wavelength indicated by the subscript.) The A‘,,ssm,,/Amm;1 ratio (usually called EJEG in the
literature) shows a similar pattern of variation but with much more scatter (not shown). Note that .
the highest Ayoum/Asonin values (the ones that make the "plateau” in the curve) represent the four
lakes whose waters are poorest in dissolved Ca (W. Keller, unpublished data); the possible

: signiﬁcanCe of Ca is discussed in another section (see below). These observations are of
considerable mterest as absorbance ratios such as these reflect inherent charactenstics of the
humic substances (properties such as molecular size, structure, an_d composition, which depend
on the nature of the starting material and the environment of formation) but are independe‘,nt of
the concertration of humic matter. (The ratios are also known to vary with ambient pH, but the
pH in this case was presumably constant, as all the humic extracts were .dissclved, 01 M

.NaOH) In general, the absorbance . ratios decrease with increasing molecular size (i.e.,

- increasing degree of "humic acid," as opposed to. “fulvic acid," character) and increasing degree
of humification (i.e., maturity), and humic matter formed in aquatic environments tends to have
higher values of these ratios than humrc matter generated in soil (Schnitzer -and Khan, 1972*
Pennanen, 1975; Chen, 1977, Alken et al., 1985). The observed relationshlp, therefore, between
A s20im! A o Tatio and distance from the smelter suggests that pollutants in the smelter emissions

- have a marked effect on the processes which determme the properties of the sedrmentary humic

- matter.
A possible explanation for the change in A,y0/A o, values with distance from the smelter is

that the proportion of autochthonous humic substances to allochthonous ones increases away from

the smelter because of the correspondmg decrease in the severity of pollution (Figure 6. 1) and
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consequent abatement of inhibitory effects of the pollutants on biological activities in the lakes.
(The autochthonous component of the humic matter in lakes is formed in situ from decomposing
remains of aquatic organisms [notably phytoplankton], whereas the allochthonous component,
which is quantitatively important in Boreai forest lakes such as those of Northern Ontario, is
formed in soil from remains of terrestrial organisms [mostly forest vegetation] and transported
into the lakes by stréanis and runoff.) The observed effect could result from inhibition of the
organisms whose decompbsing remains comprise the raw material of humic matter or the
microbes that decompose the labile organic matter and produce the humic matter, or both. If
this interpretation is corfect, environmental conditions in the lakes are essentially normal at a
distance of 50 km.or more from the smelter insofar as the overall production of aquatic biomass
and its partial conversion to humic matter by microbial activity are concerned, although
particularly sensitive species could sﬁll be adversely affected. Another possible .reason for the
apparent effect of smelter emissions on the A;,,./A 120 ratio is that the spectral pr’opérties of the
humic matter were altered by the complexing of large quantities of metals in the most severely
polluted lakes in the vicinity of the smelter; humic. matter is known to be subject to
"auxochrome" effects of this nature caused by variations in their chemical environiment. This

“idea.could be tested experimentally at some future time.

Thus, there are several possible causes of the observed effect, and more information is needed
to find the correct explanation. Furthermore, we do not yet understand why the curve comes
back down beyond a distance of 100 km. This» probably represénts natural variation in the local
source material or conditions of humification and is irrelevant to the smelter problem. Evidence
to be presented further on, (see below) suggests that the observed geographical variation in the
properties of humic matter affects the bioavailability of the metals owing to related variation in
the stability of metal-humic complexes. In any case, the fact that most of the extractable Cu and
Ni are strqngly bound by organic matter and sulfide (Figure 6.3), and the firmly established
generalization that humic substances play major roles in the binding, release, and biological
uptake of metals in natural environments (roles which vary with the properties of the humic
matter), are sufficient grounds for Suspecting that the nature of the humic matter as well as its
. abundance in the lakes of the study area has an important bearing on the question of

bioavailability.
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In brref the findings illustrated in Figures 6.4 and 6. 5 are of interest because they suggest that
the smelter emissions affect freshwater ecosystems in the vicinity of Sudbury not only by
introducing potentrally toxic heavy metals and sulphur compounds into them but also by
influencing the forms and bioavailability of the metals by alteration of aquatic and sedimentary'

environments.

6.3.4. Effects of Cu and Ni species and other factors on benthic animals

'Res‘ults of the toxicity tests with benthic invertebrates (young of the crustacean Hyalella, larvae _'
of the insect genera Chironomus and Hexagenia, and adults of the oligochaete Tubifex tubifex,
.Section 5) were compared with metal speciation data and related measurements. As the Cu and
| Ni fractrons of the sediments are essentially covariant, their relationships w1th the results of the
bioassays are srmllar but Cu was found to give somewhat better correlations in some cases,
‘whereas. Ni or the sum of the mole concentrations of _Cu and Ni gave the best results in other
cases. The study revealed not enly that toxicity varied as functions of site-dependent chemical
characteristics of the sediments and associated lake'water but also that the different kinds of
they were exposed even though all of these creatures habitually feed on sediment partrcle‘s and
must therefore have ingested portions of the contaminated sediments (although perhaps not
precisely the same kinds of particles, as they discriminate to a greater or lesser extent between
different edible sediment components). The diverse results of the toxicity bioassays serve to
remind us that a bioassay per‘forrne_d on a culture of a single test species is of limited value in
the assessment of toxic effects of pollutants on complex natural communities composed‘of vast
numbers of species i‘nteracting with each other in numerous direct and indirect ways. Laboratory -
bioassays may yield useful information, as in the present case, but their limitations must be kept
clearly in mind. Ideally, it would be preferable to combine such tests with comprehensive in-

- depth investigation of the effects of p‘ollutants on entire ecosystems under field conditions.
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6.3.4.1. Effects of pollutants on Hyalella. Measurements of percentage survival of Hyalella on
exposure to the lake sediments (Figuré 5.1, Appendix 3) were plotted against the total solvent-
extractable Cu and Ni concentrations in the sediments. For sediments from the "10 m" sites, the
result was a weak inverse correlation (Figure 6.6A, Appendix 5). However, the weakness of the
-relationship is due mainly to the fact that percentage survival was abnormally low in the presence
of sediments from Restoule Lake and Tomiko Lake, whose waters have the lowest Ca and Mg
content (i.e., the lowest degree of hardness) (W. Keller, unpublished data). When the percentage
survival data were normalized with respect to water hardness (expressed as the sum of the mole
concentrations of Ca and Mg), the correlation improved dramatically, becoming highly significant,
and the data for Restoule Lake and Tomiko Lake were no longer aberrant (Figure 6.6B).
(Essentially the same trend emerged when the survival/hardness ratio was plotted against CaCl,-
extractable Cu, but the correlation was not as strong (Appendix 5); and there was no meaningful
correlation at all between survival/hardness ratio and NaAc/HAc-extractable Cu.) The data for
sediment samples from "deep" sites yielded similar results to those representing 10 m sites,
except that the survival/hardness ratio was anomalously high in the case of Tomiko Lake and
Trout Lake for reasons that we cannot, at present, explain (not shown). (Note that the apparent
effect of water hardness was not a direct effect of lake water chemistry on the bioassay results,
as all the bioassays were performed on sediment samples immersed in Lake Ontario water of
uniform composition rather than water from the sampling sites. Instead, the observed effect is
attributable to related characteristics of the sediments; for instance, a possible explanation would
be the presence of carbonate minerals, or relatively high concentrations of sorbed Ca**, Mg?*, and
HCO, ions, in sediments from lakes containing relatively hard water. Further analysis of the
sediments, including X-ray diffraction analysis, along with closer scrutiny of the geological

formations in the drainage basins of the lakes, is needed to test this idea.)

Although. the cause-and-effect relations remain to be determined, the correlation between the
-bioassay results and geochemical data (Figure 6.6) are consistent with poisoning of Hyalella by
the solvent-extractable Cu and Ni fractions, possibly including the strongly sorbed
H,0,/NH,Ac/HNO,-extractable Cu and Ni species which comprise the principal solvent-
extractable Cu and Ni fractions. If this tentative interpretation is cofrect, the apparent availability

of these relatively refractory forms of the metals and the absence of a preferential effect of the
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”Flgure 6.6. Apparent effects of total solvent-extractable Cuin sedlments from 10 m sites on
- Hyalella survival with and without correction for variations in the combined Ca and Mg content
(bardness) of the water. The dlagrams show % survival of Hyalella and % survival. of Hyalélla
normalized with respect to Ca + Mg (A and B, respectively) plotted agairist the extractable Cu
. content of the sediment. The Ca and Mg data, which. répresent water samples collected in 1981,
- were furnished by W. Keller (Ontano Mmlstry of the Environment).
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moré loosely sorbed _species probably reflect the fact that the organisms ingest.entire sediment’
particles. Observations suggest that even the more strongly bound metals can be solubilized byi
the organisms' digestive juices and then absorbed through the wall of the gut (Jackson et al.,
1995). Nevertheless, the ameliorating effect of water hardness suggests that Ca and Mg salts
interfere with metal uptake (as reported by others in the literature). Al‘tématively, it is possible
that toxicity to Hyalella is caused by dissolved Ni; the correlation between survival and Ni in the
bioassay water was also very close (Table 5.2, Appendix 5).

6.3.4.2. Effects of pollufants on Chironomus larvae. Chironomus gave radically different
bioassay results than Hyalella, implying a fundamental qualitative difference in its response to’
| the toxic contaminants. The percentage Sur\;'i”val data for Chironomus populations exposed to
sediments.from'the 10 m sites showed no correlation with extractable Cu or Ni (Appendix 5),
and the results were independent of water hardness. However, a plot of percentage survival
against total solvent-extractable Cu + Ni for the deep sites revealed a well defined V-,shapedl
pattern of variation formed by the junction of two opposi_ﬁg trends (Figure 6.7). Surprisingly, this
means that percentage survival was highest closest to the smelter (where extractable Cu andv Ni :
levels in the sediments were highest) and farthest away from it (where extractable Cu and Ni
were least abundant), the minimum percentage survival (i.e., maximum toxicity) occurring at
intermediate distances (where extractable Cu and Ni concentrations were intermediate). As with
Hyalella, the correlation of toxic effects with the total extractable metal fractions and the apparent
lack of discri,minaf_i_on between weakly bound and strongly bound metal species may be related
to the animal's habit of swallowing and digesting sediment particles. In this case, however, water
hardness plays no role in mitigating the apparent toxicity of the metals to Chironomus. (Note
that Cu or Ni alone gave éssentially the same result, but Cu + Ni gave thé best trends, indicating
that both metals may contribute to the observed effect. Also note that survival of Hyalella

correlated with the Ni content of bioassay water (Appendix 5).)
If the unexpected V-shaped pattern of variation seen in Figure 6.7 is indeed caused by emissions

of from the smelter, and is not an artifact, then this implies that the contaminants from the

smelter include not only heavy metals such as Cu which have toxic effects on the organisms but
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- Figure 6.7. Apparent effects of total solvent-extractable Cu and Ni in sediments from deep sites
on Chironomus. The diagram shows % survival of Chironomus plotted agamst the'sum of the

total mole concentrations of extractable Cu and Ni.
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also constituents wﬁich, to some extent, ameliorate those effects in the imﬂ_mediate: vicinity of the
smelter. Possibly the Cu in the particlés that settle out closest to the smelter are less readily
available to the Chironomus than the Cuin the particles that settle out further away, although this
is obviously not the case where HyaI_elIa is concerned. As discussed in Section 3.3 (above), there
is independent evidence that the bioavailability of Cu and Ni is lowest in the lakes closest to the
smelter and increases with distance from it. Again, there could, in theory, be a number of
reasons for suppression of biological uptake of Cu and Ni and consequent abatement of toxivcity
near the smelter; amohg them are preferential deposition of coarser, less readily solubilized metal-
‘bearing particles closer to the smelter, inhibition of sedimentary bacteria that enhance
bioavailability, and direct or indirect detoxifying effects of certain smelter products such as SOf",
which is most abundant in lake waters nearest tixe smelter (Figure 2.3). Sulphate could, perhaps,
-indirectly interfere with the biological uptake of Cu and Ni by stimulating the activities of SO
reducing bacteria, causing enhanced production of sulfides, which bind heavy metals such as Cu
strongly, diminishing their bioavailability., Although oui‘ total sulfide data .do.:not support this
hypothesis, they do not neceésarily rule out the possibility that S.O_f'-reducing bacteria play a role .
~in suppressing metal bioavailability in the lakes closest to the smelter. Whatever the
detoxification mechanism for Chironomus in the vicinity of the smelter, it is ineffectual for
Hyalella. Furthermore, certain distinctive characteristics of the sedimentary environment at the “
deep sites which are not present at the 10 m sites must contribute in some way to the outcome.
(suggesting a role for sulfide, thiols, or other products of relatively reducing environmehts).

More information is needed to explain the observed results.

4

6.3.4.3. Effects of pollutimts on Hexagenia. The relative growth of Hexagenia (the ratio of final
weight to initial weight) is inversely related to the total solvent-extractable Ni and Cu content of
the sediment, and the data for both the deep and the 10 m sites conform to the same trend.
However, the plot shows cons_iderable scatter. Normalizing the relative growth measurements
with respect to water hardness improves the correlation somewhat, though not dramatically, and

" Ni (or Ni + Cu) gave somewhat better results than Cu (Figure 6.8A, Appendix 5).
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A comparable but more significant curve was obtained by plotting relative growth of Hexagenia
‘against the SO,> content of the bottom water (Figure 6.8B). In thié plot, relative growth
decreases in linear fashion with increasing SO, down to a minimum value greater than zero at
acritical value of S0,*, whereupon it levels off abruptly, remaining constant with further increase’

in SO,%. This correlation should probably not be construed as indicating a toxic effect of SO,*,
| as SO.” ions are relatively harmless. A more plausible explanation is that SO is strongly
covariant with certain toxic metal species. This interprétation is consistent with the fact that
S0O,* is most abundant in the lakes closest to the smelter, where the concentrations of smelter-

derived metals are also highest.

6.3.4.4. Effects of pollutants on Tubifex tubifex. The ratio of large (>500 um) to small (<500
pm) Tu‘bifex tubifex young (hereafter called the L/S ratio) after incubation of the adult worms
with sediments from deep sites gave an inverse correlation with the total solvent-extractable Cu
and Ni content of the sediment and positive correlations with the A issnm’ Asesnm ANA Agsoni/ A tronm
ratios of the humic matter extracted from the sediment with NaOH. Normalization of the L/S
ratio with respecf to water hardness improved the correlations slightly (Figure 6.9, A-C). All of
these relaiionships, though apparently significant, are characterized by considerable dispersion,
and they do not appear to differ greatly from one another in significance. The data for the 10

m sites did not show significant correlations and hence are not included in Figure 6.9.

The most straightforward interpretation of the results would seem to be that bioavailable Cu and
Ni and other pollutants from the smelter tended to impair the growth of youhg ‘worms, causing
. a drop in the proportion of relatively large individuals, but tﬁat other pollution-related factors too
- including variations in the nature of the humic matter (which is itself subject to alteration by
the pollutants) - contributed in large part to the observed variance of the L/S ratio. However, the
correlations between L/S ratio and spectral properties of humic matter cannot be evaluated
properly without more information. They could represent an actual effect of humic matter (such
as variation of the bioavailability of Cu as a function of thé molecular properties of the humic
x_hatter), but they could merely mean, instead, that the growth of th_e worms and the absorbance

ratios of the humic matter are independent of each other but correlate significantly because both
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Figure 6.9. Apparent effects of deep-site sediment composition on the ratio of large (>500 mm)
to small (<500 mm) Tubifex young (normalized with respect to the combined Ca and Mg content
(bardness) of the water). The diagrams show the adjusted size ratio plotted against the sum of
the total mole concentrations of extractable Cu and Ni in the sediments (A) and against the

A ssam! Assnm A0 Ao/ Azonm, Tatios of the NaOH-extractable humic matter in the sediments B

and C, respectively).
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are affected by the Cu and Ni and other pollutants. It is possible, of course, that the L/S ratio

is a function of both the abundance of bioavailable Cu and Ni species and the properties of the .
humic matter, (in particular, those properties which determine the molecules' metal-binding and -
releasing abilities). The Cu and Ni may alter the nature of the humic matter indirectly by
poisoning the microbes which produce humic matter or the organisms thse remains comprise

the raw materials for the humic matter (the autochthonous component of it, in any case), or both.

The total yield of Tubifex tubifex young (the sum of <500 um and >500 um young) from all
sites gave a negative correlation with extractable Cu (Figure 6.10A) and somewhat less
satisfactory negative correlations with extractable Ni and the sum of the extractable Cu and Ni
fractions (Appendix 5). However, ’the relationship loses most of its signiﬁcance if the data for
the four lakes closest to the smelter are omitted, suggesting that the metals exerted significant
toxic effects only at the extremely high concentrations found in the immediate vicinity of the
smelter. In contrast, the samples from all sites showed a significant complex relationship
between T. tubifex young and the A,,,../A 0., Tatio 6f ‘NaOH-extractable sedimentary humic
matter (Figure 6.10B). In the presence of s’e.diment from the 10 m sites, the total number of T.
tubifex young tended to increase progressively and gradually with increasing A_,,zov,,m'/A,,om,ratio,
whereas in the presence of sediment from the deep sites, the number of young increased sharply
with rising Asy,./A s50ny Tatio in the range of the lowest ratio values (~1.8-2.4) But' then peaked and
declined gradually with further increase in the ratio (Figure 6.10B). These trends are, to some
extent, linked to smelter emissions, as the sediments from the four lakes closest to the smelter
all possess humic matter characterized by low A,y5.,/A y0n, Tatios (~1.8-2.4) and a tendency to
become less toxic to 7. tubifex young with increasing A32‘¢,,,,,,/A42»o,_,m ratio; but they are not
consistently related to distance' from the smelter, as sediment samples from certain lakes re’latively
far from the smelter (e.g., Nosbonsing Lake) are also distinguished by low ratios (~2.3-2.4). The
relationships shown in Figures 6.10A and 6.10B are consistent with a direct biological effect of
the humic matter as opposeci to a mere correlation reflecting effects of pollutants on both the
organisms and the nature -of the Humic matter. However, the 'reproduc_tive success of T, tubifex
is also linked to the sulfide content of the sediments from the deep sites. Thus, the total yield
of T. tubifex young increases with rising sulfide concentration and then abruptly levels off

(Figure 6.10C). This relatidnsh‘ip suggests that sulfide helps to protect the worms against metal
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poisoning by immobilizing the metals, making them less bioavailable. In short, the available
evidence reveals that production of T. tubifex young varies as a function of the extractable heavy
metal (especially Cu) and sulfide concentrations in the sediments and also the molecular
properties of the associated humic matter. Obviously, all of these variables are interrelated, but
further work is needed to elucidate the cause-and-effect relations. Possibly more than one factor
determines the net effect of the sediments on reproduction in 7. tubifex. For instance,
biqa‘vailable Cu may poison T. tubifex directly but may also exert an indirect effect by poisoning
the organisms. that produce humic matter in situ, thereby altering the properties and hence the

metal-binding capabil‘ities of the humic matter, with the result that the average bioavailability and
| toxicity 'of the sediment-bound metal species are altered. ‘Thus, there could be a complex system
of direct and indirect feedback processes. More will be said about relations between the

bioavailability of Cu and the nature of the humic matter in another section (see below).

One other interesting relationship emerged from the study of T. tubiféx reproduction. A plot of
 the total yield of young worms against the percentage of the total sedimentary Cu pool that was
in the form of NaAc/HAc-extréctable' species (percentage NaAc/HAc-Cu) gave a highly
: é’igniﬁcant inverse linear correlation for the deep sites in the four lakes closest to the smelter -
and only those sites (Figure 6.10D). In contrasf, productibn of young in sediments from the de_ep
sites of lakes further away from the smelter was entirely independent of percentage NaAc/HAc-
.’ Cu, the points representing these lakes forming a separate éluster lying above the regression line
for the four lakes closest to the smelter (Figure 6.10D). These results éuggesf that the sediment
' constituents or environments in the lakes closest to the smelter differ markedly from those of the
other lakes and that these inherent differenéeé affect the binding, release, and bioavailability of
Cu. Moreover, the results suggest some sort of link 'betwee_n the spectral properties of the humic
matter and the bioavailability of Cu insofar as bioava_ilability is represented by the NaAc/HAc-
extractable Cu fraction (see Figure 6.10B). (Incidentally, note that it is i,mportaht’ not to confuse
the "bioavailability'?': of Cu [percentage of "bioavailable" Cu speciés in the total Cu pool.] with’
the concentration of "bioavailable” Cu sﬁecie"s [méss of "bioavailable" Cu species per unit mass

of sediment].)
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. 63.5. Variation of spectr'al properties of humic matter with abundance of ‘solvént-ex't‘nacﬁble Cu

species in sediments: a means of quantifying toxic effects of Cu on aquatic ecosystems?
A plot of thé A 0mm! A yoonm TaLIO Of'NaOH-eﬁxtractéble huiic matter against the total solvent-
extractable Cu concentration in sediment samples from deep sites and 10 m sites is shown in
Figure 6.11A. (Since the variation in the concentration of 'exftraetable. Cu in the sediment depends
- almost entirely on the rate of deposition of airborne contaminants and hence on 'di'smno‘e' from the
smelter (Figure 6.1), it is logical to express the absorbance ratio as a function of extraCtsble._Cu
- rather than the other way round.) Not surprisingly, a virtually identical reSuit was obtained by
| substituting H,0,/NH,Ac/HNO;-extractable Cu (the prmc1pal extractable fraction) for the total
extractable Cu in the plot.

Clearly there is a highly signiﬁcant but oomplex relationship hetween the Am,,;i,/Am,,-i,l ,rat,i_o' and
the abundance of e)‘(trao_table Cu, and the data. for the deep ‘and 10 m sites conform to the Sa;ne
_curve (Figure 6.11A). _:The A,zm/Aam ratio is lowest (implying that the average ‘molecular size
of the humic matter is.largest) at the highest concentration of extractable Cu (686 ng/g) '_(i,;'e.‘, in.
the most severely contaminated enirironment) and rises gradually and steadily with vde_creas_in_g
extractable Cu (from right to left in the plot) down to a Cu eoncentration of ~50 p'g/g; at that poiht
(almost vertncally) to form a large peak (sngmfymg that the average molecular size drops to a
minimum) with further decrease i Cu but then declmes at an equally steep angle as the Culevel
falls to <10 pg/g. The lakes. represented by the A;yp,/A 50, Maximum have at least one feature
in common: They are all characterized by water of relatively low Ca content (~3f4 mg/L),
‘whereas the other lakes (th_ose for which data are currently aveilable) have water w1th higher Ca
~ concentrations (~5-15 mg/L) (W. Keller, unpublished data). Note that thisdifferent'_iation is based

solely on Ca concentration, not on-total hardness (the sgrrt'of the Ca and Mg concentrations). -

The progressive increase in the A /A oo Tatio With decreasing extractable Cu within the Cu
concentration range ‘~1;0-686pg/_g may be interpreted as sigrti'fying' that with decreasing severity
of pollutionv' there is a corresponding abatement of the toxic effects of t_he pollu_tants ‘on aquatic
organisms and the sedimentary microbes that mediate the decomposition of their remains and the

- conversion of decomposition products into autochthonous humic matter. This hypothesis is
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consistent with the general observation that hum_ic matter of aquatic origin tends t_o have higher
ab‘sorbance‘ ratios than humic matte'r of terrestrial origin (the allochthonous component of aquatic
with decre_asmg Cu is that it demonstrates ‘dlmlmshmg effects of 'comp_lexed Cu and other metals
on the characteristic light-absorbing ability of the humic matter. (,For,‘ instance, aggregation of
humic acid moiecu_les to form larger units owing to the bridging action of divalent and polyvalent
~ metal cations _could‘ lower the A,,Qnm{/Amm ratio) The marked difference between the spectral ’
properties of humic substances in Ca-rich' and Ca;poor environments may result from the
tendency of Ca** and other oolyvalent ions to immobi_lize‘humic acids, creating relatively large
aggregates by flocculating molecules of humic acid or linking them to-one another through
bridging mechanisms.  As the Amm/A,zo,m ratio of humlc matter tends to decrease with
.increasing molecular size, an enlarged chromophore complex consnstmg of smaller humlc acid
units "cemented" together in this manner by s_hared metal cations could well have a lower overall
Aj320nm/ A s20nm Tati0 than any of its component parts. ‘M_ovre 'resea_reh is needed to test these working ,
hypotheses and to examine their possible ielevance to the bioavailability and toxicity of heavy

metals.

A plot of the Amm/A;mm values against the concentration of NaAc/HAc-extractable Cu for
samples from deep sites (Figure 6.11B) yielded comparable results but with an even more
obvious distinction between Ca-rich and Ca-poor lakes. In this case, the high-Ca and low-Ca

lakes can be represented by two parallel curves, each of which forms a peak at a Cu
| concentration of ~0.3 mg/kg. Itis noteworthy that these curves are almost identical in shape and
that their peaks coincide almost exactly, though the curve for Ca-poo'rllakes is displaced upward
w1th respect to the curve for Ca-rich lakes owing to the systematlcally higher Aj0n0/A 420 Values

of the humic matter in Ca-poor lakes.

- The plot shown i in Fxgure 6. IIC reveals that there is a very sngniﬁcant inverse relatlon between
- CaCl,-extractable Cu and the A;y;,,,/A 4300y Tatio of humic matter in sediments from the deep sites.
The points in the plot. resolve themselves into two separate and distinct trends: - one for Ca-rich
'~ lakes and tlie other for Ca-poor lakes. In this case, it seemed logical to r‘epreset'it CaCl,-Cu as
a function of A;;../Aom Tather than the other way around, as CaCl,-extractable Cu represents

only a small proportion of the total solvent-extractable Cu and is not strongly covariant with the
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major Cu fractions, which are apparently the ones which influence the properties of the humic
matter. Unlike the principal extractable Cu fractions (and, indeed, the A;;0,m/A s20n Fatio as well),
- CaCl -extractable Cu correlates rather poorly with distance from the smelter (Figure 6.2A). A
reasonable working hypothesis to explain the relationships demonstrated in Figure 6.11C would
be as follows: (1) the "exchangeable," highly bioavailable fraction of Cu is mostly sorbed to
cation exchange sites (e.g., -COOH groups) of humic matter; (2) the variation in the CaCl,-
extractable Cu level with respect t0 Asjy,/A o, indicates that the number of cation exchange
sites per unit quantity of humic matter varies with the properties (e.g., average molecular size)
of the humic matter; (3) these properties, in turn, are influenced by the toxic effects of Cu and
other pollutants from the smelter, and are further modified by Ca*" ions in the environment. In
brief, bioavailable forms of Cu and other pollutants from the smelter alter the properties of the
sedimentary humic -maﬁer owing to their toxic effecfs on local biological communities, including
microbes that decompose organic matter, and, in so doing, modify its metal-binding and -

releasing functions, thereby changing the bioavailability and toxicity of the Cu and other metals.

6.3.6. Relations between "bioavailability''of Cu, properties of humic matter, and composition of

pore water :
6.3.6.1 Variation of the 'bioavailability” of Cu with spectral properties of humic matter.
Among the sediments deposited at deep and 10 m lake sites located 6-52 km from the smelter,
the percentage of the total Cu pool that Was extfactable with CaCl, (percentage CaCl,-Cu)
showed a well defined positive linear correlation with the Ajjm/Age, Tatio of the NaOH-
efctractable humic matter (Figure '6,_12A), suggesﬁng that the number of cation exchange sites
(e.g., -COOH groups) belonging to hﬁmic acids increases with decreasing molecular size. This
is a reasonable interpretation, as lower molecular weight humic substances (fulvic acids) are
known to have more -COOH groups per unit of mass than higher molecular weight ones (humic
acids). In contrast, the percentage CaClz-Cﬁ values for sampling site‘s“much farther away (94-154
km) from the sinelfer are considerably higher than any of the percentage CaCl,-Cu values for
sites within 52 km of the smelter, even though the A;;4,/A 00, Tatios of the two groups largely
overlap; and, with the exception of the samplé representing the de‘ép site in Tomiko La,_ke, which

has an anomalously high percentage CaCl,-Cu value with respect to the others in this group, they
s 4
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vary inversely with respeet t0 Assonm/Asz0nm Tatio.  The clear separation of the points in the plot
into two distinct p'opulations based on distance from the smelter may imply an important
difference in the nature of the humic substances represented by these two groups, and hence a
significant systematic difference in the relative bioavailability of the Cu bound to their ligands.
If this hypothesis is correct, a higher proportion of the Cu complexed by humic matter in lakes
94-154 km from the source of pollution is readily dissociated from the binding sites, and hence
is readily available for biological uptake, than is the case with humic matter in lakes only 6-52
km away. The anomalously high percentage CaCl,-Cu value of the sediment from the deep site
in Tomiko Lake is of interest, as Tomiko Lake is the only lake situated in a predominantly
deciduous forest. This anomaly could conceivably reﬂeet the unique character of the source
material from which the allochthonous component of the humic matter in Tomiko Lake was
formed; but without additional analytical data (which we may eventually obtain) to confirm it,
~speculation about its significance would be premature, especially since no such anomaly was

detected-in the sediment sample from the 10 m site of Tomiko Lake.

The perceﬁtage of the total Cu that was extractable with NaAc/HAc (percentage NaAc/HAc-Cu).
also varied as a complex function of the A ;;0,m/A s30m atio of the NaOH-extractable humic matter,
but the pattern of variation was very different than was the case with percentage CaCl,-Cu. With
1ising Ajp0::/A g0nm Tatio, the percentage NaAc/HAc value decreased sharply to a minimum and
then increased (Figdre 6.12B). Essentially the same pattern of variation was observed when
percentage NaAc/HAc-Cu was plotted against the Asz0im/ A 2onm 12110 Of the pore water (Figure
6.12C), implying that the humic fraction dissolved or dispersed in the pore water is essentially
similar in molecular structure and co'm'positioh to the bulk of the humic matter in the sediment.
More research 1s needed to explam these relatlonshlps but the results suggest that the
NaAc/HAc-extractable Cu fraction is associated with humi¢ matter and that the proportlon of the
sedlment-bound Cuin thls form varies with the nature of the humic substances. In any case, the
results imply a profound mherent difference between the CaCl,-Cu and NaAc/HAc-Cu fractions,
probably reflecting a major difference in the nature of the metal-binding sites from which the two -

fractions were extracted.
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6.3.6.2. Relationships between the 'bioa#liilﬁility" of Cu and the Mn/Fe ratio of poie water.
Oxidation and reduction n_lay crucial roles m regulating the speciation, bioavailability, and
toxicity of heavy metals ow.ing. te phenomena such as: (l) involvement of 'oxi_datien and
reduction in the decomposition of biological remains and accompanying produetion of humic
| matter, nonhumlc complexing agents and HzS a complex assortment of mterrelated processes
that lead to both mobilization and lmmoblllzatlon of metals; (2) the creation and destruction of
the common metal-scavenging colloidal mmerals MnOOH, FeOOH and FeS attended by the
binding and release, respectxvely, of metals and (3) the oxidation and reductlon of certain metals
themselves, such as Cr, whose toxnclty is a function of ox1dat10n state. Consequently, any data
revealing links between oxidation-reduction reactions and the speciation and bloavallablllty of

metals in natural envnronments merit serious attention.

Our work yielded evidence that the formation of bieavailable Cu species in the lakes of the study
area correlates with at least one environmental parameter linked to oxidation-reduction reactions:
the Mn/Fe ratio of the pore water. Unfortunately, the parameter_is somewhat ambiguous in the
present case, as it is independent of sediment Eh and sulfide content (Apnendix 4). Nevertheless,
. the Mn/Fe ratios of natural waters and sediments are generally regarded as being sensitive .to
oxidation-reduction potential and dissolved Ozrfconc'entration. Under O,-poor, anoxic, or reducing
conditions, in both the presence and the absence of free sulfide, the Mn/Fe ratio of water tends
to be relatively high because Mn is more soluble than Fe, whereas the Mn/Fe ratio of sediment
or the oxyhydroxide fraction of the sediment tends to be felatively low for the same reason
| (Jackson, 1988; Jackson and Bistricki, .1995). As we have alrea_dy' established an empirical
connection between Cu Speciati’on;and the nature of the sedirne‘ntary humic matter (Figures 6.11
and 6.12), humlc matter, too, will have to be taken into account in our final synthesxs of our
results (see next sectlon) Further research including expenments will be needed to sort out the
questions of cause and effect as opposed to mere correlation. Meanwhnle, let us see how the data

representing the bioavailability of Cu are related to the Mn/Fe ratio of pore water.
"Among sediments from deep sites, the percentage of the total Cu that is extractable with CaCl,
. (percentage CaCl,-Cu) was found to vary as a bimodal function of the Mn/Fe ratio of the

sediment's pore water (Figure 6.13A). Thus, with increasing Mn/Fe ratio the percentage CaCl,-
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Clx rises to a.maximum, decreases to a min_i__m’fum;' ri“se's‘ to a second‘im;aximum, and decreases
again, tapering off to the lowest values of all at the highest Mn/Fe levels. The region of lowest
percentage CaCl,-Cu values and highest Mn/Fe ratios on the right side of Figure 6. 13A're_presents .
the four sampling sites closest to the smelter (6-12 km away from it), whilst the two peaks, which -
make up the region of highest 'f)er'centage CaCl,-Cu and lowest Mn/Fe ratio, represent the more
distant sites (32-154 km from the smelte'r').v It could also be pointed out that the tops of the two
peaks, which cdmpris’e,rthe region ‘of highest percentage C-aClz-Cu values, are formed by the data
for the four sltes farthest from the smelter (94-154 km away), and the zone of intermediate
percentage CaCl,-Cu valiies (comprising the minimum between the two peakS' and the left side

. of the base of the first. peak) represents the four sites located at intermediate distances (32-52 km)
from the smelter The percentage of the total solvent-extractable Cu that is in the CaCl,-
extractable fraction gave a comparable pattern of variation, except that there was only a smgle
peak at low Mn/Fe values (Flgure 6. 1-3B)._» As demonstrated previously (Figure 6.4), the
percentage of CaCl -extractable Cu in the total e‘xtractable fraction tends to i’ncrease progressively
w1th distance from the smelter in accordance with a srmple regressron line, though its relationship
with the Mn/Fe ratio, which tends to decrease exponentnally w1th distance from the smelter
(Figure 6.5A), is complex. The percentage of the total Cu that is extractable with NaAc/HAc
(percentage NaAc/HAc-Cu) varies in a roughly similar manner to the percentage CaClz;Cu with
respect to the Mn/Fe ratio, although the relatronshrp is drfferent in certain details (Frgure 6. 13C)

- Comparable patterns of variation were obtamed for Ni (not shown). -

On the premise that the Mn/Fe ratio of pore water is a ftrnction of oxidation-reduction _reactiohs
despite the fact that it does not cotrelate with overall sediment Eh (and temporarily setting aside
the involvement of humic matter), the patternis of variation illustrated in Figure 6.13 can;to some
~ extent, be interpreted in terms of k'xrown‘ effects - of oxidation and reduction on heavy metal
mobility and bioavailability. Thus, the association of the lowest percentage CaCl,-Cu values with
the highest Mn/Fe ratios (Figure 6.13A), together with the fact that these data represent the lakes

. that lie closest to the smelter and hence are most heavily contaminated with SO,, (Flgure 2, 3)

suggests exceptlonally intense activity of SO reducmg bacteria accompamed by 1mmob111zat10n
of both Fe and Cu by sulfide generated by the bactena, even though the percentage CaClz-Cu'

values are mdependent of the total nonvolatile sulfide content of t_he sediment. (Possrbly the role

7



~

of inorgahic sulfide is masked by effects of thiols and other organic complexing agents present
under reducing conditions.) Regarding the data for lakes farther away from the smelter, the
formation of two percentage CaCl,-Cu peaks in succession with rising Mn/Fe ratio could be
- explained by invoking aitemating effects of increasingly anoxic conditions: . relatively high
percentage CaCl,-Cu values owing to reduction and solubilization of oxyhydroxides with
concomitant release of sorbed and coprecipitated Cu under moderately reducing conditions, and
lower percentage CaCl,-Cu values under more highly reducing conditions owing to
immobilization of Cu by sulfide or thiols. Without more information, however, we cannot
explain why there should be two peaks rather than just one. Possibly they represent the same

basic principles but different sets of conditions and different assemblages of interacting species.

6.3.6.3. Variations of the spectral properties of humic matter with the Mn/Fe ratio of pore water.
Finally, we found interesting relationships between spectral propertiés of pore water and the
"Mn/Fe ratio of the water (Figure 6.14, A & B). Our results strikin'gly illustrate the uniqueness
of the humic substances and sedimentary environments in the four lakes closest to the smelter
~(within 12 km of it) as well as the dependence of the properties of the humic matter on its

environment of formation or deposition.

With iricreasing Mn/Fe ratio, the A;,../Asom Tatios of pore water samples from both deep and
10 m sites decrease sharply to a minimum value and then rise again very gradually (Figure
6.14A). Thus, a plot of Asyq:/A gons Fatio against Mn/Fe ratio forms a distorted U-shaped pattern
with a nearly vertical left limb (representing the highest A;,qm/Aszon Tatios and lowest Mn/Fe
ratios) joined to a nearly horizontal right limb (representing the lowest A;;0,n/A 20 Fatios and
highest Mn/Fe ratios). The data for the four lakes closest to the smelter are confined to the right-
hand limb owing to the consistently high Mn/Fe ratios and low As200m! A 3orm Tati0S of pore water
from these lakes. The data for lakes farther away (32-154 km) from the smelter are distributed -
along both limbs of the curve, but the subset of data representing the deep sites of those lakes

are restricted to the left-hand limb owing to the relatively low Mn/Fe ratios and high A;6.m/A 20mm

ratios of pore water from those sites.
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A plot of A jg5:./Agssnm Tatios for deep sites against the corresponding Mn/Fe ratio values gave a
somewhat different result (Figure 6.14B). (The data for 10 m sites did not conform to the
observed pattern of variation and did not show a c'ohsi‘s,t'e'nt pattern of any desc’ﬁption;
consequently, they are not éhown.) In this case, there is a clear-cut separation between the four
lake sites closest to the smelter (6-12 km away) and the lakes farthest from it (32-154 km away),
although each of the two groups shows a significant positive correlation between A csnu/Asssnm
ratio and Mn/Fe ratio. The ranges of A ;g5;/Agesnm Values for the two groups of samples overlap
widely, although the samples from lakes relatively far from the smelter have a higher mean
A 465:m/Asssam Tt10 than the samples from the four lakes closest to the smelter; but, as mentioned
above, the samples from the group of lakes closest to the smelter all'h_ave higher Mn/Fe ratios
than any of the samples from lakes farther away,' with the result that the plot resolves itself into
- two curves instead of a single one. (It could élso be represented as a single complex curve in
which A j5../Agesnn Tatio rises abruptly with increasing Mn/Fe ratio, forms a peak, plungés to
minimum, and then increases again gradually.) Taken at face value, the pair of curves in Figure
6.14B could be interpreted as follows: (1) As conditions become more redut:’i‘ng (i.e., as the
~.Mn/Fe ratio rises), the autochthonous humic matter becomes less mature and hence has a higher
- degree of "fulvic acid" character (a higher A ,../Ags., Tatio), as would be anticipated; and (2)
the humic matter in the lakes closest to the smelter displays this tendency to a much lesser degree
than the humic matter in the lakes farther away because it has an anomalously high proportion
of allochthonous components (which have characteristically low A ;4,n/Aggsam Tatios), owing to
inhibition of t_ﬁe lacustrine organisms (mainly phytoplankton and bacteria) that form the

autochthonous component of the sedimentary humic matter (see above).

In summary; the relatioﬁship‘s shown in Figure 6.14, A & B appear to demonstrate well defined
“interrelated effects of thé smelter emissions on the sedimentary énvironment (in particular, on
oXidation-reduction reactions in the sediment) and the molecular properties of the sedimentary
humic matter. © According to our data,v these effects extend at least as far as 12 km from the

smelter but not as far as 32 km.
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6.04_0 .

Summaiy of Results and Tentative Interpretations

Concentrations of most solvent-extractable Cu and Ni species in the sediments, as well as Cu
and Ni levels in the pore water; decline exponentially with distance from the INCO smelter,
leifel'ling off over d_istam‘:es__on‘ the order.of ~50-100 km; but the concenttations, of the other
metals investigated (Cd, Zn, Pb, Cr, and Hg) do not vary as functions of distance from the
_smeltér. 1In short, Cu and Ni are the princibal airborne heavy metals deposited in the lakes

from the particulate phase of the smelter emissions, and their rates of loading decrease away

from the source of pollution.

Sequential extraction of sediments with solvents ranging from mild to rigorous (solutions of

CaCl,, NaAc/HAc, NH,OHHCIHNO,, hot H,0,/NH,Ac/HNO,, and citrate/dithionite, in that

order) showed that most of the extractable Cu and Ni are strongly bound to organic matter
and possibly sulﬁde whereas’ llttle Cu or Ni is bound to Fe and Mn oxides _and

oxyhydroxldes this: is consistent w1th the observatlon ‘that all of the sediments have

‘moderately to strongly reducmg envxronments although they are overlain by O,-rich water.

Small but measurable quantities of weakly sorbed, exchangeable (CaCl,-extractable) Cu and A

~ Ni (presumably the most readily b;oavallable.sp661es) are also present.

The percentages of weakly sorbed, exchangeable Cu and Ni species in the total solvent-

. extractable Cu and ‘Ni pobls, respectively, increase progressively with distance from the

smelter. Thus, ﬁlthough the concentrations of Cu and Ni in the sediments decrease with

distance from the smelter, the proportions of highly bioavailable Cuand Ni agtiga‘liy increase.

- Molecular peculiariti_és of sedimentary humic matter as represented by certain spectral

‘properties (UV-visible absorbance ratios) also vary systematically with distance from the |

smelter. These trends are pfobably interrelated. Th‘éy -are tentaﬁirely ascribed to toxic effects
of smelter emissions on the organisms that produce humic matter, the priricipal metal-binding

agent in tﬁe‘lakes of the field area. According to this theory, the pollutants (e.g:, bioavailable

' for't_'nsrcv)f Cu .and Ni) influence the properties of humic matter in‘therl_flake”-‘éedimetits by

inhibiting the organisms that create the humic matter, and, since the bindih'g' and=_'re1ease of
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the metals by humic matter in large part determines the bidavailability of the metals, this, in

turn, affects the bioavailability of the metals.

With increasing concentrations of extractable Cu species in the contaminated sediments,
benthic invertebrates exposed to the sediments aré subject to increasingly severe toxic effects
(and comparable results were obtained for extractable Ni). In the laboratory bioassays,
however, different kinds of animals were affected in quite different ways, even though all
the test species have comparable feeding habits to the extent that all of them ingest sediment

particles of one kind or another:

e The percentage survival of Hyalella young tended to decrease with an increase in total
solvent-extractable Cu and Ni in sediments from deep and 10 m sites, but because
percentage survival was especially low in lakes whose water was relatively soft (poor in
Ca and Mg), the inverse relation with Cu was largely r_naéked unless the percentage
survival data were normalized with respect to lake water hardness. In striking contrast
to this result, percentage survival of Chironomus larvae was highest in deep-water
sediments with the highest and lowest extractable Cu and Ni concentrations, falling to its
lowest levels at-intermediate metal concentrations, and this pattern of variation was seen
only in the presence of sediments from the deep sites; moreover, perceritage survival was
independent of water hardness (Ca and Mg content). Thus, Chironomus, if poisoned by
certain constituents of the smelter emissions (e.g., Cu and Ni), is also protected by a
detoxifying effect of at least one component of the emission_s (possibly SO,* owing to its
conversion to sulfide by SO *-reducing bacteria?) in the immediate vicinity of the smelter.
These results illustrate the limitations as well as the usefulness of experimental toxicity
bioassays employing single species. ~ Such tests should, whenever | possible, be
accompanied by investigations of the effects of pollutants on entire natural communities,
-and they should involve numerous different kinds of test organisms. Furthermore, the fact

- that the toxic effects correlated with the total solvent-extractable Cu or Ni or Cu + Ni
pool rather than the supposedly most bioavailable_ Cu and Ni species (in particular, the,
CaCl-extractable fraction) suggests that sediment-consuming animals take up strongly as

well as weakly bound metals from the sediments because they habitually ingest whole
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particles of sediment in‘stead of merely absorbing dissolved nutrients from lake water
through their cell membranes, as do the f)hy'topléﬁktoni According to this interpretation, -
both weakly and strongly bound Cu and Ni fractions of ingested Se.diment particles are
indiscriminately released into solution duri'rl'g digestion and then absorbed through the gut
wall, _Altemati\)ely, it is possible that toxicity in the case of quielld'is caused largely
by dissolved Ni in the overlying bioassay water (Table 5.2, Appendix 5):

The toxicity data for Hexagenia larvae suggest that extractable Cu and Ni tend to inhibit
larval growth. The toxicity of Cu and Ni is on_ly sli-ghtly worse in lakes with lower
dissolved Ca and Mg levels. The toxic effect of the metals, even when the bioassay data
are normallzed with respect to water hardness, is less pronounced than is the case with
HyaIella ‘

The growth rate of Tubifex- tubifex young as represented by the ret_io of l'a_,rge (>500 pm)
 to small (<500 pum) individuals had a tendency to be retarded by extractable Cu and Ni
but was also significantly related to spectral properties of sedimentary humic matter,
implying interrelations betwéen broavallabrllty of metals and charactenstrcs of the humic
. matter. The total production of young by T. rubifex (the sum of all >500 um and <500
um md1v1dua1s produced) was also inhibited to some extent by extractable Cu and Ni, but
the toxic effect may have. been ameliorated by sulfide - presumably -owing to
-immobilization of Cu and Ni; in addition, total production of young varied as a complex
function of spectr‘al properties of humic matter, the samples from the lakes closest to the
smelter forming a different' trend than the samples from the lakes located farther away.
Moreover the lakes closest to the smelter showed a strong inverse correlatron between
number of young and percentage of NaAc/HAc-extractable species in the total Cu pool
of the sediment, whereas the data for the lakes farther away showed no correlation
whet'soever b,etw‘een_ the two variables. ',A_l'though the processes represented by these
- various relationships }remajn to be elucidated, the results suggest that environmental
~ alteration by smelter émissions in the most heavily polluted lakes has a marked effect on |
metal speciation and bloavarlabrhty, owmg at least in part to modification of the

properties of sedrmentary humic matter.
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° Exﬁmination of analytical data representing extractable Cu fractions, comparative
bioavailability of Cu, and spectral properties of humic matter in the sediments, as well as the
Mn/Fe ratio of pore water and the Ca content of lake water, revealed a number of complex
‘relationships that are consistent with the following tentative interpretations: (1) The relative
bioavailability of Cu in the lakes of the field area is largely dependent on the binding and
release of Cu by sedimentary humic matter, and both the strongly bound and weakly bound
Cu fractions are probably associated, for the most part, with humic matter. (2) Cu and, we
may assume, other pollutants from the smelter have influenced the properties of the
sedimentary humic matter, especially in the lakes closest to the smelter; the pollutants may
have altered the proportion of autochthonous to allochthonous humic substances and hence
the average molecular size of the humic matter by po'iso'n,ing the organisms that produce the
autochthonous components (i.e., the organisms whose remains constitute the raw material of
the autochthonous fraction and the microbes that decompose and humify it). Consequently,
(3) the pollutants have altered the metal-binding and -releasing ability of the humic matter,
thereby affecting the bioavailability of the metals in such a way that the percentage of weakly
sorbed, exchangeable, presumably bioavailable species in the total Cu pool of the sediments
increases with distance from the smelter even though the concentrations of most solvent-
extractable Cu species decrease. (4) These processes are modifiéd by spatially varying
environmental factors, including the Ca content of the lake water and oxidation-reduction

reactions such as bacterial reduction of smélter-derived SO,> in the sediments.

In conclusion, it is necessary to emphasize that the interpretétioﬂs of biogeochemical 'and |
ecotoxi_cological processes offered in this interim fgporfc are merely working hypotheses that
remain to be tested by further work. At the present Stage of the pro;iéct, it would be premature
to draw any definite conclusions about these processes, and we are not yet in a position to

differentiate, with confidence, between cause-and-effect relations and mere correlations.
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7. SUMMARY AND FURTHER RESEARCH NEEDS

This report describes data collected so far as'pert of a continuing project to assess the impact of.
atmospheric deposition of metals from the Sudbury smelters on aquatic ecosystems The work
_ completed to date, and studies which still need to be done, can be convemently summarlzed by -
_comparison to the four questions outlined in the Aquatic Effects Technology Evaluation (AETE)
program (AETE, 199.7). The AETE program was designed to review appropfiate,technologies-
for assessing the impacts of mine_éf-ﬂuents on the aquatic e_gvi',ronmentf .Although the present '-
study deals with atmospheric inputs of metals rather than effluents per se, the same questions

apply. These are:

Are contaminants getting into the system?
Are contaminants bioavailable?

Is there a measurable response? .

o R NI

Are the contaminants causing this response? -

7.1.  Are Metals Getting Into Aquatic Ecosystems?

The answer to this quesﬁoh is clearly “yes”. -The contamination of aquatic ecosystems near
S‘pdb‘u‘ry by metals has been known for some time (eg., Nriag‘u' etal., 1982). The -pr'ese‘nti study
demonstrates the level of centaminati‘on,_ especially by Cu and Ni, in the lakes selected for this
study, confirms that contamination is recent and in the surface sediments, not in deeper and older
~ sediments (Table 3.1, Figure 3.2), and quantifies the magnitude of enrichment, and the rate at

which this contamination decreases with distance from Sudbury (Table 3.3).

7.2.  Are These Metals Bioavailable?

Further researchi is requlred to address thls questlon Clearly, the elevated concentratlons of Cu

and Ni in sedlments near Sudbury are reﬂected in increased concentratlons in lake water (Fi igure
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2.3), increased concentrations in thé overlying bioassay water during toxicity tests with sediments
from these lakes (Table 5.2), and increased concentrations of the most readily extractable and
presumably most bioavailable forms of these metals in the sediments (CaCl,-extractable, Figure
6.2). However, élthough the total CaCl,-extractable Cu and Ni concentrations are highest in
sediments from lakes near Sudbury, the rélative bi(;availability' (percent of total metal which is
extractable by CaCl,) is lowest here (Figure 6.4). Similarly, Cu concentrations in lake water
increase more gradually than concéntrations in sediments, suggesting a lower relative
bioavailability of Cu in the most contaminated sediments (Figure 2.3). (In contrast, Ni
concentrations in lake water are almost directly proportional to Ni concentrations in sediments.
[Figure 2.3]) These data suggest that, while total bioavailable Cu and Ni are most likely higher
in lakes near Sudbury, bioavailability is not directly proportional to total metal in the sediments.
Additional research which still needs to be conducted includes direct 'analysis of bioavailable
metal through measurement of the amount of metal actu_al‘ly accumulated in the tissues of benthic

organisms.

7.3. Is There a Measurable Biological Response?

'The answer to this quéstion is “yes”. Results of both in situ benthic community structure and
sediment toxicity tests suggest that sediments in lakes near Sudbury are less able to support a
number .of' sensitive species, including amphipods (Tablé 4.1, Figure 5.1), bivalves (Table 4.1),
and mayflies (Figure 5.1). Some insects, such as phantom midges (Table 4.1) and chironomids

~of the genus Chironomus (Table 4.1, Figure 5.1) appear to be relatively unaffected. The

biological effects of proximity to Sudbury are clearly species specific.

74. Are the Metals Causing This Response?
Additional research is needed to address this very important question. A number of interesting
correlations have been observed, including the correlation between sediment toxicity to Hyalella

and Hexagenia and Ni in the bioassay water (Table 5.2, Appendix 5), sediment toxicity and total
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extractable Cu and Ni (Figures 6.6 - 6.9), and reproduction of Tubifex and sulfide and spectral
properties of humic matter (Figure_é 6.9 - 6.10).. These are, héwevér, only correlations and not
proof of cause and effect. Sediment toxicity to Hyalella, Hexagenia and Tubifex correlates to

some extent with each of Cu or Ni expressed as CaCl,-extractable, total extractable, total in

_sediment, dissolved in porewater, .dissolved in bioassay water, or dissolved in lake water,

although the correlations with dissolved metal are somewhat better for Ni than for Cu (Appendix
5). The i‘dentity and- toxic fraction of the metal responsible for biological effects is, therefore,
not clear. Additional research needed includes studies with metal-Spiked cdnti‘o‘l (i.e., non-toxic
pribr to spiking) .s'eldim‘ent's to obtain relationships between metal bioaccumulation and toxicity
under conditions where the toxic agent is kno§v. Comparison of the critical body concentrations

at which toxicity first appears with metal accumulation following exposure to Sudbury area

sediments (see section 7.2 above) may help ide‘n't'i‘fy the toxic agent. This approach has been used
‘previously to identify-zinc as the toxic agent in sediments from Manitouwadge Lake (Borgmann
- and Norwood, 1997). Identification of the toxic agent, and a clearer understanding of the toxic '

fraction, will allow a much better interpretation of the biological sig’niﬁcaﬁc‘e of the chemical

contaminatipn.obsei'ved in aquatic ecosystems impacted by the Sudbury smelters. It is possible,
for example, to derive a relationship between chronic survival of Hyalella after four weeks -
exposure to sediments and proximity to the smelters at Copper Cliff, based on the relationship
between toxicity and Ni in the bioassay water (Table 5.2, equétions 3-5). Such a relationship
would carry much more Weight and have much greater predictive cé‘pac_ity if it was based on a

true cause and effect relationship.
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Appendix 1

- Hydrolab (temperature, pH, conductivity, oxygen) profiles for each of the stations sampled. The

profiles for the 10 m station. (solid lines) and the deep station (dashed ,iines) are shown in the
same figure for lakes greater than 10 m in depth. Sudden clianges.in-the conductivity and pH
at the bottom of :some of the profiles occurs when the probe touches the bottom. Profiles are -
plotted frdm_ 0to 30 m iny.. There was very little .change. in any parameter below.3(l) m in those
stations deeper than 30 m (TROD and TALD). | ’ '
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| Appendix 2

Sediment profiles for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn, loss on ignition (LOI) and total carbon -
(T C)>fr<')m the deep station in each of the lakes sémpled- Sediment cores were sectioned every
cm from 1-10 cm and every 2 cm from 10-20 cm. Data are shown plotted by lake and

summarized in table format by metal.
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Metal Concentrations, Loss on Ignition (LOI) and Total Carbon (TC) i in Sedlment Profiles from the deep station in

lakes at various distances from Copper CIiff.

RAMD MCFD RAFD RICD NEPD KAKD TROD LOSD TOMD RESD NOSD TALD
km _ 6 10 11 12 32 38 43 52 94 107 144 154
depth Cd cd cd cd Ccd Cd Cd Ccd cd Cd cd Cd
cm mghg  mghkg mghkg mgks mghkg mghkg mgkg mgkeg mghkg mghkg mgkg mgke
0-1 6.5 133 56 74 5.0 43 10.7 7.0 39 123 28 59
12 49 21.4 32 43 2.1 34 4.6 26 1.6 53 2.1 42
23 34 19.8 20 238 1.7, 34 4.7 24 13 46 20 42
34 35 159 04 26 12 2.7 34 0.7 1.2 43 23 39
45 36 103 0 2.1 09 25 23 0 12 4.1 1.8 38
56 33 85 0 ‘1.5 0 23 04 ) 12 38 20 39
6-7 28 38 0 1.1 0 28 0.6 0 16 33 22 3.9
7-8 36 24 ] 05 0 34 03 0 1.4 3.1 1.8 34
89 1.0 1.7 0.6 0.8 35 36 0.6 0.3 1.8 2.1 1.9 30
9-10 09 1.0 0.1 0.2 0 32 0 0 15 1.9 1.7 23
10-12 ] 1.1 03 0.2 0 25 ] 0 14 14 14 23
i2-14 0 12 0.1 0 0.6 20 0 0 13 1.7 12 2.0
14-16 0 1.0 0 0.8 0.6 12 0 0 1.6 13 1.0 .25
16-18 0 1.2 0 07 03 0.7 03 0 13 1.3 0.9 26
18-20 0 12 0 0.1 0 0 04 0 14 12 1.1 28
detection limit =3.4 ‘ )
Co Co Co Co Co Co Co Co Co Co Co Co
mg/kg  mghkg mghks mghkg mghks mghkg mghkg mghkg mghkg mghkg mghkg mghkg
0-1 106 175 7 76 35 39 56 34 26 29 18 26
1-2 99 192 51 89 38 36 54 47 20 20 18 24
23 79 226 31 59 37 38 56 42 19 25 19 24
34 76 246 2 61 33 34 32 32 17 29 19 C27
45 85 184 13 46 31 32 34 54 18 25 19 28
56 78 92 18 32 28 32 19 26 21 27 18 28
67 77 53 18 26 29 39 20 27 21 30 19 25
78 97 38 16 23 31 42 18 30 2 27 19 26
89 44 33 18 19 34 46 21 30 23 25 18 23
9-10 24 47 20 19 - 30 46 25 29 25 20 18 23
10-12 18 27 19 i8 3] 38 29 29 23 16 19 24
12-14 21 21 20 16 31 28 20 28 2 16 18 25
- 14-16 20 23 20 16 30 26 19 31 24 17 20 25
16-18 18 25 19 i5 27 24 22 28 21 16 20 26
18-20 17 2 20 12 29 21 26 35 23 14 18 28
. detection limit = 0.9
Cr Cr Cr Cr Cr Cr Cr Cr Cr
mglkg ms/kg mgkg mghks mghkg mghk mgkg mgkg mg/ks mg/kg mg/ks ms/kg
01 66 57 98 71 65 80 105
1-2 94 61 71 7 92 71 70 80 63 5'0 81 107
2:3 93 65 70 66 104 7 66 77 62 56 86 105
34 102 67 76 70 110 74 61 84 59 54 86 107
45 95 7 st 66 113 71 62 89 63 50 89 110
56 90 69 70 66 125 73 61 7 67 52 82 105
6-7 7 7 72 67 139 7 70 8t 69 53 8 102
7-8 99 65 65 67 143 72 66 85 64 52 84 103
89 9 64 75 67 141 71 74 .87 68 49 80 105
9-10 86 54 78 69 136 76 60 81 67 52 82 104
10-12 86 65 76 68 138 77 69 82 71 52, 89 107
12-14 94 61 73 68 140 68 64 70 69 53 87 11
14-16 98 67 75 67 133 77 62 78 72 55 93 116
16-18 95. 67 75 66 128 88 67 7 65 57 91 120
18-20 96 - 63 74 58 133 . 83 72 74 67 48 88 123
detection limit =0.9
Cu Cu Cu Cu Cu Cu Cu Cu Cu Cu
mghg  mg/kg mm ms/ks mg/kg ms/kg mg/kg ms/kz mgkg mghkg mghkg
0-1 1955 735, 1561 1028 180 158 k] 37 37
1-2 1954 1414 995 1197 ‘24‘2 180 277 168 23 54 38 40
23 1349 1825 410 845 169 211 72 97 22 72 42 41
34 1329 2408 150 687 73 211 153 38 19 65 41 .42
45 1577 2032 58 476 58 176 52 31 ‘22 60 42 46
56 1448 1356 63 293 42 191 34 32 21 49 42 45
6-7 1520 848 55 189 43 263 40 35 22 40 44 41
7-8 1788 438 35 151 45 312 35 33 19 34 40 41
89 524 3 37 114 50 331 39 33 20 32 39 37
9-10 165 58 44 112 45 333 30 31 23 35 40 29
10-12 78 47 40 99 43 279 36 31 22 29 40 27
12-14 121 39 38 78 44 m 32 33 21 32, 37 27
14-16 69 34 43 91 41 50 33 35 21 32 39 29
16-18 40 34 44 73 39 42 34 28 21 40 33 30
'18-20 34 35 45 54 43 34 35 33 2 27 29 29

detection limit = 1.0

118



Métal Concentratlons, Loss on Ignltlon (LOI) and Total Carbon (TC) in Sediment Profiles from the deep’ statlon in
laKes at various dlstances from Copper CIiff.

RAMD MCFD RAFD RICD NEPD. KAKD TROD LOSD TOMD RESD NOSD  TALD

_ km. 6 10 11 12 32 38 43 52 94 107 144 154
depth Fe Fe - Fe Fe Fe - Fe Fe Fe = . Fe Fe Fe . Fe
" cm % % % . % % % - % % % . % % %

0-1 . 3.69 520 . 407 254 456 6.72 11.10 391 321 over 7.11 10.14
12 427 5.17 4.00 322 392 599 . 525 411 - 311 7.59 593 10.32
23 463 . 453 3.36 261 427 6.03 6.26, 435 3.12 530 6.05 925
34 473 6.97 293 2.81 433 497 4,53 3.86 - 295 5.19 5.62 8.03
45 482 693 1.94 264 430 445 4,64 3.88 2.95 4.66 5.82 8.21
56 4.64 5.56 244 241 440 463 334 342 314 495 5.81 826
67 4.06 417 258 2.26 489 474 3.64 346 324 499 6.49 792
7-8 511 339 .. 225 224 . 510 . 499 3.33 362 306 478 . 581 7.30
89 384 31 250 243 5:20 5.54 351 3.76 3.28 426 5.49 661
9-10 317 316 - 262 223 - 493 523 "3.09 353 315 453 539 5.86

< 10-12 2.87 3.31. 253 226 5.13 422 354 " 3.49 3.09 411 514 6.13
12-14 3.06 293 253 2.1 5.06 3.89 3.10 308 . 328 423 473 . 658
14-16 i 304 2.59 2.03 491 3.65 3.20 341 342 438 - 488 7.49-
16-18 301 7 319 252 2.11 4.89 3.64 335 324 3.14 432 479 794
18-20 3.11 312 25 . 186 5.02 368 . 360 331 3.22 337 434 848

detection limit= 1.2 mg/kg )
Mn Mn Mn Mn Mn Mn ‘Mn ~Ma Mn Mn Mn Mn
0-1 1059 2568 432 - 1996 8841 1428 1145 10130 " 1128 - 6170
1-2 912 over 409 T 451 , 827 1567 4526 1202 1187 4314 916 4052
23 742 41090 406 - 412 836 1457° 3934 i1z 1123 2637 908 3655 -
34 577 - 19730 425 - 454 - 7181 1305 3017 1040 1078 2301 845 3363
45 503 8550 344 431 m 1265 2879 1185 1050 2014 832 . 3687
56 433 4039 431 444 735 1191 268 1236 1024 1860 819 3609
67 387 3is8 460 an 709 1149 2955 1188 1012 1883 897 3508
7-8 429 2627 426 474 724 . 1071 2634 . 1074 1002 1948 848 3255.
89 467 ' 2900 466 480 723 1011 - 2650 1087 1014 1916 840 2704
9-10 445 2884 508 449 704 1043 2414 1103~ 998 1933 833 2197
10-12 427 2852 508 451 - 720 982 2444 1121 995 1761 723 2135
12-14 445 2018 512 - 423 718 - 942 2175 1241 1018 1686 637 2439
14-16 451 1495 518 395 723 973 2385 1360 1039 1581 648 2880
16:18 . 447" 1504 523 376 712 1013 | 2432 1306 978 1516 = 629 2674
18-20 446 1338 545 333 31 935 - 2187 1432 950 1319 600 2809
detection limit = 0.2 ) ) ] . -
Ni Ni Ni Ni Ni Ni Ni Ni Ni Ni Ni Ni
0-1 1903 4067 2022 1784 373 274 281 175 48 46 46 58
1-2 1986 6341 1511 2449 398 . 280 419 225 29 - 55 48 55
2.3 1626 5513 663 1672 289 . 342 459 131 27 . 68 51 58
34 1681 5145 239 178 . 156 300 - 214 54 24 . n 53 60
48 1945 3690 89 1285 122 . 269 7 48 26. 61 53 66
56 1766 1905 81 950 © 90 287 41 38 27 50 51 67
67 1844 1021 64 702 82 364 48 40 . 29 39 52 63
7-8 2397 500 . 41 . - 546 86 - 439 41 40 28 30. 52 65
89 745 159 47 403 ‘88 472 42 . 48 29 . 26 49 55
9-10 240 92 52 -390 77 . 505 36 - 38 30 26 52 47
10-12 116 76 46 321 80 392 39 38 31 .24 53 46
12-14 170 59 46 248 78 137 33 33 29 - 24 48 47
14-16 9 45 51 - 263 77 7 32 37 32 24 . 51 . 8
16-18 63 46 2 - 26 71 58 "33 -34 28 24 - 49 . 53
18:20 54 38 42 136 72 % 36 30 29 2 43 55
detection limit=2.0 - ) C ’ : : .
Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb
mg/kg ms/ks mg/kg mg/kg  mg/kg mslkg mghkg - mgkg mg/ks mghkg ~mghkg  mghkg
01 158 156 67 .65 189 162 46 108 36 45
12 . 165 128 99 62 68 . 71 190 185 11 132 23 52
2-3 105 104 47 41 35 M 189 108 -0 172 30 - 50
34 - 98 197 13 34 6 97 115 35 0 162 30 67
45 120 ‘149 0 23 0 92 46 1 0 134 32 80
5-6 S 110 103 0 14 0 110 6 (] 0 100 40 81
67 120 63 0 1 0 153 2 ] 0 65 44 .13
78 148 42 0 .0 0 229 0 0 0 "50 41 68
89 26 S22 0 0 0 149 0 0 ] 28 43. 43
9:10 0 5 0 0 ] 165 0 0 0 17 36 2
10-12 0 -0 0 0 0 135 0 .0 0 4 33 (]
12-14 0 ] 0 0 0 60 0 ] 0 0 17 0
14-16 0 0 0 - 0 0 35 -0 0 0 0 9 0
1618 0 0 0 0 o . 18 0 0 - 0 0 2 0
18:20 o 0 0 0 0 0 0 0 0 0 0 0
detection limit=2.5 - . :
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Metal Concentrations, Loss on Ignition (1.OT) and Total Carbon (TC) in Sedimerit Profiles from the deep. statmn in
lakes at various distances from Copper CIiff.

RAMD MCFD RAFD RICD NEPD KAKD TROD LOSD TOMD RESD NOSD TALD

km 6 __10 11 . 12 . 32 38 _ 43 _ 52, 94 107 144 154
depth Zn Zn Zn Zn Zn Zn Zn Zn Zn Zn Zn Zn
cm mg/kg mgkg mgkg mghkg mgks mgkz wmgkg mghkg mghkg mghkg mghkg mglkg
0-1 353 955 221 223 273 285 385 290 186 300 169 381
1-2 314 1222 192 264 291 273 406 329 136 381 172 389
23 241 1143 132 . 198 260 282 394 262 122 425 181 399
34 231 861 105 . 207 221 278 300 197 122 383 181 410
4-5 248 590 104 173 206 - 272 197 166 =~ 132 326 188 402
5-6 222 342 69 139 179 272 128 124 137 306 181 391
67 220 . 255 86 121 179 302 133 146 144 251 193 355
7-8 266 195 84 115 183 319 129 166 137 226 186 333
89 144 154 72 109 189 323 153 160 146 188 177 270
9-10 103 121 82 106 173 303 137 166 146 177 179 202
10-12 94 170 92 98 176 280 154 172 146 160 181 168
12-14 103 149 87 109 179 216 127 153 147 174 164 162
14-16 101 149 84 96 173 174 125 164 149 - 174 167 178
16-18 98 149 85 92 163 - 180 - 125 127 130 186 163 176
18-20 97 148 86 80 161 144 147 128 134 145 154 190

detection limit=0.9 . 7
LOI LOI LOI . LO1I LOI LOI LO1 LOI LOI LOI LOI LOI

% % % % % % % % % % % %

01 122 NA 186 14.6 187 261 242 219 271 40 203 158
1-2 105 208 17.1 144 181 24 176 202 287 307 185 15.4
23 9.3 19.3 166 151 175 205 233 209 279 19.4 174 146
34 9.1 176 162 170 17.1 176 237 196 273 18.1 153 139
45 84. 169 172 189 178 173 251 20 265 206 153 136
56 76 168 177 218 16.0 175, 258 287 255 = 227 157 134
67 107 16.4 179 236 14.1 190 278 272 264 212 160 133
78 1.1 187 176 262 134 177 212 236 213 225 14.1 130
89 133 239 174 249 130 183 269 27 212 239 137 128
910 132 277 174 246 146 201 259 268 273 257 24 115
1012 . 132 303 163 240 134 216 250 236 297 261 103 1.1
1214 126 300 173 256 127 214 266 217 301 26.5 102 136
1416 127 279 © 180 262 135 210 296 281 297 274 84 162
1618 123 217 179 261 143 213 299 291 311 274 100 160
1820 132 288 183 258 142 198 262 314 311 212 102 15.4
TC TC TC  TC TC TC TC TC TC TC . TC TC

% % % % % % % % % % % %

01 638 1193 980 762 953 1215 1213 913 1189 1035 973 666
12 53¢ 967 93 &Il 939 1098 1098 981 1416 992 739 591
23 497 799 98 837 878 965 897 1030 1396 957 164 577
34 4.09 7.67 9.26 8.83 8.93 9.39 11.96 931 1427 9.94 7.78 5.62
45 3.61 7.31 905 83 83 999 1214  1L14 1358 975 836 569
56 392 151 904 1269 66l 881 1264 1312 1284 997 842 589
67 359 844 1028 1301  S5S8 871 1293 1239 1221 1034 737 56l
78 466 1019 954 1.1l 516 858 1319  1L14 1382 1117 . 768 518
89 48 1281 945 1407 656 878 1295 1104 1352  1L12 738 506

9-10 497 15.15 10.18 . 14.12 5.21 10.91 14.39 1241 13.43 12.15 6.78 4.89
10-12 4.05 15.28 9.12 13.79 565 1141 12.84 11.71 13.72 12.96 6.96 4.58
12-14 438 16.91 10.37 14.66 623 10.81 1347 1432 1434 13.14 541 578
14-16 4.94 14.87 1039 - 15.02 6.77 10.75 14.28 14.02 14.34 12.79 424 7.56
16-18 4.83 - 14.75 9.78 15.07 5.82 . 1036 - 1539 15.14 15.22 12.94 524 6.76
18-20 4.63 15.46 9.37 16.38 572 9.01 1249 15.01 14.12 12.78 6.10 6.91
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Appendix 3

Toxicity test res‘ulté for Chirohomus ﬁpérius, Hexagenia sp., Hyalella azteca, and Ti)bifex-tubiféx,
a’nd metal cpncentrations measured in the overlying water é.i the end of the exposure period for
each replicate test container. Replicate (Rep) numbers refer to se‘p:arate_ sediment grab samples
from each sjté (i.e., replicate 2 for each species refers to the samé sediment sample from that
site). Toxicity was measured for different replicates in different éxperime’nts (1 replicate per

experiment), but all replicates for any one species were te$t‘e_d in the same experiment.

121



Toxicity test results for Chironomus (10 day test).
Replicate, site, distance from Copper Cliff, survival, final weight, and metal concentrations in bioassay water.

. Final '
Rep Site km No .N Percent weight Co Cu Mn Ni Pb V. Zn
Survival (mg) ugl ugl ugl ugl uglh uglk ugh

RAMD 6 15 13 87 2.89 nd 23 283 264 nd 51 nd
RAMD 6 15615 100 265 <9 44 602 404 <25 <2 <9
MCF10 10 15 9 60 2.73 nd 12 98 95 21 17 nd
MCF10 10 15 13 87 2,64 <9 <10 198 88 <25 <2 <9
MCFD 10 15 12 80 2.77 21 24 12500 390 11 44 11
MCFD 10 15 10 67 2.67 <9 <10 9661 524 <25 <2 22
RAF10 11 16 16 100 2.23 nd nd 539 nd nd 45 nd

RAF10 11 15 M1 73 1.32 <9 <10 6 20 37 <2 <9
RAFD 11 16 7 47 3.74 nd 9 41 176 - 29 44 nd
RAFD 11 16 12 80 2.08 <9 <10 40 261 78 <2 <9
RICD 12 17 17 100 . 218 nd 16 19 351 nd 51 nd
RICD 12 15 11 73 1.86 <9 <10 74 1361 <25 <2 47
NEPD 32 15 2 13 3.00 nd 3 6 nd 33 51 5
NEPD 32 15 . 7 47 1.91 <9 <10 7 <20 33 <2 <9

KAK10 38 15 15 100 2,72 2 4 14 nd 15 80 nd
. KAK10 38 15 12 80 243 <9 <10 55 10 33 <2 <9
KAKD 38 15 6 40 3.65 nd 4 471 nd M 52 nd
KAKD 38 15 6 40 2.97 <9 <10 1079 22 <25 <2 <9
TRO10 43 15 8 53 2.96 nd 7 nd 38 nd 49 nd
TRO10 43 15 10 67 1.51 <9 <10 38 <20 <25 <2 <9
TROD 43 15 6 40  3.03 nd 3 35 nd 42 44 nd
TROD 43 15 11 73 2.10 <9 <10 46 30 <26 <2 <9
LOS10 62 15 14 g3 242 nd nd 14 nd nd 45 nd
LOS10 52 15 10 67 2.29 <9 <10 230 <20 <25 <2 <9
LOsb 562 15 8 53 3.74 nd 4 339 nd 72 nd nd

Losh 52 15 10 67 1.61 <9 <10 501 <20 <25 <2 <9
TOM10 94 15 7 47 3.53 nd 4 236 3 22 61 nd
TOM10 94 15 10 67 1.75 <8 <10 39 <20 44 <2 <9
TOMD 94 15 11 73 2.54 nd 3 58 nd 17 45 nd
TOMD 94 15 10 67 1.06 <9 <10 129 <20 <25 <2 14
RES10 107 15 13 87 255 ' nd nd 20 nd nd 44 nd

RES10 107 15 12 80 1.71 <9 <10 76 <20 <25 <2 <9
RESD 107 15 15 100 2.13 nd 3 50 35 55 51 nd
‘RESD 107 15 9 60 2.01 <8 <10 8 <20 <26 <2 <9

NOS10 144 15 § 33 3.98 nd 4 nd nd 24 49 nd
NOS10 144 15 14 93 2.74 <8 <10 78 <20 <25 <2 <9
NOSD 144 15 13 87 1.78 nd 3 nd nd 23 43 nd
NOSD 144 15 13 87 1.52 <9 <10 97 <20 <26 <2 <9
TAL10 154 15 14 93 . 2.30 nd 1 67 nd nd 42 nd
TAL10 154 15 6 40 3.10 <9 <10 105 10 <25 <2 <9
TALD 154 15 15 100 1.91
TALD 154 15 11 73 1.87 <9 <10 965 <20 <25 <2 <9
HH1 368 15 6 40 3.30 nd 3 9 nd nd 47 .2
HH1 368 15 12 80 2.52 <9 <10 13 <20 26 <2 14
LE303 443 15 10 67 248 nd 4 6 nd 19 53 2

N=aNaANANANaSNANaANANANANANANANANSANASNaAONGDANaDGNAaANANaANa

LE303 443 15 M1 73 2.89 <9 <10 8 <20 <25 <2 <9
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Toxicity test results for Hexagenia (21 day test). -
Replicate, site, distance from Copper Cliff, survival, growth, and metal concentrations in bioassay water.

] VVet weight (mg) ; D
Rep Site km No N Percent initial final initia/ Co Cu- Mn  Ni Pb Vv Zn
o : Sorvival - final .ugl wugh ugh ug/l ugh ugl. ugl
2 RAMD 6 2 2 100 43 33 08 <9 13 234 <20 34 <2 17
3 RAMD 6 2 1 ‘50 76 80 105 <9 13 2 172 87 <2 <9
2 MCFI0 10 2 1 50 73 93 128 <9 . 13 125 141 <25. <2 <9
3 MCF1I0 10 2 2 100 92 194 212 <8 10- 425 241 57 <2 11
2 MCFD 10 2 1 50 54 54 100 <9 12 12100 <20 <25 <2 <9
3 MCFD 10 2 .1 50 89 55 062 37 <10 7357 994 <25 <2 66
2 RAF1I0 11 2 2 100 40 78 195 <9 17 <2 56 <25 <2 <9
3 RAFI0 11 2 2 100 74 87 118 <9 <10 4877 <20 <25 <2 <9
2 RAFD 11 2 -2 100 51 45 088 <9 12 104 486 <25 <2 <9
3 RAFD 11 -2 2 100 66 198 302 <9 10 <2 65 <25 <2 <9
2 RICD 12 2 1 50 54 37 073 <9 34 21 70 <25 <2 16
3 RCD 12 2 2 100 67 51 075 <9 <10 60 811 <25 <2 <9
2 NEPD 32 2 2 100 54 237 443 <9 10 5 <20 <25 <2 11
3 NEPD 32 2 2 100 86 343 401 <9 <10 <2 <20 <25 <2 <9
2 KAK10 38 2 2 100 55 336 612 <9 <10 <2 <20 <25 <2 <9
3 KAKI0O 38 2 2 100 68 327 480 <9 <10 3 <20 <25 <2 <9
2 KAKD 38 2 2 100 52 261 506 <9 <10 450 62 <25 <2 25
3 KAKD 38 2 2 100 54 342 638 <9 <10 1267 <20 49 <2 <9
2 TRO10 43 2 2 100 45 241 542 <9 <10 <2 <20 <25 <2 <9
3 TRO10O "43 2 2 100 67 275 414 <9 <10 - 205 <20 <25 <2 <9
2 TROD 43 2 2 100 55 338 6.21 <9 <10 <2 <20 <25 <2 <9
3 TROD 43 2 2 100 @72 308 427 <9 58 <2 <20 <25 <2 <9
.2 LOS10- 52 -2 2 100 44 309 709 <9 <10 <2 <20 <25 <2 <9
3 LOS10 52 2 2 100 63 422 674 <9 <10 571 <20 <25 <2 <9
2 LOSD 52 2 2 100 ~ ' 51 228 451 <9 <10 . 927 <20 <25 <2 <9
3 Losb 52 2 2 100 . 72 306 428 <9 <10 390 <20 48 <2 <9
2 TOMI0O 94. 2 2 100 45 251 557 <9 <10 37 <20 <25 <2 <9
3 TOMI0 94 2 2 100 75 385 517 <9 <10 2 <20 <25 <2 15
-2 TOMD 94 2 2 100 47 245 527 <9 <10 <2 <20 <25 <2 <9
3 TOMD 94 2 2 100 70 296 422 <9 <10 10 <20 <25 <2 <9
2 RES10 107 2 2 100 56 371 .668 <9 <10 <2 <20 <25 <2 <9
3 RES10 107 2 2 100 79 283 361 <9 <10 6 <20 <25 <2- M
2 RESD 107 2 2 - 100 43 282 663 <9 <10 <2 <20 <25 <2 <9
3 RESD 107 2 2 . 100 73 350 482 <9 <10 110 <20 <25 <2 <9
2 NOS10 144 - 2 - 2 100 50 340 687 <9 <10 <2 <20 <25 <2 <9§
3 NOS10 144 2 2 100 79 490 620 <9 15 6 <20 <25 <2 10
2 NOSD 144 2 2 100 43 398 935 <9 <10 <2 - <20 <25 <2 <9
.3 NOSD 144 2 2 100 68 418 619 <9 <10 562 <20 <25 <2 <9
2  TALI0 154 2 .2 100 48 277 583 <9 <10 <2 <20 <25 <2 <9
3 TAL10O 154 2 2 100 74 367 499 <9 . 51 6 <20 <25 <2 <9
2 TALD 154 2 2 100 57 325 574 <9 <10 1129 <20 41 <2 <9
3 TALD 154 2 2 100 69 326 475 <9 <10 5 35 <25 <2 <9
2 HH1 368 2 2 100 62 480 780 <9 <10 <2 <20 40 <2 <9
3 HH1 368 2 2 100 62 419 681 <9 <10 3 <20 <25 <2 <9
2 LE303 443 2 2 100 51 352 697 <9 <10 <2 <20 <25 <2 <9
3 2 2

LE303 443 100  11.1 444 402 <9 <10 <2 <20 <25 <2 <9
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Toxicity test results for Hyalella (28 day test).
Replicate, site, distance from Copper Cliff, survival, final weight, and metal concentrations in bioassay water.

’ Fiﬁl‘ ) . .
Rep Site km No N Percent weight Co Cu Mn Ni Pb v Zn

_Survival _(mg) ug/L ugl ugl ugl ugl _uglt  ugh

1 RAMD 6 15 0 0 0 19 504 141 6 68 0
2 RAMD 6 15 0 0 2 10 130 223 0 3 3
3 RAMD 6 15 0 0 0 13 0 149 13 41 17
1 MCF10 10 15 1 -7 110 0 5 330 108 16 76 0
2 MCF1I0 10 15 § 33 080 0 8 22 13 20 53 1
3 MCF10 10 15 0 0 0o 1 4 4 0 0 1
1 MCFD 10 15 0 0 15 18 14400 362 0 65 . 8
2 MCFD 10 15 0 0 7 5 6959 196 39 39 8
3 MCFD 10 15 0 0 0 4 753 220 0 41 12
1 RAFI0 11 15 0 0 0 34 104 48 49 65 O
2 RAFI0 11 15 4 27 065 0 11 0 15 27 24 0
3 RAFI0 11 15 10 67 100 0 11 2 14 0 31 3
1 RAFD 11 15 0 0 13 21 132 230 5 70 0
2 RAFD 11 15 0© 0 0o 3 1 78 8 37 0
3 RAFD .11 15 4 27 038 0 11 0 47 o0 32 3
1 RCD 12 15 0 0 4 17 22 370 28 69 0
2 RCD 12 15 0 0 0 4 8 770 4 57 5
3 RCD 12 15 0 0 0 11 0 18 41 38 5
‘1 NEPD 32 15 3 20 106 7 19 0 17 23 68 0
2 NEPD 32 15 15 100 138 O 1 0 0 0 33 0
3 NEPD 32 15 6 40 163 0 & 0 0 3 3 O
1 KAKIO 38 15 3 20 2030 2 4 0 0 23 67 0
2 KAKI0 38 15 12 80 047 0 1 0 0 o0 37 2
3 KAKI0 38 15 10 67 153 0 5 0 0 0 34 o
1 KAKD 38 15 1 7 19 11 2 789 12 8 70 0
2 KAKD 38 15 11 73 167 1 2 677 17 0 33 0
3 KAKD 38 15 11 73 200 0 6 0 0 3 3 2
1 TROI0 43 15 6 40 240 1 2 0 0 0 6 0
2 TRO10 43 15 12 80 13 0 0 0 0 o0 3 o
3 TRO10 43 15 5 33 198 0 1 0 3 0 36 2
1 TROD 43 15 3 20 219 9 2 320 0 4 32 0
2 TROD 43 17 17 100 094 3 0 0 0 3 34 3
3 TROD 43 15 14 93 200 0 2 0 2 0 36 3
1 LOS10 52 15 12 80 182 0 2 0 0 10 6 0 -
2 LOS10 52 15 11 73 08t 0 O 26 0 0 35 0
3 LOSI0 52 15 9 60 1 0 0 0 0 0 12 3
1 LOSD 52 15 1 7 067 3 1 689 0 20 30 0
2 LOSD 52 15 13 87 159 0 0 251 0 10 34 0
3 LOSD 52 15 11 73 115 0 3 0 0 0 31 2
1 TOMIO 84 15 0 0 o 0 0 0 0 6 o0
2 TOMIO 94 15 14 g3 0711 2 0 0 0 3 29 o0
3 TOMIO 94 15 § 33 108 0 2 0 0 0o 10 2
1 TOMD 84 17 17 100 15 2 9 0 0 5 6 0
2 TOMD 94 15 1 7 130 0 o0 0 0 33 54 0
3 TOMD 94 15 10 67 18 o0 3 0 1 40 31 5
1 RES1I0 107 15 0 0 0o 1 7 0 .13 .61 0
2 RES10 107 15 13 &7 109 0 2 0 0 23 49 0
3 RES10 107 15 7 47 167 0 4 0 0 20 35 2
1 RESD 107 15 0 0 0 13 0 18 24 30 0
2 RESD 107 15 10 67 126 1 1 0 5 3 33 0
3 RESD 107 15 9 60 137 0 4 0 0 46 34 2
1 NOS10 144 15 13 87 177 0 8 0 11 21 & o0
2 NOS10 144 15 13 87 120 0 0 0 0 14 39 0
3 NOS10 144 15 11 73 247 0 4 0 0 13 3 0
1 NOSD 144 15 7 47 204 0 1 0 0 18 29 0
2. NOSD 144 15 14 93 174 0 3 0 0 78 5 0
3 NOSD' 144 15 13 &7 155 0 13 10 0 41 43 26
1 TALIO 154 15 10 67 146 14 3 0 0 7 28 0
2 TALI0 154 15 15 100 164 O 3 0 0 26 54 0
3 TALIO 154 15 5 33 126 0 0 0 0 0 33 2
1 TAD 154 15 12 80 197 0 13 383 11 0 63 0
2 TAD 154 15 12 80 187 0 o0 1 0 o0 3 2
3 TALD 154 15 14 93 11 0 0 0 0 12 34 2
1 HH1 368 15 14 93 228 1 7 0 9 0 6 0
2 HH1 368 15 11 73 054 0 2 0 0 31 54 0
3 HH1 368 15 14 93 183 0 7 0 o 7 42 7
1 LE303 443 15 11 73 215 2 4 0 12 26 73 0
2 LE303 443 15 14 93 164 0 5 0 1 5 0 0
3 LE303 443 15 14 93 213 0 9 0 0 15 40 2
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Toxicity test results for Tubifex (28 day test)
Replicate, site, dlstanoe from Copper Cliff, survival, young and ¢ocooris produced, and metal concentrations in bioassay water.

Rep

No bN Percent

cocoons

Cu

125

Site km young Co Mn Ni Pb, Y Zn
‘ Survival >500um <500um empty full ug/l wugl ugl uglL ugll ugl ug/t
2 RAMD 6 2 2 100 6 32 9 13 <9 <10 473 534 <25 <2 <9
3 RAMD 6 2 2 100 0 25 6 10 <9 <10 127 241 <25 <2 - <9
2 MCFi0 10 2 2 100 8 49 1 9 <9 <10 <2 151 <25 <2 <9
3 MCF10 10 2 2 100 3 34 7 10 <9 10 66 186 <25 <2 <9
2 MCFD 10 2 2 100 3 48 0 10 <89 <10 11260 855 <25 <2 22
3 MCFD 10 2 2 100 2 36 10 11 <9 <100 9350 758 <25 <2 <9
2 RAFI0 11 2 1 50 3 27 . 6 .9 <9 <10 <2 106 <26 <2 <9
3 RAFI0O 11 2 2 100 18 38 10 6 <9 <10 <2 60 <25 <2 <9
2 RAFD 11 2 2 100 0 21 5 6 <9 <10 32 350 <25 <2 <9
3 RAFD 11 2 2 100 4 23 6 14 <9 10 37 128 <25 <2 <9
2 RCD 12 2 1. 50 0 0 0 0 <8 10 148 1810 <26 <2 73
3 RICD 12 2 2 100 5 20 10 7 <9 <10 10 523 <25 - <2 <9
2 NEPD 32 2 2 100 1 48 8 9 <9 <10 <2 <20 <25 <2 <9
.3 NEPD 32 2 2 100 5 54 10 6 <9 <10 <2 <20 <25 <2 <9
2 KAK1I0 38 2 2 100 14 45 8 8 <0 <10 <2 <20 <25 <2 <9
3 KAK10 38 2 2 100 9 32 8 10 <9 <10 9 <20 <25 <2 <9
2 KAKD 38 2 2 100 7 36 .6 10 <9 <10 780 64 <256 <2 <9
3 KAKD 38 2 2 100 6 50 10 11 <9 <10 686 <20 <25 <2 - <9
2 TRO10 43 2 2 100 1 .56 7 11 <9 <10 9 <20 <25 <2 <9
3 TROWO 43 2 2 100 - 31 21 9 9 <9 ‘<10 478 <20 <25 <2 <9
2 TROD 43 2 1 50 9 37 6 10 <9 <10 <2 <20. <25 <2 <9
3 TROD 43 2 2 100 9 36 6 10 <9 <10. <2 21 <25 <2 <9
2 LOs10° 52 2 2 100 13 31 13 10 <9 <10 <2 <20 <26 <2 <9
3 Los10 52 2 2 - 100 14 64 12 10 <8 <10 618 <20 <25 <2° <9
2 Losb 52 2 2 100 15 42 10 13 <9 <100 251 <20 <25 <2 <9
3 LOSD 52 2 2 100 12 23 6 13 <8 <10 7 <20 54 <2 <9
2 TOM10 94 2 2 100 15 43 10 9 <9 <10 <2 <20 <25 <2 <9
3 TOM1I0 94 2 2 100 5 - 49 9 7 <9 <10 190 <200 <25 <2 <9
2 TOMD 94 2 2 100 7 51 8. 9 <9 <10 50 <20 <25 <2 <9
3 TOMD 94 2 2 100 6 39 5 7. <9 <10 57 <20 <25 <2 <9
2 RES10 107 2 2 100 17 63 7 9 <9 <10 965 <20 <25 <2 <9
3 RESt0 107 2 2 100 10 34 10 9 <9 <10 1 <20 <25 <2 <9
2 RESD 107 2 2 100 8 .34 12 9 <9 <10 <2 <20 <25 <2 <9
3 RESD 107 2 2 100 6 33 1 8 <9 16 869 <20 <26 <2 <9
2 NOS10 144 2 4 200 1" 40 8 9 <9 . <10 <2 €20 <25 <2 <9
3 NOS10 144 2 2 100 10 33 7 11 <9 <10 <2 <20 <25 <2 <9 -
2 NOSD 144 2 2 100 15 65 12 11 <9 <10 <2 <20 <25 <2 <9
3 NOSD 144 2. 2 100 8 42 8 12 . <9 <10 <2 <20 9% <2 <9
2 TALI0 154 2 2 100 1 49 11 7 <9 <10 <2 <20, <25 <2 <9
3 TAL10 154 2 2 100 8 44 9 8 <9 <10 304 <0 <25 < <9
2 TALD 154 2 2 100 14 46 3. 5 <9 <10 371 <20 <25 <2 <9
3 TALD 154 2 2 100 12 35 13 3° <9 <10 29012 <20 <25 <2 <9
2 HH1 368 2 2 100 8 a7 5 9 <9 <10 <2 <20 <25 <2 <9
3 - HH1 368 2 2 100 10 25 5 11 <9 <10 <2 <20 <25 <2 <9
2 LE303 443 2 2 100 5 12 0 0 <o 12 <2 <20 <25 <2 <9
3 LE303 443 2 2 100 4 27 5 10 . <9 <10 <2 <20 34 <2. <9



'_Avppe"ndix 4

Data on _sedifne_nt_s, sediment extracts, and.sediment pore water inclu_dihg metal _conégntrations, ‘
UV-visible absorbance, pH and Eh and acid volatile sulfide ’(jacksbn and Nguyen).
Concentrations of sediment constituents are expressed on the basis of oven-dry (105°C) weight.
Site codes are described in TaBle 11. . ’ |
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METAL CONCENTRATIONS IN SEDIMENT PORE WATER

Site Cd Cr Cu Fe Hg Mn Ni Pb Zn

ug/L mg/L mg/L mg/L ug/L mg/L mg/L mgl/L mg/L

RAMD 0.06 0.07 0.21 0.33 0.08 3.9 0.14 0.04 2.54
0.13 0.11 0.21 0.34 0.04 3.9 - 0.16 0.06 263

MCF10 0.06 0.2 0.08 0.54 0.05 6.75 0.31 ND 0.93
: 0.05 0.2 0.04 0.81 0.05 6.77 0.23 ND 0.9
MCFD 0.05 0.13 0.04 0.6 0.04 36.8 0.32 ND 1.86
0.05 0.1 0.04 0.59 0.03 36.7 0.28 ND 2.25

RAF10 0.56 0.15 0.19 2.67 0.06 9.64 0.59 0.01 274
055 . 01 0.23 292 0.06 9.51 0.59 0.01 2.65

RAFD 0.4 0.06 0.18 0.38 0.08 1.2 0.29 0.02 1.75.
0.44 0.1 0.1 0.48 0.07 132 - 029 0.02 1.87

RICD 0.07 0.06 0.03 0.19 0.06 1 0.13 0.01 263
0.07 0.11 0.04 0.15 0.05 0.9 '0.14 0.01 2.59

NEPD 0.03 0.16 0.01 9.58 0.05 263 . ND ND 217
0.03 0.16 0.02 9.99 0.05 223 ND ND 229

KAK10 0.08 0.1 0.05 8.27 0.39 5.21 -0.01 0.04 2.46
0.02 0.1 0.01 6.1 0.38 4.98 0.01 0.03 1.63

KAKD 0.06 0.15 0.01 8.4 0.39 4.11 ND 0.02 1.14
0.05 0.11 0.02 8.2 0.39 4.31: ND 0.02 0.9

TRO10 0.02 0.1 0.03 0.37 0.06 4.36 ND - 006 - 215
0.03 0.1 0.03 0.42 0.05 4.56 ND 0.07 2.84

TROD 0.02 0.1 0.01 6 0.08 2.52 ND 0.01 1.72
0.04 0.14 0.01 6.3 0.07 2.46 ND 0.01 - 1.42

LOS10 0.04 0.21 0.01 1.76 0.08 5.42 ND 0.04 2.34
- 0.04 0.18 0.01 1.68 0.07 5.78 ND 0.05 3.13

LOSD 0.04 0.11 0.02 4 0.16 3.66 ND 0.11 1.84

0.04 0.09 0.02 4.2 - 0.13 3.59 ND 0.11 2.88 °

TOM10 0.07 0.14 0.156 8.92 0.38 2.59 ND 0.17 248
' 0.07 0.17 0.1 8.95 0.37 2.58 ND 0.1 2.19

TOMD 0.06 0.08 0.01 4.41 0.39 9.711 ND 0.02 3.12
0.06 0.1 0.01 6.24 0.38 10 ND 0.04 3.22

RES10 0.06 0.08 0.01 12 0.11 3.18 ND 004 238
0.06 0.08 0.01 12.5 0.1 3.16 ND 0.04 2.38

RESD 0.06 0.11 0.01 133 0.12 5.08 ND 0.1 3.14
0.06 0.13 0.01 14.5 0.12 5.16 ND 0.1 26

NOS10 0.02 0.1 ND 3.45 0.06 1.46 ND ND 1.29
0.05 0.11 ND 4.66 0.07 - 15 ND ND 1.84

NOSD 0.03 0.08 ND 5.61 0.09 1.28 ND ND - 1.18
0.02 0.09 ND 4.19 0.09 1.27 ND ND 1.13

TAL10  0.06 0.06 0.01 267 0.37 12.9 ND 0.01 1.76
" 0.05 . 0.05 0.02 3.9 0.37 13.8 ND- 0.02 1.71

TALD 0.01 0.12 0.01 10.1 . 0.38 12.9 ND 0.13 2.38
015 - 0.01 101 13.3 ND 0.13 2,37

0.02

0.37
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ULTRAVIOLET AND VISIBLE ABSORBANCE VALUES OF SEDIMENT PORE WATER AT
SELECTED WAVELENGTHS IN THE RANGE 320 - 700 nm

Site 320nm4QQnm . .420nm__ 465nm _ 500nm__ 600nm _665nm__700nm

RAMD - 0.053 0.023 0 01 8 0.01 0.007  0.005 - 0.005 0.005
0.054 0.023 0.018 0.009 0.005 0.004 0.004 0.004
MCF10 0.104 0.043 0.032 0.018  0.012 0.005  0.006 0.006
0.101 . 0.042 0.032 0.018 0.012 0.005 0.005 0.005
- MCFD 0.413 0.173 0.134 0.083 - 0.062. 0.032 0.025 0.024
0.409 0.17 0.134 0.084 0.063 10.032 0.026 0.024

RAF10 ~ 0.002 0.002 0.001 0 0 0 0o 0
0.001 0001 0 0. -0 0. .0 -0
RAFD 0.004  0.003 0.003 0.002 0.001  0.003 0.004 0.006
’ 0.003 ~ .0.002 = 0.001 0 0 0001  0.003 0.004 -
RICD 0.034  0.019 0.015 0.009 0.007 0.005 0.007 0.007 .

0.035 0.018 0.014 0.008°  0.008 0.005 ~ 0.005 - 0.006
NEPD 0.048 0.017  0.012 0.0056 0.003 0.001 0.001 0.001
. 0.049 0.016 0.011 0.004 0.002  0.001 0.001  0.001
KAK10 0.291 0.107 0.081 - 0.043 0.028 0.009 . 0006  0.005
’ 0206  0.115 0.089 0.049 0.034 . 0.014 0.011 0.01
KAKD 0.067 0:016 0.011 0.006 - 0.004 0.002 = 0.002° . 0.002
: .0.066 0.016 - 0.011 0.008 0.004 - 0.002 0.002 0.002
TRO10 = 0.188 0.1 0.085 0.055 0.039 0.019  0.016 0.014
0.188 . 0.101 0.086  0.055 0.038 0.02 0.016 0.014
TROD 0.018 0.005 0002. 0 0 0 0.001 0.001
- 0.018 0.006 0.002 .0 -0 .0 0.001 0.001
- LOS10 0.621 0.258 0.207 0.127 0.091 0.04 0.03 0.026
062 0257 0.206  0.127 0.091 0.04 0.03 0.026
LOSD 0.648 0.242 0.19 0111 0.08 -0.036 0.029 - 0.024
0.647 0.241 0.19 0.111 - '0.079 = 0.036 0.028 0.024
TAL10 - 0.755 0.352 0.257 0.152 0.095 0.071 0.016 0.01
- 0.763 ~ 0.357 0.253 0.183 0.092 - 0.071 0.016 0.01
TALD  0.641 0.231 0.17 009 006 0018 0.013 0.011.
0641 0231 °0169  0.09 0.06 0.018  0.013 0.01
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THE pH AND Eh VALUES OF THE SEDIMENTS

Site - pPH Eh (mV)
RAMD 6.57 -108.7
6.58 -109.6
MCF10 674 -155.9
| © 8.73 -149.8
MCFD 7.18 -233
7.16 -238.9
RAF10 671 -157.8
6.74 -151.8
RAFD 6.28 | -118.2
o ' 6.29 1125
RCD = 6.48 -109.4
| 6.49 -108.5
NEPD 703 - . -147.9
7.02 - -149.8
KAK10 6.9 -137.4
6.89 -138.1
KAKD 6.74 ' -188.9
' 6.78 -187.8
TRO10 649 27.14
| 6.5 265
TROD 881 -151.1
6.8 -150.8
LOS10 6.49 134
| 6.5 -12.1
LOSD 6.52 - 715
6.53 . =781
TOM10 6.53 92.8
. 655 . 939
TOMD : 7.03 -104.9
7.06 -106
RES10 837 26
. 6.38 258
RESD 6.25 1207
629 -120.9
NOS10 7.1 2309
743 -231.8
NOSD 7.22 -200.8
7.24 : 203
TAL10 71 3345 .
7.12 -340
TALD 7.2 4127.9
o 7.22 -130.4
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THE TOTAL ORGANIC CONTENT OF THE SEDIMENT

Site % LOSS ON IGNITION
RAMD 85
 MCF10 | 7.45
MCFD | 17.31
-‘R_A,Fjo B o 7.02
'RAFD 1404
~ RICD 982
NEPD | 933
KAKIO | 1089
KAKD - 1519
TRO10 . 1538
TROD. 1098
LOS10 10.26
Losp B 11.54
TOM10 1667
TOMD 1429
RES10 10
RESD 100
NOS10 | 10.43
NOSD BETRT
TAL10 © 7.69
TALD 991




CONCENTRATIONS OF Ca(‘;l2 - EXTRACTABLE METAL SPECIES IN THE SEDIMENTS

Ste ~ cd  Cr Cu  Hg N Pb Zn
ug/kg mg/kg mg/kg k‘___ug[kg ___mglkg mg/kg mgl/kg

RAMD 2.11 0.91 0.51 0.18 2169 = 279 4.06
213 - 114 0.51 0.21 24.64 2.79 5.08

MCF10 0.52 1.54 0.58 0.19 31.89 2.89 6.38

0.69 1.54 0.58 02 36.83 2.89 6.96

MCFD ND 3.01 0.49 0.27 49.65 4.43 1.47
ND 3.98 0.49 0.51 38.83 3.93 1.47

RAF10 2.96 0.86 0.55 0.14 32.15 202 4.59
i 3.39 1.19 0.55 0.15 29.04 22 4.04
RAFD 4.8 0.91 0.65 0.27 34.49 3.88 6.16
5.75 1.26 0.96 033 53.08 3.88 6.79
RICD 4.56 1.28 0.79 0.21 48.78 3.05 10.06
- 4.57 1.37 - 0.91 0.25 55.65 3.34 12.16
NEPD 0.19 1.96 0.33 0.28 5.99 3.33 3.66
0.19 2.06 0.33 0.29 5.66 3.66 3.33

KAK10 3.13 1.57 0.43 0.29 6.09 2.61 261
4.16 1.71 0.39 0.31 5.22 2.61 1.74

KAKD ND 1.51 0.38 0.26 6.05 3.4 1.14
_ ND 1.81 0.38 0.27 6.8 34 1.13
TRO10 048 1.87 0.59 0.21 10.75 3.98 12.74
0.48 1.99 0.59 - 0.55 10.76 3.98 11.76

TROD 0.13 1.9 0.64 0.29 6.37 - 3.82 2.55
0.13 1.78 0.85 039 679 4.24 2.55
LOS10 2.55 1.44 0.29 0.22 644 - 294 10.84
‘ 2.55 1.61 0.29 0.25 646 = 3.22 10.57

LOSD 1.87 2.13 0.37 0.32 4.11 4.1 7.84
2.57 224 0.37 0.33 4.48 4.11 7.48

TOM10 0.59 2.51 0.57 0.29 2.66 3.79 5.34
.0.68 2.29 0.57 0.29 267 3.81 6.45

TOMD 0.37 2,69 0.56 0.25 299 - 337 4.86
‘ 0.37 2.65 0.56 0.29 2.99 3.37 4.86

RES10 . 0.37 2.32 031 . 0.17 1.85 3.39 2.78
0.34 229 . 0.31 0.2 1.86 3.09 2.79

RESD 0.34 3.47 0.38 0.19 2.27 3.78 4.91
0.49 3.06 0.38 025 = 227 3.78 4.54

NOS10 0.12 2.05 0.37 0.19 2.32 3.86 1.93
0.12 2.63 0.37 0.23 2.32 3.86 1.3

NOSD ND 219 047 0.17 1.89 3.17 1.89
ND 2.18 - 0.32 0.19 1.9 3.17 1.27

TAL10 ND 1.7 0.33 0.21 2.01 3.01 3.35
‘ND 1.67 0.33 0.21 2.01 3.34 .3.68

TALD 0.12 1.69 0.31 . 0.18 1.84 2.76 4.29

0.13 186 ~  0.31 0.19 1.84 2.76 3.82

132



CONCENTRATION OF NaAc/HAG - EXTRACTABLE»METAL SPECIES IN THE SEDIMENTS

Site Cd Cr Cu  Hg  Ni Pb Zn
mgkg mglkg ' mg/kg uglkg mg/kg  mg/kg  mglkg

RAMD . 0.51 0.3 1036 - 0.3 3911 . 767 465

0.53 0.3 16.12 031 4234 7.92 5.89

MCF10 067 026 ~ 075 033 8192 513 21.75
\ 058 . 026 = 067 0.33 - 8247  5.05 14.99

- MCFD 0.44 029 . 157 0.47 . 2886 . 25 18.09

' : 0.59 0.29 1.23 - 047  296.71 2.46 11.4

RAF10 0.46 ©0.29 18.51 0.21 3417 .  4.06 2.76

049 = 024 15.5 021 3625 45  3.05

RAFD :  0.81 0.52 13.42 028 = 54.44 1513  4.38

: 0.87 0.52 1416 ~ 0.28 57.53 15.25 5.39

RICD 088  0.18 17.13 0.25 60.09 10.09 8.63
. 0.94 018 2022 0.25° 62.55 10 8.69

NEPD 1039 . 033 0.33 036  10.09 3.93 3.06

. 0.37 0.33 03 - 0.36 10.02 399 © 303
KAK10 034 038 035 027 = 999 246 . 438

0.35 0.35 029 027 9.74 . 249 455

KAKD 03 023 1.02° 039 1758 1.21 - 03

. 026 0.26 1.13 039 = .16.69 1.25 0.3
TRO10 0.79 0.59 1.47 02 - 1399 7.41 10.27

: 0.84 0.64 14 011 . 14.09 6.82°  10.01

TROD 034 068  1.06 073 1459 3.52 4.12
: _ 034 055 - 106 073 - 13.8 297 395

© LOS10 0.7 0.23 0.35 028 ~ 716 111 875
' 076 = 023 038 028 738 1 9647

LOSD 029 0.34 041. 044 - 3.85 621 - 459

' 029  '0.34 - 0.49 044 388 . 6.57 4.56

TOM10 038 - 053 027 011 277 653 664

‘ 038 - 042 © 03 0.11 2.67 6.48 6.48
TOMD 0.29 034 - 029 047 4.41 486 = 13.05

0.37 0.3 0.29 0.47 443 524 . 13.01

RES10 . 0.59 0.28 0.31 0.36 256 - 1.92 6.02

0.59 034 - 028  0.36 257 192 5.63

RESD 0.49 0.57 0.26 0.45 291 9.87 10.46
0.49 0.42 0.3 045 2.91 10.16 10.13

NOS10 015 035  0.31 0.44 2.09 162" 2.01

: 0.15 031 027 = 044 212 1.62 2.08

NOSD '0.22 0.32 .0.28 0.45 1.55 2.03 2,97

' 0.13 032 . 025 0.45 - 1.61 2.03 2.19

TAL1IO 03 = 033 . 0.23 063 . 3.88 1.67 9.64
' 033 . 033 027 063 4.25 1.74 1351

TALD 0.37 0.31 0.15 092 . 261 1.59 6.96

028 031 015 - 082 212 147 489
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 CONCENTRATIONS OF NH,OH-HCI/HNO; - EXTRACTABLE METAL SPECIES IN THE SEDIMENTS
Site cd Cr Cu Fe Hg Mn Ni Pb Zn
uglkg mg/kg mglkg mg/kg mglkg mg/kg mglkg mg/kg mglkg

RAMD 98.5 0.03 0.31 207.7 0.12 31.2 12.78 0.94 5.3
82.3 0.03 0.31 197.2 0.19 28.4 11.55 0.94 468
MCF10 1271 0.07 0.36 308.5 0.8 36.7 22.8 0.36 16.03
‘ 96.6 0.07 0.36 344.5 0.8 46.3 23.16 0.36 14.96
MCFD - 137 = 0.06 0.59 ~ 649.8 2.01 204.1 197.5 0.6 12.68
19.8 0.06 0.59 650.4 21 204.1 216.8 0.6 15.7

RAF10 959  0.02 0.23 166.7 0.28 13.8 9.71 0.23 293
99.3 0.02 0.23 176.7 0.28 13.9 9.93 0.23 271

RAFD 113.3 008 . 039 243.3 0.42 6.8 S 13.1. 1.19 3.93
131.9 0.11 0.39 273.9 0.37 8.3 12.74 1.19 3.98
RICD 1569.9 0.07 0.37 2184 0.156 12.4 16.11 0.75 7.12
139.5 0.07 0.37 236.9 0.24 15.3 16.81 0.75 7.85
NEPD 77.3 0.08 ND 442.7 0.46 331 3.68 0.41 6.55
79.3 0.08 ND 434.1 0.99 26.6 3.68 0.41 6.14
KAK10 81.1 0.04 0.36 354.5 0.05 52 2.85 0.36 6.76
77.9 0.04 0.36 364.2 0.05 54.8 2.85 0.36 6.41
KAKD 31.3 0.05 0.46 827.5 0.04 34.9 6.04 0.46 6.04

22.3 005 046 = 8985 0.04 39.5 5.58 0.46 4.65
TRO10 203.7 0.09 0.49 178.8 2.21 148.7 3.91 0.98 12.72

186 0.09 049 179 2.1 144.5 3.92 0.98 12.24
TROD 563.7 0.16 ND 718.8 253 - 422 417 1.04 7.31
52.5 0.16 ND -695.6 3.07 413 4.17 1.04 7.3

LOS10 -~ 1754 0.04 0.36 162.7 0.99 122.3 3.256 0.36 14.43
' 174.2 0.04 036 1706 0.99 122.3 3.59 0.36 15.83

LOSD 74.9 0.05 ND 357.5 1.54 38.6 1.38 0.46 6.42
68.1 0.056 ND 3519 154  36.8 1.38 046 = 597
TOM10 79.3 0.05 ND 453.8 0.62 42.9 0.94 047 8.43
78.9 0.05 ND 4511 0.62 42.6 1.39 0.47 8.39
TOMD = 519 0.14 046 . 4359 1.07 128.6 1.38 0.69 12.86

57.7 013 046 449.3 1.07 126.3 1.38 046  12.86
RES10 136.4 0.04 038 . 1803 0.87 125.5 1.14 0.76 13.39
154.3 0.04 0.38 116.7 0.87 126.8 0.76 0.76 11.03

RESD 129.3 0.05 0.46 359.9 1.28 144.3 1.39 1.39 "~ 13
: 81 0.05 046 - 3924 -1.28 92.9 1.86 1.39 14.84
NOS10 19 0.05 ND 582.8 1.29 22.8 085 095 2.85 -
: 27.2 0.05 ND 575.7 1.08 20.9 0.95 0.95 1 4.27
NOSD - 358 0.12 ND 457.2 2.31 16.7 0.78 039 = 349
253 0.12 ND 463.4 22 16 0.78 0.39 3.1
TAL10 29.5 0.08- .ND 563.2 0.79 121.2 0.82 0.41 12.33
334 0.04 ND 565.5 0.79 120 0.82 0.41 13.55
TALD - 542 0.08 0.19 466.9 0.89 118.2 1.13 0.38 6.8

394 0.08 0.19 471 0.89 118.6 1.13 0.38 7.93
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CONCENTRATIONS OF H,0,/NH,Ac/HNO,-EXTRACTABLE METAL SPECIES IN THE SEDIMENTS

Site

- cd

12.32

4.94

6.50

‘Cr Cu Fe Hg Mn _ Ni Pb 'Zn
mgkg mglkg mgkg mglkg uglkg. mglkg mglkg mglkg mglkg
RAMD 2.99 18.00 805.97 785.07 0.91 86.57 | 74328 4254  79.49
' 209 1270 53731 37313 048 3582 | 67463 57.97 6934
MCF10 1.36 477 34133 112.00 0.15 20267 { 469.33  26.85  74.99
2.40 6.77 - 32000 112.00 047 = 25867 | 67333 27.89 84.61
MCFD. 5.02 0.62 123.08 2462 0.79  12476.92 1 23385 486 - 5357 .
545 0.55 123.08  120.00 076  13821.54 | 30462  4.86 63.42
RAF10 - 215 524 25316 478.48 0.49 427.85 1 25570 2448 6122
2.03 5.52 265.82 443.04 049 45570 | 58228 . 32.05 80.33
RAFD 234 919 562.50 - 1168.75 1.14 396562 ' 562.50 54.63 74.09
2.81 7.94 56563 1168.75 093 = 3468.75 . 506.25. 62.93 7203 -
RICD - 2.10 577 = 28052 57.14 1.03 909.09  675.32 41.25 82.49
: 216 6.91 28571 96.10 0.83 140260 | 696.10 = 43.82 = 84.83
- NEPD ~ 085 12,23 53.52  383.10 1:32 163.38 10141 2192  73.38
‘ 0.93 12141 5352  276.06 1.32 61.97 111831 2625 ~ 74.06
KAK10' 099 8.09 3582  191.04 016 50149 - 9254  20.03 89.34
, 1.19 9.85 3881 15821 022 - 52239 110149 22,00 90.29
KAKD 0.86 7.65 46.04 5611.51 042  618.71 | 8345 1168  69.53
: 078~ 927 4317 454964 041 486.33 - | 83.45 18.07  68.03
TRO10 1.61 7.75 36.11 3056 = 0.33 966.67 | 77.78  34.36 82.03
, - 1.75 9.11 3889 2222 028 861.11 | 80.56 4267 87.67
“TROD 1.09 1344 4561  642.11 0.51 36140 | 73.68 55.58 . 93.19
1.09 13.89 4912 58246  0.56 43509 7749 5793 9561
LOS10 0.86 5.20 8.57 74.29 1.34 885.71 | 4286  11.46 86.54
' 102 844 12,70  200.00 3.99 1523.81 60.32 12.98  98.16
LOSD 0.79 13.00 2727 22424 0.7 142424 13030 - 47.33 79.88.
0.88 11.33 33.33  333.33 096 142424 (3030  50.94 80.03
~ TOM10 12.06 10.83 12.70  301.59 0.37 3175 | 635 4765 83.33
1.27 9.56 = 1127 695.77 035 4507 - | 563 33.86 76.06
TOMD 2.55 8.64 8.70 16232  0.34 579.71 1449 3278 9867
. : 1.89 7.25 1111 30.56 0.38 560.44 13.89 3339 (9958
RES10 151 - 10.90. 2.74 24.66 162 80822 .13.70 12,62  96.25
, 1.51 12.11 2.70 51.35 = 1.61 835.14 .18.92 12.78 95.08
'RESD 1.22 522 1017 22712 4.5 9492 |6.78 59.563 = 90.51
. 125 484 5.97 11045  4.16 59.70 | 8.96 53.79 8552
NOS10 0.56 1006 - 563 = 23662 049 253.52 19.72 13.58 58.56
L 0.63 11.66 6.25 290.63 0.53 28125 3125 17.41 64.13
NOSD 027 © 7.32 5.41 181.08 0.47 16.22 811 878 48.81
‘ 0.31 783 845  290.14 0.75 14.08 - 563 9.97 51.94
TAL10 1.05 10.66 2.63 3947  9.88 24737 1053 1455 9118
» ) 135 1068 2.60 90.91 9.88 187.01  20.78 17.51  94.99
TALD - 0.53 12.76 2.94 52.94 3.04 461.76 588 665 80.53
0.44 2.47 4198 403 451.85

7267
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CONCENTRATIONS OF CITRATE/DITHIONITE-EXTRACTABLE METAL SPECIES IN THE SEDIMENTS

Site Ccd Cr Cu Fe Hg Mn Ni Pb Zn
ug/kg mg/kg mglkg mglkg ug/kg mg/kg mg/kg mgkg mg/kg

RAMD 13.60 0.44 0.29 533.72  37.30 1.31 4.87 142 041
12.83 0.46 0.26 571.84  37.33 1.39 5.46 1.34 0.38

- MCF10 9.78 0.36 0.30 626.35 137.53 2.32 7.42 1.03 0.63
10.27 0.46 0.30 629.66 84.71 3.12 6.59 1.06 0.56
MCFD 16.40 1.40 0.56 271910 13169 19545 320.22 0.73 26.69
18.93 1.40 0.62  2859.55 22843 199.38 303.37 0.73 27.02

RAF10 10.13 0.26 0.21 684.87 11.71 3.72 2.50 0.63 0.21
: 9.68 0.20 0.21 629.92  28.46 3.13 2.46 0.61 0.23

RAFD 18.25 0.16 0.33 1540.17  90.37 10.67 3.58 1.29 0.74
17.30 0.16 0.33 1570.37  80.63 8.22 437 1.22 0.37

RICD 17.32 0.46 0.38 686.41 37.14 1.36 20.00 1.16 0.66
19.95 050 . 038 90009 37.06 1.70 20.82 1.39 0.73

NEPD 19.14 0.48 042 ° 780.21 29.99 2.25 3.16 0.91 0.57
19.68 0.53 042 1023.79 30.00 2.28 3.39 0.84 0.57

KAK10 14.05 0.17 0.33 1080.36 94.98 2.58 4.11 1.36 0.27
15.46 0.43 - 0.36 1298.01 120.60 245 2.81 1.46 0.63

KAKD 14.64 0.39 0.35 1520.16 113.61 3.15 3.20 0.99 0.52
16.35 0.39 039 1561.08 172.71 3.42 3.37 0.95 0.48

TRO10 25.56 0.41 0.46 1981.78 111563  28.93 3.60 2.32 0.87
25.39 0.42 046 212059 76.36 30.67 3.82 2.37 0.91

TROD 23.79 0.58 044 265049 64.08 7.18 3.26 1.70 - 0.73
25.50 0.63 044  2846.06 70.30 7.18 3.30 1.75 0.78

LOS10 16.91 0.27 0.23 1617.45 736 = 39.36 2.28 0.87 0.67
15.63 0.23 0.23 1673.64 7.34 50.24 2.31 1.21 0.70

LOSD 21.84 0.43 0.51 995.73  32.76 4.49 2.82 1.41 0.34
22.71 0.21 0.51 960.51 3244 3.84 2.82 1.66 0.55

TOM10 22.18 0.41 0.31 1010.89  54.00 244 2.57 1.00 0.48
19.78 0.48 0.30 105423 653.77, 243 273 1.00 0.61

TOMD 14.27 0.88 0.38 1944.44  52.56 20.94 2.86 1.28 1.15
13.80 0.74 0.38 193162 52.95 19.32 2.78 1.45 1.28

RES10 21.15 0.34 0.35 1000.88 109.35  48.91 223 110 1.59
18.61 0.31 0.39 988.53 109.16  49.81 244 1.20 1.62

RESD 23.50 0.34 035 156569.40 41.39 10.28 2.46 112 - 086
27.10 0.28 0.35 126861 41.34 9.71 242 - 1.21 0.91

NOS10 20.26 0.62 0.49 922.74  56.37 1.90 2.69 0.75 0.53
23.58 0.61 0.49 807.95  56.37 1.94 2.65 0.88 0.53

NOSD 17.30 0.41 0.36 80362  39.82 1.45 2.21 0.65 043
) 16.46 0.64 0.36 813.74  40.18 1.59 2.39 0.72 0.47
TAL10 19.04 0.72 038  4206.50 51.31 35.53 241 1.49 1.53
20.78 0.52 038 413754 51.26 47.34 2.48 1.49 1.57

TALD 17.10 0.83 028 384899 3143 33.89 2.00 0.91 0.91
18.84 0.61 028 379685 31.35 33.59 2.03 1.05 1.16
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CONCENTRATIONS OF NaOH EXTRACTABLE METAL

- ‘SPECIES IN THE SEDIMENTS

" Site Cu . Fe Ni

: mg/kg mglkg - mygl/kg
RAMD = 35789 957.89 ~ 206.58
R 378.95- 1015.79 207.63
-‘MCF10 51.60 442222 74.57
o . 4765 4382.72 - 56.05
MCFD 217.50 979.17 549.58
' 180.83 . 92708 . 486.67
RAF10 91.53 58649 - 46.13
99.46 551.35 . 45.23

. RAFD 441.74 950.00 32522

© .. 480.00 - 1139.13 " 340.87
RICD 187.37 6996.49 206.67
S 23579 . 710175 = 287.72
NEPD - 4388 2392.54 . 62.09
42,99 2556.72 64.78

KAK10 4185 . 3718.46 59.69 -
- 40.31 3630.77 .- 59.38
KAKD 76.92 . 833.85 110.77
. 6585 82923 75.08

" TRO10 -~ 178.28 843.10 201.03 .
224.14 - 989.66 279.66

TROD 18.04 9647.06 - 3451
N 88.24 1790588 = 9216
LOS10 2464 = 684203 ' 66.38
2638 - 6891.30 .- '67.83
LOSD . 4462 6726.15 51.69
) 49.54 7564.62 52.62
TOM10 1846 11123.08 - 36.92
88.08 19700.00 102.31
TOMD 2000 . 14841.79 - 39.40
_ : 1791 . 1311045 - 38.21
RES10 14.78 15205.80 27.25
. 13.04 21681.16 3043
RESD 20.36- . 22800.00 31.64
_— 16.36 27527.27 33.82
NOS10 -11.08 1380.00. 28.00
: 11.38 137231. . ° 2523
NOSD 13.33 1850.00. 23.94
Co . 13.03 1843.94 21.82
TAL10 12.47 4922.08 21.04 -
' 11.95 5105.19 22.60
TALD . 13.67 627595 18.48
13.16 6713.92 21.77
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ULTRAVIOLET AND VISIBLE ABSORBANCE VALUES OF NaOH EXTRACTS OF THE SEDIMENTS
MEASURED AT SELECTED WAVELENGTHS IN THE RANGE 320 - 665 nm

Site 320nm 420nm 465nm 665nm
RAMD 0.469 - 0.233 0.139 0.059
0.441 ' - 0.235 0.144 0.064

MCF10 0.903 ’ 0.505 0.314 0.097
0.903 0.363 ' 0.223 0.055

MCFD 0.364 0.158 0.095 0.037
- 0419 - 0.18 0.109 , 0.041

RAF10 0.261 0.118 0.067 0.027
0.256 ‘ 0.11 0.063 0.025

RAFD 0.485 0.263 0.151 0.059
0.553 0.302 0.175 0.068

RICD 0.903 0.563 0.354 0.115
0.903 0.393 0.243 0.062

NEPD . 0.903 , 0.328 0.214 0.061
0.849 0.311 0.207 0.062

KAK10 0.759 0.239 0.148 0.04
0.774 0.236 0.147 0.039

KAKD 0.484 021 0.132 : 0.048
0.403 0.16 0.093 0.034

TRO10 0.487 0.14 0.09 ' 0.026
_ ' 0.605 0.17 0.108 0.029
TROD 0.654 0211 0.14 0.041
0.721 0.207 0.123 0.034

LOS10 0.759 0.217 0.13 0.031
- 0.721 , 0.208 0.126 0.032

LOSD ’ . 0.668 0.184 0.112 0.027
©0.799 0.215 0.13 0.029

TOM10 0.701 0.226 _ 0.149 0.044
- 0779 , 0.226 0.132 0.035

TOMD 0.699 0.188 0.122 0.032
0.611 0.164 0.107 0.029

RES10 , 0.789 ' 0.216 0.129 0.033
v ' 0.903 0.236 0.135 0.029

RESD 0.747 0.203 0.123 0.032
0.903 0.238 0.136 0.03

NOS10 0.234 0.095 0.061 0.024
0.218 0.09 0.058 0.024

NOSD 0.278 0.122 0.077 0.03
' 0.293 ' 0.13 0.083 0.033

TAL10 0.432 0.186 0.114 0.04
0.349 . 0.148 0.086 0.032

TALD 0.723 0.236 0.148 0.042
0.683 0.222 0.14 0.04
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CONCENTRATIONS OF HUMIC MATTER IN THE SEDIMENTS EXPRESSED AS ULTRAVIOLET AND
VISIBLE ABSORBANCE VALUES OF NaOH EXTRACTS PER UNIT DRY WEIGHT OF SEDIMENT

Site AL _ Asnnl9 Aponl8 e AanmIQ e Aessmn’ g
RAMD K . 246.84 122.63 73.16 ‘ 31.05
o 232.11 123.68 ” 7579 33.68
MCF10 © . - 44593 249.38 - - 155.06 47.90
' 44593 179.26 110.12 27.16
MCFD v 303.33 131.67 ' 79.17 30.83
_‘ ) - 349.17 ' 150.00 ' 90.83 ' 34.17
RAF10 o 94.05 42.52 2414 ‘ 9.73
- 92.25 ' 39.64 : 22.70 9.01
RAFD ; - 421,74 - 228.70 131.30 51.30
48087 262.61 152.17 : 59.13
RICD 63368 395.09 248.42 80.70
- 633.68 ‘ 275.79 170.53 - 43.51
NEPD : 539.10 ‘ 195.82 127.76 ' 36.42 -
- 506.87 185.67 123.58 37.01
KAK10 | 467.08 147.08 91.08 24.62
: 476.31 14523 - 90.46 - . 24.00
KAKD 297.85 - 129.23 ' 81.23 29.54
. 248.00 A 9846 57.23 ' 20.92
TRO10. 671.72 . . 193.10 124.14 35.86
. 83448 - 23448 148.97 - 40.00
TROD . 1538.82 ‘ 49647 329.41 - 96.47
1696.47 487.06 289.41 80.00
LOS10 880.00 - 251.89 150.72 ' 35.94
‘ 835.94. 241.16 146.09 37.10
LOSD 822.15 226.46 137.85 33.23
, -983.38 264.62 o 160.00 35.69
TOM10 : 1617.69 521.54 '343.85 ) 101.54
: - 1797.69 521.54 304.62 80.77
TOMD ' 1251.94 , .336.72 218.51 57.31
o N 11094.33 293.73 191.64 - 51.94
RES10 o 137217 375.65 , 224.35 ' 57.39 -
' 1570.43 410.43 23478 . 50.43
RESD - 1629.82 . . 44291 : 268.36 69.82
. " 1970.18 519.27 1 296.73 65.45
NOS10 288.00 . 11692 75.08 12954
' R -268.31 110.77 - ‘ 7138 - - - 2954
NOSD - 336.97 14788 93.33 : 36.36
' ‘ 355.15 157.58 100.61 - 40.00
TAL10. o 224.42 96.62 59.22 © - 20.78
: 181.30 76.88 ' 4468 - 16.62
TALD 1098.23 358.48 - 224 .81 - 63.80

- 1037.47 33722 . 21266 . 6076
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CONCENTRATIONS OF SULFIDE ("ACID-VOLATILISED SULFIDE",0OR AVS) IN SEDIMENTS

SITE DRY WEIGHT AVS AVS
(9) (umoles/ml)_ (umolesig)

RAMD 0.65 5.76 8.84

0.65 6.35 9.75

MCF10 0.67 26.85 40.32
0.67 25.40 38.14

MCFD . 0.41 41.06 100.64

. 0.41 37.53 91.99

RAF10 : 1.10 0.21 ' 0.20

1.10 0.21 0.19

RAFD 0.36 1.13 3.10

0.36 1.12 3.08

RICD 053 0.76 1.44

0.53 0.85 1.60

NEPD 0.58 11.61 19.98

_ . 0.58 1159 19.94

KAK10 0.61 8.93 14.74

: 0.61 8.98 14.82

KAKD 0.53 26.62 50.04

0.53 . 27.04 50.64

TRO10 0.50 5.39 10.82

, 0.50 5.39 10.81

TROD . 0.50 16.25 32.24

0.51 16.47 32,42

LOS10 0.68 0.44 0.64
0.68 0.45 0.65 -

LOSD ' 0.49 2.70 5.55

' 049 2.73 5.61

TOM10 0.45 12.06 26.92

' 045 12.14 27.09

TOMD - 055 9.80 17.92

0.55 10.08 18.44

RES10 0.58 0.98 1.68

0.58 1.00 - 1.72

RESD 0.46 . 6.09 13.27

' 0.46 6.10 7 13.29

NOS10 0.60 32.93 ‘ 54.70

0.60 3325 55.23

NOSD 056 - 44.49 79.59

0.56 44.61 79.80

TAL10 0.74 7.84 10.54'

0.74 7.36 9.89

TALD ' 0.84 11.11 13.29

0.84 11.21 13.41
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Appeljdix S

Chironomus survival and growth, Héxagen‘ia growth, Hyal_ellé survival and growth, and Tubifex
reproduction plotted as a function of Cu or Ni expressed as metal extractable with CaCl,(thé
most easily dissociated metal), total extractable metal (sum of 5 sequential extractioﬁ's), total
metal in sediment, pore water metal, metal in the water at the end .of the toxicity tests, andi metal
in lake water collécted 1 m off the bottom at the time of sediment collection. Also shown are
the same biological responses plotted against the difference between total extractable (sum of Cu,
Ni, Pb and Zn in the 5 sequential extractions) or total metal (sum of Cu, Ni, Pb and Zn in

sediment) and acid volatile sulfide.
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