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ABSTRACT

‘The now abandoned mine at Britannia Beach is a source of acidity and heavy metals
to Howe Sound. Using evidence fro'm monthly field sample collections over an entire
year, the dispersion patterns of Cu, Cd and Zn in the estuary were elucidated. Acid mine
drainage discharged to Howe Sound via Britannia Creek was found to mix predominantly
with the brackish surface waters, since a pronounced pycnocline inhibits vertical mixing.
Deep discharges via a submarine outfall may become trapped at or below ten metres
depth during summer, but have been observed to rise to the surfacev in winter as a result of
weaker stratification.

Upon mixing with estuarine water, there was generally a transfer of Cu from the
dissolved to the particulate phase. Similar removal was observed with Zn, albeit to a
much lesser degree. Cd behaved essentially as a conservative element, which permitted
its use as a tracer for the mixing of acid mine drainage with seawater. This greatly
facilitated interpretation of the field data, since salinity proved to be an unreliable
indicator of mixing in this three end-member system of Squamish River, Britannia Creek
and seawater. |

Laboratory mixing experiments demonstrated that the removal of Zn occurred via
adsorption onto iron oxyhydroxides, with other processes such as adsorption by
flocculated organic matter or by clays playing a less important role. Cu removal was

additionally governed to a large extent by direct pfecipitation of solid phases, most likely

Cu(OH),. Mixing experiments and speciation calculations suggest that Cu, and possibly

Zn, may be present to a large degree in colloidal suspension.
Metal concentrations in estuarine surface waters ranged between 0.8 - 230, 0.02 - 2.9
and 1.7 - 450 ug/L for Cu, Cd and Zn, respectively at a site some 350 m off the mouth of

Britannia Creek. They were found to be controlled by the supply from acid mine
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drainage, by dilution with Squamish River runoff, and by the extent of removal in the
creek mixing zone. All these parameters are strongly seasonal due to their dependence on
hydrological conditions. They combined to produce maximum surface metal
concentrations in spring and winter, as demonstrated using both field data and model
calculations.

In a bioassay experiment, Cu concentrations over 6.4 ug/L affected growth of

endemic phytoplankton adversely. This level was found to be exceeded in 13 out of 26

field observations in Britannia Bay. In spring, concentrations that could produce

detrimental effects on phytoplankton may also extend several kilometres down-estuary.
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CHAPTER 1

INTRODUCTION AND
BACKGROUND INFORMATION




1.1. Introduction
1.1.1. Motivation

Over its 70-year lifetime, the Britannia mine on the shore of Howe Sound extracted
and processed some 40 million tons of ore, making it at times the largest copper producer
in the British Commonwealth. In addition, the mining operation had a tremendous impact
on the economic development of the Vancouver area earlier this century. Today, over
twenty years after closure, the mine represents a significant environmental threat, si_ncé
acid mine drainage (AMD) onginating in the underground workings releases several
hundred kilograms of copper and zinc daily to Howe Sound. At the same time, the site
offers the opportunity to study in detail the chemical fate of a metal-rich acid solution as
it is mixed Wim seawater.

The research presented in this thesis was fueled by these two related interests, the first
representing an applied problem, and the second relating to qhestions of basic science.
The application lies in investigating the dispersion and biogeochemistry of mine-derived
metals in upper Howe Sound in order to complement earlier field and laboratory
observations, which suggested that a variety of organisms suffered lethal or sublethal
effects related to the high metal content of the local waters. Elevated metal concentrations -
could result from dischargé of mine effluent and/or from release from submerged tailings.
An extensive study on the geochemical behaviour of these deposits in Howe Sound
indicated that they are not releasing significant amounts of Cu and Zn (Drysdale 1990).
Consequently, the observed detrimental effects on marine organisms have been attributed
to the discharge of mine effluent. However, the previous work did not define what areas
of Howe Sound were affected by the discharge, how the acid solution behaved chemically

in the estuary, and whether seasonal influences controlled its dispersion and behaviour.




Furthermore, as a point source of metals to a marine environment, the mine provided

a basic scientific opportunity to study the transfer of metals between dissolved and

‘particulate phases during the mixing of fresh- and saltwater. This is an important process

in global metal cycles because it modifies the supply of riverborne terrigenous metals to
the oceans. Additionally, since estuaries are often sites of intense industrial activity and
human settlement, they are prone to contamination. The fate of anthropogenic metal
inputs to the coastal ocean may be controlled to a large. extent by dissolved/particulate |

partitioning of metals in estuaries.

1.1.2. Relevance and Objectives

Based on these initial considerations, five specific objectives related to the behaviour
and effects of Cu, Cd and Zn from acid mine drainage in Howe Sound were defined, and

are discussed in turn.

1) Water column data were needed to complément available information on mine effluent
and sediment chemistry so as to provide a basis for decision making with respect to
site treatment.

Earlier work has addressed metal chemistry in .mine waters and in Britannia Creek
(Steffen, Robertson, Kirsten 1991; Price et al. 1995) as well as metal release from
sediments in Howe Sound that contain mine tailings (Drysdale 1990). However, there
are almost no data on water column chemistry. Closing this gap is important, not only
to assess the potential for environmental damage, but also to add to the sparse data
available on the behaviour of mine effluents discharged directly to marine

environments.



2) The dispersion and physico-chemical behaviour of the mine effluent in upper Howe
Sound reqiu'red assessing.
Dispersion patterns of mine effluent in Howe Sound have not been previously
documented, even though they are a key factor in understanding the local impact of
the metal-rich discharge. There is also very little information available on metal
cycling in fjord-type estuaries in general, since most of the extensively studied
estuaries are of the salt wedge or partially mixed type. There are many other industrial
and mine sites that may release metals to a fjord, particularly in B.C. (e.g. mines on
Vancouver Island), but also in other parts of the world (e.g. Norway, Chile,
'Greenland). The Britannia case may serve as an analogue for these sites, and the
results presented here may have general applicability elsewhere.
The physico-chemical behaviour of metals is equally important when estimating the
impacts of mine effluent in Howe Sound. This is particularly true for processes that
remove metals from the water column, such as adsorption onto sinking particles.
~ Should vertical transport of metals be significant, a sizable fraction could be
permanently buried in the underlying sediments. Such processes could reduce
dissolved metal concentrations and have beneficial effects for organisms living in the
water column. The mechanisms by which metal removal occurs in contaminated
environments are not well documented, and they may differ from the processes that
have been described for more pristine estuaries. In addition, understanding these

mechanisms is important for predictive models of metal pollution.

3) Seasonal influences on effluent chemistry and behaviour needed to be determined.
Parameters that may affect metal behaviour and concentration include pH,
concentration of dissolved organic matter (DOC), suspended particulate load, riverine

runoff, biological activity, creek runoff and AMD generation rates. All these

parameters are likely to vary seasonally. Consequently, a seasonal study is needed to




determine natural variability in metal behaviour and concentration over the course of
a year. There are very few studies in the literature which address this issue; in fact,
most work on estuarine metal geochemistry is done in the summer months. Rather
detailed studies include that by Sharp et al. (1982), who looked at Cu and Cd in the
Chesapeake Bay during a spring phytoplankton bloom and during a period of high
river runoff, work by Windom et al. (1991), who studied metal reactivity in the
Medway estuary during periods of low and high river runoff, and a seasonal study of
particulate matter in a Norwegian fjord by Skei and Melsom (1982). Flegal et al.
(1991) compared data collected in April, August and December in the San Francisco
Bay estuary. However, given the inherent high variability of estuaries with regard to
their physical and chemical properties, higher sampling frequencies are needed both

spatially and temporally in order to resolve seasonal differences.

4) Specific mechanisms involved in metal reactivity in the fresh-/saltwater mixing zone
require elucidation.
In Howe Sound there is a localized region of mixing near the mouth of Britannia
Creek, which in the following will be referred to as the "creek mixing zone". This
rﬁini-estuary within the estuary of Howe Sound is characterized by steep gradients in
salinity, pH and metal concentrations over a distance of 100 - 200 m. Processes in the
creek mixing zone such as adsorption, complexation or precipitation may determine
the amount and physico-chemical form of metals delivered to Howe Sound.
Additionally, since the mine effluent represents a point source of metals to Howe
Sound, studying the processes in the creek mixing zone also provides an opportunity

to learn more about metal cycling in estuaries in general.




* 5) The potential for detrimental effects on a natural population of phytoplankion needs to
be determined.
Earlier laboratory studies on adverse effects of mine effluents on marine organisms in
Howe Sound did not address the effects of the metal discharge on phytoplankton.
This is an important subject becé.use of the known sensitivity of phytoplankton to
elevated trace metal concentrations and their position at the bottom of the food web.
Reduction of the productivity of phytoplankton through discharges of AMD could
affect the productivity of the entire ecosystem through reduction of the food supply to
heterotrophic organisms (zooplankton, but also fish and shellfish). Accordingly, a
bioassay experiment involving exposure of a natural assemblage of phytoplankton to

AMD was designed and conducted.

1.1.3. Approach

The approach chosen to answer the questions discussed above included a large field
component. In approximately monthly intervals over one year, samples were collected on
a surface transect in the mixing zone of Britannia Creek and in two water column profiles
in Britannia Bay (Figure 1.1). The data obtained (dissolved and particulate metal
concentrations, pH, temperature, dissolved oxygen, salinity and chlorophyll a) were then
complemented with specific experiments to address questions of particular interest, ‘such
as metal precipitation in the upper reaches of Britannia Creek, mechanisms of metal
removal in the mixing zone, and speciation changes. In addition, a bioassay was
conducted involving the exposure of a natural assemblage of phytoplankton to acid mine
drainage. The results obtained using this approach will be presented in three separate
chapters, and some background information pertaining to all of them will be given in the

next section.
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Figure 1.1. Location of the Britannia mine and of the sampling sites in Howe
Sound. The stations were occupied about once a month over a period of one year.
The sites at Woodfibre and Porteau were visited only in September 1994. Also
shown are the 100 and 200 m depth contours. Adapted from Thomson (1981).




1.2. Background Information

This section, intended for the benefit of the reader less familiar with certain aspects of
this research, will sketch the setting and history of the study site, provide a summary on
the generation of metal-rich effluents in mine settings, and dwell briefly on uses and
biological importance of Cu, Cd and Zn. In addition, the physico-chemical properties of

these elements and some aspects of their biogeochemistry will be highlighted.

1.2.1. Study Area and Mining History

Howe Sound is a 43 km long fjord in the vicinity of Vancouver, B.C. on the west
Coast of Canada. Topographically it can be divided into two areas, the island-strewn
lower basin, which is 20 km wide at its mouth and narrows into a 2 km wide channel, and
the steep, narrow upper basin. The estuary is connected to the ocean via the Strait of
Georgia. Its main source of freshwater is the Squamish River which enters at the northern
end (Figure 1.1).

Although most of the east and west shores of Howe Sound have resisted settlement
due to the steepness of the terrain and flood hazards on creek deltas, there are numerous
sites where human activities could impact on the marine environment. Such activities
include sewage discharges from communities in Squamish, Gibsons, Horseshoe Bay and
Bowen Island. Others are the Port Mellon and Woodfibre pulp mills which used to be
major sources of dioxins and furans to Howe Sound; however discharges of these
compounds have greatly decreased in recent years as required by new provincial effluent
guidelines. Industrial activity in the Squamish River delta has led to the loss of rearing
habitat for young fish through construction, dyking of wetlands and log booming

(Levings and Riedell 1992). There may also be metal inputs from industrial activity in




Squamish, although the discharge of acid mine drainage at Britannia Beach clearly
represents the most important continuous source of metals to Howe Sound.

The Britannia mine was opened in 1902 by the Britannia Mining and Smelting
Company, Ltd. In 1963, it was taken over by the Anaconda Mining Company, who
operated it until the ore body was exhéusted in 1974. It was then bought by Copper Beach
Estates Ltd. for real estate development. At the time of writing, the company is under
recetvership, and the future uses of the property are uncertain.

The Britannia ore body is a volcanogenic massive sulphide deposit located in a steep
mountain ridge rising to over 1000 m above sea level. Mining was carried out mostly
underground, but several surface pits were also excavated at higher elevations. During
operation, the ore was transported to the Britannia Beach townsite. for milling and was
then smeltered off-site. Over the lifetime of the mine, almost 49 million tonnes of ore
were processed, producing 517,000 tonnes of copper, 125,000 tonnes of zinc, 16,000
tonnes of lead, 444 tonnes of cadmium, 180 tonnes of silver and 15 tonnes of gold (Price
etal. 1995). |

Large amounts of mine tailings were landfilled on site or discharged as a slurry to
Howe Sound. Copper concentrations in sediments off Britannia Beach have been found to
be as high as 1400 ppm, over 17 times higher than levels found in other parts of the inlet
(Thompson and Paton 1976). After discharge of tailings ceased with closure of the mine,
new uncontaminated sediment has been accumulating at a rate of about 1 cm/year,
thereby effectively'burying and immobilizing the tailings (Drysdale 1990). However,
there remains the potential for slumping of tailings deposited on the steep flanks of the
basin.

Over 80 km of shafts and adits were driven into the deposit to access the ore. This
generated a large surface area of residual ore exposed to weathering by air and infiltrating
water. Rain- and groundwater enter the mine mostly via the open pits and carry the

oxidation products - acidity and dissolved metals - out of the mine through two adits at
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about 700 and 67 m above sea level (the so-called 2200 and 4100 portals, respectively).
Under a provincial permit, this acid mine drainage from the 2200 portal is allowed to mix
with Britannia Creek which then flows to Howe Sound, while the 4100 discharge is

routed directly to the estuary via a 30 m deep outfall (Price et al. 1995).

1.2.1. Acid Mine Drainage

The naturally occurring oxidation of sulphide minerals, particularly pyrite, is a
common process in mining operations where it is referred to as acid mine drainage
(AMD). It is an environmental concern due to the acidity produced and the release of
heavy metals associated with the ores.

The dissolution and oxidation of pyrite involves a series of reactions as follows

(Stumm and Morgan 1996):

FeS,(s)+7/20, + H,0—> Fe® + 2SO, + 2H" (1.1)
Fe +1/20, + H" — Fe** +1/2H,0 - (1.2)
FeS, (s) + 14Fe’* + 8H,0 — 15Fe* + 2SO} +16H" (1.3)
Fe +3H,0 — Fe(OH),(s) + 3H' - | (1.4)

Pyrite is oxidatively dissolved as it is exposed to oxygen and water (1.1).
Subsequently, the dissolved ferrous iron undergoes oxidation to ferric iron (1.2), a redox
reaction with Oz acting as electron acceptor. Ferric iron may then be used in the further
oxidative dissolution of pyrite by reaction (1.3). This step is analogous to reaction (1.1)
with ferric iron acting as an oxidant instead of molecular oxygen. Ferric iron can also

form insoluble precipitates (1.4).




The oxidation of ferrous iron to ferric iron (1.2) is slow and determines the overall
reaction rate. The ferric iron produced in (1.2) is rapidly consumed by the further
oxidation of pyrite (1.3) or by the precipitation as iron hydroxide (1.4), giving rise to the
insoluble Fe(OH)3 deposits ("yellow boy") commonly associated with mine waters.

In natural systems, strains of acid-tolerant bacteria such as Thiobacillus ferrooxidans
increase the rate of ferric iron oxidation (1.2) catalytically by up to a million-fold
compared to abiotic systems (Nordstrom 1985), thereby increasing the overall reaction
rate of pyrite oxidation. Taylor et al. (1984), for example, observed a two to five-fold
higher sulphate production rate with pyrite inoculated with Thiobacillus ferrooxidans
relative to the sterile control experiment. The discrepancy between the acceleration of
ferrous iron oxidation and the comparatively small increase in sulphate production rates
may stem from poor growing conditions in the experiment of Taylof et al. (1984), but it
could also indicate that bacterial mediation is not as important as is often assumed.

Acid producing reactions in mining environments can pose environmental problems
for several reasons. The generation of acidity is a major concern, since for every mole of
pyrite converted to Fe(OH)3, four moles protons are released into the environment,
making this one the most acid-generating weathering reaction. In addition, metals
associated with the pyritic ore, e.g. Zn and Cu, are released from their rock matrix and are
delivered to the environment in concentrations that may be harmful to organisms.
Further, it is almost impossible to stop the oxidation process, since exposure of the
deposit to molecular oxygen would need to be prevented. In fact, cessation of mining
activities often aggravates the problem of acid mine drainage, since the water is no longer
drained regularly and exposure time fér’ acid-producing reactions is increased.
Furthermore, generation of AMD will persist for as long as there are sulphidic ores in the
mine that are exposed to water, which often means that the processes will continue for

decades or even centuries. Therefore, effective measures to cope with AMD and to
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prevent damage to the environment have to be an integral part of any mining operation

and must be included in the cost of extraction of metals from ores for human use.

1.2.3. Human Uses , Biological Importance and Physical-Chemical Properties of Cu,
Cd and Zn

Although Cu, Cd and Zn are considered trace metals due to their low abundance in
the earth's crust (Cu: 50 ppm, Zn: 70 ppm, Cd: 0.15 ppm, Krauskopf and Bird 1995), they
can be readily obtained from ores, or, as in the case of Cu, they may also be found in
metallic form. Copper is widely distributed in nature in sulphides, arsenides, chlorides
and carbonates and as the pure metal. Zn is present mostly as sphaierite ((ZﬁFe)S). Cd
minerals are rare, but the element can often be found as an isomorphous substitute for Zn
in ores. Of the three metals, Cu is produced in the largest amounts (World Bureau of
Metal Statistics 1993).

| Copper has wide industrial use owing to its capability of forming alloys to give new
materials with unique properties. Other uses include electrical applicationé (wires,
generators), construction (plumbing) and chemical manufacturing (catalysts, fungicides)
(Bowen and Gunatilaka 1977). A major fraction of the annual Zn production is consumed
for galvanizing steels and for forming alloys. It is also widely used for battery casings, as
pigment, and for cosmetic products (Mathewson, 1970). About 75% of the total Cd
produced goes into the manufacturing of corrosiohjresistant steels. Other important
applications include batteries and pigments (Webb 1979).

Cu plays an important role in biological systems as an electron acceptor/donor. The
Cut/Cu2+ pair is found for example in plastocyanin and in photosystem II of higher

plants. In the oceans, Cu has been shown to be a required micronutrient for

phytoplankton, but to be toxic at higher concentrations (e.g. Sunda 1994). Zinc is known
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to occur in virtually all organisms, mainly as a cofactor in enzymes involved in the lipid,
carbohydrate and protein metabolisms. Like Cu, Zn has a function as both nutrient and
toxic agent to marine phytoplankton (Sunda 1994). Despite its chemical similarity to Zn,
Cd is not thought to have an essential role in biological systems. In the oceans it appears
to behave as a micronutrient, although its metabolic function is unclear. In some enzymes

Cd may replace Zn under conditions of Zn limitation (Price and Morel 1990).

Cu Zn Cd

Outer Electron Configuration [Ar]3d104s!| [Ar]3d104s2| [Kr]4d 10 552
Atomic Weight 63.546 65.39 112.41
Ionization Potential [eV] 1. 772 9.39 8.99

2. | 2029 17.89 16.84

3. 397 40.0 38.0
Melting Point [°C] 1084 419 321
Boiling Point [°C] 2595 o07 767

Table 1.1. Some physical properties of the elements Cu, Cd and Zn. Adapted from
Cotton-Wilkinson (1972) and Heslop and Jones (1976).

Cu, Cd and Zn share some properties common to transition elements, namély their
metallic character, the stability of the ionic form, the capability of forming complexes
with both organic and inorganic ligands, and their relatively low ionization potentials.
However, Cu is set apart from Cd and Zn both with respect to physical properties (Table
1.1) and chemical reactivity as a result of its different outer shell electron configuration.
With Cu stable +I complexes are common, while Cd and Zn are present almost
exclusively in the +II oxidation state. Cu* is readily oxidized to Cu?+, which is the basis
for its importance in biological electron transfer reactions. All three metals form
complexes with inorganic ligands such as CO32-, Cl- or OH-. According to the Pearson

concept, Cu is the hardest acid of the three, thus likely to complex with O and N-donors,




while Cd as a soft acid complexes more readily with S and P-donors. Metal-organic
complexes are most common with Cu, but are also found with Zn and Cd. All three
metals form halide, oxide and sulphide salts, the latter being quite insoluble (Cotton and
Wilkinson 1972). The physico-chemical properties particular to each metal have a
bearing on the global biogeochemical cycling of Cu, Cd and Zn, and as will be shown

later, also greatly influence their behaviour upon mixing with seawater in Howe Sound.

1.2.4. Biogeochemical Cycling of Cu, Cd and Zn

Over the last two decades, a consistent picture of the biogeochemistry of trace metals
has emerged. This was made possible to a large part by the use 61" trace rhetal clean
sampling protocols and the advent of new, more sensitive analytical techniques, which
enabled researchers to determine accurately the very low concentrations of metals in the
oceans (Bruland et al. 1991). Some representative concentrations of Cu, Cd and Zn are

given in Table 1.2.

Cu [pg/L] Cd [ng/L] Zn [pg/L)
U.S. East Coast Rivers 1.1 11 0.84
Lake Constance, Switzerland 03-13 56-28 0.98 -3.9
North Pacific 0.03-03 1.1-11 0.006 - 0.65

Table 1.2. Representative concentrations of Cu, Cd and Zn in natural waters (from
Stumm and Morgan 1996).

Physical and chemical weathering of rocks on land provides the ultimate source of
metals to the oceans. Themetals are transported to the oceans via in dissolved or
particulate form by streams and rivers or as dust by the wind. Riverine inputs exceed

those from the atmosphere (Table 1.3) and comprise a large proportion of weathering
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products mostly in the form of particles (Emeis 1985). Atmospheric sources include
volcanic emissions, windborne soil particles, forest fires and human activities such as
burning of fossil fuels and metal smelting and refining. Metals are removed from the
ocean primarily via sinking particles, either through biological mechanisms (uptake by
bacteria, phytoplankton and higher organisms with subsequent transport to the sediments
via sinking organic debris) or through physico-chemical processes (adsorption onto
particles, particle aggregation, precipitation). Other sinks include sediment pore waters,
ferromanganese crusts and salt spray deposition. The cycle closes as sedimentary rocks

are uplift through tectonic forces and become subject to weathering.

Fluxes in 103 tonnes/year Cu Cd Zn
SOURCES Continental dust 10 0.25 - 25
Volcanic dust 9.3 0.04 11
Industrial part. emissions 220 4 700
Fossil fuels 43 1.5 140 -
PATHWAYS Atmospheric rainout 260 51 1000
Stream load 1100 120 2500
HUMAN USE Production of refined metal 10800 20 2990

Table 1.3. Sources and pathways of metal fluxes to the oceans. For comparison, the
amount of refined metal produced annually is also shown. Note that sources include only
atmospheric contributions. From Lantzy and Mackenzie (1979) and the World Bureau of
Metal Statistics (1993).

Metals show great differences in their chemical reactivity during the part of the cycle
they spend in the hydrosphere. This is reflected in their residence time in the oceans,
commonly defined as:

Tin = (inventory in oceans) / (rate of input from all sources) (1.5)

Touwt = (inventory in oceans) / (rate of removal by all sinks) (1.6)




Elements with long residence times (e.g. Na 8.3 x 107 years, Cl > 1010 years, Broecker
and Peng 1982) are essentially non-reactive, their main sinks being interstitial sediments
and evaporites. The involvement of Cu, Cd and Zn in biological uptake and vertical
particle transport results in residence times on the order of 103 - 105 years (Cu: 1000 -
6400 years, Boyle et al. (1977), Bewers and Yeats (1977); Cd: 7700 - 45,000 years,
Bewers and Yeats (1977), Bruland et al. (1994); Zn: 3000 - 92,000 years, Bewers and
Y eats (1977), Shiller and Boyle (1984), Bruland et al. (1994)) The tendency of Fe to form
insoluble hydroxides leads to much shorter residence times of less than 100 years
(Broecker and Peng 1982, Bruland et al. 1994, Bewers and Y eats 1977).

Reported residence time estimates may vary over several orders of magnitude,
| depending on the reservoir (e.g. deep ocean, coastal ocean) and mechanism (e.g. riverine
input, scavenging by particles) considered. In recent years, estimates obtained by
different methods have been converging. This may in part be the result of improved
analytical procedures. For example, Shiller and Boyle (1985) showed that some earlier
residence time calculations were based on overestimates of riverine Zn ﬂuxés, which
have resulted from inadequate contamination control during collection and analysié of
river water samples. Using their revised flux estimates, they calculated a residence time
for Zn of about 50,000 years, two orders of magnitude longer than previous estimates.

Thanks to the techniques now available, the oceanic metal inventory is quite well
constrained. With regard to input-based residence times, estimating the magnitudes of the
sources is more difficult, since they often exhibit considerable spatial and temporal
variability. River flows can change tremendously over the course of a year, and metal
concentrations in rivers are highly dependent on area, season, and human activity. In
addition, the riverine metal load can be altered significantly by estuarine removal or
release processes. Studies investigating such processes both in the world's major rivers as
well as in contaminated streams are essential for obtaining good residence time estimates

and for fostering our understanding of the biogeochemical cycling of metals in general.
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1.3. Organization

The results and findings of this study will be presented in the following three
chapters. In Chapter 2, a one-year set of monthly field data is used to deduce dispersion
patterns of acid mine drainage in Howe Sound and their dependence on seasonal
influences. Chapter 3 contains an investigation into the physico-chemical reactions
leading to the observed behaviour of metals in the creek mixing zone. The results of a

bioassay involving exposure of a natural assemblage of phytoplankton to elevated

concentrations of metals from AMD are discussed in Chapter 4. Finally, conclusions

from the entire thesis and recommendations for future research are given. The three main
chapters are written as stand-alone sections, thereby facilitating publication as scientific
papers. However, they are linked by a global introduction (Chapter 1) and discussion
(Chapter 5) as well as by their inherent close connection. This format may lead to some
minor redundancies, but care was given to avoid these as much as possible. It was felt
that disadvantages arising from choosing this format were outweighed by the relative ease

and speed of publication of the results.
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CHAPTER 2

METAL DISPERSION IN HOWE SOUND:
MECHANISMS AND SEASONALITY




2.1. Introduction

Concerns about metal concentrations in Howe Sound waters reaching levels
potentially toxic to marine organisms, and the lack of data to address these concerns,
prompted a detailed investigation into the mechanisms of metal dispersion and the fate of
acid mine drainage. Specific areas of interest included questions such as: can a general
pattern of metal dispersion in the estuary be identified and what area is affected by the
mine discharge? How does dispersion change with seasonally variable parameters such as
river runoff, AMD discharge and biological activity? During what time of the year are
toxic effects on biota most likely? Is there any benefit in discharging metal at depth rather
than at the surface?

Three main pieces of information are needed to provide keys to tﬁese questions. Metal
sources and their seasonal variability have to be identified, the physico-chemical
behaviour of metals upon discharge to the marine environment needs to be investigated,
and the transport mechanisms of metals in the estuary have to be known. With this
information at hand, a simple model of metal dispersion may be established which can
both serve to improve our conceptual understanding of metal dispersion and to make
predictions based on a few key variables.

There are two point sources of acid mine drainage to upper Howe Sound, namely
Britannia Creek and a submarine outfall off the beach at the Britannia town site. Recorq,s
from various sources compiled by Price et al. (1995) indicate that both the concentrations
of metals in these sources and metal loadings (concentration times discharge) are subject
to substantial seasonal variability. Metal loading from acid mine drainage may peak after
periods of heavy rainfall (Walling and Foster 1975, Johnson and Thornton 1987,

Robertson 1990). Because substantial metal discharges could harm marine life in Howe

| Sound, it is important to identify times when metal loadings are most likely to be high.
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The amount of metal delivered will also depend on whether removal or release
processes occur during mixing of acid mine drainage with salt water, and on the extent of
such reactions. Metals can be removed from solution during estuarine mixing by
precipitation as insoluble phases, by adsorption onto settling particulate matter, via
complexation by organic surface coatings of particles, or by flocculation and aggregation
of colloid-sized particles (Stumm et al. 1994, Duinker 1980). Removal of Cu, Cd and Zn
have all been observed under some circumstances (e.g. Windom et al. 1991, Duinker
1983). Altemative]y, metals can be released into solution by ion exchange on particle
surfaces or by complexation of adsorbed metals by dissolved ligands (Li et al. 1984,
Duinker 1980). Observed mid-salinity maxima of dissolved Cu, Cd and Zn have been
attributed to such processes (Flegal et al. 1991, Salomons and Forstner 1984).
Additionally, metals can pass the mixing zone without being affected by release or
removal processes. This so-called conservative behaviour is documented for Cu and Cd
in Sharp et al. (1982) and Windom et al. (1991). Obviously, the occurrence and extent of
such processes is dependent on the local conditions and can not be easily predicted.
Identifying the extent of removal or release of metals from acid mine drainage in the
mixing zone and the dependence of these processes on seasonal parameters is essential
for estimating the effective metal load delivered to Howe Sound.

Much of the information needed to address the issue of metal dispersion is closely
linked to the physical properties of the system (estuarine circulation and hydrology), and
it is important to have information on different types of estuaries in order to understand
how physical characteristics influence the fate of anthropogenic metal contamination.
Generally, dissolved metal concentrations in surface waters will decrease towards the
mouth of an estuary due to increasing dilution of the metal source with more saline water.
At the same time, there may also be lateral and vertical gradiehts. While the longitudinal

ones are adequately discussed in the literature, the lateral and vertical gradients in metal

concentrations are not well documented. Vertical gradients have been described in the
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Fraser, St. Lawrence and Puget Sound estuaries. In the Fraser River estuary, dissolved Fe,
Cu and Cd profiles reflect the movement of the salt wedge and are influenced by the rate
of mixing and the salinity contrast of the end-members (Fletcher et al. 1983). In the St.
Lawrence, total metal concentrations increased in the vicinity of the turbidity maximum
(Bewers and Yeats 1979). In Puget Sound, high Cu and Zn concentrations from urban
sources are propagated from the surface to deeper waters via advection and particle
transport (Paulson et al. 1988). In Hood Canal, a fjord-type branch of Puget Sound,
almost uniform metal concentrations with depth were interpreted to reflect the combined
effect of small inputs (the area is sparsely populated), biological uptake at the surface and
regeneration at depth (Paulson et al. 1993). Generally, in fjord-type and stratified
estuaries lateral gradients are not commonly documented, and metal profiles are sparse.
Apparently, lateral and, below the pycnocline, vertical homogeneity is assumed. Clearly,
this assumption is not valid in Howe Sound, where metal inputs occur both laterally and
at depth, and it may also not hold true in other estuaries.

The pioneering work of Morton (1959) on the behaviour of density-driven plumes has
shown that upon discharge of freshwater at depth, its density increases as the water rises
and mixes with the surrounding salt water. Depending on the density gradient and the
discharge volume, the discharge may either rise all the way to the surface or reach a state
of neutral buoyancy at some depth. The latter effect often occurs when a strong |
pycnocline is present and has been observed in numerous cases, such as in a submarine
Arctic freshwater spring (Colbourne and Hay 1990), in industrial effluent in a fjord (Skei
et al. 1973), and in municipal sewage discharged to coastal waters (Scanes and Philip
1995). Depending on the density structure of the water column, acid mine drainage
discharged at depth in Howe Sound may be trapped below the pycnocline or contribute to
the surface metal load.

In well-stratified estuaries, box models have been used successfully to describe the

circulation-driven dispersion of metals and nutrients (Bewers and Yeats 1978, Petrie and
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Yeats 1990, Shiller 1996). A simple box model that makes use of evidence from a one
year set of monthly vertical prbﬁles and from corresponding creek metal concentrations

(corrected for losses due to removal processes) is used here to shed some light on metal

dispersion in upper Howe Sound.




2.2. Materials and Methods

2.2.1. Field Program

Approximately monthly sampling surveys were carried out over the course of a year
at a suite of established sites. Sampling was conducted from the UBC Oceanography

workboat. Surface water and particulate samples were collected at approximately 10 sites.

In addition, samples were collected at depths of 0, 5, 10, 30, 50 and 80 m at a site close to

the mine ("Station B", see also Figure 1.1, Chapter 1) and at O, 5, 10, 30, 50, 80 and
200 m at an offshore site ("Station A") to evaluate the vertical distribution distribution of
Cu, Cd, Zn and Fe.. Subsamples were taken for pH, dissolved oxygen, chlorophyll a and
in some cases dissolved organic carbon (DOC) measurements. An S4 current meter was
used to complement the trace metal data with temperature and salinity profiles. Surface,
5 and 10 m samples were collected by means of a peristaltic pump with acid-cleaned
Tygon tubing, while the déeper samples were obtained using a 10 L GOFlo sampling
bottle (General Oceanics Inc., Miami, FL) attached to a Kevlar line. Samples were drawn
into acid-cleaned 250 mL low density polyethylene bottles, bagged and stored on ice for

transport to the lab. All further manipulations were performed in a class 100 clean room.

Between December 2, 1993 and January 13, 1994, sediment traps were deployed at

Station A (30, 50 and 200 m below surface) and Station B (30, 50, 80 m). Traps were
hung in pairs, with one containing formaldehyde as a preservétive. The traps, 50 cm long
PVC-tubes with a diameter of 12.5 ¢cm, had a baffle at the top and in the collection cup to
prevent resuspension of particulate matter. They were washed with detergent, distilled
water and dilute HCI, and the collection cup was filled with NaCl brine (20% w/w) before
deployment. Upon retrieval, the water above the collection cups was siphoned off, and

the traps were brought back upright to the laboratory.
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An automatic sampler (ISCO 2900, ISCO Inc., Lincoln, NE) was installed at the 4100
portal to collect sequential samples (one every two days over a period of one year) for the
monitoring of the metal content of the discharge. The samples were recovered in roughly
monthly intervals, brought to the lab, analyzed for pH and then acidified with nitric acid
to pH < 2. Total Cu, Cd, Zn and Fe in unfiltered, acidified samples were measured by
GFAAS. Weekly flow records at the 4100 portal for January through April 1994 were
provided by Copper Beach Estates Ltd. and for August 1995 through January 1996 by the
B.C. Ministry of Environment. |

2.2.2. Analytical Program

Water samples were filtered within eight hours of collection through 0.4 ym acid-
cleaned polycarbonate membranes and acidified to pH < 2 with 500 yL environmental
grade HNOs3. Degradation of residual organic matter in the dissolved fraction was

enhanced by keeping the samples at 65°C for two weeks prior to analysis as suggested by

Paulson (1986). The filters containing the particulate fraction were folded, placed into .

polyethylene vials and dried in a convection oven. Dissolved metals (Cu, Cd, Zn, Fe)
were determined by graphite furnace atomic absorption spectrometry (GFAAS) after
organic extraction; particulate metals were microwave digested and analyzed by
inductively coupled plasma mass spectrometry (ICP-MS).

Chlorophyll a was determined using a method similar to Parsons et al. (1989) by
filtering 100 mL seawater through precombusted glass fiber filters (Whatman GF/F) in
the field. The filters were kept on ice, brought to the lab, removed from the filter holders
and frozen. Within six months, the samples were thawed and sonicated with 90%
acetone. The amount of chlorophyll a per mL seawater was determined by fluorescence

(Turner 10 AU fluorometer, Turner Industries, Sunnyvale, CA) .
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DOC samples were filtered through combusted (550°C, 4 hours) glass-fibre filters
(Whatman GF/F) into combusted Pyrex bottles. 500 yL of 0.125 M HgCl; solution (ACS
grade, Fisher Scientific Co., Fair Lawn, NJ) was added to each 250 mL sample to prevent
losses by bacterial degradation. The samples were stored frozen until analysis.
Measurements were performed on acidified (10% H3PO4, 1:20) degassed samples by thé
high temperature catalytic oxidation method (HTCO, Suzuki et al. 1992) at the Institute
of Ocean Sciences, Sidney (B.C.). Instrumentation used consisted of a Sumigraph TOC-
90 carbon analyzer (Sumika Chemical Analysis Service Ltd., OSaka) and a Rosemount
Model 800 non-dispersive infrared analyzer (Rosemount Analytical Inc., La Habra CA)
interfaced with a Shimadzu C-R4A Chromatopac chromatocorder (Shimadzu Corp.,
Kyoto). Standards were prepared from potassiuni hydrogen phtalate (AnalaR, BDH
Chemicals Ltd., Poole, G.B.) in fresh DDW. Instrumental blanks were determined by
running fresh DDW samples.

Dissolved oxygen was determined by the Winkler method (Parsons et al., 1989) or by
using a field probe equipped with oxygen, pH, temperature and conductivity SEensors.
Coherence of the two methods was achieved by performing both méasurements on
several sets of samples and applying the co’rresponding calibration Vc.:urves to those
datasets that were obtained using the probe only.

Salinity, temperature and pH were measured using the same combination probe, or
alternatively with an S4 current meter for salinity and temperafure and a Ross pH-
electrode (Orion Research Inc., Boston, MA). In this case, pH determinations were
‘performed in the laboratory. Again the different measuring devices were intercalibrated to
achieve consistent results. The field probe did not always work satisfactorily. Values
considered to be erroneous are marked with brackets in Appendix A.2 and were not used
for data interpretation.

Particulate material collected in sediment traps was passed through 0.5 mm mesh to

remove larger heterotrophs, centrifuged and freeze dried. Prior to analysis, samples were
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ground in an agate mortar. For minor elements (Cu, Zn), 1 g of sample was pressed into a
pellet baicked by boric acid using the method of Calvert et al. (1985), adapted for small
samples. Fused-glass discs were prepared for major elements (Al, Fe), again after Calvert
et al. (1985). Metals were analyzed by X-ray fluorescence analysis on a Philips model
PW 2400 spectrometer (Philips Electronics N.V;, Eindhoven, Netherlands). The
instrument was calibrated against marine sediment reference standards. Values reported
are not corrected for salt or for losses that might have occurred due to desorption of

metals from collected particles (Knauer et al. 1984).

2.2.3. Determination of Dissolved Metals

Preconcentration and removal of interfering sea salt was achieved by organic extraction
using 1-pyrrolidinedithiocarbamate / sodium diethyldithiocarbamate (APDC/DDDC) and
back-extraction into nitric acid. The method was modified from the one described by
Bruland and Coale (1985). Briefly, about S0 g of sample was adjusted to pH 4 - 4.5 by
adding 1 mL of concentrated NH40OAc (pH 6) and extracted into 20 mL chloroform with
250 uL APDC/DDDC-solution by shaking for 3 min. on a mechanical shaker. After
phase separation the organic fraction was transferred to a separatory funnel containing
4 mL 7.5 M HNOj3 and vigorously shaken. The sample was extracted again with 20 mL
CHCI3, and the organic phase was transferred to the funnel containing the first extract
and nitric acid. After vigorous shaking, the combined organic phases were discarded,
while the nitric acid extract was collected in a 20 mL Teflon beaker. The separatory
funnel was rinsed with 2 mL 7.5 M HNO3 and the rinse solution was added to the beaker.
After the acid was evaporated on a hotplate, the residue was oxidized with 250 uL
concentrated nitric acid. The acid was evaporated to a small droplet before being takeh up

with 4 mL 2 M environmental grade nitric acid. With each set of extractions (typically 21



samples), three blanks and an estuarine water reference material (SLEW-2) were

processed.

2.2.3.1. Reagents

Ultrapure reagents (Seastar Chemicals Inc., Sidney, B.C.) were used to prepare 7.5 M
HNO3 and NH4OA ¢ buffer, while 2 M HNO3 was made from environmental grade acid
(Anachemia, Vancouver, B.C.). CHCI3 (Fisher analytical grade) was cleaned by
extracting twice with 5% environmental grade nitric acid. The APDC/DDDC reagent was
prepared from a stock solution containing 1% w/w each of 1-pyrrolidinedithiocarbamate
(Fisher Scientific Co., Fair Lawn, NJ) and sodium diethyldithiocarbamate (Aldrich
Chemical Company Inc., Milwaukee, WI), stabilized in 1% NH4OH. An aliquot was
cleaned prior to use by adjusting the pH to 4 - 4.5 and extracting with 20 mL clean
CHCI3. The estuarine water reference material SLEW-2 was purchased from the Natidnal

Research Council of Canada.

2.2.3.2. Analysis of Reference Material, Replicate Samples and Procedural Blanks

Analyses were performed on a graphite furnace atomic absorption spectrometer
(Varian SpectrAA 300, Varian, Mississauga, ON) with Zeeman background correction
and using platform tubes. Running parameters are given in Appendix A.l.1. Values for
SLEW-2 for Cu, Cd and Zn were within the recommended range, while only 60% on
average of Fe was recovered (Table 2.1). Consequently, all Fe values were recovery-

corrected, and blank corrections were applied to all samples. Reduced recoveries of all




metals were observed with samples containing in excess of about 200 ug/L Cu and/or Zn.

These samples were re-analyzed without preconcentration.

Cu Cd Zn Fe
SLEW-2
found 1.50 £ 0.26 0.017 + 0.002 1.00 £ 0.14 1.43 £ 0.32
_ (n=11) (n=9) (n=11) (n=11)
certified |1.62+0.11 0.019 + 0.002 1.10+0.14 237 +0.37
Blanks 0.077 + 0.042 0.008 + 0.004 0.23 +0.25 0.117 + 0.095
(n=15) (n=15) (n=15) (n=14)
D.L.(30 [0.13 0.012 0.74 0.29

Table 2.1. Analysis of the estuarine reference material SLEW-2 and of blanks using the
APDC/DDDC extraction method. Concentrations in ug/L. D.L. = detection limit,
calculated as three times the standard deviation of the blanks.

2.2.4. Determination of Particulate Metals

Particulate matter was collected by filtration of 250 mL water samples through acid-
~cleaned polycarbonate membranes (Poretics Corp., Livérmore, CA, diameter 47 mm,
nominal pore size 0.4 ym). The filters were folded, placed in 10 mL polyethylene vials
and dried inside a plastic box in a convection oven at 60°C. The box was doubly wrapped
in plastic bags. Air exchange was by means of a piece of plastic tubing fitted with a
polycarbonate frit to prevent contamination by airborne particles. The dry filters were
placed into 6 mL Teflon screw-cap vials (Savillex Inc., Minnetonka, MN) and 2 mL
ammonia solution was added. The vials were placed on a hotplate and the ammonia was
evaporated to dryness. This process completely disintegrated the filters. Next, 0.5 mL

each of nitric, hydrochloric and hydrofluoric acid were added and the vials capped
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tightly. The microwave digestion was performed in a carousel of twelve pressure bombs
(CEM Corp., Matthews, NC) accommodating 2 vials per bomb, thus allowing to process
24 samples (including two blank filters and a sediment reference material) per run. To
counteract the pressure buildup inside the vials and to keep them from popping open, the
vials were placed on Teflon spacers (3 cm diameter screw-caps) and distilled water was
added to just cover the spacers. After digestion (40 minutes, 40 psi) the acids were driven
off by evaporation to dryness on the hotplate. The residue, a small black pellet, was
redissolved in 0.15 mL nitric acid. The sample was then heated again to almost dryness
arid the residue was taken up in about 4 mL of 2 M nitric acid. After weighing, an aliquot
of the sample was diluted with a stock solution to bring its metal concentration within a
range amenable to ICP-MS analysis. The final solution was 2 M nitric acid and contained
10 ug/L In and SO0 ug/L Co as internal standards along with the digested metals.
Between samples, the Teflon vials were rinsed with DDW, 4dried, rinsed with
chloroform, wiped dry, and rinsed again with water. They were then filled with 0.5 mL
each of nitric and hydrochloric acid (environmental grade), subjected to microwave

digestion (40 min., 40 psi) and rinsed with DDW.

2.2.4.1. Reagents

Concentrated nitric, hydrochloric and hydrofluoric acids and ammonia solution were
ultrapure grade (Seastar Chemicals Inc., Sidney, B.C.). 2 M nitric acid was prepared from
analytical grade reagent (Anachemia, Vancouver, B.C.). In and Co internal standards
were made from standard stock solutions (High Purity Standards, Charleston, SC and
Spex Industries Inc., Edison, NJ, respectively). Marine sediment reference materials

PACS-1 and BCSS-1 were purchased from the National Research Council of Canada.
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2.2.4.2. Analysis of Sediment Reference Material, Replicate Samples and Filter Blanks

by Microwave Digestion

Metal analysis was performed on an inductively coupled plasma mass spectrometer
(VG PlasmaQuad 2+ turbo, VG Elemental, Winsford, Cheshire, U.K.) equipped with a 1
mL flow injection loop for sample introduction into a pneumatic nebulizer. Fe and Al
were determined in analogue mode with Co as internal standard. Depending on their
concentration, Cu and Zn were measured in either analogue (also with Co) or pulse
counting mode (with In as internal standard). Cd was determined by GFAAS using thé
same program as for the dissolved metal. There was considerable drift in the response for
Al, which had to be corrected by frequent comparison with a standard stock solution.
Instrumental parameters for ICP-MS and GFAAS are given in Appehdix Al

There are no certified reference materials for suspended particulate matter, but the
values obtained with the sediment standards PACS-1 and BCSS-1 using the same
procedure agree well with the certified values (Table 2.2). The only exception is Al,
which gave consistently lower. recoveries for BCSS. The reasons for this are unknown.

The results show that this microwave digestion technique in combination with ICP-

MS (or GFAAS for some applications) is very useful in cases where small sample size

precludes determination by X-ray fluorescence spectrometry (typ‘icalliy, less than 10 mg -

of sediment is needed), or when different isotopes are analyzed. The self-consistency of
the results obtained with particulate metals in Howe Sound demonstrates that the
technique is additionally suited for the determination of suspended particulate metals in

small samples (the afnount collected, not corrected for salt, was between 1 and 3 mg).
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Cu([ppm] | Cd{ppm] | Zn[ppm] Fe [%] Al [%]
PACS-1
found 465 + 38 2.08 0.1 811 + 56 484 +0.059 |[6.68+0.16
(n=8) (n=8) (n=8) (n=8) (n=8)
certified 452+ 16 238+ 020 |824+22 487+0.084 1647x0.12
BCSS-1
found 20524 not measured | 120+ 9.5 3.18+0.129 [5.16 +0.59
(n=15) (n=18) | (n=18) (n=12)
certified |18.5+2.7 119+ 12 3.29+0.098 |6.26+0.22
Blank 042+029 [0015+0015{038+0.13 |[3.0+1.8 24+13
filters (n=11) (n=11) (n=11) (n=11) (n=11)
DL.309 |[0.86 0.046 0.38 55x 10-3 39x 103

Table 2.2. Analysis of sediment reference materials PACS-1 (Esquimalt Harbour, B.C.)
and BCSS-1 (Baie des Chaleurs, Qué.), and of blank filters using the microwave
digestion method. Metals were determined by ICP-MS, except blanks and Cd in PACS-1
by GFAAS. Blanks and detection limits (D.L.) are reported for a 10 mg sample of
sediment. For particulate matter collected by filtration of 250 mL of water the detection
limits translate to 0.034 (Cu), 0.0018 (Cd), 0.015 (Zn), 0.21 (Fe) and 0.15 (Al) ug of

particulate metal per litre of sample.
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The conservative or non-conservative behaviour of metals during estuarine mixing is
commonly determined using concentration-salinity plots as described by Boyle et al.
(1974) and Liss (1976). In this so-called reactant approach it is assumed that salinity is a
conservative tracer of mixing between freshwater and salt water. The concentration of
conservative constituents will plot linearly with salinity, since they are not affected by
processes other than physical dilution. - '

The reactant approach was used with the entire dataset gathered from twelve monthly
surface transects in an attempt to determine seasonal variation in the mixing behaviour of
metals. The example with Cu (Figure 2.1) shows that there is a very wide range of surface
seawater salinities and of initial metal concentrations in the creek. Synoptic interpretation
of the data in terms of conservative or non-conservative behaviour is almost impossible,
and there is a great need for standardization of the plotting parameters.

The y-axis can be normalized by expressing metal concentrations as a percentage of

the initial creek concentration:

. [M], | |
%(M g, ) = 100142 - @.1)
et [M]d,c
where [M],, = dissolved metal concentration at site n along the surface transect

[M], . = dissolved metal concentration in the creek
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Figure 2.1. Dissolved Cu concentrations in 12 surface transects taken between November-

1993 and January 1995. The symbols are grouped according to seasons, where closed

symbols represent summer/fall, open symbols are used for winter, and +, — and x are
spring samples. '

In the case of iron, the concentrations in the seawater end-member are not negligible:

and have to be accounted for:

[Fe]d.n —MI, [Fe]d,s
[Fel;..

%(Fe e ) = 100

where MI, = mixing index atsite n

[Fe],, = dissolved iron concentration in the seawater end-member

The mixing index, a measure of the amount of mixing between freshwater and salt water
that has taken place at site n, will be defined in Section 2.3.1.2.
The x-axis could be standardized in a similar fashion, but as will be shown, salinity

does not represent a conservative index of mixing in the system under consideration due
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to the presence of an additional end-member (Squamish River), hence the proportion of

mixing will have to be defined using a different parameter.

2.3.1.2. A Conservative Index of Mixing other than Salinity

Concentration-salinity plots for Cd (Figure 2.2) could be interpreted as showing
seasonally variable behaviour, with removal in April, release in May and conservative
behaviour in January. Conservation of mass demands that any decrease (or increase) in
dissolved Cd be reflected in an increase (or decrease) in particulate Cd, assuming that
there is no significant removal of Cd via rapidly sinking particles, which in fact is the
case as will be shown‘ in Section 2.4.1. Ratios of particulate to total cd (Figuré 2.3) show
that the pariiculate fraction comprises less than one percent of the total, except in the
maﬁnc end-member, where particulate Cd amounts to up to six percent of the total. The
low particulate Cd concentrations relative to the dissolved imply that the particulate
fraction acts as neither a significant sink nor source for dissolved Cd. In other words, Cd
behaves essentially as a conseﬁativc element. (A more detailed appreciation of the
conservative nature of Cd is given in Section 2.4.1). As a consequence, in the absence of
large-scale removal via rapid sedimentation, the observed removal/release patterns
(Figure 2.2) must be artefacts, most likely caused by lateral advection of surface water in
Britannia Bay, which results in a variable seawater end-member. Thus, a conservative
tracer of mixing is needed that is not affected by the presence of more than one marine
end-member. |

Since Cd behaves conservatively and is greatly enriched in Britannia Creek water
over seawater (mean enrichment 70-fold, range 4- to 310-fold), it can be used as a tracer
of mixing. In analogy to the concentration versus salinity plots commonly used,

concentration versus dissolved Cd plots can be used to determine the behaviour of metals
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Figure 2.2. Dissolved Cd in three transects collected in April and May 1994 and in
January 1995. Also shown is the conservative mixing line.




during estuarine mixing. As pointed out in Section 2.3.1.1., it is useful to normalize the x-
axis, so that data can be more easily compared. A Cd-based mixing index (MI) is

therefore defined as follows:

MIn = [Cd]n —[Cd]c ) (2.3)
[Cd], -[Cd],

where [Cd], dissolved Cd concentration in sample n

[Cd), v in creek

[Cd], " " " in seawater

The mixing index could be corrected for the higher percentage of particulate Cd in
seawater samples, but since high salinity samples have a mixing index close to unity by

definition, the error introduced is negligible for our purposes.
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Figure 2.3. Percentage of total Cd present as particles > 0.4 um in the same transects as
shown in Figure 2.2.
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2.3.1.3. Metal Distributions as a Function of Mixing Index

The mixing behaviour of dissolved Cu is shown in Figure 2.4. By using the mixing
index and by expressing Cu concentrations as fraction of the Cu present in the creek, all
the data can be displayed in a cohereﬁt manner despite large seasonal variations in surface
seawater salinity (range 3.12 - 27.4%0) and in Cu concentrations in the creek (range 150 -
2580 ug/L). Cu behaved in a non-conservative fashion throughout the year, and no
seasonal trends in the extent of removal are apparent. The February 1994 data (excluded
from Figure 2.4) showed a much more pronounced drop in ﬁetal concentrations at low
salinity, however these samples were collected just after a severe rainstorm and do not
represent normal conditions.

- Zinc (Figure 2.5) generally exhibited conservative behaviour during the entire year.
Again, the February data did not follow the trend fore the reasons mentioned above.
Dissolved Fe in Britannia Creek ranged from 7.0 to 354 ug/L and was generally lower
than dissolved Zn and Cu, sometimes by over an order of magnitude. During periods. of
low Fe in the creek, the seawater Fe concentration was of similar magnitude (range 3.7-
38.9 ug/L). In order to demonstrate the behaviour of creek-iron evén at times wheﬁ the
creek signal was obliterated by large seawater Fe éohcentrations, all concentrations in

Figure 2.6 were corrected for this seawater contribution. Removal of iron was observed

throughout the year. Since removal occurs in the early stages of mixing (i.e. at MI < -

about 0.4), corresponding to a reaction time of a few minutes, it is also very rapid. Both
observations are in line with a vast body of evidence from the literature suggesting that
removal of Fe during mixing is an ubiquitous feature of its estuarine chemistry (e.g.
Boyle et al. 1974, Sholkovitz et al. 1978, Hong and Kester 1985. See also Table 3.1 for

additional references ).
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Figure 2.4. Dissolved Cu concentrations, normalized to the initial concentration in the
creek, versus Cd-based mixing index. This figure shows the same data as Figure 2.1
plotted on normalized axes. Again, the symbols are grouped according to seasons, where
closed symbols represent summer/fall, open symbols are used for winter, and +, — and x
are spring samples.
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Figure 2.5. Percentage of creek-derived dissolved Zn versus mixing index. Symbols as in
Figure 2.4.
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Figure 2.6. Percentage of creek-derived dissolved Fe versus mixing index. Symbols as in
Figure 2.4.




2.3.2. Dispersion in the Estuary

Salinity and temperature profiles at the distal Station A (for location refer to Figure

1.1, Chapter 1) show the typical oceanographic features of a mid-latitude fjord. Surface

runoff from the Squamish River prodhces a thin lens of fresher surface water overlying an

intermediate layer of higher salinity, while the deep waters exhibit uniform temperature

and salinity year-round (Figure 2.7). In this coastal environment, density is determined by

salinity rather than by temperature, due to the large salinity contrast between surface and

deep waters, which gives rise to a pronounced pycnocline at shallow depth. Surface

salinity is lowest during freshet, and at about the same time surface temperatures rise as a
result of increased insolation. An increase of the salinity of the subsurface layer is
observed in the spring, which may be a result of changing water properties of the water
flowing in from outside the sill.

Dissolved Cu, Cd and Zn vary over a broad.range'according to their respective inputs
from marine sources and mine discharge (Table 2.3). Concentrations at the surface are

generally higher and vary more than those at depth. Also, Cu and Zn concentrations

exceed Cd at the surface by two orders of magnitude, which agrees with their relative -

abundances in the ore and in acid mine drainage.

Depth Cu cd Zn
Om mean 13 015 17
range 13-68 - 0.039-0.76 17-58
>10m mean 1.9 0.074 2.9
range 0.45-838 0.056 - 0.12 0.70- 15

Table 2.3. Mean and range of dissolved Cu, Cd and Zn concentrations at Station B over
the entire sampling period. Concentrations in pg/L.

42




8 383 38 8 o

100

Depth [m]

—
& 8

Il[ll[llllllllLJllllL

—
x®® D
o O

g

20
40

80
100
120
140
160
180
200

Depth [m]

Dec.
Jan.

Oct.
Sep.

Dec.
Nov. Jan.

June
May

Dec.
Jan.

Feb. Apr.
Mar.

Aug.
July

15

10

Feb. Apr.
Mar.

June Aug. Oct.
May July Sep.

Dec.
Nov. Jan.

°C

Figure 2.7. Salinity (top) and temperature (bottom) at the offshore Station A for
the period November 1993 through January 1995. Profiles at Station B, which is

closer to the

mine, are virtually the same. Bottom depth is 240m.



Vertical profiles of Cu (Figure 2.8) emphasize the contrast between high
concentrations at or close to the surface and more uniform low concentrations in the
deeper waters. At the site close to the mine (Station B, for location refer to Figure 1.1,
Chapter 1) high surface concentrations reflect high metal loads in the Britannia Creek
discharge from January through June. With lower creek flows in summer, both discharge
and metal concentration in the creek decline, resulting in a shrinkage of the surface plume
and low metal concentrations at this site. A second maximum at 10 m depth is observed
in June, July and August, presumably caused by the discharge of AMD through the
submerged outfall. It is unlikely that the maxima between 30 and 50 m depth observeq‘ m .'
April and July are a result of surface or subsurface discharge of AMD-containihg"
freshwater, since it would need a higher density than the surrounding seawater to sink to
these depths. On the other hand, the maxima are observed at both Stations A and B and
are defined by more than one data point each, so that they appear to be rcal
Concentrations are lower at the site farther from the mine (Stauon A), which may mdxcate
that they represent some mine-related signal. During operation of the mine, tailings were "
deposited on the steep flanks of the basin in the vicinity of the mill. The possibility of
slope instabilities causing mine tailings to slide off the flanks was discussed by Syvitski
and Macdonald (1982) and by Drysdale (1990), who cites anecdotal evidence for the

occurrence of such processes. A slumping event could certainly cause high suspcnded_.
particulate Cu and Zn concentrations, which through dissolution and presence of colloid:
particles may have contributed to the temporary maxima between 30 and 50 m depth. '
The offshore site A does not reflect all of the features observed at site B. Most
notably, the spring surface maximum of dissolved metals is absent, which may be due to
a general attenuation of metal concentrations with increasing mixing (distance) from the
mine, or to this station being located in the Squamish River outflow during freshet. High
surface water dissolved Cu concentrations were observed at Station A in January 1994

even though at Station B concentrations were low. In the absence of strong wind and tidal
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Figure 2.8. Dissolved Cu concentrations in ug/L at the offshore Station A (top)
and at the site close to the mine (Station B, bottom) for the period November 1993
through January 1995. Bottom depths are 240 m and 100m, respectively.



currents, the creek plume is deflected northward and moves along the shore until it meets
the estuarine surface outflow in the area of Watts Point (Figure 1.1, Chapter 1) (Buckley
and Pond 1976). If these circumstances were present during sampling, the creek plume
would have bypassed Station B but not Station A.

Vertical profiles of dissolved zinc (Figure 2.9) are almost identical to those of Cu, and
their congruence is evidence for the common source of the metals. Minor differences can
be observed in surface waters, where Zn concentrations sometimes exceed those of Cu
(e.g. January and July 1994). This may reflect changes in the Cu/Zn ratio in the creek
(compare also Figure 2.14) and the lesser removal of Zn in the mixing zone relative to
Cu. |

Dissolved Cd profiles also match the distributior\xs observed with Cu and Zn (Figure
2.10). It is interesting to note that in the spring and summer dissolvéd Cd cohcentrations
at the surface were actually lower than in the deeper, saltier waters since during these
times Britannia Creek water (which has low Cd levels compared to Cu and Zn) mixes
predominantly with Cd-poor Squamish River runoff rather than with seawater. |

Dissolved iron concentrations at depth at both Stations remain below about 10 png/L
through most of the year (Figure 2.11). While with Cu, Cd and Zn a maximum attributed
to submarine discharge of metals was obsefvcd during the summer months at or below
10 m, no such feature is visible with Fe. Rapid removal of Fe has been observed in
surface waters, and it is likely that removal is also fast in deep waters, leading to loW ‘
concentrations at depth. For the same reason, the sﬁrface maximum reflects the seawater‘
concentration rather than the input of iron-rich Britannia Creek water. This is particularly
true in March and July, when dissolved Fe concentrations in the creek (40 and 63 pg/L,
respectively) were of the same order of magnitude as Fe in estuarine surface waters (21
and 52 pg/L at Station A, respectively). The near-bottom maximum in January 1994
could be caused by contamination upon collection, but since dissolved Zn (which is also

very easily contaminated) does not show a maximum and since high particulate Cu/Zn




ratios (which are an indicator of mine-derived metal) were observed at this depth, the

feature could also be real. However, it does not appear to be caused by resuspension since

particulate Cu, Zn, Fe or Al are not elevated relative to other months as would be

expected in such a case.
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Figure 2.9. Dissolved Cd concentrations in ug/L at the offshore Station A (top)
and at the site close to the mine (Station B, bottom) for the period November 1993
through January 1995. Bottom depths are 240 m and 100m, respectively.
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Figure 2.10. Dissolved Zn concentrations in ug/L at the offshore Station A (top)
and at the site close to the mine (Station B, bottom) for the period November 1993
through January 1995. Bottom depths are 240 m and 100m, respectively.
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2.3.3. Vertical Transport

The vertical transport of metals was investigated using sediment trap moorings. Cu
fluxes at the distal site A were smaller than at the site close to the mine (Figure 2.12 a)
and remained approximately constant with depth. At the same time, particulate matter
fluxes increased with depth (Figure 2.12 b), indicating a deep source of particulate matter,
for example resuspended material from the flanks of the fjord. In contrast to Cu, Zn
fluxes were similar at the two sites (Figure 2.12 ¢) and increased with depth in a similar
fashion as the particulate matter flux, suggesting that the settling particulate Zn at both |

sites represents mostly detrital material.
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Figure 2.12. (continued next page)
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Figure 2.12. Fluxes of a) Cu, b) particulate matter and c) Zn in sediment traps deployed
during December 1993 and January 1994. Traps were hung in pairs, one of each
contained formaldehyde as a preservative. Bottom depths at the two sites are shown with
double lines.




2.4, Discussion
24,1, Use of Cd a C ive T f Mixi

The conditions under which salinity-concentration plots may not be useful to
determine conservative behaviour have long been recognized. Boyle et al. (1974) pointed
out that apparent non-conservative distributions can result from the presence of a third
end-member. Loder and Reichard (1981) demonstrated that apparent non-conservative
behaviour of normally conservative constituents can also be caused by temporal
variations in end-member concentrations. Officer (1979) emphasized that the model is
only valid in steady state, one-dimensional conditions. Given the considerable lateral
variations in both metal concentrations and salinity that are observéble in Héwe Sound,
the assumption of one-dimensionality is questionable.

The presence of a third end-member in the form of the submerged outfall could be
responsible for apparent release patterns such as the one observed in May for Cd (Figure
2.2). However, as will be shown later, the subsurface discharge remains trapped below
the pycnocline for part of the year. When surfacing in winter, higher metal concentrations
are observed only at the lower end of the mixing zone, and do not alter the Cd
distribution at lower salinities.

Temporal variations in creek metal concentrations could also be responsible for the
apparent non-conservative behaviour of Cd. In order to produce the removal pattern
observed in April shown in Figure 2.2, a decrease of dissolved Cd concentrations in the
creek of 30% during the one-hour collection period would be required. Similarly, the
release observed in May would require a 30% increase. Detailed studies on the short-term

variability of metal concentrations are lacking, but natural fluctuations of this magnitude

seem unlikely.
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In contrast, variability in the salinity of the marine end-member could well explain
the observed behaviour. There is a considerable degree of lateral inhomogeneity in
surface water properties in Britannia Bay brought about by wind- and tide-induced
changes in circulation patterns. These result in variable degrees of mixing between
Squamish River water and seawater. Lateral inhomogeneity is also evident from surface
metal concentrations as discussed in Sect_ion 2.4.4.1. A conservative tracer of mixing
other than salinity is therefore required for the interpretation of metal behaviour during
estuarine mixing.

The assumption of conservative behaviour of Cd as inferred from its partitioning
between dissolved and particulate phases would not hold true if there was significant
transport of Cd by large, rapidly sinking particles. This particle pool could be
underrepresented in field samples due to collection artefacts. Mixing experiments with
unfiltered Britannia Creek and Howe Sound water were performed to test this (see
Chapter 3). The advantage of mixing experiments over field data is that they consider the
entire particle pool, even the rapidly sinking ones. The results showed that less than 1%
of the Cd originally present flocculated upon mixing. Hence, even if all of this
flocculated Cd was removed from the mixing zone via rapidly sinking particles, dissolved
Cd would still essentially behave in a conservative manner.

Further support for the conservative natufe of Cd can be derived from the congruence
argument made by Chapman et al. (1983). Following their reasoning, the more

parameters that are congruent (i.e. the more metals that have the same concentration

distribution along the course of mixing) are observed, the more likely they are controlled

by dilution and not by chemical reactions. Dissolved Cd in Howe Sound surface samples
shows excellent covariance with dissolved Zn (Figure 2.13). Cd and Zn have similar
chemical properties and could well be governed by the same chemical reactions during

estuarine mixing. The congruence of the two metals alone does not prove their




conservative nature, but together with the relative scarcity of particulate Cd it lends more

support to the notion that Cd might be a better tracer of mixing than salinity.
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Figure 2.13. Correlation between dissolved Cd and Zn in surface samples. These data
cover the entire dataset of transects, including samples from the upper reaches Britannia
Creek (Section 3.3.2), and the surface samples from the vertical profiles.

The congruence argument could be expanded to include total metal concentrations. In

the absence of large-scale removal of metals from the mixing zone by rapidly sinking

particles, the sum of particulate and dissolved rhctal concentrations should be controlled
only by dilution. Plots of total concentrations versus a conservative tracer of mixing such
as dissolved Cd or the Cd-based mixing index should result in a straight line. Figure 2.14
shows that this is in fact the case within the analytical precision. The linear behaviour
provides further support for the conservative nature of Cd, and it also implies that

particulate Cu, Zn and Fe essentially remain suspended in the mixing zone.
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Figure 2.14. Total concentrations of Cu (top), Zn (centre), and Fe (bottom) in selected
surface transects. Fe was corrected for contributions from the seawater end-member.




2.4.2. Seasonality of Metal Discharge to Howe Sound

While there appears to be little seasonal variability in metal removal in the mixing
zone as suggested by the normalized concentration versus MI plots (Figures 2.4, 2.5, 2.6),
there is however a pronounced seasonal dependence of metal delivery to. the system as

shown in Figure 2.15. Total Cu, Cd and Zn concentrations in Britannia Creek were high

in winter, decreased in early spring, reached another maximum in late spring and

gradually declined towards fall. This seasonal variability is a result of the hydrological
regime of the system, as will be discussed presently.

There are no discharge records for Britannia Creek, but an estimate can be obtained
by scaling the flow measured at the neighbouring Stawamus River, adjusting for the size
of the respective catchment areas (29 and 40.4 km? for Britannia Creek and Stawamus
River, respectively, Steffen, Robertson and Kirsten 1991). Since the median elevation of
the two basins is comparable (1150 and 1090 m, respectively, Steffen, Robertson and
Kirsten 1991), there should be no large differences in the proportion of meltwater that the
two creeks carry at any given time. Figure 2.16 shows the dependence of Britannia Creek
discharge on both precipitation and snowmelt. Often there is a rapid response to rainfall
events, particularly in fall and early winter. In contrast, dischargé during spring and early
summer does not reflect precipitation patterns and appears. to be mostly meltwater-fed.

The seasonal pattern observed in metal concentrations (Figure 2.15) and in creek
discharge (Figure 2.16) is accentuated in metal loadings (Figure 2.17). While metal
concentrations span one order of magnitude, metal loadings vary over two orders of
magnitude. This accentuates the pronounced seasonality of metal discharge to Howe
Sound beyond that noted earlier.

The coincidence of concentration and discharge maxima in Britannia Creek implies
that an increase in creek discharge has to be accompanied by an even larger increase in

metal delivery from the mine. This can be explained by considering the potential for
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Figure 2.15. Total Cu, Cd and Zn concentrations (in pg/L) in Britannia Creek for the
period from November 1993 through January 1995. Particulate Cu accounted for 1 - 40%
of the total Cu load, while particulate Cd and Zn contributed less than 2%. Acid mine
drainage emanating from the 4100 portal was routed through a submerged outfall after
January 18, 1994, which resulted in lower concentrations in Britannia Creek. Pre- and
post-installation concentrations are thus not directly comparable.

metals to accumulate within the mine during dry periods. Most of the acid mine drainage
appears to be generated within the underground workings. The water that flows through
the system enters the mine primarily through open pits situated at high elevations
(Steffen, Robertson and Kirsten 1991). During summer, the products of the oxidative
dissolution of the ore accumulate within the underground workings in stagnant water or
as soluble salts on drying rock surfaces. With increased precipitation in the fall, more
water flows through the mine, and the accumulated acid mine drainage gets flushed out,
leading to a first peak in metal concentration in the creek. As precipitation falls as snow
at higher elevations later in the year, water-flows through the mine again decrease, and

acid mine drainage collects within the mine. Upon spring snowmelt in the mountains,
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Figure 2.16. Weekly mean discharge of Britannia Creek (top) estimated from Stawamus
River flow records, and weekly mean precipitation at Squamish Airport (bottom).
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Figure 2.17. Loadings of total Cu, Cd and Zn in Britannia Creek as calculated from the
total metal concentrations (Figure 2.15) and creek discharge (Figure 2.16). The peak
observed with Cu in February likely reflects high suspended particulate matter loads from
soil erosion and washout of precipitated Cu in the creek bed following a severe rainstorm.

large amounfs of water enter the mine and lead to a second maximum in creek metal
concentrations. Similar flushing mechanisms are commonly invoked in the literature to
explain elevated metal concentrations during periods of high discharge (e.g. Walling and
Foster 1975, Johnson and Thornton 1987, Robertson 1990), although the maxima in
discharge and concentrations do not always coincide (Robertson 1990).

Measured flows at the 4100 portal (Figure 2.18), which is one of the two main exit
points for mine waters, show that in fact seasonal discharge patterns of Britannia Creek
and water flowing through the mine are quite similar. The mine does not respond as much
to rainfall events, possibly because during periods of heavy rain most of the water runs

- off as sheet flow rather than penetrating into the mine. Metal concentrations at the 4100

portal do not vary much except for iron, which appears to be regulated by pH (Fig. 2.19).
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Figure 2.18. Discharge at the 4100 portal and at Britannia Creek (top) and weekly mean
precipitation at Squamish airport (bottom). The 4100 portal data were obtained from
weekly flow gauge readings for the period from January 1993 through December 1995.
No readings were taken at the 4100 portal between April 1994 and July 1995. Britannia
Creek discharge is the weekly mean, estimated from Stawamus River streamflow gauges.
‘Note that the peaks in 4100 discharge have no correspondence in precipitation,
suggesting that they are controlled primarily by meltwater. Britannia Creek in contrast
reflects both storm events and snow melts.



Thus the metal load of the AMD is governed primarily by water flow and exhibits peaks
in late spring and winter. This pattern was also observed by examination of Cu loading
records in 1982 -1984 (Goyette and Ferguson 1985). Metal concentrations in Britannia
Creek prior to installation of the submerged outfall were therefore controlled primarily by
the proportions of creek and 4100 portal discharge. During periods of high runoff, metal
concentrations in the creek were additionally elevated by the input of acid mine drainage
at the 2200 portal situated further upstream of Britannia Creek. Although comparable in
terms of metal load during periods of high runoff, the limited data available suggest that
this source is less important relative to the 4100 discharge under low flow conditions
(Price et al. 1995). Since January 1994, the 2200 drainage has been the primary source of
AMD to Britannia Creek owing to the direct discharge of the 4100 drainage at depth in
Howe Sound. It is also interesting to note that the relative proportions of Cu, Cd and Zn
in the acid mine drainage are not constant, reflecting the heterogeneity of the ore body.
As a result, the proportions of these metals in the creek also vary with time (Figure 2.15).
The hydrologies of the mine and of Britannia Creek not only control metal
concentrations in the creek, but can also explain some of the seasonal variability observed
in pH, particulate Fe and particulate Al (Figure 2.20). pH is low in winter and spring
when runoff and dissolved metal concentrations are high, reflecting increased input of
acid mine drainage. Particulate Fe and Al are roughly inversely correlated with pH (with
the exception of February), which points to increased precipitation of these metals at high
pH. Precipitation of insoluble iron and aluminum oxides and sulphates from solution with
rising pH is a well-documented phenomenon in acid mine drainage environments (€.g.
Barton 1978, Chapman et al. 1983, Brady et al. 1986, Karlsson et al. 1987, Sullivan et al.
1988). Particulate Fe and Al concentrations are additionally controlled by a detrital
component from suspended terrigenous particulate matter which at times of high turbidity
may greatly exceed the amount contributed by chemical precipitation. This is likely the

reason for the high values observed in February (Figure 2.20).
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Figure 2.19. a) pH and Fe, b) Cu, ¢) Cd and d) Zn in 4100—portal discharge. Total metal
concentrations are in mg/L, except Cd in pg/L.

Surface-seawater salinity and silt content (Figure 2.21) in contrast are not controlled

by the hydrology of Britannia Creek but by the Sqliarnish River discharge, which is larger

in the summer by over two orders of magnitude. The Squamish is to a large extent
meltwater-fed, which results in low flows in winter and high flows during freshet (Figure
2.22). The river typically takes on a milky appearance in spring due to high loads of

suspended silty material derived from glaciers, which in turn gives rise to the high

particulate Al concentrations in Howe Sound surface waters during freshet.
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Figure 2.20. Particulate Fe and Al (in pg/L solution), and pH in Britannia Creek for the
period from November 1993 through January 1995. The bracketed values indicate
rejected data due to malfunctioning of the field pH meter. As in Figure 2.15, the time of
installation of the submerged outfall is shown.
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Figure 2.21. Particulate Al (in pg/L) and salinity in the marine end-member of surface
transects. Al is used as a proxy for suspended silt and clay.
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The behaviour of dissolved Cu, Cd, and Zn in the mixing zone is rather uniform
throughout the entire year (Figure 2.6, 2.7). Considering the large temporal variability in
PH, silt content, salinity, particulate Fe and Al, and dissolved metal concentrations, ;his
consistency is unexpected. For example, a rise in pH could enhance metal removal by
oxidation of ferric iron and precipitation of iron and aluminum oxyhydroxides (Sullivan
et al 1988, Stumm and Morgan 1996), which may serve as adsorption sites for other
metals (Benjamin and Leckie 1981a and 1981b, Balistrieri and Murray 1982, Tessier et
al. 1996). Alternatively, high pH could cause the direct removal of metals via formation
of insoluble oxides (Stumm and Morgan 1996). Increased turbidity could also enhance
removal of metals, since clays have been reported to adsorb Cu, Cd and Zn (Pavlova and
Sigg 1988), and adsorption of Cd onto quartz has been observed by Benjamin and Leckie
(1982). Metal removal through aggregation and coagulation of metal-bearing particles
(Krone 1978) or through adsorption of metals onto particles (Balistrieri and Murray
1982) may be enhanced by high salinity, or more precisely by increased concentrations of
divalent cations such as Mg and Ca (Eckert and Sholkovitz 1976, Sholkovitz and
Copland 1981, Balistrieri and Murray 1982). From all this evidence, it would appear that
the behaviour of Cu, Cd and Zn in the mixing zone should be affected by seasonal factors
at least to some extent. It will become evident that there are in fact seasonal changes, but
due to the predominance of the dissolved phase, they are recognized only when the
particulate fraction is considered.

Particulate Cd and Zn in the mixing zone generally make up < 1% and a few percent
of the total metal concentration, respectively. In contrast, particulate Cu can contribute
from 1 to 70% to the total, often comprising around 40%. Even with Cd and Zn, however,

the proportion of the particulate fraction is not constant across the mixing zone. Instead, it

shows a maximum at intermediate dilution with salt water, suggestive of metal removal.




The implication is that while the bulk of the metal behaves conservatively, there is a
small fraction that is reactive during mixing. The removal of dissolved Cu, as implied by
increasing particulate metal concentrations at intermediate dilution, is seasonally variable,
as shown with selected examples in Figure 2.23. Cd and Zn removal in contrast is small
and more constant over time.

For mass balance calculations, it is important to know the extent of metal removal
during different times of the year. The concentration of metal flocculating can be

calculated from particulate metal data:
Mo, =[M],, —[M], (1-ML,)-[M], MI, 2.4)

where [M],, = particulate metal concentration at a site n along the transect
[M],. = particulate metal concentration in the creek

[M],, = particulate metal concentration in seawater
MI, =mixing index atsite n
As shown in the hypothetical idealized transect (Figure 2‘.'24), the concentration of
flocculated metal reaches a maximum around MI = 0.5. Since we want to know the
amount of metal removed upon complete mixing, not its concentration, these values need
to be converted by multiplying by the dilution factor, which can be defined as 1/(1-MlIp)
for the special case of 1 L creek water being mixed with seawater. The percentage of

metal removed upon mixing is then obtained as:

[M]ﬂocc.,n X 1/(1 — MIn)

[M],

where [M], . . = flocculated metal concentration at a site n along the transect

%floce.= 100%x

2.5)

[M],.  =dissolved metal concentration in the creek
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A May 1994
¢ September 1994
B January 1995

A May 1994 .
¢ September 1994
B8 January " 1995

4O May 1994
¢ September 1994

B8 January 1995

Figure 2.23. Particulate concentrations of Cu (top), Cd (center) and Zn (bottom) in pg/L
versus Cd-based mixing index in three transects collected in May and September 1994
and in January 1995. Note that even in the case of Cd the two axis are independent, since
particulate Cd is not used in the calculation of the mixing index.
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Figure 2.24. Behaviour of different metal fractions upon mixing with salt water in an
ideal scenario. Dissolved metal is assumed to be subject to removal during mixing. The
particulate fraction is divided into two pools, an unreactive particulate fraction
representing creek particles that are subject only to dilution, and a flocculated particulate
fraction resulting from the removal of metal from the dissolved phase. '
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Figure 2.25. Percentage of metal flocculated for the scenario in Figure 2.24 versus
dilution factor. For calculation of removal efficiency see text.




When plotted against the dilution factor, the percentage of metal flocculated increases
asymptotically towards infinite dilution (Figure 2.25). The removal efficiency can be
approximated from the maximum percentage of ‘metal flocculated at high dilutions. A
more precise estimate could be obtained by determining the asymptotic value at infinite

dilution, which is not possible using the available data since very good resolution at

MI -> 1 is needed.

Dataset % Cu flocc. % Cd flocc. % Zn flocc.
Nov. 1993 56 0.34 - 55
Jan. 1994 H1 34 0.10 0.61
Jan. 1994 H2 29 0.12 . 38
Jan. 1994 L 32 0.13 2.9
Feb. 1994 =0 : =0 =
Mar. 1994 =0 =0 15
Apr. 1994 82 0.71 25
May 1994 37 0.30 2.8
June 1994 49 0.42 43
July 1994 20 =0 1.6
Aug. 1994 =0 =0 1.2
Sep. 1994 =0 =0 9.0
Oct. 1994 38 -037 3.0
Jan. 1995 33 0.24 : 3.0

Table 2.4. Percentage of metal removed during mixing, relative to the dissolved
concentration in the creek. The negative value indicates release into solution, while =~ O
denotes instances where no removal or release could be calculated. Note that even though
dissolved and particulate Cd are linked to each other mechanistically, they are treated as
independent variables here. This is justified since calculation of the mixing index is based
on dissolved Cd alone, while particulate Cd was assumed negligible owing to its low
concentration. The calculations would give the same results if Zn was used for calculating
the mixing index. H1, H2 and L denote replicates at first high tide on Jan. 17, second low

tide on Jan. 17, and first high tide on Jan. 18, 1994.
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The data presented in Table 2.4 emphasize some of the points made earlier. Cu is
removed to a considerable extent during most of the year, while the fraction of Zn
removed is small, and Cd behaves essentially as a conservative element. No removal is
observed for any of the three metals in February, which again points out the uncommon
conditions encountered during sampling. Removal in April seems excessively high,
although the reasons for this are not known. Copper flocculation varies over a wide range,
from no observable removal in late winter and fall to about 50% in June and November.
Calculated removal efficiencies of replicate datasets (HS 0194 H1, H2 and L) are quite
consistent, suggesting that the observed variability is a real feature and not a sampling or
analytical artefact. The maximum amount of Cu removed appears to be closely dependent

on the initial Cu concentration in the creek, since a linear relationship

[Culfioce., max. (ng) = -46 + 0.37[Culdiss., creek R2=0.93 (2.6)

was found (April data excluded). This correlation not only implies that more Cu |

flocculates when its concentration in the creek is high, but also, since the intercept is non-
zero, that if dissolved Cu drops below about 124 pg/L in the creek, there is no measurable
removal of Cu to the particulate phase. The dependency on creek concentrations is
evidence that Cu removal may be controlled by the precipitation of insoluble oxides. At
high Cu concentrations, the solution may be oversaturated witﬁ respect to insoluble
phases such as Cu(OH), resulting in spontaneous precipitation of Cu. During certain
times no measurable removal of Cu is observed, which may be due to lack of
precipitation as a result of undersaturation or kinetic hindrance. These issues will be
addressed in detail in Chapter 3. /

Similarly, with Zn a linear relationship between the amount of Zn removed and its

dissolved concentration in the creek is found (Apnl data excluded):
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(Znlfioce., max. ng) = 1.7 + 0.03[Zn}giss., creek R?=0.87. 27

Cd behaves in a similar fashion as Cu with very little removal or even release in
summer and fall. There is no analogous correlation between the amount of Cd removed
and dissolved creek Cd concentrations, although this may reflect limitations of the data
(concentrations are often close to the detection limit) rather than absence of removal.

The correlations between amount of metal removed and concentration in the creek

found for Cu and Zn are important, since they permit calculation of the attenuation of

metal inputs to Howe Sound by removal processes in the mixing zone. The lack of a-

similar relationship with Cd is not a major concern since the amount flocculated is less

than one percent, and removal of Cd in the mixing zone will not measurably affect the

amount delivered to the estuary via Britannia Creek.
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2.4.4. Seasonality of Metal Dispersion in the Estuary

2.4.4.1. General Features of Mgtal Dispersion

The characteristic shallow sill and substantial freshwater input of this fjord-type
estuary lead to the typical two-layered flow and the establishment of a well pronounced
pycnocline at shallow depths. Ultimately‘, it is this pﬁysical oceanography which is
responsible for the mechanism of metal dispersion in Howe Sound. Mine effluent
discharged to the surface cannot mix with deep waters because of the presence of a strong
pycnocline year-round. Instead, it mixes with the relatively fresh waters in the surface
layer which may be as shallow as 3 m during periods of low runoff. In well-mixed and
partially mixed estuaries, pollutants added at the surface frequently get diluted
considerably by physical mixing with the large volume of water that the estuary
represents. This is not the case in a fjord, since the volume of water available for dilution
vconsists only of the shallow surface layer. Instead, it is the amount of river runoff that
controls the extent to which a contaminant may be diluted. The metal depth contours
(Figures 2.8, 2.9, 2.10) show clearly how the deeper waters remain unaffected by high
metal loads in the creek. They also demonstrate the considerable amount of spatial
variability brought about by wind- and tide-induced changes in surface circulation. The
work of Buckley (1977) shows that circulation patterns can change dramatically on time
scales of half a day or so. They are driven predominantly by wind and river discharge,
while tidal forces appear to exert only a minor influence. Downchannelvwinds and high
river runoff may cause the flow of the entire surface layer to be seaward. After a period of
strong up-inlet winds, this pattern may be reversed and the Squamish River outflow may
be pushed back towards the head, leading to northward surface currents. In this situation,

the gravitational forces will eventually exceed the wind stress and the river outflow will
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again start to move seaward. Quite frequently, there is runoff-driven outflow along the

western shore that drives a counterclockwise eddy in Britannia Bay.

As it enters Britannia Bay, the creek outflow will be deflected according to the -

prevailing surface current. Depending on the particular conditions, it may move

northwards along the shore, go straight out in a westward direction or be deflected to the

south. As a result, the creek plume may be missed at either or both Stations A and B, as
observed for example in December 1993 where high surface concentrations were found at
the distal Station A, but not at Station B close to the mine, or in May, where the creek

plume apparently bypassed both sites (Figure 2.8).
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4.2 Di i f Suybmarine Di

The subsurface discharge of acid mine drainage via the submerged outfall is thought
to rise directly to the surface during late fall and winter when the pycnocline is not very
strong (Figure 2.7). Besides the absence of any deép metal signals during this time, there
is observational evidence supporting this assumption. On two cruises in March 1994, a
patch of lighter coloured water about 10 m across was visible intermittently close to the
outfall. Attempts to track these events using a salinity/temperature recorder or by acoustic:
imaging were unsuccessful, for two reasons. First, the salinity and temperature signature
of the discharge gets lost as it mixes with seawater (see below) so that it can only be
recorded in the immediate vicinity of the Qutfall. Second, the volume of water discharged
in the winter is small (on the order of 0.6 m3/s), giving rise to a very local plume that
may only occasionally increase in size as municipal sewage is pumped into the discharge:

During periods of strong stratification, i.e. from about March to September (Figure
2.7), the plume is expected to be trapped below the pycnocline. This was in fact observed
in June, July and August where the presence of the plume was manifested by elevated Cu,
Cd and Zn concentrations at or below 10 m. However, the signal was missing at other
times, for two possible reasons. First, the direction of dispersion in the horizontal is not
known. Generally currents below about 10 m depth are up-inlet, with changes in their
magnitude induced by tides (Buckley 1977). The subsurface plume could therefore be
deflected to the north and bypass the two sampling sites. Second, the bottom of the

pycnocline deepens from about 3 m in March to about 11 m in June and then shoals again
to about 7 m in September. If the plume is not very thick (1 m or less), it could be quite
easily missed by a sampling scheme using 5 m depth intervals. The thickness of the

plume may also be influenced by the intermittent admixture of municipal sewage which

is pumped into the outfall pipe at irregular intervals.
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Even though the signature of the subsurface discharge is not as frequently observed as
expected, there is little doubt that upon mixing with seawater, acid mine drainage forms a
neutrally buoyant plume that gets trapped below the pycnocline during periods of strong
stratification. This is demonstrated by vertical profiles taken in August 1994 in the
immediate vicinity of the outfall. The exact location of the outfall was determined
previously bvaCUBA-divers and marked with a float. The salinity and temperature
profiles (Figure 2.26) show the usual two—layered structure, but a plume signal is notably
absent, even though there is clear evidence for its presence from metal profiles (Figure

2.27). The lack of a distinct salinity and temperature signal can be explained as follows. It

appears that the samples at 25 and 20 m depth were taken slightly off the plume rising -

from the pipe and that they represent the surrounding salt water rather than a mixture of
salt water and freshwater. The samples at 15 and 10 m, which are within-the plume,
represent discharge that has mixed with a considerable amount of salt water, so that their

—o— Temperature [°C]
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Figure 2.26. Salinity and temperature profiles in the immediate vicinity of the submarine
outfall. The samples were taken in August 1994. Bottom depth is 30m.
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salinity and temperature (and hence their density) are close to the surrounding water.
Above the pycnocline, salinity and temperature are controlled by the characteristics of the
surface layer. |

Dissolved Cu, Cd and Zn profiles (Figure 2.27 a, b, c) exhibit elevated concentrations
at 15 and 10 m which are evidence for the presence of the plume at these depths. The
particulate metal fraction in these profiles suggests that the removal processes observed in
the creek also control metal behaviour in the deep discharge. For example, the concurrent
maxima of dissolved Cu and of % Cupar. (the fraction of total Cu present as particles)
implies that there is considerable removél of Cu from the dissolved phase (Figure 2.27 a).
(The high percentages of particulate metal at the surface and at depth are likely caused by
removal processes in the creek mixing zone and by resuspension at the bottom,
respectively). In contrast, there is very little removal of Cd and Zn as the plume mixes
with salt water (Figure 2.27 b, c¢), which again agrees with the behaviour observed in the
creek. Likewise, Fe is removed very rapidly (Figure 2.27 d), as indicated by the high
part./diss. ratio and the almost straight profile of dissolved iron. (The maximum at the
surface is likely a result of high concentrations in Squamish River input). Visual evidence
for the extensive flocculation and precipitation of metals, particularly iron oxyhydroxides,
exists in the reports of divers, who observed that upon exiting the outfall the discharge
took on a milky yellow appearance (LeBlanc, pers. comm.). The percentage of metal
present in particulate form at 15 m (24, 0.5, 4 and 94% for Cu, Cd, Zn and Fe,
respectively) is comparable to what is usually found in the creek mixing zone. In
summary, these observations suggest that there is no qualitative difference in the
behaviour of dissolved Cu, Cd, Zn and Fe from acid mine drainage when discharged at
depth rather than at the surface. This result was confirmed in a laboratory mixing

experiment described in detail in Chapter 3.
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of the total) near the outfall. a) Cu, b) Cd, ¢) Zn, d) Fe.




2.4.5. Contaminant Dispersion Estimate Using Bok Model

The surface transects and -vertical profiles of metals discussed in previous sections
have provided some important information relevant to assessing the fate of acid mine
drainage in Howe Sound, which can be summarized as follows:

1. Dispersion of metals from Britannia Creek is within the surface layer of Howe Sound
only, not with the whole body of water. Deep discharges may additionally result in
elevated metal concentrations in the subsurface layer.

2. The amount of metal delivered is dependent on hydrological conditions, with peaks in
winter and spring.

3. A considerable amount of Cu and small proportions of Zn and Cd are removed from
solution as Britannia Creek mixes with seawater. The removal efficiency is directly
related to the metal concentration in the creek.

4. Most of the Zn and Cd, and variable amounts of Cu (usually on the order of 50%) are
present in dissolved form.

5. Expected metal concentrations in Britannia Bay often do not match the observations
because of changes in the extent and direction of lateral advection of the creek plume

by surface currents.

A more quantitative way of describing the dispersion of contaminants makes use of
physical models of estuarine circulation. A simple approach uses box models to describe
the circulation-driven dispersion of metals and nutrients (Bewers and Yeats 1978, Petrie
and Yeats 1990, Shiller 1996). The model used here consists of two compartments
representing the estuarine surface and subsurface layer. Squamish River water flows
through the surface box and entrains water from the layer below, resulting in an upward

flux of water. The entrained water is replaced by water from outside the lower box. The

resulting volume fluxes between the boxes can be calculated from the equations for
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conservation of volume and conservation of salt (see Appendix A.3.1 for graphical
representation and equations). The choice of the boundaries for each box is arbitrary; the
entire upper basin was chosen to represent the lateral dimensions of the boxes, primarily
because of the lack of hydrographic data needed for a finer resolution, and because a
large box minimized problems arising from lateral inhomogeneities due to incomplete
mixing. The bottom of the pycnocline was chosen as the boundary between the upper and
the lower box since in Knight Inlet, another B.C. fjord, it was found that horizontal
current speeds were lowest at this depth (Pond, pers. comm.). (Theoretically, since
horizontal currents move in opposite directions in the surface and subsurface layer, the
current speed at their boundary should' be zero.) The bottom of the lower box was
determined from salinity profiles as the depth at which salinity became uniform. Input
data required are river discharge, the mean salinity of the two boxes (which was
calculated from salinity profiles at Station A) and the salinity of the water entering the
lower box. In September, salinity measurements made at Porteau Cove were used to
provide this number, while in the other instances an estimate based on the salinity of the
lower box had to be made due to the inavailability of data. An underestimate of the
salinity by 2%o would lead to decreases in the volume flux out of the upper box by about
1% or 40% in the June 1994 or the January 1995 cases, respectively. Metal input was
assumed to proceed via initial mixing with Squamish River before entering the surface
box. An effective metal concenuaﬁon that accounted for the percentage of metal that
would be removed upon mixing with seawater was calculated using the removal
efficiencies given in Table 2.4. Metal concentrations in Squamish River water were
estimated from two field samples taken in June 1994 and 1996. The model is not very
susceptible to these values since they are much smaller than the mine input. The lower
box represented another source of metal, with concentrations determined from the

respective metal profiles. The model was tested using three scenarios, corresponding to

the three different regimes observed in the field (Table 2.5).
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May 1994 September 1994  January 1995
River runoff high intermediate low
Creek runoff high low low
Creek metal conc. high low high

Table 2.5. Characteristics of the three seasonal scenarios investigated using a box model.

Input values and the full results are given in Appendix A.3.2, and the main findings
are listed in Table 2.6. The physical data show that periods of high river discharge are
characterized by high volume fluxes (Q4) out of the surface box due to enhanced
entrainment. The mean velocity of the outflow does not change much, hence the
increased volume flux results entirely from the deepening of the pycnocline. The
calculated velocities compare well with those calculated using a sirhilar apprbach (5 and
6 cm/s, Buckley and Pond 1976) and with the long-term average from current meter
measurements at 3 m depth (= 3.5 £ 1 cm/s, Buckley 1977).

The metal concentrations in the surface outflow reflect the expected 'seasona.l pattern,
where concentrations are highest during freshet and lowest in the fall in response to metal
loads in the creek and to river runoff. Also shown in Table 2.6 are the measured surface
concentrations at Station A. The calculated concentrations are for a site downstream of A
and are therefore not necessarily expected to match the observations at Station A; indeed,
they should be lower as a result of continuing dilution as the surface outflow travels from
site A to ;he'” mouth of the upper basin. Also, the calculations imply horizontally
homogeneous distributions of metals, while in reality there may still be a cross-channel
gradient for quite some distance downstream. Comparison with the observed metal
concentrations showsv, however, that the calculated seasonal trend§ égree with the
observations. Also, despite the considerable amount of dilution during freshet, metal

concentrations at the mouth of the upper basin are still high, suggesting a potential for

toxic effects on surface-dwelling organisms. It Will be shown in Chapter 4 that the
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concentration of 8 pg/L Cu calculated for May could be high enough to adversely affect

growth of endemic phytoplankton species.

May September January
1994 1994 1995
Physical data '
surface outflow [m3/s] 1300 511 376
mean velocity [cm/s] 4.12 5.98 4.19
depth of upper box [m] 10.6 2.84 2.99
Calc. metal conc. in surface layer ' :
Cu [pg/L] 8.64 1.23 3.47
Cd [pg/L] 0.072 0.042 0.073
Zn [ug/L] 6.44 3.42 4.36
Observed metal conc. at Station A
Cu [pg/L] 18.6 1.48 10.8
Cd [ug/L] 0.106 0.057 0.115
. Zn [ug/L] 28.4 4.88 9.93
Calc. metal conc. (outfall included)
Cu [pg/L] 11.1 3.19 8.29
Cd [pg/L] 0.093 0.064 0.102
Zn [pg/L] 11.6 6.67 10.8

Table 2.6. Modeling results for the three scenarios hsted in Table 2.5. Calc. = calculated,
conc. = concentration.

Acid mine drainage discharged at 30 m depth will rise to the surface during periods of
weak stratification (i.e. in the January scenario), thereby increasing metal inputs to the
upper box. The effect of the subsurface discharge during the remainder of the year (i.e. in
the May and September cases) is difficult to assess, since it is not known whether the
buoyant plume will leave the estuary in a subsurface layer or whether it will be mixed up

into the surface box via entrainment. An upper limit on its effect on surface




concentrations can be obtained by allowing the subsurface discharge to mix with surface
waters, which in essence amounts to the same as if it were discharged via Britannia
Creek. This case was modelled by using a combined Britannia Creek/AMD end-member
rather than Britannia Creek alone. Metal concentreitions in the discharge were known
from field measurements (Figure 2.19). There are no corresponding streamflow records
from the 4100 portal available for 1994, thus they had to be extrapolated from the 1993
streamflow record (Figure 2.18) using 1994 Britannia Creek discharge data (Figure 2.16).

The calculations show that under these conditions, the additional metal load raises surface

Cu, Cd and Zn concentrations by up to a factor of 2. The largest increase is observed in
January, where the high metal loads get considerably less diluted by freshwater than in

spring due to reduced river runoff.
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To this point, only the dispersion of the dissolved metal fraction has been addressed.
It is reasonable to do so in the case of Zn and Cd since they are present predominantly in
the dissolved form. In contrast, Cu is associated to a significant degree with the
particulate fraction, for which dispersion mechanisms may be quite different. In their
study of particulate metals in a polluted Norwegian fjord, Skei and coworkers (1973)
observed elevated particulate Cu, Zn and Pb concentrations in surface waters almost 10
km away from the source. This suggests that particulate metals may remain suspended for
quite some time before being removed to deeper waters.

Incorporation of metals in phytoplankton hard parts and adsorption onto settling
biogenic material could contribute to the vertical transport of metals. For example,
Slauenwhite and Wangersky (1991) showed that after a phytoplankton bloom, the flux of
particulate Cd increased, while there was little change in the flux of Cu. Attempts to
demonstrate similar transport processes in the open ocean using sediment traps yielded
inconclusive results (Noriki et al. 1985). Paulson and colleagues (1993) showed that in
Hood Canal, a fjord-type branch of Puget Sound, Zn was taken up by phytoplankton in
surface waters and released at depth through remineralization. Cd was also affected by

these processes, albeit to a lesser degree, and no biological control was observed for Cu.

In contrast, Windom and coworkers (1991)'éoncluded that in the Savannah, Maeklong -

and Medway estuaries, biological processes did not significantly affect cycling of any of
the three metals. In Howe Sound, biological controls on metal removal are not likely to
be important, since productivity is low due to light scattering by the silt load in surface
waters (Stockner et al. 1977). Scanning electron microscopy studies (see Chapter 3) also
indicate that biogenic particles make up only a small fraction of the particulate matter

load.



Evidence from sediment traps deployed in upper Howe Sound shows that
sedimentation of Cu-rich particles is greater in the vicinity of the mine, both in absolute
terms and relative to the detrital load. Particulate fluxes at the deepest traps (200 m at
Station A, 80 m at Station B) were 1.4 and 3.6 ug Cu m-2day-1, respectively (Figure
2.12). The corresponding Cu/Al weight ratios were 0.001 and 0.004 at Stations A and B,
respectively. The value at the distal Station A is identical to the sedimeﬁtary ratio,
calculated as the mean of 23 upper-basin cores away from the mine, using Drysdale's
(1‘990) data. This indicates that the flux at the distal site comprises mostly detrital
material, while at the station close to the mine particles are significanﬂy enriched in Cu
even at depth. Ratios in suspended particles obtained from filtration of water samples are
also generally higher than the sedimeht value, but are quite variable and do not exhibit
any spatial or seasonal trends (Figure 2.28). This material seems distinctly different from
the particles collected in traps. In his sedimeht trap study in Howe Sound, Syvitski (1978)
observed a lack of correlation between sedimentation rates and turbidity of the water
around sediment traps, which led him to conclude "that much of the suspended sediment
in the lower marine water exists simply as background through which larger particles
settle”. Bottle casts are known to collect this background material preferentially, while
they may miss larger, rapidly-sinking particles (Calvert and MacCartney 1979). It is
likely that some Cu-rich material remains suspended and does not contribute much to the
vertical particulate metal flux.

In conclusion, sedimentation of Cu-bearing particles in Britannia Bay may be
significant. However, we do not have the means at present to quantify this. Outside
Britannia Bay, where flocculation and sedimentation of Cu is greatly reduced, the
proportion of particulate Cu exported via estuarine surface circulation may be estimated
from Syvitski's (1978) data. He calculated that more than 50% of the original suspended
particulate matter in the surface layer exits Howe Sound during times of high discharge.

For particulate Cu, which in other estuaries is known to be present to a large extent as
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fine-grained and colloidal particles (Martin et al. 1995, Muller 1996), this percentage may

be significantly higher, since much of the suspended load is in the silt and clay size

fractions (Syvitski 1978). It would appear then that at least 50% of the particulate Cu

outside of Britannia Bay (which generally makes up about 10% of the total Cu at this

site) exits upper Howe Sound with the estuarine surface circulation.
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Figure 2.28. Mean particulate Cu/Al ratios in suspended particulate matter collected at
Stations A and B. Error bars represent one standard deviation of four (Station A) and
three samples (Station B). Only water samples at or below 30 m depth were considered.
Anomalously high values in April and June possibly related to slope instabilities were
omitted. The dotted line indicates background sedimentary value in Howe Sound (see
text).
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2.5. Conclusions

Using both dissolved and particulate metal data from a séries of surface transects, the
removal of Fe and Cu and the quasi-conservative nature of Cd and Zn in the mixing zone
was demonstrated. The example of Cci also showed that using only dissolved rather than
both dissolved and particulate metal data can lead to erroneous conclusions regarding the
behaviour of metals during mixing, for instance if salinity does not provide a
conservative index of mixing due to the presence of several seawater end-members. The
reactant approach as described by Liss (1979) is only applicable under well-defined
conditions which are often implied to be present in the natural environment, although this
assumption is rarely verified. It would therefore appear ’that some of the evidence of
conservative or non-conservative behaviour of metals reported in the literature may have
to be reviewed in terms of whether or not the reactant approach is valid under the
conditions encountered. In the absence of large-scale metal removal via rapidly sinking
particles, the reactant approach can be validated by simultaneously measuring dissolved
and particulate metal concentrations using two lines of evidence. Firstly, the proportions
of the two fractions provides an estimate of the possible involvement of the particulate
phase in metal removal/release processes. If metal is released during mixing, the
particulate metal concentration has to decrease concurrently with increasing dissolved
metal, and there has to be enough metal present in the particulate form to cause such an
increase in the dissolved fraction, as observed for example in the Fraser River estuary by
Fletcher et al. (1983). Secondly, in the absence of large-scale removal via rapidly-sinking
particles, the total metal concentration (defined as the sum of particulate and dissolved)
has to behave conservatively, if the index of mixing chosen is in fact conservative. Such
conservative behaviour has been shown for total Cu, Zn and Fe in the mixing zone of

" Britannia Creek, using Cd as tracer for dilution.




Evidence from an extensive field study and modeling using a simple box model
shows that metal dispersion in Howe Sound is strongly controlled by the physical
properties of the estuary, namely its density stratification and its surface outflow. Not
only are there longitudinal metal concentration gradients from increasing dilution of
Britannia Creek with estuarine surface water, but there are often also strong lateral
gradients. High variability of the direction of the surface currents leads to rapidly
changing horizontal dispersion patterns of the creek plume. As a result, metal
concentrations in surface waters in upper Howe Sound are far from being uniform.
Extrapolation of average surface metal concentrations from discrete samples is not
recommended if, for example, the intention is to compare them with water quality
criteria, unless the samples are numerous and well distributed over the entire area.

There is considerable seasonal variability as a result of changing hydrological
conditions, since the amount of metals delivered from the mine, as well as the Squamish
River and Britannia Creek discharge, are determined by hydrological factors. The
resulting surface metal concentrations are most likely to peak in winter and during
freshet. The spring peak could be of particular concern from a toxicological point of
view, since it may coincide with the spring phytoplankton bloom. Experiments were
performed to address this issue and are discussed in detail in Chapter 4.

The dispersion of Cd and Zn can be adequately described by the behaviour of the
dissolved fraction, while with Cu a variable, but often non-negligible proportion is
associated with the particulate phase. The dispersive behaviour of particulate Cu could
not be determined in quantitative terms, but it appears likely that much of it remains
suspended and leaves upper Howe Sound via estuarine surface circulation in a similar
fashion as the dissolved fraction.

The discharge of acid mine drainage via a submarine outfall additionally contributes
dissolved and particulate metals. While during winter and early spring the discharge rnses

to the surface and represents in essence another surface source of metals, it remains
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trapped below the pycnocline during periods of strong stratification. The ultimate fate of
this neutrally buoyant plume is likely advection into the surface layer by entrainment of
intermediate water, whereby it again increases surface concentrations. Estimates indicate
that in this case the increase in surface metal concentrations may be as much as a factor
two. It appears that there is little benefit, other than cosmetic, in discharging acid mine
drainage at depth under the present scheme. One might considér using the deep waters as
a repository for AMD, however. In order to prevent it from rising to the surface, the
density of the discharge would have to be equal to or greater than the density of the deep
water (= 1.03 g/cm3), for example by premixing it with sea\a)éter and addition of salt. It
goes without saying that at the same time the problem of discharging municipal sewage
through the same outfall should be addressed.

The removal of metals in the estuarine mixing zone has been discussed here only as
far as it is relevant for calculating effective metal concentrations in Britannia Creek. A
linear relationship between the extent of metal removal and metal concentrations in the
creek was found which suggests that metal removal could be controlléd by precipitation
processes. A more detailed investigation into these mechanisms is presented in the
following chapter. Although a great deal of literature has been published on metal
behaviour in estuaries, it is important to study these processes in a contaminated system
because the relative importance of the goveming.parameters may be quite different from
a more pristine environment. Also, in the long run it would be useful to make predictions
on metal dispersion and behaviour, and more often than not these estimates are needed in

areas impacted by anthropogenic contamination.
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CHAPTER 3

PROCESSES CONTROLLING
METAL REMOVAL
IN THE CREEK MIXING ZONE




3.1. Introduction

It was shown in the previous chapter that Cu, Cd, Zn and Fe in the mixing zone of
Britannia Creek vary in their extent of non-conservative behaviour. Iron exhibited rapid
and exfensive removal, Cu was also.removed, but to a lesser degree, while Zn and Cd
behaved almost conservatively. The extent of non-conservative behaviour was observed
to change from month to month, and some of this variability was attributed to the
hydrological regime of Britannia Creek. In this chapter, we will investigate the controls
on metal removal and how their influence changes seasonally.

The behaviour of trace metals upon mixing with seawater in estuaries has been shown
to vary widely. Conservative behaviour, removal and release patterns have all been
reported for Cu, Cd and Zn, while Fe appears to be removed consistently (Table 3.1).
This led Bewers and Yeats to conclude in 1981 that "except for Fe and Mn, the general
understanding of trace metal behaviour in estuaries is rudimentary. (...) There is
insufficient information to determine any systematic behaviour of the other [trace]
metals."

Fifteen years later, we have a better understanding of the underlying processes thanks
to the fundamental laboratory experiments of Sholkovitz, Benjamin and Leckie and
others. The interpretation of metal behaviour in natural systems, however, is more
difficult because of the multitude of parameters involved. We are still unable to predict
metal behaviour confidently based on a few key variables such as pH, organic matter
content and conc_entration of dissolved iron. Moreover, in contaminated systems, which
are often of particular interest due to possible impacts of anthropogenic waste discharges
on the marine environment, the controlling processes and their relative importance may

differ from those in a more pristine situation.




Estuary Cu Cd Zn Fe Ref.
con (rem jrel |con |rem |rel |con |rem |rel |con |rem |rel

Rhone X X X 1
Changjiang X X 2
Amazon X X X 3,4
Mississippi X X 5
Venice X X 6
San Fran- X X X X X 7.8
cisco Bay
Delaware X X X X 9,10
Scheldt X X X X 11,12
Medway‘ X X X X 13
Savannah X X X X 13
Maeklong X X X X 13
Tamar X X X 14
Rhine X X X 15
Puget Sound X X 16
St. Lawrence X X X X 17
Connecticut X 18
Camon R. X X X 19
Fraser X X X [20,21

1  Elbaz-Poulichet et al. 1996 11  Salomons and Forstner 1984

2 Edmondetal. 1985 12 Kerdijk and Salomons 1981

3 Boyleetal. 1982 13 Windom etal. 1991

4  Sholkovitz et al. 1978 14 Mormisetal. 1978

5  Shiller and Boyle 1991 15  Duinker 1983

6 Martinetal. 1995 16 Feelyetal. 1983

7 Flegal etal. 1991 17 Bewers and Yeats 1978

8 Saiiudo-Wilhelmy et al. 1996 18 Hong and Kester 1985

9  Sharpetal. 1982 19  Johnson 1986

10 Fox and Wofsy 1983 20 Thomas and Grill 1977
21  Fletcher et al. 1983

Table 3.1. Observed behaviour of metals upon mixing in various estuaries. Cons =

conservative, rem = removed, rel = released.




Metal release is often observed in association with resuspension of bottom sediment
in shallow and well-mixed estuaries (e.g. Bewers and Yeats 1978, Salomons and Forstner
1984, Windom et al. 1991). In the Fraser River estuary, metals desorb from riverborne
particles in the mixing zone during freshet (Thomas and Grill 1977, Fletcher et al. 1983).
Release from particles has been demonstrated experimentally by Li et al. (1984) and is
thought to be the result of ion exchange processes at the particle surface (Duinker 1980).
It is often difficult to demonstrate metal release conclusively from dissolved metal
distributions due to artifacts caused by the resuspension of colloidal metal-bearing
fractions or by metal inputs from of a third end-member. No evidence for large-scale
release during mixing has been found in the present study.

The removal of metals may proceed via several mechanisms. Adsorptive processes
(the binding of metals to particle surfaces through chemical bonds) .have beeh intensively
studied. Possibly also of significance, but much less well described are other pﬁenomena
such as precipitation (formation of insoluble metal species such as oxides and
carbonates), coprecipitation (precipitation of mixed metal phases, e.g. iron-copper
hydroxides) and coagulation of colloids. Since the precise mechanism of metal removal is
often not known, some researchers use "flocculation” as a collective term for removal
caused by adsorption, precipitation or coagulation (Sholkovitz 1976). In its specific
sense, flocculation refers to the bridging of particles via chemical bonds, in contrast to
aggregation, which denotes bridging via electrostatic forces (Manahan 1991). In the
following, flocculation will be used in its more general sense.

The current view of metal removal in the estuarine mixing zone emphasizes
adsorptive processes, whereby metals are adsorbed onto particles of either authigenic or
terrigenous origin and are transported to the sediments as the particles settle out.
Adsorption of trace metals can take place on the surfaces of particles such as goethite (a-
Fe203, Balistrieri and Murray 1982), Al(OH)3 (Pavlova and Sigg 1988), amorphous iron

oxyhydroxide (Davis and Leckie 1978, Benjamin and Leckie 1981a and 1981b), estuarine




sediments (Adediran and Kramer 1987), marine sediments (Balistrieri and Murray 1984),
calcite (Bilinski et al. 1991), aluminosilicates (Eliott and Huang 1981), and on organic
surface coatings. Even though adsorptive processes also occur in freshwater systems, they
are more important in estuaries for several reasons:

1) The salinity gradient drives the ‘aggregation of colloid-sized particles such as iron
oxyhydroxides, aluminium hydroxides and aluminosilicates. This may be a result of
electrostatic interactions affecting the particles directly as described for clays
(Krone 1978) or via bridging through coatings of organic matter (Manahan 1991).
Aggregation leads to the removal of metals associated with colloids. The
importance of colloidal material in metal transport processes has long been
recognized (e.g. Sholkovitz and Copland 1981, Hunter 1983, Honeyman and
Santschi 1989), and there is now growing evidence that a subs-tantial préportion of
the so-called dissolved metal pool is actually present as colloidal suspension
(Martin et al. 1995, Dai and Martin 1995, Hill and Aplin 1996, Muller 1996,
Safiudo-Wilhelmy et al. 1996).

2) Humic acids have been reported to ﬂocculéte upon mixing with seawater (Sholkovitz
1976, Eckert and Sholkovitz 1976, Sholkovitz et al. 1978). Since they also represent
strong chelators for some metals (Buffle 1988), one would expect a loss of métal
from solution associated with the removal of humic substances. |

3) Specific interactions of seawater anions and cations with surface binding sites may
result in increased removal of metals (Adediran and Kramer 1987, Balistrieri and
Murray 1982, Sholkovitz and Copland 1981). This could occur through
compression of the electrical double layer by cations, or through displacement of
surface hydroxyls by doubly charged anions such as sulfate, resulting in a higher
negative surface charge. The extent of adsorption will depehd on the particular
conditions, and in some cases no increase relative to model systems has been

observed (Millward and Moore 1982, Swallow et al. 1980). The presence of
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seawater can also lead to decreased adsorption as in the case of Cd, which competes
with Mg for surfacebinding sites (Balistrieri and Murray 1982).

4) The increase in saliﬁity across the estuarine mixing zone is often associated with a
pH-rise. Studies with iron oxyhydroxides (Benjamin and Leckie 1981a and 1981b)
and aluminium hydroxide (Pavlova and Sigg 1988) have shown that metal
adsorption increases dramatically over a very narrow pH range. This so-called
adsorption edge often occurs at a pH between 5 and 7, depending on the metal and
the particular conditions.

Particles in natural waters are often coated with organic matter with which metals
may also interact (Stumm and Morgan 1996). These coatings may enhance metal removal
by favouring aggregation, since they can reduce the negative surface charge and provide
the opportunity for interparticle bridging (Hunter and Liss 1982). In addition, metal
removal may occur via the flocculation of humic compounds, as mentioned earlier.

In this chapter it will be shown that in addition to adsorption and complexation by
flocculating organic matter, the removal of metals (specifically Cu) in the mixing zone of
Britannia Creek is governed to a large extent by chemical precipitation, a processes which
is generally thought to be of little importance in less contaminated estuaries. Using
evidence from a one-year set of monthly field observations and from laboratory mixing

experiments, the causes for the differing behaviours of Cu, Cd and Zn during mixing will

be elucidated.
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3.2. Methods

3.2.1. Dissolved and Particulate Metals in Field Samples

Water samples along a surface tr@nsect off Britannia Creek were collected at monthly
intervals. Additionally, a set of water samples in Britannia Creek and its tributaries (the
2200 ponal drainage and Jane creek) were collected in February 1996. The samples were
analyzed for dissolved and particulate metals, pH, chlorophyll a, dissolved oxygen,
temperature, salinity, and occasionally DOC using the methods described in Chapter 2.
Dissolved sulphate in the February 1996 samples was measured on a DX-100 ion
chromatograph (Dionex Corp., Sunnyvale CA) calibrated with standards of potassium

sulphate in 1.8 mM sodium carbonate/1.7 mM sodium bicarbonate.

3.2.2. Mixing Experiments

Water was collected in acid-cleaned 25 L polyethylene carboys, directly from shore in
Britannia Creek and using a GOFlo bottle from a workboat at Station A in Howe Sound.
In June 1996, the surface salinity at this site was only a few per mil. In order to obtain a
larger salinity gradient, a 1:1 mixture was made up from surface water collected at Lions
Bay (49° 27.30' N, 123° 14.30' W, salinity 14.8%0) and at Darrell Bay (49° 40.10' N,
123° 10.10' W, salinity 2.7%o). In addition, samples of 4100 portal water and of sewage
were collected. The water was brought back to the lab, and a portion of it was
immediately passed through 0.4 ym polycarbonate filters. The mixing experiments were
performed in a similar fashion as those described by Sholkovitz (1978) using trace metal
clean techniques. Weighed aliquots of filtered or unfiltered water, as appropriate, were

mixed in 1 L acid-cleaned polyethylene bottles. These 1 L-samples were shaken




immediately prior to weighing, upon mixing, after about 15 minutes and again after 30
minutes, just before filtration. In each experiment, samples of filtered (or unfiltered, as
appropriate) seawater and creek water were subjected to the same procedure and then
filtered. Acid-cleaned 0.4 um polycarbonate membranes were used for filtration. These
were then dried and analyzed for particulate Cu, Cd, Zn, Fe and Al using microwave
digestion and detection by ICP-MS and GFAAS, as described in Chapter 2. Filter balnks
were negligible. Concentrations (xg/kg) were converted into volume units based on their
density as inferred from salinity. Aliquots of selected samples were withdrawn for
analysis of DOC, TPC, pH or dissolved metals using the methods and equipment
described in Chapter 2. TPC was determined on combusted glass fibre filters (Whatman
GF/F, 400°C, 4 h) using a Carlo Erba model 1500 carbon/nitrogen analyzer (Carlo Erba
Strumentazione S.p.A., Milano, Italy) after the method describéd by Vérardo et al..

(1990).

3.3.3. Scanning Electron Microscopy

Imaging of particulate matter on approximately 1 cm?2 pieces of carbon coated
polycarbonate filters was performed on a Philips XL.30 scanning electron microscope
(Philips Electron Optics, Eindhoven, Netherlands) at the departmental SEM facility.
Secondary electron or back scatter electron detectors were used, as appropriate.
Qualitative information on the composition of discrete particles or the entire field of view
was obtained using an energy dispersive X-ray spectrometer with thin-window detector
and an IMIX 4 data acquisition and analysis system (Princeton Gamma-Tech Inc.,

Princeton NJ).
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Result

3.3.1. Mixing Experi

3.3.1.1. Comparison between Seasons

Mixing experiments were conducted in January 1996, during a period of lower metal
concentrations in Britannia Creek, and in June 1996, when metal levels were high (Table
3.2). In both experiments, ﬁlteréd creek water and seawater were mixed and the
flocculants produced were collected after 30 minutes. As shown in Figures 3.1 and 3.2,
during both times an increase in particulate Cu and Zn concentrations at intermediate
salinity can be observed, indicative of removal. In June, this was also observed with Cd,
while in January particulate Cd was below detection (< 0.002 pg/L). The extent of
removal (Cu > Zn > Cd) is in line with the field observations (see Chapter 2). Maximum
particulate metal concentrations in spring exceeded those in January by about 80 and 30
times for Cu and Zn, respectively. This again agrees with field data, which showed that

metal flocculation was more extensive when creek metal concentrations were high.
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Figure 3.1. Concentrations of particulate Cu and Zn produced upon mixing of filtered
creek water with filtered seawater in experiments performed in January 1996. The values
are expressed as pug of particulate metal per volume of mixture. Cd was below detection

(<0.002 pg/L).
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Figure 3.2. Concentrations of particulate Cu and Zn produced upon mixing of filtered
creek water with filtered seawater in experiments performed in June 1996. The values are
expressed as jg of particulate metal per volume of mixture. Note that Cd concentrations
are multiplied by 1000.




January 1996 June 1996
Creek Howe Sound Creek Howe Sound

pH 6.40 7.83 6.53 7.91
Salinity [%o] 0 24.56 0 8.75
DOC [mg C/L] 1.2 13 .0.91 20 .
Cu [ug/L] 450 50 1530 2.7
Cd [ug/L] <0.002 <0.002 3.0 0.022
Zn [pg/L] 350 3 560 16
Fe [pg/L] 21 27 93 7.6

Table 3.2. Dissolved metal concentrations, pH, salinity and DOC of the two end-
members used in the mixing experiments shown in Figures 3.1 and 3.2.

3.3.1.2. Effects of Particles on Metal Removal

The removal of metals in the mixing zone may be enhanced by adsorption onto
particle surfaces such as iron oxyhydroxides (Balistrieri and Murray 1982) or
aluminosilicates (Eliott and Huang 1981). Substantial amounts of glacially-derived clays
are fed into Howe Sound during freshet, which is reflected by a milky appearance of the
surface waters and by elevated particulate aluminium concentrations (see Chapter 2).
Mixing experiments were performed with filtered and unfiltered creek water and seawater
to investigate the effect of different particle pools on metal removal.

Figure 3.3 shows that the relative amounts of Cu, Cd and Zn collected on filters are
greater when particles are present. This implies that adsorptive processes do pléy a certain
role in determining the extent of metal removal. However, even in the absence of

particles in both end-members, there is still extensive removal which can not be attributed

to adsorptive processes onto pre-existing particles, but has to be caused by other
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Figure 3.3. Influence of particles on the removal of Cu (top), Cd (center) and Zn
(bottom) in mixtures of Britannia Creek water and seawater collected in June 1996. The
concentrations are expressed as g of particulate metal per volume of mixture. The values
in brackets are inconsistent with the general trend, however we have no evidence to
dismiss them as erroneous.
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mechanisms such as precipitation of insoluble phases (e.g. oxides and hydroxides),

adsorption of metals onto precipitates, and aggregation of colloidal particles.

3.3.1.3. Kinetics of Metal Removal

The estuarine mixing zone of Britannia Creek is fairly short. A few hundred metres
off the mouth, surface salinities are almost indistinguishable from values found further
away from the creek, corresponding to a probable mixing time of less than an hour.
Consequently, kinetic effects (as well as salinity and pH) could have a bearing on where ‘
in the mixing zone metal removal occurs.

This question was addressed in another mixing experiment, wﬁere a poftion of the
water collected in January 1996 was used to produce a series of 1:1 mixtures of fresh and
seawater. The flocculants produced were collected on filters as above, but at different
time intervals. The experiment was repeatéd with the same batch of water stored cool and
dark for a week before mixing. Removal of metals in the two experiments was similar
(Figure 3.4), indicating that aging of the water in this fashion before mixing did not have
a pronounced effect. |

The amount of particulate Cu and Zn produééd was fairly constant between 1 and
about 30 minutes after mixing (Figure 3.4), indicating that flocculation of metals is a
rapid process. However, over time scales of 2 hours or more, there was additional
flocculation. Cu increased about six-fold relative to the value at less than twov hours,
while with Zn, there was only a three-fold increase. The scatter in the Fe data does not
permit to determine conclusively whether such processes also occur with this metal.

The removal of Cu and Zn appears to occuf in two stages. After initial rapid

flocculation, which in the field is likely to take place in the immediate vicinity of the

mouth of Britannia Creek, there is a second stage, where an additional portion of metal
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Figure 3.4. Kinetics of flocculation of Cu (top), Zn (center) and Fe (bottom) in mixtures
of filtered Britannia Creek water and filtered seawater. The first experiment (open
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flocculates, corresponding to slow removal in the surface waters of upper Howe Sound.
This latter process could reflect slow kinetics of metal precipitation or colloid
aggregation. The results imply that the particulate metal concentrations reported for field
surface transects in this work are likely to include some fraction of the slowly
flocculating metal, since the time lapsé between collection and filtration of field samples

was always longer than 30 minutes.

3.3.1.4. Presence of Colloidal Cu, Zn and Fe

An experiment using 0.1 and 0.4 ym pore size filters in parallel was performed to
determine if there were measurable concentrations of colloidai metals.>Colloids,
commonly defined as particles smaller than 0.4 ym, may include metals in such various
forms as crystalline precipitates, organic complexes or fine-grained weathering products
of rocks. As shown in Figure 3.5, a sizable amount of Cu, Zn and Fe is present in
colloidal suspension in the mixing experiment and likely also in the field, and
concentrations of 0.1 ym-particulate Cu, Zn and Fe exceed those retained by 0.4 ym
filters by about ten, three and two times, respectively. Most of the particulate material
retained by the smaller pore size filters is producgd upon mixing rather than being present
in the creek end-member.

The presence of colloidal material leads to an underestimate of the particulate and an
overestimate of the dissolved metal pool. The error is difficult to assess, since an
unknown amount is present as particles smaller than 0.1 ym. Metal in colloidal form
could also be responsible for the behaviour observed in the kinetics experiments
discussed above. The amount of metal flocculating after longer reaction times was found

to increase in the order Fe < Zn < Cu, which mirrors the increase in particulate metal in

the < 0.4 um fraction relative to the > 0.4 um fraction (Figure 3.5).
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Figure 3.5. Retention of particulate Cu (top), Zn (center) and Fe (bottom) produced upon
mixing of filtered Britannia Creek water and seawater by 0.4 um (open symbols) and 0.1
pm (closed symbols) nominal pore size filter membranes. The concentrations are
expressed as g of particulate metal per volume of mixture. End-members are identical to
those in Figure 3.1.




The additional Fe, Cu and Zn collected on 0.1 pm filters corresponds to > 95%, 5%
and 1% of the total dissolved fraction, respectively. These values are similar to removal
percentages reported for San Francisco Bay (> 85%, 16 - 20%, < 3%, respectively) by
Safiudo-Wilhelmy et al. (1996). Given the different nature of the two estuaries with
respect to parameters such as concentration of metals, DOC and suspended particles, the
similarity is unexpected. It does agree, however, with the suggestion of the abové authors
that the tendency of a metal to form colloidal particles is a function of the metal itself,
which can be related in part to the Irving-Williams series. This is supported by the fact
that the stability of metal-humic complexes also follows the Irving-Williams series

(Sholkovitz 1978).

1.5, Behaviour of Acid Mine Drain n Mixing and Eff

Acid mine drainage is discharged to Howe Sound not only via Britannia Creek, but
also via a subsurface marine outfall. Sewage from the Britannia Beach community is
pumped into the ocean in irregular intervals via the same outfall. This experiment
simulated the removal of Cu, Cd and Zn in the subsurface discharge in the presence of
domestic sewage.

As shown in Figure 3.6, there is not a large difference in particulate metal
concentrations at low salinity between creek and acid mine drainage, despite the
considerable differences in their dissolved metal content (Table 3.3). At higher salinity,

enhanced removal of metals from AMD is observed. In contrast, extensive removal even

at zero salinity is apparent when sewage is added. The onset of metal removal coincides .

with a rise in pH to > 6.5. This value is reached upon mixing of equal parts of AMD with
sewage, while in the absence of sewage a one to three mixture of AMD and seawater of

8.75%o (resulting in a salinity of 6.6%o) is needed. Apparently, the neutralizing capacity
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of sewage greatly exceeds that of seawater and leads to extensive metal removal even in
the absence of sea salts. The increase in salinity upon dilution of the AMD/sewage

mixture with seawater leads to additional, but much less pronounced removal (Figure

3.6).
Metal Britannia Acid mine Sewage AMD/sewage
Creek drainage mixture
Cu 1530 9810 110 2570
Cd 3.0 81 1.1 S 4
Zn 560 18600 26 6530
Fe 3 46 180 62
Al 620 12100 140 1700

Table 3.3. Concentrations of dissolved metals (in ug/L) in freshwater end-members used
in mixing experiments. In the filtered mixture (equal volumes of AMD and sewage),
concentrations of Cu, Zn, Fe and Al are lower than the mean of the two sources (4960,
9315, 114 and 6114 ug/L, respectively), indicating removal of these elements upon initial
mixing.
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Figure 3.6 (continued next page).
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Figure 3.6 (continued). Particulate Cu, Cd and Zn concentrations (in jg/L mixture) and
pH in mixing experiments where filtered Britannia Creek, acid mine drainage (AMD) or
an 1:1 mixture of AMD and sewage were used as the freshwater end-members. The high
starting value in the sewage experiment results from the immediate precipitation of
metals upon mixing of filtered sewage and filtered AMD. This sample was not refiltered
before mixing with seawater. Note that the initial dissolved metal concentration in the
AMD/sewage mixture is about half of the filtered AMD. The brackets apply to the
Britannia Creek experiment only and denote abnormally low values.




3.3.2. Metal Behaviour in Britannia Creel

Dissolved Fe concentrations in Britannia Creek are surprisingly low compared to Cu
and Zn, bearing in mind that these metals derive from the dissolution of pyritic ores.
Substantial amounts of Fe precipitate in Britannia Creek, as is evident from extensive
yellow staining of the creek bed. To investigate this process further and also to explore
possible associations between Cu, Zn and iron oxyhydroxides, the mixing of acid mine
drainage with Britannia Creek water was monitored in the field. The sampling sites
(shown in Figure 3.7) included the creek before and after input of acid mine drainage as
well as the entrance to the 2200 portal, the main source of AMD to Britannia Creek.

Downstream of the 2200 portal, several small, relatively clean tributaries enter
Britannia Creek and lead to dilution of the acid mine drainage (Price et al. 1995). The
bouldery creek bed precluded accurate discharge measurements. In order to still be able
to account for dilution effects by tributaries, a conservative tracer of acid mine drainage
was needed. In an approach similar to that introduced in the previous chapter, Zn and Cd
were used for this purpose. They made excellent tracers for acid mine drainage since they
were present almost exclusively in dissolved form in all samples (Table 3.4) and since
their only major source is the 2200 drainage.

Dissolved sulphate was found to behave non-conservatively, possibly as a result of
formation of solid phases such as schwertmannite (FegOg(OH)éSO‘;) and jarosite
(KFe3(SO4)2(0OH)g). The presence of such sulphate minerals in acid streams has been
demonstrated by Bladh (1984) and Bigham et al. (1996). Sulphate has been used as a
conservative tracer of mixing in mine environments (Chapman et al. 1983), which is
justified in situations where the concentration of sulphate greatly exceeds the
concentration of Fe and Al In many instances, other tracers such as Cd or Zn may be

better suited.
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Site pH Cu Cd Zn Fe Al
1 6.98 89 n.m. 87 16 31
2 3.11 | 100 100 100 97 100
3 7.05 68 99 98 <2 5.2
4 360 | 100 | 100 100 52 | %
5 4.82 97 100 100 11 | 58
6 5.99 98 100 100 17 20
7 6.40 92 100 99 13 6.5
8 7.09 97 n.m. 97 33 | 63

Table 3.4. pH and percentage of metal present in dissolved (< 0.4 ym) form in samples
of acid mine drainage and Britannia Creek. Site 8 is at the mouth of Furry Creek some S
km south of Britannia Beach. For site locations refer to the map in Figure 3.7. n.m. = not
measured.

Figure 3.8 shows both the partitioning of metals betweeh the dissolved and particulate
phases, and a mass balance for the AMD input calculated using Cd as a conservative
tracer. Precipitation of Fe is apparent upon mixing of AMD with creek water. This is
reflected by extensive ochre coatings on rocks and the stream bed at the respective sites.
Al is also precipitated, but at a later stage which corresponds to a higher pH. In contrast
to Fe and Al, Cu remains mostly in the dissolved phase. However, about 26% of the total
Cu load is lost by the time Britannia Creek reaches its mouth, suggesting that despite the
relatively small proportion being present as suspended particles there is still some
removal, for example via adsorption onto iron oxyhydroxide coatings in the creek bed.
Such concretion processes were invoked by Chapman et al. (1985) to explain losses of Cu
in a stream receiving AMD. With Fe and Al, the losses relative to the primary AMD
input amount to 57% and 26%, respectively. These values account for the presence of

considerable amounts of Fe and Al in Britannia and Jane Creeks even without input of
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Figure 3.8. Dissolved and particulate metal loads in Britannia and Jane Creeks relative to
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while they are not negligible for Al, causing total Al to exceed 100% downstream of the

2200 portal.




AMD, but neglect inputs by small tributaries downstream of the confluence with Jane

Creek. The observed behaviour of Cu and Fe is in agreement with solubility calculations,

which will be discussed in Section 4.3.2. Essentially, they show that Fe is saturated with

respect to hydroxides in all samples, while Cu reaches saturation only in the two lower

creek stations 6 and 7 in Figure 3.7.
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3.3.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on particulate matter collected
on filters in order to get more information about the nature and characteristics of the
particles in several samples across the mixing zone of Britannia Creek. Some
representative examples from the September 1994 transect are shown in Figure 3.9. The

corresponding particulate metal and ancillary data are listed in Table 3.5.

Sample location Estuary Lower mixing | Upper mixing Creek
zone zone
Sample label C1 C10 C6 C8
Salinity [%o] 17.00 6.80 1.06 0.07
pH 7.95 8.12 7.41 7.14
chl. a [ug/L] 0.70 0.99 015 0.17
DOC [mg C/L] 1.5 7.4 1.7 0.81
Cu part. [pg/L] 0.25 49 72 61
Cd part. [ug/L] 0.0006 0.0017 0.0038 0.0049
Zn part. [ug/L) 0.34 4.9 3.8 2.8
Fe part. [ug/L) 74 82 63 57
Al part. [pg/L] 83 136 188 186

Table 3.5. Particulate metal concentrations and ancillary data for the samples presented
in Figure 3.9. The value for DOC in C10 appears anomalously high, however we have no
evidence to reject it as contaminated.

Particulate matter in seawater samples was dominated by aluminosilicate grains of 1 -

10 pm in size, although occasionélly larger platelets up to 30 ym were also observed.

Since the filters were not washed before drying to prevent loss of sample, salt crystals
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Figure 3.9. Scanning electron micrographs of particulate matter on filters from a surface transect collected in September
1994. Samples represent a) Howe Sound, b) lower mixing zone, ¢) upper mixing zone, and d) Britannia Creek. Magnifi-
cation is 500x, except ¢) 1000x.
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accordance with the low chlorophyll 3 measured in the water samples (Table 3.5). When
moving towards the creek, particles became smaller, and biogenic particles disappeared
completely. These filters were covered with a thin layer of very fine-grained material.
Some larger particles of up to about 4 pm were also present (Figure 3.9). Energy-
dispersive X-ray spectra on large filter areas (Figure 3.10) revealed the presence of Al, Si

and O in all samples, representing the expected background of aluminosilicates. The

samples from the creek and the upper mixing zone had higher Al/Si ratios than their

seawater counterparts, which probably reflects the precipitation of Al hydroxides in
Britannia Creek. Cu peaks were also higher in these samples, consistent with the results
of the chemical analysis. Fe abundance did not change much over the transect, which
again is in line with the results displayed in Table 3.5.

The particles in Britannia Creek appear to be distinctly different from those in
Britannia Bay surface wéter. Large catchment basins and the presence of glaciers lead to
high suspended matter loads in the Squamish River, which in turn delivers its load of fine
grained aluminosilicates to the surface waters of Howe Sound. Britannia Creek in

contrast is a clear creek with little suspended terrigenous sediment, and flocculated

metals, particularly Al and Fe hydroxides, make up most of its particle pool.
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3.4. Discussion

Several mechanisms can lead to the removal of metals in the estuarine mixing zone.
These include adsorption, precipitation, coagulation, and complexation by adsorbed and
flocculating organic ligands. The relative impdrtance of each of these mechanisms with
respect to metal removal during the estuarine mixing of Britannia Creek can be inferred
from field data and the results of the mixing experiments, as will be discussed in the

following sections.
3.4.1, Adsorption

As mentioned earlier, there is ample evidenée for adsorption of metals by particles.
Of particular interest in a mine setting are iron oxyhydroxides, due to their abundance and
their well-known scavenging efficiency. For example, Johnson (1986) found that in a
stream contaminated with acid mine drainage, Cu and Zn concentrations were regulated
by adsorption onto iron oxyhydroxides. Numerous laboratory investigations have been
published on the subject, but for several reasons their results cannot be directly translated
to the Howe Sound case. First, most of the experiments were performed at iron
concentrations much higher than those encountered in the field (e.g. 0.09 M: Kinniburgh
et al. (1976), 2 x 10-3 M: Davis and Leckie (1978), 1 x 103 M: Benjamin and Leckie
(1981b), 6 x 10-3 M: Balistrieri and Murray (1982)), whereas in this study the
concentration range was 0.5 to 18 x 10-6 M. Second, while the literature reports consider
cases where the surface sites on iron oxyhydroxides are not saturated and particulate iron
concentrations exceed those of the adsorbent, here molar ratios with Cu close to unity are

found in many cases. Ratios in the literature are much lower, for instance 1.3 x 10-3

(Kinniburgh et al. 1976), 5 x 10-4 (Davis and Leckie 1978), 5 x 1002 to 5 x 10-4

(Benjamin and Leckie 1981b), 5 x 10-3 to 5 x 10-5 (Balistrieri and Murray 1982), 0.03
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(Millward and Moore 1982),'and 5 x 10-3 (Laxen 1985). Since the extent of metal
adsorption at a given pH changes among other things with concentration of iron
oxyhydroxides and adsorbent/adsorbate ratio, it is difficult to infer metal adsorption in

Britannia Creek using literature data.

In the absence of other removal niechanisms, molar ratios close to one as found with
Cu (Table 3.6) imply that on average there is one metal atom associated with every atom
of particulate iron, including those Fe atoms that are part of the bulk solid below the
surface. Even when considering that adsorbing metals may become part of the bulk
particle (surface precipitation model, Farley et al. 1985), these ratios seem too high to
explain Cu removal by adsorption onto iron oxyhydroxides alone. However, no literature
data on maximum adsorptive capacities of iron oxyhydroxides were found to prove or

disprove this.

Cu/Fe Cd/Fe Zn/Fe
mean 0.26 1.5x 105 0.019
range 0.0013-1.1 (1.8-6.7)x 10-5 0.0007 - 0.099

Table 3.6. Mean and range of molar particulate metal ratios in 13 surface transects across
the mixing zone of Britannia Creek.

As has become evident in the SEM study, aluminium-bearing particles, most likely
hydroxides, are also present, their concentrations generally ekceeding those of Fe by a
factor of two. Adsorption edges of Cu and Zn on Al and Fe oxyhydroxides under the
same experimental conditions are quite simiiar (Kinniburgh et al. 1976), as are intrinsic
surface complexation constants for amorphous Fe203 - H2O and yAl,03 (Davis and
Leckie 1978). Thus, it is conceivable that adsorption onto Al phases could contribute to
the removal of Cu, Cd and Zn. However, in mixing experiments the amount of Al
flocculated decreased rapidly with salinity above about 3%o, while at the same time the

amount of Cu, Cd and Zn flocculated increased (Figure 3.11). This behaviour was




126

observed with both filtered and unfiltered solutions, indicating that adsorption onto
flocculating or pre-formed Al-phases (clays, Al-precipitates from the creek) is not likely

to control the removal of Cu, Cd and Zn.
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Figure 3.11. Concentration of flocculated Fe, Al, Cu, Cd and Zn (in ug/L creek water) in
mixing experiments using filtered (top) and unfiltered (bottom) Britannia Creek water
and Howe Sound water. All concentrations are corrected for the amount of particulate
metal present in the end-members. The pH of each mixture is shown above the individual
symbols in the top panel. The values in brackets are inconsistent with the general trend,
however we have no evidence to dismiss them as erroneous.
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3.4.2. Precipitati

Since adsorptive reactions alone might not be capable of removing metals to the
extent observed, other mechanisms have to be considered. Cu, Cd and Zn all form
insoluble complexes with several of the major anions in natural waters, including
hydroxide, sulphate, carbonate and chloride. Whether or not these solids actually
precipitate under a given set of conditions cé.n be evaluated by calculating the ion activity
product (IAP) and comparing it with the standard equilibrium constant Kgg for dissolution
of the complex (Stumm and Morgan 1996). For the dissolution of a solid under standard

conditions according to

M(OH)_(s) —» M™ +nOH", | . (32)

the Gibbs free energy is given by

AG’ =-RTInK, (3.3)

with R = gas constant (8.31 J K-1 mol-1), T = temperature in K and

L) fouy

°7 {momn),}_ G4

() forr Y, = 1ap

oq

Likewise, an IAP,¢; for the actual measured ion activity can be defined. (In practice, as is
done here, the IAP is often calculated from dissolved concentrations, since the activity of
the free ions is not easily measured. This issue will be addressed later.) The overall free

energy is then given as:




AG = AG’ - AG,, = -RT[In(K;,) - In(IAP,. )| = RT[In(IAP,../K;,)]
= RT([SI]

(3.5)

where SI = saturation index. If SI = 0, the reaction is at equilibrium (AG = 0). In the case
of SI > 0, the actual ion activity product exceeds the solubility at equilibrium, and the
solution is supersaturated. Likewise, if SI < 0, dissolution should occur.

Table 3.7 gives the solubility of possible solids with Cu, Cd and Zn under conditions
typically encountered in the creek and in Britannia Bay surface waters. It is apparent that
precipitation is most likely to occur in the mixing zone or in seawater rather than in
Britannia Creek. Several Cu species are supersaturated, while precipitation is not
indicated for any of the Cd and Zn species. Whether Cu will precipitate and which
complex will form not only depends on thermodynamical, but also on kinetic properties.
Therefore, a species that is only slightly supersaturated can precipitate earlier than a
kinetically hindered species with a high SI. In the following paragraph;, only the
solubility of hydroxides will be considered, since it permits direct comparison between
Cu, Cd, Zn and Fe with respect to their tendency to form solid phases. It should be noted,
however, that the precipitate that actually forms may well be a Cu carbonate or sulphate
rather than a pure hydroxide.

In Figure 3.12, the solubility of the hydroxidesbof Cu, Cd, Zn and Fe is shown over a
range of pH and metal concentrations. There is clear evidence that Cu in field samples is
supersaturated with respect to Cu(OH); in the mid-range of the samples, corresponding to
intermediate salinities (progress of mixing). Cd and Zn in contrast appear to be
undersaturated throughout with respect to their solid hydroxide phases. This agrees with
the observation that Cu is more extensively removed than Zn, even though their dissolved

concentrations are similar. Fe is supersaturated with respect to Fe(OH)3 in all samples.

This is a necessary condition for its observed rapid removal in the mixing zone and serves
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as additional evidence for the presence of iron oxyhydroxide particles, which may be

involved in the adsorptive removal of other metals.

Creek | Mixing Bay Solid Species |log Ky SI SI SI Bay
Zone (20%0) : Creek | Mixing
(10%0) Zone
Cu 2x 105 |6x 106 |[2x 1077 | Cu(OH), -193 -14 | 0.1 0.2
Cu(CO3) 9.6 9.9 -8.1 <15
Cd 3x 108 [2x108 | 1x 109 | Cuy(OH)»,CO; -338 1.0 2.7 2.7
Cuz(OH)2(CO3)2 | -46.0 1.1 3.9 3.1
Zn 1x105 |5x 106 |3 x 107 | Cug(OH)6SO4 -68.6 -1.6 35 2.7
Cd(OH), -143 92 74 48
OH- |[1x108 |1x107 |6x107 |CdCO3), -13.7 8.6 64 -5.7
CO3% |4x108 |6x 107 {6x 10 | Zn(OH)2 -155 -55 38 35
SO42- |4x 104 |6x 103 |2x 102 | Zn(CO3), -10.0 5.8 <17 6.9
a- 2x 104 |0.1 03 Zny(OH)3Cl -268 | -109 -58 -54

Table 3.7. Calculation of saturation indices (SI) of likely solid phases in Britannia Creek,
its mixing zone, and in Britannia Bay. All concentrations are in mol/L. Metal values are
typical total dissolved concentrations in field samples. Anion concentrations were
obtained from field data (OH-), or estimated from data by Price et al. (1995, SO4% in
creek) and Livingstone (1963, other creek anions). Anion concentrations in Britannia Bay
and in the mixing zone were calculated from the average seawater composition at a
salinity of 35%o (Stumm and Morgan 1996), accounting for dilution with freshwater
containing 7 x 104 M CO32-, 3 x 104 M SO42- and 2 x 104 M CI- (Livingstone 1963).
K°o data are from Morel and Hering (1993). Saturation indices were calculated
according to Equation 3.5 from the respective concentrations.

The solubility lines in Figure 3.12 are calculated for ionic strength = 0. Activity
coefficients at 20%o salinity (I = 0.4) were estimated both by using the data of Whitfield
(1975) and the Davies equation. The decrease of the activity coefficieﬁts at higher ionic
strength leads to a small shift of the solubility lines towards higher pH in the area of

interest, corresponding to slightly higher solubility. However, most of the data points for
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concentrations. Redrawn after Stumm and Morgan (1996) using constants from Morel
and Hering (1993).




Cu still fall well within the zone of supersaturation. For Cd and Zn, the ionic strength
correction leads to even more pronounced undersaturation.

The calculations were all based on total dissolved (< 0.4 uym) concentrations,
neglecting colloidal contributions to the dissolved phase. In the case of Cd and Zn, taking
this into account would again increase undersaturation. With Cu, the computer code
MINTEQ.A2 was used with the data from the June mixing experiment to calculate the
concentration of dissolved Cu species at the point of equilibrium with respect to
precipitation of hydroxides. It was found that at equilibrium, only about 30% of the
measured dissolved Cu was present as truly dissolved species, while the remainder
precipitated and formed colloids. Although quite low, the dissolved inorganic Cu
concentration calculated in this manner agrees well with the labile Cu concentration as
measured in the same samples by a diffusive gel technique, as will be shown.in Chapter
4. This suggests that Cu may in fact be present to a large degree in colloidal fbrm,
consistent with the findings from the January mixing experiments (Section 3.3.1.3. and
33.14).

Coprecipitation of metals is known to be important in soil solutions (Bourg 1988) and
has been invoked as another possible removal mechanism in estuaries (Laxen 1985). The

most likely candidates for coprecipitation are Fe and Cu, since both are supersaturated

with respect to their hydroxides. However, the mixing experiments have shown

independent behavior of Cu and Fe with respect to flocculation; hence coprecipitation 1s

not likely a major contributor to the overall removal of these two metals .



3.4.3. Particle Effects

The mixing experiments demonstrated that more metal flocculated in the presence of
particles compared to when filtered end-members were used (Figure 3.3). This is
understandable when considering that adsorptive processes require the presence of
reactive surfaces. Surprisingly though, there was virtually no difference in the removal
efficiency of creek-derived and estuarine particles. These results are summarized in Table
3.8. The nature of the particles does not seem td influence removal efficiency, rafher the

issue is whether there are any particles present at all. This agrees with the findings of

Aston and Chester (1973), who reported that the rate and extent of iron flocculation was

strongly dependent on particle concentration. There are several ways by which
nonspecific particles could enhance metal removal:
1. by providing surfaces for the adsorption of FeEOOH and organic ligands, which in
turn complex metals;
2. by promoting aggregation of metal-bearing colloids by providing reactive surfaces
and increasing collision frequency; and/or
3. by acting as nucleation centres for supersaturated metals (for example Cu(OH)3). It
is known that precipitation of crystalline phases from saturated solutions is often
kinetically hindered in the absence of reactive surfaces (Stumm and Morgan 1996).
Although the mixing experiments do not allow us to distinguish between these
mechanisms, they can be used to explain the dependence of metal removal on the
presence of particles. The kinetics experiment showed that after initial rapid flocculation,
more Cu and Zn flocculated after a pén‘od of aging (Figure 3.4). This scéond stage could
be caused both by slow coagulation of colloidal particles or by the hindered kinetics of
crystal formation. Since the second stage was less pronounced with Fe than with Cu and
since the concentration of flocculated Cu exceeded that of Fe, the observed additional

flocculation of Cu does not appear to be the result of adsorption onto iron oxyhydroxides.
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Rather, Cu seems to be present as some colloidal phase which slowly forms larger
aggregates, or as truly dissolved metal in an supersaturated solution; in other words,
mechanisms 2) and 3) may be responsible for enhanced removal of Cu in the presence of
particles. In contrast, the additional flocculation of Zn is consistent with adsorption onto
iron oxyhydroxides or other particulate phases that formed ih situ. Since Zn is not
saturated with respect to its hydroxides, its additional removal in the presence of particles

is likely a result of mechanisms 1) and 2).

Collection date Experiment % Cu % Cd % In

floce. flocc. floce.

Jan. 1996 both end-members filtered 0.4 b.d. 0.08
June 1996 both end-members filtered 26 0.11 2.8
June 1996 creek water filtered 37 0.16 43
June 1996 seawater filtered ' 36 0.19 4.6
June 1996 both end-members unfiltered 44 0.29 5.8
June 1996 AMD filtered 20 0.05 1.0
June 1996 AMD/sewage filtered 51 =1 3.7

Table 3.8. Maximum amount of metal flocculated in mixing experiments, expressed as
percentage of the dissolved metal concentration in the freshwater end-member (Britannia
Creek, AMD or AMD/sewage mixture, respectively). Values were calculated according
to eqn. 2.5 (Chapter 2). b.d. = below detection (part. Cd < 0.002 ug/L). The percentages
given for the AMD/sewage mixture include metal flocculated upon mixing of the two
freshwater end-members before addition of saltwater. In this experiment, 1.2% of Cd
removal was observed during initial mixing of AMD and sewage. Upon mixing with
seawater, some release occurred, leading to an overall removal efficiency of 0.76%.
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3.4.4. Complexation by Organic Matter

An estimate of the extent of metal removal by flocculating organic matter can be
obtained from total particulate carbon (assumed to equal particulate organic carbon)
determinations in mixing experiments. Organic matter in the June experiment behaved
non-conservatively (Figure 3.13), and about 0.5 mg C/L was flocculated during mixing.
An upper limit on the metal-binding capacity of POM can be obtained by assuming that
POM consists of 50% C, that all particulate organic carbon is humic substances, that the
ratio between humic and fulvic acids is 1:9, that the average metal:ligand stoichiometry is
1:1 (all assumptions after Tessier et al. 1996), and that the equivalent weights (molar
weight per gram humic substance) of humic and fulvic acids are 15,000 and 1500,
respectively (Tipping 1994). Hence, the flocculated POC represents about 6 x 10-7 mol
binding sites per litre of creek water. For comparison, the concentration of Fe flocculated

was about 2 x 106 mol/L. The similar concentration of organic binding sites and particu-
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Figure 3.13. Concentration of total particulate carbon (TPC) in mixing experiments
performed in June 1996. Unfiltered Britannia Creek and Howe Sound water were used.




late Fe suggests that both adsorption onto iron oxyhydroxides and complexation by
flocculating organic matter may contribute to the removal of Cu, Cd and Zn. The lesser
tendency of Cd and Zn to bind with organic ligands relative to Cu (Sholkovitz 1978,
Buffle 1988) is in agreement with the small degree to which these metals are removed
from solution during mixing. '

The maximum adsorptive'capacity of goethite in freshwater may be around 30 mg
humics/g goethite (Tipping 1981), which by using the above assumptions translates to 3 x
10-3 mol organic binding sites per mol Fe. This is two orders of magnitude less than the
ratio of 0.3 obtained using the concentrations of POC and particulate Fé in the mixing
experiment. It would therefore appear that the removal of dissolved organic matter during
mixipg must be additionally governed by processes other than adsorption onto iron
oxyhydroxides. Preston and Riley (1982) have shown that while Al-hydroxides are not
effective scavenging surfaces for organic matter, DOM is removed from solution at high
sélinity via adsorption onto clays. Given the dependence of silt concentrations in Howe
Sound surface waters on Squamish River discharge, the flocculation of DOM and with
that its contribution to metal removal may be strongly seasonally controlled.

The mixing experiments do not allow assessment of the relative contributions of
organic matter and iron oxyhydroxides to the removal of Cu, Cd and Zn. In addition, the
processes at the iron hydroxide surface, and possibly at other surfaces as well, are very
complex. Ali and Dzombak (1996) found that the formation of ternary complexes
between iron hydroxide, Cu and organic ligands was not only dependent on pH and the
concentration of FeEOOH, Cu and ligands, but that in the presence of sulphate they were
additionally controlled by competition with FeOOH-SO4-Cu complexes. The
inhomogeneity of humic substances and the multitude of interacﬁon§ (binary and ternary
complexes of various kinds) obviate the precise evaluation of metal association with

humics, iron hydroxides and other particulate matter at the present time.
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3.4.5. Effect of Sewage

Under a permit issued by the provincial ministry of environment, sewage from the
Britannia Beach community is discharged into the marine outfall that carries acid mine
drainage from the 4100 portal to Howe Sound. The rationale for doing this was that the
low pH of the acid mine drainage might help to precipitate organics, while the high DOM
load in sewage would promote metal flocculation.

Field studies in the estuary of a river carrying sewage have in fact shown removal of
Fe and Cu, but little removal of Zn (Feely et al. 1983, Paulson et al. 1984). Although Cu
may be present to a large degree in colloidal association with organic matter from sewage
and thus be subject to removal via aggregation, the mixing experiments of Feely et al.
(1983) using the same river water suggest that Cu removal in the presence of sewage is
less substantial than anticipated. However, the situation at Britannia differs from the
scenario described by Feely et al. (1983) in that there is a strong pH gradient in addition
to the salinity gradient, and‘the effects of both parameters need to be investigated. -

The mixing experiments show dramatically enhanced removal of Cu, Cd and Zn
(Figure 3.6, Table 3.8) in the presence of sewage. Based on the very different pH regimes
between the experiment with and without sewage (Figure 3.6), it was argued earlier that
the increased removal efficiency might be brought about by the buffering capacity of the
sewage rather than by its organic load. This seems to hold true for Cu, which in most
instances is undersaturated with respect to Cu(OH)2 in the absence of sewage (Figure
3.14 a). The one mixture that is supersaturated corresponds to the sample at S = 6.6%o0
(Fig. 3.6), which exhibits extensive Cu removal. In the presence of sewage, Cu is
supersaturated throughout, consistent with the extensive removal observed. In contrast,
Cd and Zn remain undersaturated with respect to their hydroxides despite their high
~ concentrations in AMD, even in the presence of sewage (Figure 3.14 b, c). Fe is

supersaturated in all samples (Figure 3.14 d). The high buffering capacity of sewage
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results in extensive precipitation of Fe at low salinity as confirmed by particulate Fe
determinations and may indirectly control the removal of Cd and Zn via adsorption onto
iron oxyhydroxides.

Apart from increasing the pH, the dissolved organic matter in sewage could also
affect metal removal by complexation, adsorption and flocculation. In this experiment,
2.8 mg TPC flocculated per litre AMD/sewage mixture, a relatively small increase
compared to the 0.5 mg in creek mixing experiments. The difficulties experienced upon
filtration of the raw sewage sample lead us to believe that most of the organic matter is
present as finely dispersed particles of close to 0.4 pm diameter, and that much more
flocculation would be observed were these particles to be left in the sample before
mixing. If it is assumed that the organic ligands in sewage are similar to humic
substances, the TPC flocculated translates to 3.4 x 10-6 mol 1igands/L (see Seétion 3.4.4),
which compares to a flocculated Fe concentration of 4.0 x 10-6 mol/L. The similar
concentration of organic binding sites and particulate Fe suggests that organic matter
plays a more important role in the removal of metals than in Britannia Creek, where
particulate Fe exceeded organic ligand concentrations. The corresponding concentrations
of flocculated Cu, Cd and Zn are 4.2 x 105, 2.8 x 10 and 5.9 x 106 mol per litre
AMD/sewage mixture, respectively. The concentrations of iron oxyhydroxides and
organic ligands are too small to entirely account for the removal of Cu, and precipitation
of solid phases is likely a controlling mechanism for this metal. With Cd and Zn, for
which precipitation is not thought to be important, organic ligands are likely to contribute
substantially to their removal. The high conéentration of organic ligands and the absence
of large amounts of silt in sewage suggest that organic matter is not only removed from
solution via adsorption onto iron oxyhydroxides, but also via”aggrc'gation of colloidal

organic particles.
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3.5, Conclusions

The results presented have shown that the removal of Cu in the mixing zone of
Britannia Creek may be controlled to a large extent by the precipitation of hydroxides,
hydroxy-carbonates and hydroxy-sulphates, while Cd and Zn, which show less removal,
are governed by adsorptive processes and complexation by organics. The lesser removal of
Cd compared to Zn agrees with its lower tendency to adsorb onto Fe hydroxides (Benjamin
and Leckie 1981a, Balistrieri and Murray 1982, Buffle 1988) and clays (Bourg 1988),
which may be a result of competition with Mg for surface binding sites (Balistrieri and
Murray 1982). While the amount of Cu, Cd and Zn removed during mixing varied
seasonally (Chapter 2), the efficiency of the process appears to be constant, as is evident

from a linear correlation between the maximum amount flocculated in any month and the

dissolved metal concentration in the creek (Figure 3.15). The relationship is tighter for Cu |

than for Zn and Cd, which is understandable given the small proportions of the lattexf two
metals that actually flocculate. Still, the correlation is remarkable given the seasonal
fluctuation of critical parameters such as pH, salinity, suspendcd solids content and nature
of the solids. Ultimately, the covariation between these parameters may be a result of their
dependence on the acid mine drainage input. For example, during periods of high Cu
concentrations in the creek, pH tends to be lower and particulate Fe and Al higher. Both
effects result in increased removal of Cu, Cd and Zn and compensate to some extent for the
increased metal load. It must be noted that only the removal efficiency is constant, not the
amount delivered to the estuary, so that the load discharged to Howe Sound still depends
on the amount of acid mine drainage generated, as discussed in the previous chapter.

In contrast to the findings of Johnson and Thornton (1987) and Karlsson et al. (1987)
in streams receiving acid mine drainage, the removal of Cu both in Britannia Creek and in

its mixing zone is not primarily controlled by adsorption onto iron oxyhydroxides. This
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Figure 3.15. Removal efficiency calculated from field transects versus dissolved metal
concentrations in Britannia Creek. Efficiency is expressed as the maximum amount of metal
flocculated upon mixing of 1 L Britannia Creek water with seawater, and was calculated
according to equation 2.5 (Chapter 2). The linear regression does not include the samples
from the mixing experiments (solid squares). Note that the lower value of them represents
the January 1996 experiment with filtered end-members, while in the June 1996 experiment
(higher value) unfiltered end-members were used. April 1994 data were excluded.
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seems to arise from the low iron content of AMD relative to Cu, so that even when
accounting for adsorption by iron oxyhydroxides, dissolved Cu concentrations remain
high. In fact, they appear high enough to cause the precipitation of Cu-hydroxides even
within the freshwater system. Johnson and Thornton (1987) found that at their study site, a
stream receiving AMD, Cu was undersaturated with respect to hydroxides at all times. The
situation encountered at Britannia may not rebresent a typical mine setting, since one would
expect an excess of Fe over Cu, but it does show that under certain circumstances chemical
precipitation can be just as important for metal removal as adsorptive processés or
complexation by organic matter.

The mixing experiments have demonstrated that filterable Fe and Cu are present to a
large degree as colloids rather than in true solution, as suggested by earlier work
(Sholkovitz and Copland 1981, Hunter 1983, Honeyman and Santschi 1989) and
confirmed in recent field studies (Martin et al . 1995, Dai and Martin 1995, Hill and Aplin
1996, Muller 1996, Safiudo-Wilhelmy et al. 1996). This has implications for sampling as
well as interpretation of data. Clearly, the operational cutoff between dissolved and
particulate phases at a particle diameter of 0.4 pm has no mechanistic justification.
However, due to the lack of rapid size-discrimination procedures suited for field use, this
cutoff will continue to be applied widely. In order to minimize artefacts arising from the
slow aggregation of colloidal material, it is advisable tb filter and preserve samples as
quickly as possible. Colloidal contributions to the measured "dissolved" phase must also be
borne in mind when interpreting data, in order to prevent drawing erroneous conclusions.
For example, the calculation of oceanic metal residence times is often based on dissolved
concentrations in rivers, and thus may not take into account the flocculation of colloidal
metals in estuaries (Safiudo-Wilhelmy et al. 1996).

Metal removal in mixtures of acid mine drainage and seawater gave no indication that
different processes might be at work than those observed in the mixing of Britannia Creek

water. However, addition of sewage resulted in enhanced metal flocculation due to the

143




buffering capacity of the sewage and the presence of organic substances. These may not
only act as complexing agents, but they could also modify the adsorptive and coagulative
properties of particles. Given thé enhanced removal observed in the presence of particles in
Britannia Creek mixing experiments, removal efficiency might even be higher if unfiltered
samples had been used. The results suggest that adding sewage to AMD before discharge
to the estuary may be a simple and effective way of reducing the dissolved metal load to
Howe Sound. The mixing ratio of 1:1 sewage/AMD used in this experiment is high relative
to what can be expected in the field and was chosen such thap an effect of the sewage could
t;c clearly demonstrated. Additionally, at Britannia sewage is pumped into the AMD outfall
for only a few minutes at a time, at irregular intervals spaced about 15 minutes to several
hours depending on water consumption. The effect of sewage on metal removal thus may
be not nearly as large as suggested by the experiments. Instead, the benefit of discharging
sewage together with AMD may lie in increased complexation of Cu and other metals,
which may reduce their bioavailability and hence their pétential toxic effects on aquatic
organisms.

This chapter has focused on the changes in metal partitioning between dissolved and
particulate phases in the mixing zone of Britannia Creek. The gradients in pH, salinity and
major ion concentrations between fresh- and saltwater additionally influence the speciation
of dissolved metals. Both processes have important toxicological and eqological
implications. Changes in metal partitioning detérmine the amount of metal that remains in
the dissoived phase as well as the amount that is ultimately transferred to the sédiment.
While high dissolved metal concentrations in surface waters may affect fish and planktonic
organisms, elevated amounts of suspended particulate metals may be harmful to filter
feeders, and high sedimentary concentrations can have adverse effects on benthos.
Changes in dissolved metal speciation may alter the toxicity of metals to marine organisms,
in particular phytoplankton, for which it has been shown that it is the activity of the free

ion, rather than the total concentration, which determines metal toxicity (for a critical

144




appraisal of the issue see Campbell 1995). The next chapter will address some of these

issues and link observed effects of elevated metal concentrations to speciation -

measurements and calculations.
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CHAPTER 4

RESPONSE OF A
NATURAL ASSEMBLAGE OF PHYTOLANKTON
TO ELEVATED METAL CONCENTRATIONS
FROM ACID MINE DRAINAGE
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4.1. Introduction

In previous chapters it has been shown that the effluent from Britannia Mine can
disperse in Howe Sound surface waters over large distances. Removal mechanisms in the
mixing zone reduce some of the dissolved Cu load, but do not greatly affect Zn and Cd. A
number of investigations on potentially harmful effects of mine effluents on marine
organisms have been carried out, but unfortunately only a fraction of them are available
in the open literature. Field studies in Howe Sound (summarized in Table 4.1)
demonstrate that filter feeders, benthic organisms and seaweeds have been affected by
mine effluent in surface waters or by submerged tailings. Although the effects are most
pronounced in the immediate vicinity of the mine, they also propagate down the estuary
as shown by elevated metal concentrations in mussels. Bioassay resﬁlts (Tablé 4.2) show
that Cu levels in the hundreds of ug/L range can be acutely toxic to a wide variety of
organisms under the test conditions used. In the present study, mean dissolved Cu
concentrations at Station B in Britannia Bay were 23 pg/L, with maxima as high as 232
ug/L, suggesting that detrimental effects to juvenile salmonids and mussels are possible.

At least three reasons justify an investigation of the potential effects of AMD on
phytoplankton in the Britannia Bay area. First, high metal concentrations in surface
waters are likely to occur in spring and early summer and may interfere with spring
phytoplankton blooms. The timing and magnitude of the blooms determines to a large
extent the food supply for heterotrophic organisms such as zooplankton, crustaceans and
fish. Second, the effects of metals on phytoplankton may be masked by low light levels
caused by the high suspended silt load in Howe Sound surface waters. While it is not
possible to isolate these effects from the available field observations by Stockner et al.
(1977), the issue can be addressed by performing laboratory experiments. Third,

phytoplankton may be able to adapt to higher metal levels, as observed in CEPEX
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Field Observations

Organism Observed effect Comments Year of Ref.
study
Edible mussel | whole body tissue: Cu no similar effects 1975 1
mussel (Mytilus | content> 8 x higher than in | observed with Zn
edulis) lower Howe Sound -
gills: Cu content > 32 x Zn slightly elevated | 1977 2
higher than in lower Howe
Sound. Viscera: > 50 x
Oyster whole body tissue: Cu no similar effects 1975 11
(Crassostrea content> 1.8 x higher than | observed with Zn
gigas) in lower Howe Sound
Dungeness crab | whole body tissue: no 1977 3
(Cancer elevated Cu or Zn content
magister) observed
Fish and shrimp | very rare both in otter likely induced by trawls: 1,4
trawls and in submersible | low bottom water 1976/7,
observations oxygen 1982
dive: 1984
Benthic reduced in diversity and 1986 5
community numbers off Britannia
Common entirely absent on 3 km of 1990(?) |6
rockweed coastline around Britannia,
(Fucus elevated Cu and Zn content
gardneri) in adjacent areas
Phytoplankton | low productivity in upper | likely due to light 1974, 1975 {7
basin scattering by silt

Table 4.1. Results of field studies related to effects of AMD discharges to Howe Sound
on marine organisms. References cited are: (1) Goyette and Ferguson (1985), (2) Stump
et al. (1979), (3) Harbo and Birtwell (1983), (4) Levings (1980), (S) Ellis and Hoover
(1990), (6) Dunn et al. (1992), (7) Stockner et al. (1977). Note that the mine closed in

1974.
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Bioassays
Organism Duration | Cugiss. [mg/L] | Observed effect | Water type
Edible mussel 15days =~ |0.099 30% mortality, Britannia Creek
(Mytilus edulis) byssal thread diluted
reduction
15 days 0.163 50% mortality, | AMD diluted
byssal thread
reduction
Stickleback 96 hours 1.32% LCso AMD diluted
(Gasterosteus ' '
aculeatus)
Rainbow trout 96 hours | 0.08 and 0.05 | 100 % mortality | Britannia Creek
(Salmo gairdneri) at townsite
96 hours 0.03 and 0.05 | no lethal effects - | Britannia Creek
at mouth
Chum salmon 96 hours 1.29% LCso AMD diluted
(Onchorhynchus
keta)
Chum salmon (O. 96 hours 0.24 100% mortality | AMD diluted
keta) frys
25 days 0.25-0.26 30-40% AMD diluted
mortality
Chinook salmon (O. 0.26 increased Cu AMD diluted
Ishawitscha) contents in guts
Coho salmon (O. 30 days 0.013 no mortalities, no | AMD diluted
kisutch) smolts increased
metallothionein
in liver
Daphnia 96 hours 0.03 ECso Britannia Creek
at townsite
96 hours 0.01 ECsp Britannia Creek
at mouth

Table 4.2. (continued

next page)
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Organism Duration | Cugjss, [mg/L] Observed effect | Water type

Amphipod 96 hours 0.075* no lethal effects | AMD diluted
(Anisogammarus ’ '
conferviculus)

Brine shrimp 96 hours 0.74* LCsg AMD diluted
(Artemia salina) -

Phosphobacterium | 15 min. 0.52% ECsp AMD diluted
(Phosphobacterium
phosphoreum)

Table 4.2. Results of laboratory experiments related to effects of AMD on marine and
freshwater organisms. Copper concentrations marked with an asterisk (*) are estimated.
Zn concentrations are frequently unknown and have not been included. AMD was
generally diluted with seawater to a salinity of 19%o or more. The creek samples at the
townsite and at the mouth had a salinity of less than 9%o in the Daphnia experiment; for
the trout experiment salinity is unknown. LCs0 denotes the concentration that causes
mortality in S0% of the organisms. ECsg is a corresponding measure in cases where
toxicity is not determined via lethality (e.g. for phosphobactenia it refers to the effective
concentration that causes a 50% decrease in light emission). References: Moore (1985)
and van Aggelen and Moore (1986). Mussel data are from Lis (1994).

experiments (Harrison et al. 1977), thus phytoplankton in Howe Sound may be less
susceptible to high metal concentrations than their counterparts in more pristine estuaries.

Cu and Zn are required micronutrients for phytoplankton and perform essential
metabolic functions (Sunda 1994). However, at higher concentrations Cu and Zn may
become toxic, as does Cd, which is not thought to be an essential element for
phytoplankton. There may be numerous ways for a metal to exert a toxic effect, but
experimental evidence suggests that often competition for transport ligands on the cell
surface may be involved. For example, the toxicity of Cd to the diatom Thalassiosira
weissflogii is believed to be the result of reduced Fe uptake due to competition of Cd with
Fe for the same surface ligands (Foster and Morel 1982). Antagonistic effects between
metals have been observed, such as for Si uptake in Thalassiosira pseudonana (Rueter

and Morel 1981), where the toxicity of Cu (believed to inhibit Si uptake) is alleviated in
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the presence of Zn, presumably again due to competition for a common binding site. The
toxicity of acid mine drainage may thus not correspond to the sum of the toxic effects of
each metal. In an experiment similar to the one described here, Thomas et al. (1980)
determined that in a mixture of ten metals, observed toxic effects could be attributed to
the presence of Cu and Hg, while other metals such as Cd and Zn present at the same
concentrations did not cause a toxic response.

It is well established that the toxicity of most metals depends on the activity of the
free ion rather than on the total concentration (Morel and Morel-Laurens 1983, Campbell
1995). Since the free ion activity is usually not an experimentally accessible parameter in
salt water, indirect ways of determining it have been developed. The most successful is
probably anodic stripping voltammetry (ASV) combined with chemical speciation
calculations. Using this elegant method, Bruland (1989) and Coale and Bruland (1988)
were able to demonstrate that in open ocean surface waters, dissolved Zn and Cu are over
98% complexed with strong organic ligands and that the free metal activity is orders of
magnitude smaller than was previously thought. The use of ASV in polluted coastal areas
has not met with as much success, since the electrode suffers from interferences in the
presence of high concentrations of Cu or Cd (van den Berg 1981, Wise et al .1983, Obiols
et al. 1988). A new method developed by Davison and Zhang (1994), which operates on
the basis of diffusion of labile metals through a permeable gel, is more suitable to the
estuarine environment, since it is insensitive to salinity differences and capable of
detecting a series of metals over a large range of concentrations simultaneously. With this
method, the speciation of Cu in the mixing zone of Britannia Creek was studied.
Numerical calculations using the program MINTEQ.A2 were compared with the
measured speciation and were used to infer the free cupric ion activity in bioassays in
which a natural assemblage of phytoplankton was exposed to acid mine drainage.

Not only do metals exert an effect on phytoplankton by acting as nutrients or toxic

agents, but there is also a reciprocal effect of phytoplankton on metals (Sunda 1994).
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Scavenging of metals onto biogenic particulate matter and incorporation into
phytoplankton cells are considered important mechanisms in the vertical transport of
metals in the oceans (Collier and Edmond 1984) and can alter the partitioning of metals
between the dissolved and particul.ate phase. In addition, phytoplankton are known to
actively and passively release organic complexing agents, which results in a change in the
speciation of dissolved metals (Sunda 1994). The experiment described here presented an
opportunity to estimate the involvement of ‘such processes in metal cycling in Howe

Sound.
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4,2. Methods
4.2.1, Bioassay

A natural assemblage of phytoplankton was collected as a 20 L sample of Howe
Sound water at a depth of 2 m off Porteau Cove (49°33.70" N, 123°15.28" W) on March
13, 1996. Salinity and pH of the sample were 20%0 and 7.8, respectively. Bloom
conditions were evident from the brown appearance of the water and high turbidity
(Secchi disk depth 2 m). The sample was kept dark and brought back to the laboratory,
where it was filtered through 200 pm mesh to remove larger grazers. Phosphate (1.98 uM
as NaHPQ,), silicate (49.8 uM as Na3SiO3 - 9H70) and nitrate (52.3 uM as NaNO3)
were added. The sample was divided into four subsamples, whefeby one served as a
control, while the other three received acid mine drainage from the 4100-portal in a ratio
of 1:200, 1:1000, 1:4000 (in the following, the corresponding cultures will be referred to
as high, medium and low, respectively). The ratios were chosen to yield Cu
concentrations representative of the background, intermediate and extreme levels
observed in Britannia Bay (Figu?e 4.1). Salinity and pH decreases caused by addition of
AMD were not measured, but can be calculated to not have exceeded 0.1%o0 and 0.1 pH
units. The subsamples were further split into 1 L aliquots contained in clear acid-cleaned
polypropylene Eflenmeyer flasks. The culture vessels were capped tightly to prevent
metal contamination by airborne particles and placed in a circulating bath at 10°C. The
cultures were continuously supplied with air from which particles had been removed by
passing it through a gas-wash bottle filled with DDW. The air was pumped into the
vessels by means of acid-cleaned Teflon tubing connected to a small aquarium pump. A
second piece of Teflon tubing stoppered with autoclaved glass wool served to equalize

the pressure. The cultures were kept under a 12:12 dark:light cycle at 350 pmol photons

m-2 s-1, In addition to being constantly agitated by the air bubbles, the cultures were
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shaken three to four times a day. Chlorophyll a and in vivo fluorescence readings were

taken daily. On day 1, 3 and 14, additional samples were collected for nutrients, species |

composition, dissolved and particulate metals, and particulate carbon and nitrogen.

o Station A
e Station B

70
3 e
3 232 101
604
§ so—T ......................... T ........................................
S 403
§ 304 °
© 3 o [ ]
3 204 LJ
o 1 o E ............ R...............S..E ............................................ a.
C DU Y. I 0.0 -geee- LS S S
ol 8 3 L o%ga &2 a a
.l .l 1 I | I |°] . . . . -
2 8 8§ sy 228 g >0 ¢
2882228332882 8 8§
1993 1994 1995

Figure 4.1. Dissolved surface Cu concentrations at Station A and Station B during the
period from November 1993 through January 1995. Dashed lines represent initial
dissolved Cu concentrations in different phytoplankton culture media made from Howe
Sound water to which acid mine drainage had been added. The chosen metal levels
simulate background, elevated and extreme metal concentrations in Britannia Bay. The
two off-scale values refer to Station B.

Chlorophyll a2 measurements followed the protocol described in Chapter 2. Nutrient
analyses were done spectrophotometrically after Parsons et al (1989). Species counts on
samples preserved by addition of a few drops of Lugol's solution were performed by
Rowan Haigh on an inverted microscope (Utermohl 1958). Dissolved metals were

determined by direct injection GFAAS. Particulate metals retained upon 0.4 pm filtration

were microwave digested and measured by ICP-MS and GFAAS as described in Chapter

2. Particulate C and N were determined using a CN-analyzer as discussed in Chapter 3.
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4.2.2. Speciation

4.2.2.1. Measurement

Change in labile Cu concentration across the mixing zone was determined in a mixing
experiment similar to those described in Chapter 3 using a gel diffusion technique
developed by Davison and Zhang (1994). Unfiltered Britannia Creek and Howe Sound
water samples were mixed to give 2 L aliquots spanning a range of salinities. A gel
assembly was suspended in each mixfure for a predetermined lengtﬁ of time, as given in
Table 4.3. Exposure times were chosen to yield Cu concentrations in the resin layer well
above the blanks, but below saturation of the resin. The mixtures were continuously
stirred using a magnetic stirrer to ensure homogeneity of the solutioh and to rhinimize the
thickness of the diffusive boundary layer over the gel. The gel-holder unit was then
removed, transferred to a class-100 clean room, rinsed with DDW and taken apart. The
resin layer was transferred to an acid-cleaned, weighed Teflon beaker, and any water
drops on the resin layer were removed by means of a pipette. Thé resin was immersed in
a known amount (normally about 4 ml) of 2 M environmental grade nitric acid -
(Anachemia, Vancouver, B.C.) and left to equilibrate for at least two hours. The
concentration of Cu in the acid solution was then converted into labile Cu concentrations
in the original sample using a calibration curve. This curve was obtained by exposing

holders, loaded with gels from the same batch as the one used in the mixing experiments,

Sample 4.1 |42 (4311432 (44 |45 (461 |4.62 |47 |48
Exposure [min.] 31 36 |41 |41 |57 |89 114 117 192 [407
Cugiss. [pg/L] 1530 | 1430 | 1280 | 1220|970 |730 |480 |490 |160 |2.7

Table 4.3. Exposure times of gel assemblies to mixtures of Britannia Creek water and
Howe Sound water, and corresponding concentrations of dissolved Cu.




to solutions of known Cu concentration for different amounts of time. The Cu solutions
were made from standard stock solutions in DDW, buffered to a pH of about 6.5 by
addition of ammonium acetate, and were verified for their Cu content by ICP-MS. Given
the composition of these calibration solutions and the fact that the Cu concentration was
always below the saturation concentration for solid Cu hydroxides, it is reasonable to
assume Cugiss. = Culabile in the calibration experiment. A linear relationship between
exposure time (At) and the ratio of measured metal content of the resin (M) to the labile

Cu concentration ([Cu]iap.,, measured as [Culgiss) was obtained:
M{/[Culiap. =-2.9 + 0.0024 x At R2=0.99 @4.1)

This relationship was used to calculate labile metal concentrations in the mixing

experiments from the measured M; and exposure time. Labile metal can also be

calculate_d via:
M],, = IZI; BA-f\- (Davison and Zhang, 1994) (4.2)

where [M],,, = concentration of labile metal [pug/L]

M = mass of metal in resin eluent [ng]

r

Ag = thickness of gel [cm]

At = time of exposure [s]
D = diffusion coefficient [cm2 s-1]
A = exposed surface area of gel [cm?]

The advantage of using a calibration curve is that it inherently accounts for experimental

variables such as temperature-dependence of the diffusion coefficient, incomplete

recovery of metals from the resin (Zhang and Davison (1995) correct for this by using an
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experimentally derived correction factor), equilibration times between gel and
surrounding solution, effect of filter membrane, thickness of the diffusive boundary layer

and others.

4.2.2.2. Preparation of Gels

Preparation of gels followed the method described in Davison et al. (1994), with some
modifications. For gels, 7.5 mL 1.5 M Tris (tris(hydroxylmethyl)aminomethane), 10.2
mL 40% acrylamide/BIS (a solution containing acrylamide and the crosslinker N,N'-
methylene-bis-acrylamide in a ratio of 37.5:1) and 10.7 mL. DDW were mixed in a
beaker. 300 uL. 10% sodium dodecylsulphate, 150 uL 10% ammoniumpersﬁlphate
(initiator) and 15 uL. TEMED (N,N,N',N'-tetramethylethylenedia’mine, catalyst) were
added and the solution was well stirred (all reagents were purchased from BioRad
Laboratories Inc., Mississauga, ON). The gel was then cast between glass plates separated
by 0.508 mm thick spacers in a Protean II xi multi-gel casting chamber (BioRad). After
the gel had set, it was gently removed from the plates, soaked in 1 M environmental
grade HNO;3 for about two hours, rinsed with copious amounts of DDW and stored in
fresh DDW until use.

The resin layers were prepared in an analogous fasﬁion. Chelex-100 (100 - 200 mesh,
BioRad) was batch-cleaned using several rinses of 2 M HNO3, The efficiency of cleaning |
was monitored by GFAAS-analysis of Zn in the wash solution. The pH of the resin was
then adjusted to 6.5 using ultrapure ammonia and ammonium acetate buffer (Seastar
Chemicals, Sidney B.C.), and the resin again rinsed several times with distilled water. A
gel solution was prepared as above, and about an equal volume of Chelex was added. The

suspension was then transferred to the casting stand by means of a pipette with a slightly




cut-off tip. Although Davison and Zhang (1994) recommend making the resin layer the
thickness of one Chelex bead, in this work resins were cast to 0.38 mm thickness kabout
three bead diameters). When using thinner spacers, gravitational settling of the Chelex
beads was inhibited by friction with the glass casting plates, and the resulting resin gels
were very fragile and difficult to handle. After casting,. the resin gels were kept in DDW
until use. |
Custom-made holders were used for deployment of the gels. They consisted of a

round acrylic backing plate with an O-ring groove (Figure 4.2). Using a plastic cookie

cutter, circles were cut of the resin and gel sheets and placed onto the backing plate. An

acid-cleaned cellulose acetate membrane (nominal pore size 0.4 ym) was added on top of
the gel layer to prevent fouling of the gel by adhering particles upon deployment. Another
acrylic plate was laid on top and fastened to the backing plate by plastic bolts. A round

window of 3 cm diameter in the front plate allowed the gel to be exposed to the solution.

Ie 6.5 cm >|
o
o

a3
[»)
f@ / Face plate with window and screw holes

Cellulose acetate membrane

Gel layer

- Resin layer
), Bottom plate with O-ring groove

Figure 4.2. Exploded view of gel holder assembly.
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4.3. Results
4.3.1, Bioassay

The results of the incubation experiments are summarized in Figure 4.3. The control
culture, to which only nutrients, but no acid mine drainage had been added, behaved in a
manner typically observed in this kind of experiment. After a short period of adjustment,
the cells grew exponentially, shown by a rapid increase in fluorescence and chlorophyll a.
Eventually, growth leveled off due to nutrient limitation. At this stage, the availability of
nutrients is governed by the remineralization rate of organic matter. The cultures to which
AMD had been added at low and medium concentrations essentially followed the same
pattern, although with some important differences: their lag phase was longer, and the
maximum amount of chlorophyll a produced was smaller. The differences are significant
and appear to be directly related to the concentration of acid mine drainage. The culture
exposed to high levels of AMD failed to grow at all initially, and only started to recover
after eight days. Chlorophyll a and fluorescence at the end of the experiment (day 15)
were comparable to the levels found in the other cultures. Low levels of nutrients were
found in all cultures as they reached senescence, as measured on day 4 with the control,
low and medium cultures, and on day 15 With the high culture: nitrate, silicate and
phosphate were < 0.5, < 2.3 and < 0.1 puM, respectively. This compares to initial

concentrations (after enrichment) of 66.5, 52.7 and 3.4 UM, respectively.
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Figure 4.3. In vivo fluorescence (top) and chlorophyll a (bottom) in cultures of a natural
assemblage of phytoplankton collected in Howe Sound on March 13, 1996. "Low",
"Medium” and "High" refer to the concentration of metals from AMD, which was added
in a ratio of 1/4000, 1/1000 and 1/200, respectively. The corresponding dissolved Cu
concentrations at the beginning of the experiment were 6.4, 15 and 55 pg/L, respectively,

while in the control it was 5.6 ug/L. Error bars are one standard deviation of three

replicate cultures.
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Figure 4.4. Change in species composition of cultures of a natural assemblage of
phytoplankton collected in Howe Sound on March 13, 1996. "Low", "Medium" and
"High" represent cultures to which AMD had been added (refer to Figure 4.2 for details).
Counts were done on the first of each triplicate culture, and with all three replicate
cultures with the control on day 4. The error bar in this case represents one standard
deviation. Skeletonema were entirely S. costatum. Thalassiosira species were dominated
by T. nordenskioldii and aestivalis, while Chaetoceros species observed were mostly C.
similis and debilis. Other species enumerated included Pseudo-nitzschia delicatissima,
Cylindrotheca closterium, and Chaetoceros compressus and diadema. Species other than
diatoms were marginal or entirely absent. 32 species were counted at the beginning of the
experiment, while only six were present on day 15 in the high-AMD culture.

In all cultures, species composition changed during the experiment. The plankton
assemblage was initially dominated by Skeletonema costatum and Thalassiosira spp., and
this imbalance shifted towards even more Skeletonema as the experiment progressed
(Figure 4.4). In all cultures, species diversity decreased over time, and fewer species were

observed at higher AMD concentrations. Visual observations on day 4 showed that cells

in the medium and high treatments were smaller and formed shorter chains than did the
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controls, which may indicate that the former were severely stressed. Since nutrient levels
were equally low in the control and the medium treatment, it is likely that the stress factor
is the high metal concentration rather than lack of nutrients. Cell numbers in all cultures
increased until early senescence and remained high afterwards. The highest cell
concentrations were found in the medium treatment on day 4 and in the high treatment on
day 15 (Table 4.4). At this stage, the cells were growing under nutrient limitation, which
may explain the high C/N ratios.

Dissolved and particulate metal concentrations in the cultures (Figure 4.5) did not
change dramatically over the course of the expeﬁment. Interestingly, metal
concentrations in the low-AMD culture were only slightly higher than in the control, yet a
pronounced difference in the growth of the two treatments was observed, which may be
due to differences in dissolved metal speciation. Particulate metal concentrations (Figure
4.5) were generally highest around the time of the bloom (day 4 for control, low and
medium, day 15 for high), suggesting a biological control on metal partitioning via

uptake by phytoplankton or adsorption onto dead and/or living cells. In the control and

Control Low Medium High
cells/L 62.5x 106 125 x 106 239 x 106 234 x 100
chla(ugL] | 21823 140 + 12 70+73 43 £26
C [mg C/L} 6.6+ 0.4 54+20 54+12 6.3
N [mg N/L] 0.79 + 0.03 0.56 + 0.22 0.66 +0.11 0.43
CIN 9.7 11.3 9.7 16.9

Table 4.4. Cell numbers, chlorophyll a, particulate carbon and nitrogen, and C/N ratios in
cell cultures around the time of their respective blooms (day 4 for control, low and
medium, day 15 for high). Errors represent one standard deviation where available. The
expected C/N ratio for phytoplankton (Richards-Redfield ratio) is 6.6. "Low", "Medium"
and "High" refer to the concentration of metals from AMD, which was added in a ratio of
1/400, 1/1000 and 1/200, respectively. The corresponding dissolved Cu concentrations at

~ the begmmng of the experiment were 6.4, 15 and 55 ug/L, respectlvely while in the

control 1t was 5.6 ug/L.
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the low-AMD treatment, the mean percentage of total Cu present in particulate form was
24%, almost the same as the mean found in surface samples at Station A in Howe Sound .
If biological scavenging is-in fact involved in metal partitioning, then higher
particulate/dissolved metal ratios are expected in cultures, since cell densities in
laboratory cultures are usually higher than in the field. The comparable partitioning of Cu
in cultures and in Howe Sound indicates that the increase in particulate Cu around the
time of the bloom cannot be unambiguously attributed to biological uptake or scavenging.
In contrast, particulate Zn made up 70% and 90% of total Zn on day 4 in the control and
low treatments, respectively, much more than the maximum field value of 38%.
Similarly, particulate Cd accounted for 30 and 16% of total Cd in the control and low
addition cultures, respectively, which compares to field values generally below 5%. Thus,
biological scavenging plays an important role in Cd and Zn pﬁrtitioning in these
experiments at low metal concentrations. No field data are available for the case of high
metal concentration at high salinity as represented in the cultures with medium and high
additions of acid mine drainage, hence the importance of biological scavenging under

these conditions cannot be assessed.
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Figure 4.5. Particulate and dissolved concentrations of Cu (top), Cd (center) and Zn
(bottom) in culture solutions. "Low", "Medium" and "High" refer to the concentration of
metals from AMD, which was added in a ratio of 1/4000, 1/1000 and 1/200, respectively.
Error bars represent one standard deviation of the mean of three cultures and were
determined on day four only. The decrease in total Cu in the high treatment with time
may be due in part to adsorption to vessel walls.
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.32, Speciation M in Mixine Exper

Labile Cu concentrations in the mixing zone were determined in an experiment using
several mixtures of Britannia Creek and Howe Sound water (refer to Chapter 3 for details
of this mixing experiment). Althoﬁgh it had not been possible to perform the same
measurements concurrently with the bioassay, due to logistical problems and time
constraints, an estimate of the initial metal speciation in the culture experiment could be
obtained. This was achieved by first relating labile Cu in the mixing experiment to
computer speciation calculations in the same mixtures, and then hindcasting Cu

speciation in the phytoplankton cultures using computer simulations.

4.3.2.1. Speciation Determination using the Diffusive Gel Technique

As implied by its name, the diffusive gel techniqué (DGT, Davison and Zhang 1994)
uses the diffusion of ions across a permeable gel layer to distinguish between labile and
.' non-labile xﬁetal species. Free.ions and possibly small inorganic or organic complexes
can diffuse freely from the bulk solution through the 2 - 5 nm pores of the gel membrane
(Davison and Zhang 1994). The membrane is backed by a layer of Chelex-lOO resin
which complexes free metals. Due to the high stability constant of the Chelex-metal
complexes, the dissolved free metal concentration at the inner side of the gel layer is
essentially zero, and a concentration gradient across the gel membrane is established.
This gradient drives the diffusion of ions across the gel membrane. The technique will
measure the concentration of free ions and of metals in complexes that are kinetically and
thermodynamically labile enough to dissociate within the time required for diffusion of
the complex through the gel. The technique will exclude complexes that are too large to
pass through the pores of the gel. However, if they have favourable dissociation kinetics

and thermodynamics, they can still contribute to the labile metal pool.
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DGT-labile metal concentrations may not relate directly to metal toxicity, since DGT
measures a suite of metal species, while toxicity is thought to depend primarily on the
free ionic activity. Additionally, lipophilic complexes are likely excluded from the DGT-
labile fraction due to their size and complex stability. These compounds can cause toxic
effects in phytoplankton (Phinney and Bruland 1994). Although not yet proven, it is
possible that in the absence of lipophilic complexes DGT can provide a qualitative
measure of toxicity, since under similar experimental conditions the labile concentration
of a metal should covary with its free ionic activity.

Gel assemblies were deployed in 2 L polyethylene jars containing unfiltered mixtures
of Britannia Creek and Howe Sound water in various proportions. Labile metal is
reported only for Cu, since high and variable blanks with Zn and Cd precluded accurate
speciation measurements. As shown in Figure 4.6, both dissolved and labile Cu behave
non-conservatively during mixing. However, labile Cu decreases much faster than
dissolved Cu. Even in the creek sample, there is a significant amount of non-labile
dissolved Cu. The percentage of dissolved Cu that is labile quickly decreases to less than
20% (Figure 4.7) and then remains fairly constant as salinity increases (the value at a
salinity of 8.75%o probably has an error of £ 50% due to insufficient exposure time of the
gel, see Table 4.3). The decrease in labile metal may be the result of incregsing
complexation by organic ligands as salinity increases. Since DGT also works on the basis
of size exclusion, the decrease could be just as well the result of a change in metal
partitioning from truly dissolved to colloidal suspension. While the available data do not
permit assessment of the abundance of colloidal Cu, speciation calculations can be used
to assess the involvement of organic complexes in Cu speciation. Thus, it may be
possible to dismiss organic complexation as being responsible for the decrease in labile

Cu.
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Figure 4.6. Dissolved and labile (as measured by DGT) Cu concentrations in mixtures of
unfiltered Britannia Creek water with unfiltered Howe Sound water from the June 1996
experiment. The solid line represents expected dissolved concentrations if Cu were to

behave conservatively upon mixing.
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Figure 4.7. Percentage of labile relative to dissolved Cu in the same experiment as in

Figure 4.6.
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4.3.2.2. Speciation Determination using Model Calculations

The program MINTEQ.A2 (United States Environmental Protection Agency, Athens
GA) was used to calculate the distribution of dissolved species of Cu, Cd and Zn in the
mixing experiment. Major ion concentrations in Britannia Creek, Squamish River and
seawater were estimated according to the sources listed in Table 4.5. These values were
used to calculate major ion concentrations in Howe Sound water, assuming it represented
a mixture of 35%0 seawater and Squamish River water. Concentrations in the mixtures
~ were determined in an analogous fashion by calculating the fractions of Howe Sound and
Britannia Creek water from salinity. Dissolved Cu, Cd and Zn concentrations and pH
were measured and are listed in Appendix A.2.3.

Inorganic speciation of dissolved Cu in both freshwater and seawater is dominated by

the free ion and by carbonato-complexes (Turner et al. 1981). In freshwater, hydroxo-

Creek Squamish Seawater

Conc. [mM] Ref. Cone. [mM] Ref. Conc. [mM] Ref.
Na 0.05 1 0.1 2 470 6
K 0.009 1 0.01 5 10 6
Mg 0.07 1 0.5 2] 53 6
Ca 03 1 0.9 2 10 6
CO3 0.7 2 0.7 2 24 6
SO4 0.4 1 04 2 28 6
Qa 0.2 3 0.2 3 550 6
DOC 1x103 4 1x103 4 1x103 4

Table 4.5. Data used for calculation of Cu, Cd and Zn speciation using the computer
code MINTEQ.A2. Concentrations are in mM and refer to the total concentration of the
component, not the concentration of a particular species (e.g. CO3 = H2CO3 + HCO3- +
CO32-). For assumptions underlying the concentration and binding constants of DOC
refer to Section 4.4.3. References are: 1) Price et al. (1995), Britannia Creek at town site;
2) Livingstone (1963), Fraser at New Westminster; 3) Libes (1992); 4) Mantoura et al.
(1978); 5) Livingstone (1963), Fraser at Mission; and 6) Stumm and Morgan (1996).
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complexes may also be important, depending on the pH. The speciation calculations

generally agree with the inorganic speciation predicted by Turner et al. (1981) for fresh-

and seawater (Figure 4.8). Minor differences result from the relatively high sulphate |

concentration in Britannia Creek. Dissolved organic speciation, which was arrived at by
assuming DOC was present as a homogeneous class of ligands at a concentration of 1 uM
(Section 4.4.3), is greatly influenced by the large decrease in Cu concentrations
superimposed on the salinity gradient. At low salinity, most of the organic matter is
bound to Cu, but since the concentration of Cu exceeds that of dissolved organic ligands
by about 20 times, the effect of organic complexation on Cu speciation is minor. In
contrast, at high salinity the concentration of Cu is about 25 times lower than that of
organic ligands, and about 45% of the total Cu is bound in organic complexes. Of course
the opposite is true for the ligands, which are almost 100% organically complexed at low
salinity, while at high salinity only about 2% are associated with Cu. The competition of
the major cations Ca and Mg for Cu binding sites is significant at high salinity and is
accounted for in the MINTEQ runs. The calculations suggest that organic complexation
of Cu in Britannia Bay may be significant. However, because the Cu concentrations are
relatively high, the extent of complexation is smaller than in the open ocean where Cu
can be > 99% complexed by organic ligands in surface waters (Coale and Bruland 1988,
1990).

Dissolved Cd speciation (Figure 4.8) chahges from predominantly free Cd in
Britannia Creek to chloro-complexes in seawater, while Zn is present mostly as free aquo
ion, in agreement with their expected speciation in natural waters (Turner et al. 1981).
With both metals, organic complexation is negligible, which is a result of their generally
lower affinity for organic ligands relative to Cu (Buffle 1988, Mantoura et al. 1978) and

the high metal concentrations relative to DOC.
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Figure 4.8. Speciation of Cu (top), Cd (center) and Zn (bottom) in mixing experiments
calculated using the computer program MINTEQ.A2. Species with abundance less than
1% are not shown. Charges on ionic species have been omitted in the legend, and organic
complexes of Cu are shown as "CuL". The respective measured dissolved concentrations
(in pg/L) are given above the individual bars.




The calculated organic complexation was used to estimate the labile fraction across
the salinity gradient by making the crude assumption that only inorganic Cu species were
labile. As shown in Figure 4.9, the calculated labile fraction is only slightly smaller than
the measured dissolved (< 0.4 um) fraction. The calculated labile Cu could be made to
agree with the measured Cu by greatly increasing the concentration of organic ligands.
However, given the low DOC content of Britannia Creek and its high Cu load, it seems
unlikely that organic complexation was grdssly underestimated at low salinity. At high
salinity (low Cu concentration), agreement could be forced by increasing the ligand
concentration and/or the stability constant of the Cu-organic complex. As will be
discussed later, the values used (1 pM, log K = 9) are probably overestimates, therefore
again it is not likely that organically complexed Cu is greatly underrepresented. Instead,
the discrepancy could well be caused by the presence of colloidal forms of Cu, which are
excluded from the DGT-measurement, but are included in the total "dissolved"” fraction.
There is evidence for the presence of colloidal material from other mixing experiments
and from SEM-analysis of particulate matter (for details refer to Chapter 3). If Cu, which
is supersaturated with respect to Cu(OH); in all but the most saline mixtures, is allowed
to precipitate in the model calculations, very good agreement between measured and
calculated labile concentrations is achieved (Figure 4.9).‘ This is further evidence for a

large proportion of 0.4-um filterable Cu being present in colloidal suspension rather than

in true solution.
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Figure 4.9. Labile Cu concentrations in mixing experiments: a) as measured using the
diffusive gel technique ("gel-labile”); b) as calculated using the computer program
MINTEQ.A?2 without allowing supersaturated phases to precipitate ("calc. labile"); and c)
calculated for a solution in equilibrium with Cu(OH)3 ("calc. equil."). Also shown are
total dissolved concentrations. '
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4.4, Discussion
4.4.1, Effect of Metals on Phytoplankton

Metal additions to .phytoplankton cultures resulted in an extended lag phase (Figure

4.3), reduced maximum concentration of chlorophyll a (Fig. 4.3), and a shift in species

composition (Fig. 4.4). Changes in cell size and appearance were also noted. Other

effects commonly observed as a result of metal toxicity include reduced growth rates
during logarithmic growth (e.g. Steeman Nielsen and Wium-Andersen 1970, Murphy and
Belastock 1980, Sunda and Huntsman 1996), and lower biomass (e.g. Jensen et al. 1976).
In the present experiment, neither growth rates (Figure 4.3) nor maximum bioméss as
inferred from particulate C and N (Table 4.4) were significantly lower in the treatments
with metal added compared to the control. ’
Reduced chlorophyll a concentrations have been reported as a response to high metal
concentrations under a variety of experimental conditions, for instance with unicellulai'
laboratory cultures (Hollibaugh et al. 1980), with a natural species assemblage (Thomas
et al. 1980) aﬁd in microcosm experiments (Spies et al. 1983). Similarly, an extended lag
phase has frequently been observed as a response to elevated metal levels, for example in
laboratory cultures (Steeman Nielsen and Wium-Andersen 1970), with natural
assemblages contained in CEPEX bags (Thomas et al. 1977) and with cultures exposed to
a mixture of ten heavy metals in a microcosm experiment (Spies et al. 1983). The initial
decrease in chlorophyll a and fluorescence observed in the high AMD treatment and the
'recovery to levels comparable to the control appear to be typical acclimation responses.
Similar effects were reported in cultures of the diatom Skeletonema costatwﬁ exposed to
HgCl, (Cloutier-Mantha and Harrison 1980) and with the dinoflagellate Amphidium
carterae at high concentrations of fluoride (Klut et al. 1984). In this latter case, resistance

to fluoride even became part of the genetic information, such that an inoculum of the
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acclimatized cells grew at the same rate in media containing high levels of fluoride as
control cultures did at low levels of fluoride, without going through another acclimation
period.

Changes in cell appearance and size are not frequently reported. However, Hollibaugh
et al. (1980) observed elongated cells and clumps of daughter cells that had failed to
separate after cell division when the diatom Thalassiosira aestivalis was exposed to Cu
concentrations exceeding 6 pg/L. In the bioassay reported here, cells seemed to be
stressed even in the absence of AMD, although the effects were much more pronounced
in the cultures where AMD was added, as evident from the small cell size, the short
chains and the formation of cell clumps. Nutrient limitation during senescence likely
contributed to the observed changes in cell size and appearance. | |

Shifts in species composition as a response to elevated levels of certain metals have
been observed both in freshwater (Deniseger et al. 1990, Gustavson and Wingberg 1995)
and saltwater systems (Spies and Parsons 1985, Thomas and Seibert 1977, Thomas et al.
1980). Sensitivity to toxic agents between different species of algae may vary over three
orders of magnitude (Cairns et al. 1994). Clearly, more tolerant species will be at less of a
disadvantage when exposed to high metal concentrations than sensitive ones.
Consequently, they will dominate species composition, and species diversity will
decrease, cither because sensitive species are outcompeted in their quest for nutrients and
light or because they can not grow at all at the metal concentrations encountered. For
example, in a natural assemblage grown in CEPEX bags (Thomas et al. 1980) the initially
dominant chain-forming diatom Chaetoceros spp. was entirely absent after eight days in
a culture exposed td a ten-metal mixture, While it was one of the major species in the
control enclosure. Similarly, the metal treatment completely eliminated the pennate
diatom Nitzschia delicatissima. In contrést, Thalassiosira spp. and Skeletonema costatum,
both chain-forming diatoms, remained abundant. These findings are very similar to the

results of the experiment presented here.
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The initial species composition was comparable to the assemblage found in Howe
Sound in 1974 (Stockner et al. 1977). Thalassiosira spp. tolerate low salinity better than
Skeletonema costatum, while the latter are less affected by low light (Spies and Parsons
1985). Phytoplankton assemblages in Howe Sound may therefore be dominated by either
Skeletonema or Thalassiosira depending on the timing and extent of the Squamish River
freshet (Stockner et al. 1977). Also common in Howe Sound are dinoflagellates,
Chaetoceros spp., and occasionally Ditylum brightwellii. (Stockner et al. 1977). While
Chaetoceros was abundant in the culture experiments, the other species were present only
in small numbers. Still, the sample can be regarded as typical for Howe Sound and for a
spring bloom in the Strait of Georgia in general (Harrison et al. 1983, R. Haigh, pers.
comm.). |

The changes in species composition raise the question as to whether the more
resistant species could develop some tolerance to high metal levels. In the experiments
reported here, an acclimation phenomenon is apparent from the recovery of the cells in
the high-AMD treatment after a prolonged lag phase. Development of resistance towards
elevated metal concentrations has also been reported by Gustavson and Wingberg (1995)
in freshwater and by Thomas et al. (1977) and Harrison et al. (1977) in CEPEX bags.
Acclimation appears to involve a physiological change in the algae themselves rather than
a detoxification of their environment. Harrison et al. (1977) report that after an initial
acclimation period, algae grew normally in water of elevated Cu content. If the cells were
removed by filtration and replaced by a culture previously grown at low levels of Cu, the
fresh cells showed the same extended lag phase as the adapted culture did initially.
Murphy and Belastock (1980) reported that clones of Skeletonema costatum and
Thalassiosira pseudonana from polluted areas were more resistant to organic toxins than
clones from more pristine areas. The findings of Klut et al. (1984) with Amphidium

carterae exposed to fluoride also show that tolerance towards toxic substances may

become part of the genetic information. Possibly then tolerant species could have evolved
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in Howe Sound, which has been affected by metal inputs for many decades. In view of
the highly dynamic environment and the constant water exchange with the Strait of
Georgia it seems likely that phytoplankton are constantly advected into and out of Howe
Sound, so that they might not be exposed to high metal concentrations for the long
periods of time needed to produce genetic changes. Furthermore, the results of thé
bioassay show a pronounced adverse effect of high metal concentrations on both the
species and the community level which clearly negates the presencé of a phytoplankton
assemblage that is particularly tolerant to extreme levels. With regard to prolonged
exposure to moderate metal levels, further experiments would be needed to determine
whether phytoplankton from Howe Sound can cope better than their counterparts from
more pristine estuaries.

Toxic effects can arise if cells are deprived from obtaining enough of a required
nutrient through competition of the toxic metal with the nutrient for a surface binding
site. On an intracellular level, toxicity may stem from reduced activity of enzymes
through the replacement of an essential metal by a toxic one, from conformational
changes in proteins through nonspecific binding of metals to functional groups (e.g.
sulfhydryls), or from damaging free radical reactions (e.g. lipid peroxidation) catalyzéd
by redox-active toxic metals (Sunda 1994). Since metals are present mostly in ionic,
lipid-insoluble form (with the notable exception of Hg, but possibly also Cu, Cd and Pb;
Phinney and Bruland 1994), attention has focused on transport mechanisms across the
cell membrane. In most instances metal uptake seems to proceed via complex formation
with a ligand on the cell surface. A porter molecule carries the metal from the binding site
through the membrane to the plasma, where it is released (Morel and Hudson 1985).
Other models propose that the metal binds directly to the porter molecule (Sigg et al.
1987, Sunda 1991). Although the exact nature of the binding and transport process is not
known, the model is widely accepted. It is also compatiblé with the observation that

toxicity of metals is related to the activity of the free ion rather than total metal
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concentrations. Competition for surface ligands may explain the toxic effects of Cu, Cd
and Zn on phytoplankton. For example, the uptake of the required nutrient Fe by the
diatom Thalassiosira weissflogii is inhibited in the presence of high concentrations of Cd
(Foster and Morel 1982). Addition of a chelating agent resulted in reversal of the toxic
effect through reduction of the free Cd activity. Similar antagonistic mechanisms have
been proposed for Cu and Mn (Sunda and Huntsman 1983), Cu and Zn (Rueter and
Morel 1981) and other metals.

Unlike most laboratory experiments, field assessments of toxicity have to consider
effects resulting from the presence of more than one metal. Cd needs to be present at
much higher concentrations than Cu to produce comparable toxic effects wilth the species
considered here (Brand et al. 1986, Hollibaugh et al. 1980, Thomas et al. 1980). Since
dissolved Cd concentrations in Howe Sound surface waters are typically about two orders
of magnitude lower than Cu and Zn, the toxic response observed here is more likely due
to the presence of the latter two metals. Braek et al. (1976) reported synergistic effects of
Cu and Zn in Skeletonema costatum and Thalassiosira pseudonana, but these findings
have not been confirmed by other workers. Rueter and Morel (1981) demonstrated that it
is the ratio of the free Cu to Zn activities that determine their toxic effect, whereby copper
toxicity was significantly reduced when zinc concentratic;ns were raised. Jensen et al.
(1976) found that individually, Cu was more toxic to Skeletonema costatum and
Thalassiosira pseudonana than Zn at the same concentrations. Of particular importance
are the findings of Thomas et al. (1980), because their experimental conditions (origin of
organisms, metal concentrations, water properties) are comparable to this study. They
exposed a natural assemblage of phytoplankton to several dilutions of a ten-metal
mixture. By repeating the experiment with mixtures that contained all metals but Cu or
Hg, they were able to show that at comparable concentrations, Cu is by far a more potent
toxic agent than Zn. It seems likely that the adverse response to high levels of AMD in

the bioassay experiment was caused by Cu rather than by Zn. In fact, the toxicity of Cu
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may even have been reduced by the high concentrations of Zn present in acid mine

drainage.

4.4.2, Effect of Phytoplankton on Metals

Not only do metals regulate phytoplankton through their roles as nutrients and toxic
agents, but phytoplankton also provide a feedback mechanism that can change the
speciation of metals and their partitioning between dissolved and pafticulate forms
(Sunda 1994). The cycling of metals in the ocean appears to be closely linked to
biological uptake and remineralization processes. Indirect evidence arises from vertical
profiles of Cd and Zn, which in the North Pacific show a close correlation with dissolved
phosphate and silicate, respectively (Bruland et al. 1978, Bruland 1980). Regulation of
metal concentrations by biogenic transport processes has been shown in Hood Canal
(Paulsoh et al. 1993), but in other estuaries was found to be insignificant when compared
to abiotic processes (Windom et al. 1991). Using sediment trap data from Funka Bay,
Japan, Noriki et al. (1985) were unable to demonstrate clearly a correlation between
metal and biogenic particle flux, while in a tank mesocosm (Slauenwhite and Wangersky
1991) the amount of particulate Cd collected in traps increased after a diatom bloom.
Topping and Windom (1977) report higher concentrations of Cu in settling material in
CEPEX enclosures to which Cu had been added than in the control experiments, and that
the particulate Cu was associated mostly with undigested phytoplankton cells that had
settled rapidly. In a parallel experiment, Cd associated with particulate matter was also
higher in cultures spiked with Cd than in the controls (Kremling et al. 1978); however the
fraction of Cd associated with particles made up only a few percent. The results of Collier

and Edmond (1984) suggest that much of the metal associated with phytoplankton




(particularly Cu and Cd) may be non-skeletal and therefore subject to rapid
remineralization, while the fraction transported to depth via hard parts may be much
smaller. Nevertheless, adsorpﬁon onto phytoplankton cells may occur, as demonstrated
by the efficient removal of Cu, Cd and Zn from solution by freeze-dried cells of the
freshwater algae Chlorella vulgaris and Scenedesmus quadricauda at very high metal to
biomass ratios (Harris and Ramelow 1990).-

As discussed in Section 4.3.1, the percentage of particulate Cd and Zn around the

time of the bloom in the control and low addition cultures was higher than what had been

observed in field samples, indicating some association of these metals with biogenic
particles. The evidence for Cu is not as clear, although an increase in particulate Cu
around the peak of the bloom suggests that biological removal may also occur. While it

cannot be resolved whether the metals are actively taken up by the cells or simply adsorb

onto them, the evidence demonstrates the importance of phytoplankton for metal -

partitioning. The results from this experiment can be related to the field, since maxiinum
cell densities exceeded those encountered upon collection of the inoculum only by 4.5
and 8.6 times for control and low-AMD treatment, respectively. Consequently, under
bloom conditions metal removal by biogenic particulate matter in Howe Sound may be
significant, though this has not been verified in the field.

Phytoplankton may not only change metal partitionin-g, but also affect dissolved metal
speciation. As shown by Coale and Bruland (1988) and Bruland (1989, 1992), dissolved

Cu, Cd and Zn in the North Pacific are complexed to a large degree by strong organic

ligands of apparent biogenic origin. Similar results have been found for Cu in coastal -

environments (e.g. Vineyard Sound MA (Anderson et al. 1984), Severn estuary (Apte et
al. 1990), Massachusetts Bay (Shine and Wallace 1995), Scheldt estuary (Gerringa et al.
1996), and Southern England (Muller 1996)). Phytoplankton are known to produce
ligands that bind Cu and Zn (e.g. McKnight and Morel 1979, Imber et al. 1985, Zhou and
Wangersky 1989, Robinson and Brown 1991, Shine and Wallace 1995, Moffett and
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Brand 1996). However, as stated by Shine and Wallace (1995), until the ligands are
isolated and characterized "it will be difficult to determine whether such ligands are
actively produced by phytoplankton in response to metal stress, are a metabolic
byproduct of photosynthesis, or [result from] passive release from dead and dying cells".
The speciation calculations for the mixing experiment show that complexation of Cu in
the mixing zone of Britannia Creek by organic ligands of unknown origin is important,
and it is conceivable that organic complexation may also affect the free cupric ion activity
in the bioassay experiment, as will be discussed presently. However, in the absence of
speciation measurements, we can only speculate whether the cells in the bioassay
experiment were able to detoxify the medium via production of chelating agents. At high
metal concentrations, the results of Harrison et al. (1977) suggest that acclimation may be
a more important mechanism than release of complexing agents for éoping with elevated

metal levels.

4.4.3. Some Speculations on the Speciation of Metals in Solution

The speciation measurements in the mixing experiments suggest that organic
complexation of Cu is not negligible at high salinity. Since Cu may be responsible to a

large extent for the toxic effect observed in the bioassay, it is important to estimate its

degree of complexation with organic ligands and the resulting activity of free Cu. It

should be borme in mind that organically complexed lipophile Cu species could be
potentially toxic (Phinney and Bruland 1994). However, since estimates of their
abundance in natural systems are lacking at the present time (Phinney and Bruland 1994),
it will be assumed in the following discussion that the major influence of organic ligands

with regards to toxicity is in reducing free ionic Cu concentrations.
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Dissolved organic matter in both the oceans and rivers is composed mostly of
refractory material (often referred to as humic compounds) of variable and not well
characterized composition (Buffle 1988). Carbohydrates and amino acids usually make
up less than 10% of the total DOM, but can comprise as much as 25% (Buffle 1988, Fox
1991). Metal binding by humic compounds is thought to be achieved by hydroxyl- and
carboxyl-groups, although amino functions may also play a role (Francois 1990,
Midorikawa and Tanoue 1996).

In the central northeast Pacific, Cu was found to be complexed by two ligand classes
termed L and Lz (logK; = 11.5, log K2 = 8.5), Coale and Bruland 1988). Cu
complexation by ligands of biogenic origin has also been observed in several coastal
environments (e.g. Scheldt estuary (Gerringa et al. 1996), Southern England (Muller
1996), Massachussetts Bay (Shine and Wallace 1995), and Chesapeéke Bay (bGordon et
al. 1996)), and the stability constants reported are often similar to L. Ligands isolated
were primarily of low weight (< 10,000 Da), contained polysaccharides and proteins
(Gordon 1992, Midorikawa and Tanoue 1996, Gordon et al. 1996) and may comprise a
large amount of humic substances (Gordon et al. 1996); however complete analysis of
their structure has not yet been achieved. It is also unclear what proportion of the total
DOM these ligands represent.

There are enormous obstacles to modeling metal complexation by natural organic
matter due to the complexity of the ligands, the wide range of binding sites and the
changes in the nature of DOM in estuaries. However, by making some crude
assumptions, it is possible to obtain a rough estimate of the importance of organic
complexation on metal speciation in the bioassay experiment. Theée are as follows:

1) Cu is complexed solely by humic substances, since they are the dominant
component of DOM and have a high affinity for Cu (Buffle 1988).
2) An upper limit for the concentration of humic ligands is assumed at 1 4M, which is

close to the value by Mantoura et al. (1978) for organic-rich Lake Celin and is
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hi ghe; than values reported for L3 in coastal environments (< 0.25 M, Anderson et
al. 1984, < 0.14 uM, Muller 1996, < 0.25 uM, Gerringa et al. 1996). Additionally,
this assumption is an overestimate because it neglects the removal of humic acids
during estuarine mixing (Sholkovitz et al. 1978).

3) Cu binding constants of marine and riverine humic matter are similar (Mantoura et
al. 1978). The value of log K = 9 for marine humic compounds is supported by the
similar value of the weak ligand L in both coastal and marine environments.

4) The concentration of the strong Cu binding ligand L in estuarine water is
negligible. The only organism that has been fouﬁd to produce a ligand of this
strength is the cyanobacterium Synechococcus spp. (Moffett and Brand 1996),
which is known to be very sensitive to high Cu concentrations (Brand et al. 1986).
Moreover, a ligand of this strength has only been observed in thé open océan (Coale
and Bruland 1988), while it has not been reported in coastal investigations (Muller
1996, Gerringa et al. 1996).

Using the major ion concentrations given in Table 4.5 (adjusted for a salinity of
20%0), measured dissolved metal concentrations at the beginning of the experiment
(Figure 4.5 and Appendix A.2.6), and 1 yM humic compounds with log K = 4 (Mg, Ca),
9 (Cu), and 5 (Zn, Cd) (Mantoura et al. 1978), it is concluded from speciation
calculations that about 25% of Cu is present as organic complexes at the beginning of the
incubation. Free cupric ion activities are calculated as 2.6 x 109,3.1 x 10-%, 7.2 x 10-9,
and 2.7 x 10-8 M for control, low, medium and high treatments, respectively. For
comparison, free ionic activities as low as 1.3 x 10-10 M and 2.4 x 10-11 M have been
observed to reduce growth of Skeletonema costatum and Thalassiosira pseudonana,
respectively (Brand et al. 1986). However, the calculated activities in the bioassay
experiment cannot be directly related to toxic threshold values, for two reasons. First, the
toxicity of Cu is likely lower than what its free ionic activity suggests, because of

competition with roughly equimolar concentrations of Zn (Rueter and Morel 1981).
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Second, the calculated activities are overestimates, since the medium and high treatments
are oversaturated with respect to Cu(OH)». A better approximation of the free cupric ion
activity may be obtained by allowing the solution to equilibrate with Cu(OH)3 (s). As
shown in Section 4.3.2.2 for the case of the mixing experiments, this procedure can give
good agreement between DGT-labile (potentially bioavailable) and inorganic Cu (which
under comparable conditions covaries with the free cupric ion activity). When allowing
for precipitation of solid Cu hydroxide, the free ion activity remains 2.6 x 10-9and 3.1 x

10-9 M for the undersaturated control and low treatments, respectively, but decreases to

6.3 x 102 M for medium and high cultures. The identical value for these two treatments-

despite their different total Cu concentration is a necessary consequence of the solution
being in equilibrium with solid Cu(OH)2. The identical free ionic activities suggest
comparable toxicity of Cu to phytoplankton in the two treatments, Which is in marked
contrast to the experimental findings. Perhaps then DGT-labile Cu is not a good indicator
of Cu toxicity, for example because colloidal Cu species, which are excluded from the
DGT-measurement, may be available to phytoplankton.

In the open ocean phytoplankton may detoxify their medium by producing Cu-
binding ligands (Bruland et al. 1991). Whether the organisms in this experiment could
have produced enough organic ligands to reduce free copper activity to non-toxic levels
can be estimated using the data of Fisher and Fabris (1982). They found that a culture of
Skeletonema costatum excreted 1.8 x 10-16 moles of Cu complexing ligands per cell and
per day during logarithmic growth. During the stationary phase, ligand excretion
decreased to 0.57 x 10-16 mol/cell/day. This is over an order of magnitude higher than the
7 x 10-17 mol cell-! day-1 found by McKnight and Morel (1979) with Thalassiosira
pseudonana. Using the maximum cell numbers in Table 4.4, the Fisher and Fabris (1982)
value translates to a maximum of 4.4 x 10-8,8.7 x 10-8, 1.7 x 10-7and 1.7 x 10-7 M over
four days for the control, low, medium and high treatments, respectively. Speciation

calculations that take this additional pool of organic ligands into account (again using
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log Kcy = 9) show that the free cupric ion activity decreases only slightly. Thus the
apparent reduction of the toxicity of acid mine drainage to the phytoplankton cultures
over time may be have been caused by acclimation rather than by conditioning of the
medium, in agreement with the findings of Harrison et al. (1977). However, if excretion
of Cu-complexing ligands is a self-defense strategy used by algae, then the production of
such compounds is expected to increase under Cu stress. The measurements of Fisher and
Fabris (1982) were made at ambient Cu levels and probably represent a lower limit. To

answer conclusively whether Cu-stressed cells in an environment such as Howe Sound

can produce enough ligands to detoxify their medium, speciation measurements would be .

needed.
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4.5. Conclusions

The results of the bioassay using a natural assemblage of phytoplankton clearly show
that even at substantial dilution, acid mine drainage discharged to Britannia Bay can
cause detrimental effects, as demonstfated by reduced biomass, species diversity and cell
size. Some acclimation seems to occur, but the cells exposed to AMD do not fully
recover. Adverse effects are observed at Cu concentrations below 10 pg/L, which is a
level frequently exceeded in Britannia Bay, particularly in the vicinity of the mine
(Station B, Figure 4.1). Box model calculations (Chapter 3) have shown that even at the
upper sill some 10 km down-estuary of the mine, Cu concentrations may reach around 10
pug/L at certain times of the year. _

The adverse effects are likely caused by the high concentration of Cu rather than by
Zn or Cd. In fact, the high levels of Zn may even reduce Cu toxicity by competition for
binding sites on the cell surface. In contrast, the concentration of organic matter is too
low to greatly reduce cupric ion activity by complexation with strong organic ligands.
The results presented here also suggest that the response of phytoplankton to elevated Cu
concentrations may not'only be the result of increased free cupric ion activities, but also
be due to the bioavailability of colloidal Cu. This in turn means that labile Cu
concentrations as measured by the diffusive gel technique may not be a good indicator of
Cu toxicity. To resolve this issue, detailed bioassays involving concurrent speciation
measurements are needed. This is important since the diffusive gel technique has a great
potential for use in estuarine waters, particularly because it is not affected by changEs in
salinity and is suitable for in situ deployment, if desired even over periods of days or
weeks for long-term monitoring.

Extrapolation of the results of this bioassay to the environment of Howe Sound is
difficult. The dynamic nature of the estuary may result in phytoplankton being advected

out of upper Howe Sound, thereby reducing exposure time of these organisms to toxic
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metal levels. Further, the concentrations of metals in surface water are not constant, but
fluctuate and may‘go through periods of exceedingly high levels (see Figure 4.1).
Additionally, the organisms may be affected by low Salinity and reduced light penetration
from riverine inputs of freshwater and silt. The timing and size of the sp'ring bloom is
important for the productivity of the estuary, since it determines the availability of food
for heterotrophic organisms. Low availability of light in spring may delay a bloom and
cause it to peak at a time when metal concentrations and silt loading increase. In contrast,
an early bloom may precede the maximum in metal discharge (in 1994 between April and
June) and the Squamish River freshet (which usually starts in May), and therefore remain
unaffected by detrimental metal levels or high silt loadings.

Nevertheless, together with the many observations on a variety of organisms both in
the field (Table 4.1) and and in the laboratory (Table 4.2), the résults repbrted here
confirm that adverse effects of mine effluent on aquatic organisms do exist. They tend to
be most pronouhced in the immediate vicinity of the mine, but large areas can be
affected, as is evident from the high metal concentrations found in Howe Sound surface
waters at sites both close to the mine and 1 km offshore. For organisms under
environmental stress, such as phytoplankton (due to low light or low salinity) or

heterotrophs (due to low supply of food), the effects of elevated metal concentrations may

be particularly severe.
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CHAPTER 5

OVERALL CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE RESEARCH




5.1. Conclusions and Recommendations

The abandoned mine at Britannia Beach has served in this work as a model site for
the study of the behaviour of the transition elements Cu, Cd and Zn during estuarine
mixing under contaminated conditions. The unique use of Cd as an indicator for the
dilution of acid mine drainage with seawater greatly facilitated interpretation of field data
based on the reactant approach. It was shown that the often implied, but rarely verified
condition of two end-member mixing in estuaries did not apply to the mixing zone of
Britannia Creek due to the presence of the Squamish River as a third end-member, which
resulted in high spatial and temporal variability of the salinity of estuarine surface waters.
Simultaneous determination of particulate and dissolved metal concentrations proved to
be crucial to recognize the problems with the reactant approach and to ven'fy the mass
balance in the mixing zone.

While Cd and Zn behaved essentially in a conservative fashion during mixing, Cu
was extensively removed. It is proposed that Cu removal occurs predominantly via
precipitation of inorganic Cu phases, in addition to complexation by flocculating organic
' matter and adsorption on iron oxyhydroxides, clay minerals and POM. The different
behaviours of Cu and Zn agree with the lower stability of Zn2+-complexes (Irving-
Williams series), while the similarity of Zn and Cd reflects their pfoximity in the periodic
table and consequent close chemical relationship.

Removal of Cu in estuaries has often been reported to be controlled by adsorptive
processes rather than by precipitation, and even in environments contaminated by acid
mine drainage, precipitation of solid Cu phases needAnot control the removal of Cu, as
shown by Johnson (1980). In Britannia Creek particulate iron concentrations are low,
both as a result of the composition of the ore as well as of the selective loss of Fe in the
upper reaches of the creek. In combination with high Cu concentrations, this leads to the

removal of Cu being governed by both precipitation and adsorptive processes rather than
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by adsorption alone. This situation may apply to many other mining operations and
industrial discharges in coastal environments. The combined effect of precipitation and
adsorption reactions under such circumstances could lead to enhanced removal of Cu
relative to less polluted estuan'és, where Cu is undersaturated with respect to solid phases
and only adsorptive processes are important. Generally, this enhanced removal in
contaminated environments is a desired effect since it naturally decreases dissolved Cu
concentrations that may be toxic to marine organisms.

The removal of Cu is reflected in the Cu content of particles collected in sediment
traps, which decreases with distance from the mine. Additional removal of Cu-could
occur via aggregation of colloidal particles. Both mixing experiments and speciation
determinations suggest that Cu may be present to a large dégree in colloidal suspension
rather than as truly dissolved species. However, it is possiblé that only Cu-bearing
colloidal partjcles other than Cu hydroxides such as iron oxyhydroxides and clays are
subject to aggregation, since upon progressive dilution with séawater, Cu eventually
becomes undersaturated with respect to its solid hydroxides, and re-dissolution of .the
previously formed colloids may occur. In contrast to Cu, Zn and Cd are not extensively
removed via flocculation and sedimentation in Howe Sound. Should these metals behave
similarly in other polluted estuaries, elevated dissolved concentrations in coastal
environments as a result of anthropogenic inputs are to be expected.

The differences in removal rates between Cu ahd Zn are reflected in their
sedimentation pattern. Cu, which is extensively removed during mixing, was found to be
enriched in particulate matter collected in sediment traps in the vicinity of the mine. In
contrast to Cu, there was no difference in the Zn content of sinking particles at Stations A
and B, in agreement with the almost conservative behaviour of Zn. Vertical transport in
Britannia Bay is thought to proceed primarily via abiotic processes, given the low

abundance of phytoplankton observed in this area during the field period and in previous

studies (Stockner et al. 1977). In the more productive lower estuary, however, Zn and Cd
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fluxes could be enhanced during phytoplankton blooms, as suggested by their strong
association with biogenic particles demonstrated in the culture experiment with endemic
phytoplankton species. Cu in contrast appears to be regulated by such processes to a
much lesser degree.

Several parameters known to exert some influence on metal removal ih other estuaries
were found to be of minor importance in Howe Sound. These include salinity, organic
complexation and adsorption onto estuarine particles. As pointed out by Morris et al.
(1978), salinity-driven processes may set in at salinities < 1 and could therefore depend
on the mere presence of a salinity gradient rather than on the final salinity. The small
influence of organic matter on metal removal is a consequence of the nature of the
drainage basin (steep slopes with little soil cover) combined with the very high metal
concentrations. Metal removal also does not appear to be greatly influenced 5y particles
in the seawater end-member, since in mixing experiments removal efficiency was similar
with filtered and unfiltered seawater, provided there were particles present in the creek
water. The importance of biogenic particles in metal removal remains to be assessed. At
low metal concentrations, the bioassay results indicate that scavenging could contribute
to metal removal during phytoplankton blooms. In the upper portion of the estuary,
phytoplankton blooms are often suppressed by low salinify and light (Stockner et al.
1977), and the resulting sméll inventory of biogenic particles is likely incapable of
greatly reducing dissolved metal concentrations in surface walters.

On the other hand, there are several parameters that do have a major effect on the
extent of metal (specifically Cu) removal. Among these are pH, metal content of the
creek and presumably abundaﬁce of iron oxyhydroxides, although the importance of the
latter cannot be quantified. Since all thesé parameters are strongly influenced by the
AMD discharge to the creek, they tend to covary, whereby during periods of high

" dissolved metal concentrations pH is low and particulate iron concentrations are high.
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This results in a strong correlation between the amount of metal removed and dissolved
metal concentrations in the creek.

With removal efficiency being predictable, the system is amenable to model
simulations. A simple two-layered box model using salinity, creek discharge, Squamish
River discharge and creek metal concentrations as input data provided reasonable
estimates of surface dissolved metal levels in upper Howe Sound. Not only is this model
in conceptual agreement with the dispersion pattern of AMD as inferred from dissolved
metal profiles, but it also helps to identify conditions under which estuarine metal
concentrations are most likely to reach levels that could be detrimental to marine
organisms.

While there is enough evidence from the literature and from unpublished experiments
to indicate that organisms are affected by high metal concentrations in the vicihity of the
mine, assessment of toxic effects in the remainder of upper Howe Sound is difficult.

Metal concentrations in Britannia Bay are extremely variable and may reach levels that

have been shown to severely affect growth of phytoplankton. Model calculations suggest

that in spring, metal concentrations which were high enough to reduce growth in the
phytoplankton bioassay could extend up to ten kilometres down-estuary of the source.
However, the stress imposed on phytoplankton by high metal leve-ls may still be small
compared to the effects of low salinity and light penetration. Similarly, for surface-
dwelling fish such as salmonids it is not known whether they are impacted by high
dissolved metal concentrations, whether they actively avoid metal-rich waters or whether
they tend to prefer subsurface waters (which happen to contain less metals) because of
their higher salinity. There is also a dearth of knowledge on the effects of metal
speciation on salmonids and on thé importance of upper Howe Sound in their life history,
and further studies are certainly needed.

The diffusive gel technique (DGT) shows great promise for speciation measurements

due to its insensitivity to salinity and pH changes and due to its capability of
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simultaneously determining the speciation of several metals. Gel holder assemblies could
be easily deployed on moorings or floats at various locations in Howe Sound and be
collected a few hours later, thereby providing a contemporaneous measure of in situ metal
speciation at several sites. Vertical profiles and surface transects of metal speciation
could easily be obtained. Alternatively, long-term deployment could be envisaged to
provide an integrated measure of labile metal concentrations. It would also be very useful
to determine whether there is a correlation between the amount of labile metal as
measured by DGT and the response of aquatic organisms to elevated metal
concentrations. If this were the case, DGT could be used to complement current water-
quality guidelines based on a more sensitive parameter than total dissolved
concentrations.

With regards to long-term remediation options for the abandoned mine site, it seems

worthwhile to investigate ways by which the metal load in the acidic drainage could be

reduced. In fact, since Cu loadings to Howe Sound may approach a tonne per day during

periods of high discharge, metal recovery should be considered as a means to reduce the
operating costs of a future treatment facility, should one be built. The precipitation of
metals by H2S produced by sulphate-reducing bacteria has been shown to be an effective
means to reduce metal burdens in mine effluent (Christensen et al. 1996) and could
produce a product acceptable by smelters. This process is currently being tested in a pilot
experiment on site. The precipitation of ferrite (an iron oxide of the general formula
MFe04, M = any divalent cation) from AMD solutions (Wang et al. 1996), although not
yet commercially feasible, may be another interesting option due to the high demand for
ferrite in industrial ap.plications.

In the meantime, it may be possible to devise a temporary disposal scheme that would
divert AMD from Britannia Creek, decrease metal depqsition at the mouth of the creek
and along the shore, and reduce the metal burden of the estuarine surface waters. It is

strongly advised that implementation of such a scheme be accompanied by extensive
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monitoring before, during and after installation in order to be able to relate the effects -
beneficial or detrimental - unambiguously to the changes made. The present study

provides much of the information needed to decide on an optimal disposal scheme based

on sound scientific principles.
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A.l. Instrumental Parameters

A.1.1. GFAAS

A.1l.1.1. Operating Conditions -

Cu Cd Zn Fe Al
Wavelength [nm] 3274 228.8 213.9 - 248.3 396.2
Lamp current [mA] 4 - 4 5 5 10
Slit width [nm] 0.5 0.5 1.0 0.2 0.5
Slit height reduced |reduced |reduced |reduced |normal
Graphite tube platform | platform |platform | platform | partition
Sample volume [mL] 20 20 20 20 20
Measurement time [s] 1 1 1 1
Instrument mode abs. abs. abs. abs.
Calibration mode conc. conc. conc. conc. conc.
Peak measurement mode | area area area area area
A.1.1.2. Temperature Programs
A.2.1.2.1. Copper
Step Temperature Time Ar Flow

rq [s] (L/min]

Ramp 300 6 3
Dry 300 40 3
Ramp 1000 3 3
Ash 1000 3 3
Gas Off 1000 1 0
Ramp/Read 2550 0.9 0
Atomize/Read 2550 3.5 0
Purge 2550 1 3
Cool 40 13.3 3




A.1.1.2.2. Cadmium

Step Temperature Time Ar Flow
rcl [s] [L/min]
Ramp 300 8 3
Dry 300 30 3
Ramp 500 5 3
Ash 500 3
Gas Off . 500 1 0
Ramp/Read 2000 0.8 0
Atomize/Read 2000 2 -0
Purge 2000 1 3
Purge 2300 2 3
Cool 40 13 3
A.1.1.2.3. Zinc
Step Temperature Time Ar Flow
rCl [s] (L/min]
Ramp 300 8 3
Dry 300 40 3
Ramp 700 5 3
Ash 700 3 3
Gas Off 700. 1 0
Ramp/Read 2000 0.7 0
Atomize/Read 2000 2 0
Purge 2000 1 3
Purge 2300 2 3
Cool 40 12 3

208




A.1.1.2.4. Iron
Step Temperature Time Ar Flow
°Cl [s] [L/min]
Ramp 300 6 3
Dry 300 30 3
Ramp 400 10 3
Ramp/Ash 1500 20 3
Gas Off 1500 1 0
Ramp/Read 2550 0.8 0
Atomize/Read 2550 3 -0
Purge 2550 2 3
Cool 40 13 3
A.1.1.2.5. Aluminium
Step Temperature Time Ar Flow
rq [s] [L/min]
Ramp 85 5 3
Dry 100 20 3.
Dry 150 20 3
Ramp 1000 5 3
Ash 1000 1 3
Gas Off 1000 1 0
Ramp/Read 2700 1 0
Atomize/Read 2700 1 0
Purge 2700 2 3
Cool 40 13 3
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A.1.2. ICP-MS Operating Conditions

Parameter Setting (typical values)
RF power [W] 1350
Argon gas flow rate [L/min]:
Cooling gas 13.7
Auxiliary gas 0.5
Nebulizer gas 1.0
Sampling position [mm above load coil] 13
Sampler cone orifice [mm] 1.0
Skimmer cone orifice [mm] 0.7
Operating pressure [mbar]:
Interface running pressure <0.1x10-4
Expansion chamber pressure 22-29

Analyzer pressure

(2.2 - 2.8)x10°6

Nebulizer type de Galan V-groove
Data acquisition:
Signal detection mode pulse counting: (Cu, Zn) < 100 pug/L
analogue: (Fe, Al, Cu, Zn) 100 - 5000 pg/L
Operating mode peak jumping
Dwell time [ms] 10.24
Acquisition time [s] 20
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A.2, Data Summary

The following tables contain the analytical data for all samples in the order:

1. surface transects

2. vertical profiles

3. mixing experiments

4, Britannia Creek samples from February 1996
5. sediment traps

6. bioassay

For profiles and transects, times are given in Pacific Standard Time. The streamflows for
Britannia Creek are estimates based on records at Cheakamus River, while the Squamish
River data are measured values. Wind speeds are given as the north-south component of the
wind measured at Squamish airport averaged over a period of six hours prior to the beginning
of sampling. Positive values indicate wind from the north (downchannel). The coordinates
for the various sampling sites are:

Station A (C1)  Britannia offshore 49°3793'N 123°13.79'W
Station B (C2)  Britannia inshore 49°3754'N 123°12.73' W
Station D Outfall ~ 49°37.52'N 123°12.42'W
Station E Porteau mid-channel 49°33.70' N 123°15.28'W
Porteau Porteau beach 49°33,12'N 123° 14.70' W
Woodfibre Woodfibre mid-channel 49°40.10' N 123° 13.00'W

Stations C3 through C10 in transects have no fixed location, instead they were chosen so as

to be spread out over the entire mixing zone of Britannia Creek.

"n.m." (not measured) denotes that either no samples were available to determine the

corresponding parameter, as is sometimes the case with temperature, pH, dissolved oxygen or
chlorophyll a, or that that a sample was collected, but not analyzed, as for example with Cd
in vertical profiles. Brackets { } are used where values are unreliable; for pH and dissolved
oxygen this is usually due to malfunction of the field probe; for particulate metals it was
caused by leakage of the digestion vials. Dissolved ("diss.") and particulate ("part."”) metal
concentrations are operationally defined as passing or being retained by a 0.4 pum filter,
respectively. '
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A.2.1, Surface Transects

HS 1193 Transect

Date 30/11/93 )

Time 10:30 - 12:30 mt
Wind [km/h] 0.866 Tides i
River discharge [m3/s] 104 '

Creek discharge [m3/s] 3.38

S = N W e

0 4 8 12 16 20 24
Time (h]

Station Temp. Depth Salinity pH 02 chl. a
{°C] [m] [per mil] [mLA]  [ng/L)
C1 n.m. 0 227 7.80 n.m. n.m.
c2 n.m. 0 25.4 7.97 n.m. n.m.
C3 n.m. 0 25.8 7.75 n.m. n.m.
4 n.m. 0 251 7.92 n.m. n.m,
cs n.m. 0 25.9 7.89 n.m. n.m.
(o] n.m. 0 26.5 7.93 n.m. n.m.
c7 n.m. (0] 229 7.78 n.m, n.m.
C8 n.m. o 16.2 8.05 n.m. n.m.
9 n.m, 0 2.14 8.29 n.m, n.m.
(3 ]¢] n.m. o] 1.86 {8.6} n.m. n.m.
Cc11 a.m. 0 0.00 {8.7} n.m. n.m.

Cudiss. Cddiss. Zndiss. Fediss. Cupat. Cdpart. Znpat. Fepar. Alpan.
gl  [wodl  [eg/l]  [wg/]  [wgt]  [wo/t]  [gA]  [wgh]l  [no/]

C1 1.28 0.061 3.07 9.77 2.51 0.0145 5.71 103 122
c2 4.43 0.090 7.54 3.79 2.57 0.0036 2.76 53.3 53.4
c3 1.48 0.068 3.21 2.66 213 0.0247 2.73 41.0 40.7
4 2.68 0.076 4.55 13.8 2.49 0.0083 2.99 73.5 76.9
cs 4.45 0.088 10.1 5.30 2.24 0.0050 210 46.2 50.1
C6 3.24 0.076 7.47 8.49 1.61 0.0039 1.74 37.6 38
Cc7 445 0.529 103 i2.8 427 0.0069 9.50 165 234
(o] 82.9 1.42 299 6.38 118 . 0.0089 16.8 222 537
Cc9 131 1.94 460 11.8 129 0.0134 14.8 256 618
Cc10 241 2.49 466 84.8 n.m. n.m. n.m. n.m. n.m.
C11 248 2.48 551 98.6 70.5 0.0121 7.30 216 706




HS 0194 Transect H1

Date 17/1/94
Time 08:45 - 10:15
Wind [km/h]

River discharge [m3/s]

0
98.1

Creek discharge [m3/s] 2.1

Temp.
[°C]

6.29
6.20
6.32
6.34
6.23
6.19
6.20
6.16
6.13
6.10

822882882 2

Q
)

Cu diss.
{not]

16.5
233
120
941
1300
1350
1350
1460
1540
0 1470

288A8KRAERQ

Depth
[m]

COO0OQO0OO0O0O00O0

Cd diss.
[wgL]

0.140
2.97
1.79
5.96
7.59
7.87
8.00
8.60
8.95
8.90

Salinity
[per mil]

11.1
7.61
8.92
4.93
2.42
2.16
2.28
1.88
1.67
1.58

Zn diss.
[mg/L}

23.7
451

239

1230
1760
1850
1770
1880
1920
1750

pH

7.99
7.84
7.77
6.79
7.33
7.18
7.41
7.19
{6.91}
{7.08}

Fe diss.

[ng/L]

32.1
13.9
18.3
253
256
256
272
268
295
354

Tides

02
[mL/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
nm.
n.m.

Cu part.
[t}

3.40
22.0
98.9 .
193
65.0
54.0
513
179
16.6
17.2

Height
m)

S = N W a

0 4 8 12 16 20 24
Time [h]

chl. a
[ng/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Cdpart. Znpart. Fepat. Alpart.

[ng/L] (naL] [ng/L] {ug/L]

" <0.002 0.592 755 = 614
0.0034 1.05 493 543
0.0038 55.4 204 344
0.0055 7.78 474 763
0.0035 2.76 434 1080
0.0036 2.38 421 1200
0.0038 2.44 471 1470
0.0049 15.8 294 583
0.0032 0.836 523 495
0.0026 0.779 587 591
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HS 0194 Transect L

Date 17/1/94

Time 15:30 - 16:30

Wind [km/h] -1.24

River discharge [m3/s] 98.1

Creek discharge [m3/s] 2.93

Station Temp. Depth
[°cl (m]

C1 5.03 0

c2 6.43 0

Cc3 6.53 0

c4 6.57 0

cs 6.56 0

C6 6.58 o

c7 6.58 0

Cc8 6.56 0

Co 6.55 0

C10 0
Cudiss. Cddiss.
[ng/L] [no/L]

C1 7.76 0.072

Q 8.49 0.073

C3 19.7 0.135

c4 379 3.12

Cs 454 3.52

Cé 1360 7.39

c7 1730 8.49

C8 1850 9.69

C9 1910 9.42

Cc10 1930 9.61

Salinity
[per mil)

8.98
9.21
9.46
6.97
6.85
2.15
1.93
1.59
1.59
1.58

Zn diss.
(ug/L]

18.5
11.86
23.8
674
769

1670
1590
1700
1690
1710

pH

8.00
8.00
7.79
7.49
7.55
6.98
6.79
5.84
5.85
5.95

Fe diss.
[ug/L]

31.6
25.9
25.2
411
34.1
187
276
338
334
344

Tides

02
[mUL)

n.m.
n.m.
n.m.
n.m. .
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Cu part.
(oL

1.35
1.58
4.19
205

224

84.8
33.7
17.5
17.8
17.4

Height
Im]

|

Q= N W b

T T T L A M |
4 8 12 16 20 24
Time [h]

chl. a
[ng/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Cdpat. Znpat. Fepart. Alpar.
mo/l] o]  [ngt]  [ng/L]

<0.002  0.362 78.6 66.5

<0.002  0.423 75.0 54.3
<0.002  0.843 82.5 74.6
0.0067 16.7 410 673
0.0065 16.5 374 548
0.0054  3.98 513 1232
0.0056 1.71 431 467
0.0042 1.08 555 473
0.0039 1.10 586 544
0.0040 1.14 611 530

214




215

HS 0194 Transect H2 s
Date 18/1/94 _ T 4
Time 09:00 - 10:30 Haight 3
(m} 2
Wind [km/h] 0 Tides
River discharge [m3/s] 90 1
Craek discharge [m3/s} 2.55 0 ey
0 4 8 12 16 20 24
Time [h}
Station Temp. Depth Salinity  pH 02 chl. a
[°C] [m] [per mil] (mUL]  [ug/L]
C1 5.72 0 6.76 7.96 nm. - n.m.
c2 5.93 0 6.74 7.63 n.m. n.m,
(0<] 5.75 0 5.66 7.46 n.m. n.m.
c4 5.99 0 4.82 7.10 n.m. n.m.
Cs 6.16 0 4.26 7.11 n.m. n.m.
Cs 6.18 0 2.67 6.80 n.m. n.m.
C7 6.21 0 1.98 6.22 n.m. n.m.
Ccs 6.18 o] 1.84 6.06 n.m. n.m.
Cc9 6.14 0 1.67 5.43 n.m, n.m.
C10 0 1.68 5.49 n.m. n.m.

Cudiss. Cddiss. Zndiss. Fediss. Cupat. Cdpat. Znpat. Fepart. Alpar.
[rot]  [wg/]  (wg]  [rgd]  [mg/]  [wo/l] (o]  [ngt]  [wg/]

C1 6.09 0.055 10.9 46.8 0.791 <0.002 0.289 758 = §57.8
1074 15.4 0.110 19.0 47.5 2.53 <0.002 0.569 81.6 66.5
(0% 118 0.901 163 33.9 51.5 0.0032 6.01 169 253
Cc4 1350 7.25 1580 124 106 0.0045 4.35 431 1078
Cs 929 5.84 1080 17.6 205 0.0064 9.76 453 706
Ce 1560 9.01 1840 183 74.5 0.0048 3.85 467 1390
Cc7 1830 10.2 1990 247 31.8 0.0036 1.38 . 481 973
c8 2020 9.25 1810 322 211 - 0.0034 1.02 555 663
Co 2120 10.4 1840 343 17.9 0.0032 0.946 658 536
c10 2100 10.4 1820 3n 16.2 0.0041 1.13 599 468
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HS 0294 Transect p
Date 1/3/94 Tial 4
Time 12:45 - 14.00 Height 3
Wind [km/h] -5.00 Tides 2
River discharge [m3/s] 337 ' 1
Creek discharge [m3/s] 24.3 0 TR
0 4 8 12 16 20 24
Time (h)
Station Temp. Depth Salinty pH o2 chl. a
[°C] [m] [per mil] (mUL]  [wgiL]
C1 n.m. 0 10.1 775 - aam. n.m.
e n.m. 0 11.9 7.7 n.m. n.m,
C3 n.m. 0 129 7.77 n.m, n.m.
4 n.m. 0 12.8 7.73 n.m. n.m,
(03 n.m. 0 11.8 7.68 n.m. n.m.
C6 n.m. 0 10.0 7.62 n.m. n.m.
c7 n.m. 0 6.75 7.80 n.m. n.m.
Cs n.m. 0 8.1 7.73 n.m. n.m.
(@) n.m, 0 6.69 7.64 n.m. n.m.
C10 n.m. 0 0.03 {8.46} n.m. n.m.
Cudiss. Cddiss. Zndiss. Fediss. Cupat. Cdpat. Znpat. Fepart. Alpart.
[wg/l] . [ngnt] [ug/L] {ng/L] {ugiL] (ng/L] {no/L] [ngnt] [rg/L]
Ct 10.3 0.069  8.22 59.8 9.85 0.0043 279 473 603
c2 20.1 0.240 30.2 12.6 66.2 0.0368 19.5 1450 4530
C3 13.4 0.102 13.3 24.8 18.1 0.008t 5.01 794 687
C4 16.9 0.139 16.8 7.27 33.6 0.0178 10.6 1510 2200
C5 15.1 0.163 16.7 12.6 23.5 0.0101 6.79 943 1290
C6 16.1 0.243 19.2 80.0 62.7 0.0321 20.0 2910 4400
c7 24.0 0.309 56.6 13.6 107 0.0534 29.7 4500 6050
c8 16.7 0.305 27.2 82.7 60.0 0.0274 173 2440 3200
Cc9 25.0 0.220 38.3 23.6 65.7 0.0322 19.7 3210 4080

177 0.265 64.3 112 92.9 0.122 25.1 2880 3270

Q
o
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HS 0394 Transect p
Date 29/3/94 T ¢
Time 10:30-12:30(7?) Height 3
Wind [km/h] 341 Tides 2
River discharge [m3/s] 100 (1)

Creek discharge [m3/s] 3.66

Station Temp. Depth Salinity pH 02 chl. a
[°C] [m] [per mil] [mUL]  [pg/L]
(0] 9.13 0 27.4 7.80 n.m. n.m.
(0 8.74 0 26.8 7.86 n.m. n.m.
C3 8.45 0 26.5 7.75 n.m. n.m.
Cc4 8.49 0 26.6 7.77 n.m. n.m.
cs 8.07 0 24.1 7.75 n.m. n.m.
Cc6 7.99 0 22.2 7.71 n.m. n.m.
Cc7 7.63 0 16.6 7.97 n.m. n.m.
(o] 7.55 0 14.7 7.94 n.m. n.m.
c9 6.82 0 1.28 7.63 n.m. n.m.
C10 6.70 0 1.10 {8.74} n.m. n.m.
Cudiss. Cddiss. 2ndiss. Fediss. Cupat. Cdpant. Znpart. Fepart. Alpan.
(ug/L] (ng/L] [ro/L] [ug/t] [ng/L] {no/L] (eg/L) (48 [ng/L]
C1 7.31 0.097 10.3 12.0 0.859 <0.002 0.285 38.9 48.4
c2 30.4 0.230 35.9 10.2 6.30 <0.002 1.08 46.1 50.4
C3 39.9 0.301 50.4 10.8 11.9 <0.002 1.85 69.6 72.7
c4 63.2 0.513 94.6 24.0 33.7 0.0027 4.61 135 197
Cs 63.6 0.589 99.9 74.8 51.9 0.0044 8.42 471 601
C6 92.8 0.833 153 14.8 126 0.0193 23.7 2000 2840
C7 64.4 0.599 106 7.45 n.m. n.m. n.m. n.m. n.m.
Cc8 40.3 0.484 771 6.61 76.0 0.0049 7.69 309 396
C9 152 1.15 228 13.0 120 0.0196 6.33 334 322
C10 184 1.34 310 39.6 132 0.0212 6.64 389 413




HS 0494 Transect

Date 20/4/94
Time 11:30 - 13:30

Wind [km/h] 2.74
River discharge {m3/s] 300
Creek discharge [m3/s] 4.87

Temp. Depth
[°C]

E)

11.5
121
8.97
9.51
9.38
7.90
7.36
6.83
6.56
7.09

889882882 ¢

Q
=)

Cudiss. Cddiss.

ko] [ugl]
c1 105 0.080
c2 424  0.053
c3 149 1.41
c4 107 0.853
cs 217 1.95
o] 219 1.87
c7 760 2.51
c8 1190 3.33
o] 1360 3.62
C10 1360 3.60

Salinity
[per mil]

20.2
18.0
13.2
11.8
8.91
7.1
2.75
0.34
0.02
0.06

Zn diss.
{ng/L]

11.7
7.60
285
181
355
355
483
607
577
576

oH

8.24
8.25
8.07
7.98
7.78
7.46
6.95
6.05
5.38
5.57

Fe diss.

[ng/L]

3.72
3.67
9.10
14.1
115
133
20.2
158
212
242

Tides

02
[mUL]

9.32
8.64
8.64
8.64
8.47
8.55
8.38
8.64
8.21
8.13

Cu part.

(hg/L]

2.34
0.626
402
256
462
480
312
58.8
21.3
19.4

5
Tidal 4
Height 3
[m] 2
1
0 LJ 1 L § ik L] ] ]
0 4 8 12 16 20 24
Time {h]
chl. a
(ngn]
0.062
0.019
0.269
0.159
0.227
0.083
0.074
0.038
0.027
0.018
Cdpant. Znpat. Fepart. Alpan.
[not] (ngt] (ug/t] [no]
<0.002 0.594 32.8 313
<0.002 0.444 47.4 54.1
0.0134 37.6 435 409
0.0091 335 290 192
0.0132 33.0 500 532
0.0132 33.2 5§27 564
0.0082 9.95 641 603
0.0049 1.87 592 702
0.0056 1.04 613 467
0.0064 1.29 586 368
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HS 0594 Transect

Date 10/5/94

Time 14:30 - 16:30

Wind [km/h] -1.95

River discharge [m3/s] 440

Creek discharge [m3/s] 4.82

Station Temp. Depth
[°C] (m]

C1 13.4 0

c2 111 0

Cc3 11.5 0

c4 10.0 0

cs 10.0 0

(@] 9.38 0

Cc7 9.11 0

Cc8 8.70 0

C9 8.70 0

c1o 8.70 0
Cudiss. Cddiss.
ugl]  [mgi]

1 18.6 0.106

c 5.95 0.040

c3 219 1.14

c4 1440 2.95

Cs 1200 2.82

C6 2030 4.04

C7 2450 4.17

Ccs 2540 4.34

(0] 2550 4.39

C10 2580

4.33

Salinity
[per mil)

4.37
4.03
4.10
2.79
3.21
1.40
0.85
0.10
0.05
0.05

Zn diss.
[ro/L]

284
9.30
215
596
583
665
790
831
862
879

7.97
8.01
7.26
6.59
6.74
6.11
5.73
5.20
4.98
4.97

Fe diss.
[no/L]

11.4
9.83
3.76
13.6
11.8
218
282
321
362
352

Tides

o2
[(mUL

9.1
8.98
8.81
8.47
8.47
8.38
8.47
8.30
8.13
8.13

Cu part.
[ugt]

11.6

2.45

251
274
293
82.1
26.3
15.1
13.0
121

5
Tidal 4
Height 3
m 2

1

0 Ll Ll L | i j v 1 .

0 4 8 12 16 20 24

Time [h]

chl. a
(ng/L]
0.138
0.086
0.086
0.136
0.148
0.057
0.046
0.016
0.039
0.039
Cdpart. Znpart. Fepart. Alpar.
[ng/L] [ug/L] [ngnt] [ng/t]
0.0031 2.39 452 573
0.0023 1.77 499 770
0.0061 7.88 586 842
0.0059 5.22 832 766
0.0057 5.86 825 861
0.0042 1.78 833 784
0.0048 1.09 890 539
0.0042  0.878 963 268
0.0045 0.887 980 188
0.0040  0.736 947 176
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HS 0694 Transect

Date 16/6/94 . . .
Time 10:30 - 12:30 ::;,t
Wind [km/h] 0 Tides tm
River discharge [m3/s] 260

Creek discharge [m3/s] 2.44

O = N W A

0 4 8 12 16 20 24
Time [h]

Station Temp. Depth Salinity pH - 02 chl. a

[°Cl [m] [por mil] - [mUL]  [ug/L]
C1 12.7 0 3.12 8.16 10.51 0.193
0] 13.0 0 2.09 7.93 10.68 0.171
c3 11.9 o] 2.09 7.13 10.17 0.076
C4 10.3 0 1.13 6.13 9.83 0.066
cs 10.3 0 0.94 5.63 10.00 0.046
o] 9.64 0 0.60 5.51 10.00 0.025
Cc7 9.38 0 0.12 5.01 9.66 0.022
c8 9.64 0 0.11 5.39 9.66 0.016
Co 9.38 0 0.03 4.93 9.91 0.011
C10 9.38 0 0.04 4.87 9.66 0.015

Cudiss. Cddiss. Zndiss. Fediss. Cupat. Cdpart. Znpart. Fepart. Alpart.
[ug/L] (ugL] {ug/L] fha/L] mo/t]  [ug/l]  [mgn] [ng/L] [ng/L)

C1 9.08 0.045 4.24 103 2.54 <0.002 1.03 214 322
107 101 0.652 102 16.0 105 0.0048 483 . 367 405
3 387 1.79 231 2.50 195 0.0063 6.24 458 744
C4 795 2.84 374 25.9 159 0.0057 4.60 498 746
Cs 1110 3.59 418 68.8 88.7 0.0042 256 487 769
C6 1230 3.76 483 96.6 54.5 0.0034 1.50 451 650
c7 1270 3.75 538 103 233 0.0033 0.781 462 496
cs 1230 3.74 541 98.5 313 0.0043 1.17 529 597
Cc9 1220 3.96 583 113 21.8 0.0031 0.711 469 402
Cc10 1300 3.91 569 102 21.9 0.0032  0.732 494 373



HS 0794 Transect

Date 28/7/94

Time 07:30 - 10:30

Wind [km/h] 0.00

River discharge [m3/s] 450

Creek discharge [m3/s] 0.716

Station Temp. Depth
[°C] [m]

C1 15.4 0

c2 17.2 0

Cc3 17.3 0

c4 16.2 0

cs 16.0 0

Cs 16.0 o

c7 15.3 0

cs 15.1 0

(o] 15.1 0

c10 15.3 0
Cudiss. Cddiss.
[ng/t] (ug/L]

] 0.168 0.010

c2 3.37 0.031

C3 1.41 0.021

c4 309 1.69

cs 396 1.79

C6 420 1.89

c7 841 2.90

c8 842 2.96

c9 854 3.01

C10 847 3.00

Salinity
[per mil]

3.51
3.32
3.56
1.74
1.33
1.20
0.06
0.05
0.03
0.03

Zn diss.
[no/t]

2.91
6.67
6.92
323
380
390
691
695
703
690

oH

7.53
7.62
7.72
7.12
6.99
6.94
6.15
6.12
6.11
6.13

Fe diss.
[ug/L]

38.9
313
18.4
21.0
5.30
18.6
62.4
65.4
71.4
62.6

Tides

o2
[mL]

8.04
7.70
7.53
7.44
7.27
7.10
{2.68}
{2.50}
{2.17)
7.10

Cu part.
[ngt]

0.562
1.74
1.37
122
135
119
48.3
50.4
46.3
50.2

5
4
Tidal
Height 3
m 2
1
0 v L | ]
0 4 8 12 16 20 24
Time [h]
chl. a
[ng/L]
0.180
0.158
0.204
0.174
0.244
0.184
0.011
0.013
0.009
0.003
Cdpart. Znpart. Fepart. Alpar.
[ro/L] [ng/L] [no/L] [ng/L]
<0.002 1.03 369 685
<0.002 0.779 190 344
<0.002 0.978 265 486
0.0023 5.44 202 319
0.0034 5.79 231 445
0.0029 5.24 215 408
0.0021 1.87 205 481
0.0020 1.90 193 368
0.0020 1.84 204 452
0.0026 1.99 198 420

221



HS 0894 Transect

Date 24/8/94
Time 08:00- 10:30

Wind [km/h] 0.63
River discharge [m3/s] 291
Creek discharge [m3/s] 0.296

Temp. Depth
MY [m]

17.6
18.1
17.6
16.6
13.4
12.6
12.6
12.7
12.7

882882882 £

Cudiss. Cddiss.
[ugiL] (ng/L]

C1 0.734 0.021
Q 0.759 0.017
c3 '5.92 0.055
C4 242 0.179
C5 129 1.09
Cs 257 1.81
(074 249 1.69
Cs 255 1.71
02 260 1.73

Salinity
[per mif}

9.37
7.32
6.82
6.78
2.02
0.61
0.65
0.55
0.54

Zn diss.
(ng/t]

4.58
2.36
7.35
246
185
303
247
287
332

oH

8.16
8.12
8.08
8.06
7.33
6.76
6.78
6.68
6.64

Fe diss.

[ng/L]

48.3
26.9
25.1
47.5
6.42
3.25
7.45
3.97
7.12

Tides

02
[mLL]

7.87
7.53
7.27
7.36
7.36
7.02
7.02
7.27
7.27

Cu part.
(ng/L]

0.566
0.456
1.57
7.78
80.3
78.6
77.9
74.4
80.2

5
- 4
Tical
Height 3
ml 2
1
0 L | L] L ol ] | ] | ] L]
4 8 12 16 20 4
Time [h]
chl. a
{ro/L)
0.180
0.158
0.204
0.174
0.244
0.184
0.011
0.013
0.009
Cdpart. Znpart. Fepart. Alpar.
{ng/L] {ug/L] (ng/L] [ng/L]
<0.002 0.517 130 210
<0.002 0.362 84.0 124
<0.002 0.599 105 158
<0.002 1.14 87.7 132
<0.002 4.50 92.4 244
0.0036 3.27 90.7 352
0.0043 3.33 85.1 344
0.0037 2.72 743 273
0.0044  3.27 83.1 293
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HS 0994 Transect 5
Date 27/9/94 T 3
Time 09:30 - 12:00 Height 3
m 2
Wind [km/h] 1.42 . Tides
River discharge [m3/s] 247 1
0 L} L] L] L) | L 1

Creek discharge [m3/s] 0.304
0 4 8 12 16 20 24

Time [h]

Station Temp. Depth Salinity pH- o2 chl. a DOC
[°C] [m] [per mil] [(muLl]  [ng/t]  [mg CA]
C 14.7 o 17.0 7.95 9.18 0.699 1.47
c2 13.9 0 13.4 8.02 9.18 0.111 1.53
Cc3 14.9 0 14.0 8.08 9.18 1.080 3.84
4 15.0 0 13.2 8.04 8.69 1.880 1.22
cs 13.8 0 2.64 7.80 9.67 0.522 1.78
Cc6 16.5 0 1.06 7.41 9.08 0.155 1.73
c7 14.1 0 0.38 7.24 10.06 0.128 1.03
(o-:} 13.8 0 0.07 7.14 {0.00} 0.170 0.81
Cc9 13.7 0 0.03 7.00 {0.21} 0.100 0.55
c10 14.9 0 6.80 8.12 {o.o0} 0.989 7.41
Cudiss. Cddiss. Zndiss. Fediss. Cupat. Cdpat. Znpat. Fepar. Alpan.
[ng/L] [no/) (ng/L) [ngit] (ng/L] (ug/L] (no/L] [nonL] [no/L]
(o] 1.48 0.058 4.88 7.47 0.255 0.00056 0.344 73.8 83.1
c2 1.88 0.049 5.38 5.10 0.455 0.00063 0.643 171 219
Cc3 3.93 0.080 9.83 11.7 1.10 0.00058 0.759 152 175
c4 6.26 0.105 12.0 8.20 1.59 <0.0005 0.730 124 124
c5 122 1.08 159 2.55 67.4 0.00267 5.01 735 182
C6 178 1.44 191 3.36 71.9 0.00381 3.84 63.0 188
c7 294 1.32 205 15.2 64.9 0.00380 3.29 58.5 205
c8 311 1.38 201 18.0 61.3 0.00491 2.81 57.0 186
Cc9 306 1.42 2486 20.8 721 0.00650 3.51 60.2 217
Cc10 93.0 0.809 105 4.98 49.1 0.00168 4.97 82.3 136




HS 1094 Transect

Date 2/11/94
Time 15:00 - 17:00 (?)

Wind [km/h] 1.25
River discharge [m3/s] 102
Creek discharge [m3/s] 1.35

Station Temp. Depth
(°C] [m]

Ci-1 8.44 0

c2 8.97 0

C3 9.24 0

c4 6.42 0

Ccs 4.54 0

C6 3.20 0

c7 2.93 0

c8 293 0

c9 2.93 0

c10 2.80 0
Cudiss. Cddiss.
wg/l]  [uo/L]

C1-1 1.41 0.056

C1-2 1.12 0.054

C1-3 1.42 0.053

c2 1.08 0.061

Cc3 5.25 0.086

Cc4 63.1 0.651

Cs 81.0 0.792

C6 94.4 0.912

Cc7 142 1.05

c8 136 1.08

0] 145 1.10

Cc10 149 1.17

Salinity
[per mil}

18.8
19.8
21.0
13.6
4.1
1.83
0.43
0.40
0.12
0.02

Zn diss.
{no/L]

6.20
6.75
3.69
11.4
10.6
87.1
131
161
188
170
177
183

oH

7.63
7.74
7.86
7.95
7.91
7.62
7.42
7.55
7.42
7.06

Fe diss.
[ng/L]

23.0
4.47
19.2
2.95
5.50
6.13
6.75
3.28
10.1
6.10
5.10
7.00

Tides

02
[mUsL]

6.18
5.97
6.39
7.15
7.81
8.54
8.69
8.68
8.69
8.71

Cu part.
[ngn]

0.140
0.246
0.154
0.144
0.531
40.7
91.6
g92.2
84.3
87.4
87.8
82.3

5
4
Tidal
Height 3
m 2
1
0 L L3 il J L 2 l‘/ L] L]
0 4 8 12 16 20 24
Time [h]
chl. a
[ng/L]
1.72
1.51
2.57
1.61
1.21
0.386
0.242
0.189
0.149
0.174
Cdpat. Znpat. Fepart. Alpar.
[wg/l]  [wg/t]  [ng]  [mgil]
<0.002 0.142 48.0 429
<0.002 0.176 556.5 50.1
<0.002 0.176 63.8 48.6
<0.002  0.101 34.8 32.8
<0.002  0.207 23.8 18.1
<0.002 3.35 58.3 74.6
<0.002 5.7 97.2 215
. 0.0030 4.09 101 267
0.0045  3.30 97.7 235
0.0044 3.36 103 266
0.0052  3.02 103 296
0.0063 2.87 96.9 212
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HS 0195 Transect

Date 17/1/95
Time 16:00 - 19:00

Wind [km/h] 0.65
River discharge [m3/s] 57.2
Creek discharge [m3/s] 1.50

Temp. Depth
[°Cl [m]

6.08
5.95
5.53
4.89
4.35
431
438
4.24
4.24
5.11

829882882 2

Q
°

Cudiss. Cddiss.

ol]  [uol]
Ct 1.83 0.061
(0] 252 0.058
C3 151 0.758
C4 351 1.74
cs 682 2.65
Co6 827 2.99
C7 774 2.89
(o::} 965 2.99
(0] 977 3.10
C10 422 2.49

Salinity
[per mil]

22.6
216
208
9.23
3.34
0.90
1.93
0.12
0.12
17.10

Zn diss.
[uot]

7.65
3.64
115
308
492
674
653
685
699
462

oH

7.69
7.61
7.11
713
6.42
6.37
6.07
6.00
3.57
7.39

Fe diss.

[ugn]

4.40
5.72
4.25
10.9
8.1
10.2
12.4
25.0
38.9
3.99

Tides

02
[mLA]

8.92
8.93
8.93
7.80
6.89
6.98
7.87
8.18
8.92
8.91

Cu part.
lno/L]

0.436
0.621
80.0
165
105
89.8
115
35.4
24.3
119

-5
Tidal 4
Height 3
m 2
1
0 ¥ L { ] J L | 1
0 4 8 12 16 20 24
Time ]
chl. a
(non]
0.157
0.142
0.113
0.095
0.018
0.019
0.033
0.007
0.013
0.083
Cdpat. Znpart. Fepart. Alpart
[noL] (o] non] (ngL]
<0.002 0.126 48.8 26.2
0.0024 0.168 53.5 23.8
0.0037 5.05 127 185
0.0032 6.50 210 376
0.0030 2.60 233 383
<0.002 2.29 232 365
<0.002 2.92 249 517
<0.002 0.835 266 500
<0.002 0.628 296 483
<0.002 5.51 168 279

225
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A.2.2, Vertical Profiles

HS 1193 Profiles 5
Date 2112 : 4
Time 8:45-11.00 T 3
Wind [knvh] 000 Tides (m 2
River discharge [m3/s] 869 1
Creek discharge [md/s}] 216 0

0 4 8 1216 20 24
Time [h]

Depth Temp. Salinity pH o2 chl.a
(m] {°C] fper mil] [min] o]
Station A 0 598 231 7175 n.m. n.m.
5 8.10 285 784 n.m. n.m.
10 825 286 767 n.m. nm.
0 938 301 748 n.m. nm.
S0 955 304 762 n.m. n.m.
80 938 305 748 nm. nm.
200 865 04 739 nm. n.m.
Station 8 0 699 243 760 nm. nm.
' 5 8.00 283 754 n.m. n.m.
10 824 286 767 n.m. n.m.
0 9.32 01 764 nm. n.m.
50 949 304 7.76 nm. nm.
80 9.40 305 784 nm. nm.
Depth Cudiss. Cddiss. 2Zndss. Fediss. Cupat Cdpat Znpat  Fepat  Alpart
{m] [no] o] gL ko] o] [not] ko] o] oy
Station A 0 246 0.308 624 163 660 n.m. 1.28 450 506
5 0.842 0.062 751 266 0.047 n.m. 0.088 8.6 8.18
10 0.657 0063 597 199 0.041 n.m. 0.103 9.03 136
0 1.21 0072 744 536 103 nm. 0.145 218 275
5 0498 0.064 847 325 0.061 nm. 011 208 30.1
8 0624 0.065 569 482 0.092 nm. 0.146 235 35.1
200 1.40 0.065 702 114 0111 n.m. 0.143 23 359
Station B 0 305 0078 798 9.42 0.450 n.m. 0.192 379 459
5 1.01 0067 472 6.27 0.062 n.m. 0086 145 164
10 0612 0.064 27 705 0.051 n.m. 0.071 767 6.65
0 1.07 0077 2.74 126 0.083 n.m. 0.136 149 139
80 0619 0.064 1.66 134 0.130 n.m. 0175 189 205
& 0687 0.080 195 173 0.187 nm. 0.191 375 509
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HS 0194 Proflles 5
Date 131/94 4
Time 1330 - 15:30 roiont 3
Wind [kmvh] 063 Tides tml 2
River discharge [n%/s] 125 1
Creek discharge [m3/s] 4.06 0
0 4.8 12 16 20 24
Time [h)

Depth Temp. Salinity pH o2 chl.a
[m] {°Cl [per mil] [mA] o]
Station A 0 n.m. 25.7 177 n.m. n.m.
5 nm. 281 1.7 n.m., nm.
10 n.m. 202 766 n.m. nm.
0 n.m. 301 767 n.m. n.m.
50 n.m. 305 7.66 nm. n.m.
0 n.m. 3086 765 n.m. nm.
20 nm. 303 763 nm. n.m.
Station B 0 nm. 254 773 n.m. n.m.
S5 n.m. 278 775 n.m. n.m.
10 n.m. 202 769 nm, nm.
0 n.m. 302 7.0 nm, n.m.
0 n.m. 30.2 7.7 nm. n.m.
= ¢} n.m. 30.1 7.7 n.m., n.m.
Depth Cudiss. Cddiss. 2Zndiss. Fedss. Cupat Cdpat 2Znpat. Fepat  Alpart
{m] (ngL] fnot] /L] ot] ko] {nor) (no] o] ugl)
Station A 0 6.66 0.167 154 997 1.13 n.m. 0.226 189 153
. 5 0.955 0.079 397 9.40 0.071 n.m. 0.113 942 100
10 0.861 0.083 236 760 0.101 n.m. 0.108 145 152
0 0543 0.082 193 127 0.050 nm, 0.096 9.05 107
50 0526 0.083 167 1.1 0.059 nm. 0.115 24.1 235
: 4] 0.653 0.084 1.40 130 0.073 n.m. 0.128 146 218
200 1.1 0.092 201 446 0272 n.m. 0.124 167 237
Station B 0 10.2 0.188 415 163 289 n.m. 0475 369 287
5 0.789 0.079 3.4 195 0.087 n.m. 0.102 9.09 958
10 0671 0.074 327 142 0.103 n.m. 0.120 108 110
0 0512 0.064 1.02 9.08 0.050 nm. 0032 10.7 1.7
D 0.494 0.065 1.00 100 0.055 n.m. 0.098 16.3 216
0 0485 0.062 0.954 875 0.061 n.m, 0.353 113 138
0 0578 0.067 1.73 9.10 0.096 n.m. 0.124 144 189
&0 0452 0.073 168 101 0.070 n.m. 0620 192 263




HS 0294 Profiles

7384
12:00- 14:30

Date
Time

Wind [knvh]

River discharge [m3/s]
Creek discharge [m3/s]

Station B

Station B

8885"° HBYBIC TP

B8Es7° ¥BBES"C TP

F

g

331
159
221

Temp.
[°C]

780
79
837
843
868
87
917

7.88
8.15
842
846
866
881

Cu diss.

lwot]

1.%4
174
1.74
0.0
1.93
142
212

841
597
099
106
{0.33)
383

Salinity
(per mil)

274
29.1
29
30.1
303
304
306

267
293
209
302
303
304

Cd diss.
[ngn]

0075
0070
0.070
0.070
0.073
0.070
0072

0.106
0.157
0.069
0.089
{0.001}
0.102

7.75
769
766
765
768
76

742

7.78
769
7.0
7.72
7.74
775

Zn diss.
[ug/L]
486
497
502
3.71
5.81

9.91
128

14.1
194
1.69
0976
{0612}
994

Tides

(mA]

nm.,
n.m.
nm.

n.m.
n.m.
n.m.

n.m.
n.m.
nm.
nm.
n.m.
n.m.

Fe diss.

ol

104
603
6.00
5.0
538
482
140

478
520
291
437

{0.129}

8.14

5
Tidal 4
Hoight 3
(m 2

1

0

0 4 8 12 16 20 24

Time [ h}

chl.a
{ng]
nm.
nm.
n.m.
n.m.
nm.
n.m.
n.m.
nm.
n.m.
n.m.
nm,
n.m.
am.
Cupat. Cdpat Znpat. Fepant.
[ngL] oht] lno] ko]
0.123 n.m. 0.100 03
0077 n.m. 0098 200
0.090 n.m. 0.129 154
0.017 n.m. 0.072 125
0.170 n.m. 0111 143
0.050 n.m. 0.090 238
0177 n.m. 0.117 645
0.523 n.m. 0.155 330
0.769 n.m. 0.271 314
0.102 n.m. 0.123 168
0.304 nm. 0.083 214
{0.02} n.m. {0.011} {1.9}
0.418 n.m. 0.199 218

Al part.

482
306
236
19.1
219
387
353

523
434
269
308
(1.9}
270

228
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HS 0394 Profiles

)
Date 31394 . 4
Time 09:30- 12:30 :lﬂ::, 3
Wind [kevh] 235 Tides (m f
0

River discharge [m3/s] 145
Creek discharge [m3/s] 4.18
0 4 8 12 16 20 24

Time [ h)

Depth Temp Salinity  pH 02 chl.a
(m] [°C] [per mil} Iml] ot
Station A 0 889 160 8.2%6 n.m. n.m.
5 943 272 834 nm. n.m.
10 831 282 7.9 n.m. nm.
0 820 28 8.10 n.m. n.m.
o) 835 300 8.12 n.m. n.m.
&0 8.77 303 79 n.m. n.m.
200 920 305 762 n.m. n.m.
Station B 0 846 140 823 n.m. n.m.
5 880 278 825 nm. n.m.
10 839 282 8.19 n.m. n.m.
0 885 208 824 n.m. n.m.
8 828 300 798 n.m. n.m.
: ] 87 285 8.00 n.m. n.m.
Depth Cudiss. Cddiss. 2ndiss. Fediss. Cupat Cdpat Znpat  Fepat.  Alpart
m] [non) o] o] ko ot [uo) (1T 78] gy oy
Station A 0 301 0.053 231 308 {0.597} nm. {o.891} {212} {314}
5 1.65 0.075 167 226 0.282 n.m. 1.05 322 393
10 1.60 0.075 1.90 530 0.145 n.m. 0.247 252 2.2
0 193 0.073 161 438 0.225 n.m. 0.397 347 408
50 1.41 0075 192 9.05 0.244 n.m. 0.352 304 357
0 1.79 0.077 314 687 0.321 nm. 0.245 247 305
200 075 0.070 1.56 551 0.162 n.m. 0.101 176 273
Station B 0 679 0.759 581 296 491 n.m. 700 112 965
5 283 0075 209 417 0.409 n.m. 0.766 26 328
10 205 0076 1.56 404 0.208 n.m. 0.281 193 25
0 192 0.077 167 8.41 0.237 nm. 037 19.1 207
0 071 0.081 1.01 780 0.035 n.m. 0.083 134 192
0 1.06 0.073 1.01 128 0.141 n.m. 0.162 308 454
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HS 0494 Profiles s
Date 21/4%4 4
. Tidal
Time 09.00- 11:30 Hoight 3
Wind [knvh] 000 Tides tm 2
River discharge [m3/s] 280 : 1
Creek discharge [m3/s] 5.33 0 +rrrrerilrerreren
0 4 8 12 16 20 24
Time [h)
Depth Temp. Salinity pH o2 chl.a
{m] °C] [per mil) - [miA] hot]
Station A 0 949 539 799 86 0327
5 974 254 820 92 0675
10 861 285 8.17 103 0414
D 819 28 172 86 nm.
0 824 300 769 80 nm.
0 862 303 767 81 n.m.
20 9.19 305 742 51 nm.
Station B 0 953 559 786 n.m. 0.218
5 104 240 8.19 102 0378
10 895 27.7 820 84 0.369
D 820 2.7 788 74 nm.
5 826 29 776 76 n.m.
8 866 303 Y4 55 n.m.
Depth Cudiss. Cddiss. 2Zndiss. Fediss. Cupat Cdpat Znpat Fepat  Alpart
[m] o] o/l ol kotl ko] ot] hor] o/ ko
Station A 0 6.84 0.056 400 266 299 n.m. 14 286 503
5 6.1 0072 402 400 123 nm. 0.786 815 135
10 278 0.065 194 326 0238 n.m. 0234 282 308
K¢ 531 0.106 821 304 0377 n.m. 0.35 260 29
5o} 432 0.131 7.81 341 0543 n.m. 0.228 215 157
29} 404 0.105 6.34 248 0.567 n.m. 0.323 22 200
20 0575 0.070 3 440 0.108 n.m. 008 203 168
Station B 0 133 0.083 9.23 126 6.104 n.m. 1.85 272 434
5 330 0.074 282 = 236 0.307 n.m. 0310 27.7 298
10 307 0.072 177 364 0424 n.m. 0.528 470 7.7
K¢ 220 0225 208 537 386 n.m. 102 330 339
D 09 0.305 439 4.79 526 n.m. 134 325 408
8 3 0.068 293 997 0303 nm. 0.193 286 360




HS 0594 Profiles
Date 11/5/94

Time 14:45-18:30

Wind [km/h}
River discharge [m3/s]
Creek discharge [m3/s}

g

BE8s"° BBYRBC TP

*

BEESUO BBBYB O

-7.38
420
5.19

Temp.
I°C]

114
119
9.76
831
820

9.17

120
127
109
844
833
836

Cu diss.

o]

349
421
241
3.19
470
341
0882

282
1.80
3.13
8.76
401
356

Salinity
{per mil]

6.50
20
269
295
292
302
305

320
165
252
290
27
300

Cd diss.
{no/L]

0.038
0.071
0074
0077
0083
0085
0.070

0.039
0058
0078
0.113
0075
00786

pH

8.50
8.10
8.16
8.1
801
789
7.3

848
838
8.03
808
8.07
803

2Zn diss.

(koL

205
255
254
241
6.21
6.3%
203

308
307
404
957
289
263

Tides

(mLA]

9.23
nm.
6.08
727
778
727
566

795
413
n.m,
744
702
6.25

Fe diss.

o]

204
10.1
264
642
508
105
537

242
225
234
34
747
763

5
4
Tidal
Holght 3
m 2
1
0
0 4 8 12 16 20 24
Time [ h]
chl.a
[ng]
0.345
0.566
1.12
n.m.
am.
nm.
nm.
0.151
0.579
0.988
n.m.
nm.
n.m.
Cupat Cdpat Znpat Fepart
[ng] [ng] [ngn} ngt]
147 nm. 155 341
0.457 n.m. 0812 144
0.232 n.m., 0451 330
0277 n.m. 0.400 50.0
0.516 n.m. 0422 322
0.326 nm. 0.288 296
0.070 nm. 0.074 72
0.993 nm. 1.18 288
0.448 n.m. 0937 110
{0 155} nm. (0 252} {127}
0.850 nm. 548
0515 n.m. 0415 568
{0.408} nm. {0.352} {42.7}

JeagRa gaanuNe E
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HS 0694 Profiles

5
Date 17/6/94 4
Time 10:00- 14:00 T 3
Wind kervh] 000 Tides (m2
River discharge [m%/s] 300 : 1
Creek discharge [m3/s] 227 0

0 4 8 12 16 20 24
Time [ h]

Depth Temp. Salinity  pH o2 chl.a
[m] r°cl [per mill mu] (sl
Station A 0 120 35 8.07 9.49 0.263
5 112 247 78 736 0113
10 100 270 775 6.59 0.037
0 857 294 7.70 5.15 n.m.
5o} 831 296 767 447 n.m.
: o] 846 30.1 760 438 n.m.
200 9.16 305 751 293 0.025
Station B 0 14.1 35 850 9.23 0.024
5 12 253 788 6.93 0125
10 997 271 784 6.51 0.053
D 853 203 777 532 n.m.
50 843 295 773 5.2 n.m.
80 840 300 7.76 421 nm.
Woodfibre 01 129 1.63 8.80 983 0.108
0-2 n.m. n.m. n.m. nm.’ 0.121
03 n.m. n.m. n.m. n.m. 0.978
Porteau 01 141 244 ‘8.1 9.99 n.m.
02 n.m. n.m. n.m. n.m. nm.
Depth Cudiss. Cddiss. 2Zndiss. Fediss. Cupat Cdpat Znpat  Fepat.  Alpart
m] (not) [nonl (ug/L] g (not] luol] [not] not] ugt]
Station A 0 477 0.087 5.44 300 1.30 nm. 0817 213 262
5 425 0.102 5.71 4.02 0175 n.m. 0.116 10.3 171
10 27 0.252 286 10.7 113 ° nm. 0.236 214 300
0 220 0.078 3.06 286 0.202 n.m. 0.081 163 233
0 1.02 0.065 127 504 0.186 nm. 0057 9.81 130
80 1.03 0.068 1.81 7.66 0.088 nm. 0.066 177 218
200 068 0.079 203 5.88 0.662 n.m. 0.093 137 16.1
Station B 0 257 0.117 289 569 9.78 nm. 122 187 218
5 402 0.088 483 345 0.231 nm. 0134 125 216
10 109 017 185 473 0.599 n.m. 0.143 129 219
0 1.86 0.077 281 6.65 0.159 n.m. 0077 5.10 805
0 1.10 0.072 248 479 0.099 n.m. 0074 937 143
&0 117 0.074 1.69 789 0.232 n.m, 0171 257 320
Woodfibre 0-1 1.75 0.012 1.85 3386 1.05 n.m. 0903 03 439
0-2 157 0.011 1.62 374 1.01 n.m. 0.962 82 378
03 1.46 0010 264 430 0.974 n.m. 0924 283 368
Porteau 01 497 0.037 402 206 218 n.m. 102 274 345
02 652 0.035 453 273 199 n.m. 0979 243 37
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HS 0794 Profiles 5
Date 277194 e ¢
Time 08:00- 10:30 Helght 3

mo 2
Wind [kmvh] 0.00 Tides tml
River discharge [m3/s] 467 : 1
Creek discharge [m3/s] 0.75 0

0 4 8 12 16 20 24
Time [ h]

Depth Temp. Salinity pH Q2 chl.a
[m] °C] {per mil] -[mn] o]
Station A o 148 368 763 6.7 0.041
5 130 233 785 481 0.125
10 114 273 760 404 0.034
0 948 245 762 6.42 n.m.
£0 907 299 758 6.00 n.m.
&0 843 304 759 6.59 n.m.
20 922 309 740 157 n.m.
Station B 0 172 257 759 685 0.059
5 138 237 798 557 0.211
10 112 269 761 4.30 0.024
0 959 205 789 413 nm.
0 926 298 752 566 ©nm.
& 843 305 7.2t 6.51 n.m.
Depth Cudiss. Cddiss. 2Zndiss. Fediss. Cupat Cdpat Znpar. Fepat.  Alpart
[m] (nglL] (ng1] fngt] (no/t] (not] (o] o] ko o4
Station A 0 248 0.027 170 534 125 ° nm 0.790 278 497
5 272 0078 104 844 0.176 nm. 0.166 281 56.1
10 132 0.162 248 550 0.604 nm. 0.147 186 357
0 712 0.116 17.2 422 0.692 n.m. 0.298 464 898
80 216 0.069 6.43 6.54 {0.073} nm. {0.699} {13.9} {21.4}
80 534 0.102 131 6.12 0.557 n.m. 0235 509 100
200 091 0.068 407 6.65 0.133 n.m. 0.109 329 585
Station B 0 768 0.096 192 173 526 n.m. 137 295 545
5 273 0.066 497 355 0147  nm. 0.152 135 243
10 991 0.185 195 293 {0.455} nm. {0.214} {13.2} {25.7}
0 204 0073 4.9 794 0.13 nm. 0033 121 173
0 747 0.123 15.1 255 0717 n.m. 0222 318 588
0 794 0.123 132 267 0.547 n.m. 0.163 259 46.7
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HS 0894 Profiles 5
Date 267894 nea 4
Time 07:30- 09:30 reight 3
Wind [km/h] 004 Tides tm 2
River discharge [m3/s] 270 : 1
Creek discharge [m3/s] 044 0

0 4 8 12 16 20 24
Time [ h}

Depth Temp. Salinity  pH o2 chl.a DOC
[m] [°C] [per mil] Amln] (T8} Img G}
Station A 0 147 152 8.11 6.90 0.787 nm.
5 121 275 764 498 . 0.588 nm.
10 106 287 7.46 438 0.089 n.m.
0 9.20 301 764 3.7 n.m. n.m.
0 883 305 7.62 353 n.m. nm.
&0 851 308 753 327 n.m. nm.
20 9.19 314 73% 183 nm. nm.
Station B 0 156 152 8.18 795 0.583 n.m.
5 121 276 786 864 0.802 nm.
10 106 286 761 464 0.284 n.m.
K o 9.13 30.1 768 33F% nm. n.m.
80 907 303 77 383 n.m. n.m.
a0 859 306 7.76 34 n.m. n.m.
Qutfail 0 172 149 8.18 6.85 0.968 5026
5 129 274 7N 532 144 2019
10 9N 29.1 759 404 0.0813 3307
15 8.44 299 764 404 0.0454 2778
20 8.17 299 7.73 - 404 005 . 134
-1 803 299 7.70 413 0.031 2241
Depth Cudiss. Cddiss. 2ndiss. Fediss. Cupat Cdpat Znpat Fepat. Alpat
[m] (o] (o] hot] wot] kot] (not] gl (T {no]
Station A o 1.94 0.060 425 117 0.13 n.m. 0228 320 472
5 607 0117 991 37 0.339 n.m. 0.183 163 169
10 7.02 0.119 17 669 {0.647} n.m. {0.167} {22.2} {22.98}
0 148 0.066 1.40 508 0.199 nm. 0.108 182 121
50 1.06 0.065 1.18 460 0.193 n.m. 0.081 189 155
80 1.08 0.066 238 461 0216 n.m. 0.113 204 146
0 0.789 0.066 142 403 0.103 nm. 0.110- 287 319
Station B ) 296 0051 2.7 266 0.261 n.m. 0374 114 157
5 489 0.107 739 1.50 0.215 nm. 0088 20 137
10 109 0.159 147 405 0.566 nm. 0.113 17.1 180
0 1.80 0.068 1.40 5.85 0.145 n.m. 0.102 172 2086
80 0601 0.065 0958 {0.083} 0.181 nm. oo7 188 244
0 0979 0.065 0.805 7226 0.222 n.m. 017 320 438
Qutfall 0 38t 0.059 414 128 0.984 n.m. 0711 129 7
5 834 0.117 942 213 0.402 n.m. 0.150 706 129
10 540 0.481 678 427 103 n.m. 2609 251 823
15 915 0.779 127 2.7 25 n.m. 5804 406 141
0 235 0.066 324 350 0.333 n.m. 0.136 256 279
S 167 0.072 215 5.85 0.362 n.m. 2022 350 32




HS 0994 Profiles

Date 261994

Time 08:00 - 10.00
Wind {km/h] 000

River discharge [m3/s] 254
Croek discharge [m3/s] 03

§

Temp.
°C]

E)

132
129
13
9.24
880
o
9.17

130
131
13
9.21
908
9.18

153
129
1.1
9.38
9.08
9.55
9.05

off Porteau

(uglt]

142
165
254
1.89
104
068
0.725
Station B 128
0.765
249
1.59
0837
0548

1.19

141

0892
0.791
0854
0521
0962

off Portsau

EB883Y° 8883U° BBBE3UC TP 3BVE3V° 8BB3UO PBEYI VO
F

Cu diss.

Salinity
[per mil]

9.9
258
288
300
305
309
312

873
260
287
209
303
307

126
273
287
300
303
30.7
310

Cd diss.
(ko]

0039
0074
0077
0.066
0.061
0.062
0.060

0.041
0056
0072
0.062
0.064
0.062

pH

764
768
742
739
7.3
727
7.00

723
748
7.21
731
725
716

785
7.59
740
740
733
731
7.1

Zn diss.

koLl

153
165
1.71
158
142
0827
214

1.71
0978
28
147
139
0.702

240
1.99
272
1.15
1.13
0699
157

Tides

02

[mtA]

887
721
544
531
5.16
499
27

937
755
539
§23
5.14
463

9.28
823
582
5.10
5.10
445
3.17

Fe diss.

ko4

439
373
1.85
204
117
1.18
0.801

102
253
238
237
248
275

264
1.74
129
1.16
206
2%
474

5 -
Tidal 4
Height 3
m 2
1
0
0 4 8 12 16 20 24
Time [h)
chl.a
(o]
1.76
1.06
0.535
0.017
0.015
0.011
0.008
18.1
0.986
0467
n.m.
n.m.
nm.
1.64
193
0.541
n.m.
n.m.
n.m.
n.m.
Cupart. Cdpat Znpat. Fepart
o] o] gt [ngt]
0.557 n.m. 0.967 67
0.100 n.m. 0125 193
0.108 n.m. 0099 113
0.122 n.m. 0.091 140
0.062 n.m. 0.072 9.74
0.071 nm. 0.099 174
0.064 nm. 0086 104
0.754 nm. 1.00 220
0.121 n.m. 0178 178
0172 n.m. 0.106 897
0.152 n.m. 0.098 113
0128 n.m. 0.110 198
0.114 nm. 0.116 210
0.116 nm. 02238 368
0.060 n.m. 0.091 118
0.057 n.m. 0.149 805
0.044 n.m. 0.048 461
0.120 n.m. 0.264 329
0.052 nm. 0.125 85
0.33%6 n.m. 0608 177

Al part.

397
330
192
218
144
26
169

318
165
148
289
308

504
18.7
124
707
572
10.2
an

235
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HS 1094 Profiles 5
Date 211/94 e ¢
Time 09:00 - 11'00(?) . Helght 3
Wind [knvh] 390 Tides (m 2
River discharge [m3/s} 102 : 1
Creek discharge [m3/s]  1.35 0

0 4 8 12 16 20 24
Time [ h)

Depth Temp. Salinity pH o2 chl.a
[m] [C] {per mil] [mLA] ngt]
Station A 0 8.75 211 760 6.44 293
5 972 243 767 585 389
10 104 26.1 765 562 271
K ¢] 902 308 729 350 n.m.
0 9.20 311 730 328 n.m.
80 927 313 7.00 299 n.m.
20 9.16 314 664 1.72 n.m.
Station B 0 883 218 774 623 331
5 9.85 239 776 6.12 199
10 10.1 247 175 551 255
0 905 306 744 351 nm.
&0 929 309 747 324 n.m.
80 9.03 310 734 307 n.m.
Depth Cudiss. Cddiss. 2Zndss. Fediss. Cupat. Cdpat Znpat  Fepat.  Alpart
(m] (ko] {ngn) (ko) g/l (178 o] o] [iIL10] ol
Station A 0 0.685 0.057 6.32 6.41 0184 ° nm 0.179 372 348
5 278 0.062 3.74 123 0.151 n.m. 0.182 197 231
10 1.83 0.064 333 6.41 0.065 n.m. 0.090 9.72 117
0 108 0.067 280 11.1 0077 n.m, 0.126 188 243
0 194 0.064 4.01 707 0.074 n.m. 0.106 19.1 273
80 0.862 0.067 663 6.76 0.070 nm. 03720 122 176
200 0614 0.065 389 411 0.102 n.m. 0223 208 323
Station B 0 275 0.067 486 8.09 0.435 nm. 0247 395 389
5 1.21 0.058 246 143 014 nm. 0.128 315 310
10 274 0.064 390 8.28 0.108 n.m. 0.086 178 124
0 1.03 0.066 298 267 0.175 n.m. 0.144 280 264
0 0689 0.065 186 6.09 0.087 n.m. 0098 179 179
80 0685 0.064 1.14 9.39 0.153 n.m. 0.197 256 307




HS 0195 Profiles

Date 16/1/95

Time 1000 - 13:00
Wind [kmmvh) 1.08

River discharge [m3/s] 695
Creek discharge [m3/s] 184

Temp.
°C]

¢

6.35
783
7.75
831
844
942
9.18

6.55
755
7.7
83
831
832
845
9.39

88§8$6“° B8g8sre
N -

Cu diss.
{ng]

108

2

g
4

382

0.730
0492
0694
0.704

147
961
294
0.838
0.659
0680
1.76
0686

Station B

8888BSU° PBEESUO

Salinity
[per mil]

255
287
29.1
30.1
302
308
309

253
287
20
30.1
30.1
30.1
302
308

Cddiss.
{ugn]

0.115
0.071
0.081
0.069
0.070
0.070
0.063

0.133
0.108
0077
0070
0.069
0.069
0087
0.067

pH

nm.
n.m.
nm.
n.m.
n.m.
n.m.
n.m.,

n.m.

n.m.
n.m.
n.m,
n.m.
nm.
n.m.

Zn diss.
o]

9.93

319
1.04
0.944
0.743
1.02

128
797
229
1.12
0.758
0.744
1.09
0.720

Tides

o2
(mLA]

6.75
591
571
520
505
317
160

663
5.86
5.72
525
521
637
5.09
317

Fe diss.

lugl)

366
361
185
187
333
537
390

482
307
243
266
1.36
236
213
241

5
Tidal 4
Hoight 3
[m 2
1
0
0 4 8 12 16 20 24
Time [ h]
chl.a
{non]
0.138
0.112
0.077
n.m.
nm.
n.m.
n.m.
0.083
0.084
0.083
n.m.
nm.
nm.
n.m.
n.m.
Cupat Cdpat Znpat  Fepart
kot] [not] fngt] [no]
0.333 nm. 0.386 292
0.133 nm. 0.107 133
n.m. n.m. n.m. n.m.
0.0s3 n.m. 0127 138
0.073 n.m. 0.182 142
0.108 nm. 0.094 180
0.102 nm. 0.119 196
332 n.m. 0487 400
0779 nm. 0.161 188
0.233 nm. 0083 141
0.140 nm. 0.129 159
0.106 n.m. 0094 151
0.100 n.m. 0.096 149
n.m. n.m. n.m. n.m.
0.071 nm. 0.138 238

Al part.

236
15.1
n.m.
199
189
235

320
192
158
243
26
242
nm.
37

237




pH

6.40
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
7.83

pH

n.m.
n.m.
n.m,
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

pH

n.m.
n.m.
n.m.
n.m.

- n.m.

TPC
[mg CA]

6.6

13.4
n.m.
17.0
n.m.
27.8
28.3
44.1
38.4
65.5

TPC
[mg C/L]

n.m.
n.m.
n.m.
n.m,
n.m.
n.m.
n.m.
n.m.
n.m.

TPC
[mg CA]

n.m.
n.m,
n.m.
n.m,
n.m.

\.2.3, Mixing E . '
MIX1
filtered Britannia Creek and filtered Howe Sound water
Date 11/1/96
Label time Salinity
[min.] [per mil]
MIX 1.9 30 0.00
MIX 1.1 30 2.45
MIX 1.5 30 2.45
MIX 1.2 30 4.73
MIX 1.6 30 4.91
KIN 1.4 30 12.3
KIN 1.5 30 12.3
MIX 1.4 30 18.4
MIX 1.7 30 18.4
MiX 1.8 30 24.6
MIX2
repeat of MIX1 using water stored for 1 week
Date 18/1/96
Label time Salinity
[min.] [per mil]
MIX 2.9 30 0.00
MIX 2.7 30 2.48
MIX 2.8 30 2.46
MIX 2.5 20 4.91
MIX 2.6 30 4.91
MIX 2.1 30 12.3
MIX 2.2 30 12.3
MIX 2.3 6 18.4
MiIX 2.10 30 24.6
KIN1
as MIX1, but variable reaction times
Date 11/1/96
Label time Salinity
[min.] [per mil]
KIN 1.3 5 12.3
KIN 1.4 10 12.3
KIN 1.5 20 12.3
KIN 1.6 30 12.3
MIX 1.3 30 12.3
KIN 1.2 1260 12.3

n.m.

n.m.

Cu part.

[ng/L]

0.873
1.13
1.46
1.95
1.82
1.41
1.14
0.560
0.546
0.069

Cu part.

[no/L]

1.54
1.93
1.72
2.36
2.3
1.80
2.16
0.640
0.088

Cu part.

(wo/L]

1.27
1.42
1.05
1.40
1.36
7.92

Cd part.

(no/L]

< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002

Cd part.

[no/L]

< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002

Cd part.

[ngit]

<0.002

< 0.002
< 0.002
<0.002
< 0.002
< 0.002

Zn part.
(no/L]

1.375
1.25
1.98
1.15
1.16
0.894
0.746
0.258
0.330
0.281

Zn part.
[no/L]

2.32
1.27
1.48
1.40
1.66
0.771
1.46
0.071
0.161

Zn part.
fugrt]

1.32
1.01
0.66
0.69
0.81
2.95

Fe part.
[ng/L]

0.072
0.092
0.126
0.103
0.223
0.086
0.107
0.109
0.064
0.023

Fe part.
[ngnt]

0.073
0.071
0.097
0.084
0.144
0.077
0.154
0.059
0.017

Fe part.
[no/L]

0.063
0.088
0.095
0.089
0.069
0.286

Al part.
[ng/L]

3.147
2.61
2.61
1.98
1.91
1.35
1.88
1.12
0.921
0.738

Al part.
{ng/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Al part.
(ng/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

238




KIN2

repeat of KIN1 with stored water

Date

Label

KIN2.5
KIN 2.3
KIN 2.4
MIX 22
MIX 2.1
KIN 2.2
KIN 2.1

MIX3

18/1/96

time
[min.]

1

10
20
34
30
60
1420

Salinity
[per mil)

12.3
12.3
12.3
12.3
12.3
12.3
12.3

PH

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

as MIX1, but with different filter pore sizes

Date
Label

MiX 3.12
MIX 3.11
MIX 3.2
MIX 3.6
MIX 3.3
MIX 3.7
MIX 3.8
MIX 3.9
MIX 3.13
MiX 3.4
MIX 3.1
MIX 3.10
MIX 3.5
MIX 3.14

MiX4

18/1/96

time
{min.]

Salinity

. [per mil]

0.00
0.00
2.46
2.46
4.91
4.91
12.3
12.3
12.3
12.3
12.3
18.4
18.4
24.6

Filter pore
size [um]

cooooocooo0000o0
P N G N N NN iy Ny il

TPC
[mg CL]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

pH

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m,
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Cu part.
(ng/t]

1.68
1.63
1.77
2.16
1.80
3.18
1.9

TPC
[mg C/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
na.m.

Cd part.
[ugrL]

< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002

Cu part.
(no/L]

7.33
2.34
20.9
2.14
254
1.67
12.9
1.583
1.64
1.20
2.67
4.61
0.346

- 0.071

Zn part.
(no/L]

0.257
1.41
1.27
1.46
0.771
217
2.75

Cd part.

[rg/L]

< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002
< 0.002

Fe part.
(ng/L]

0.089
0.095
0.106
0.154
0.077
0.152
0.398

Zn part.
[ug/L]

8.17
5.67
12.1
4.93
14.5
4.57
12.2
6.9
5.96
6.50
5.82
13.1
6.87
0.651

as MIX1, but with new batch of Britannia Creek and Howe Sound water, both end-members unfiltered

Date

Label

MIX 4.11
MIX 4.12
MIX 4.2
MIX 4.31
MIX 4.32
MIX 4.4
MIX 4.5
MIX 4.61
MIX 4.62
MIX 4.7
MIX 4.81
MIX 4.82

5/6/96

time
[min.]

30
30
30
30
30

Salinity
[per mil)

0.00
0.00
0.44
0.87
0.88
1.7
2.62
3.94
3.94
6.56
8.75
8.75

pH

6.53
6.53
6.68
6.74
6.85
7.01
7147
7.32
7.35
7.81
7
7.91

TPC
[mg CA]

0.647
n.m.

0.694
0.727
0.749
0.831
0.788
0.744
0.73

0.421
0.232
n.m.

Cu part.
[no/L]

13.2
13.7
25.0
66.6
69.0
194
260
302
278
172
1.12
1.03

Cd part.
[ug/L]

0.0022
0.0023
0.0022
0.0036
0.0024
0.0038
0.0049
0.0049
0.0047
0.0038
0.0014
0.0012

Zn pant.
[ng/L]

0.421
0.451
0.550
1.53
1.47
4.37
7.35
9.29
8.96
9.39
1.57
1.41

Fe part.
[ng/L]

571
587
569
603
611
649
618
583
549
501
434
446

Al part.
(ng/L]

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

Fe part.

{ng/L]

0.260
0.137
0.594
0.093
0.690
0.110
1.36

0.23

0.193
0.125
0.452

0.183
0.032

Al part,
[ng/L]

273
276
451
674
745
759
766
699
614
578
688
643

239
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MiXx4 (continued)
Label Cudiss. Cddiss. Zndiss. Fediss. Al diss.
[ng/L] [na/L] (na/L] [ng/L] (ng/L)
MiX 411 1530 3.0 560 93.2 n.m.
MiIX 4.12 913 3.09 329 107 n.m.
MiX 4.2 1430 2.98 521 91.2 n.m.
MIX 431 1280 2.77 488 73.2 n.m.
MIX 4.32 1220 2.74 481 73.2 n.m.
MiX44 971 2.30 434 8.50 n.m.
MIX 45 727 2.07 372 3.70 n.m.
MIX 4.61 484 1.54 287 5.60 n.m.
MIX 4.62 494 1.58 300 39.1 n.m.
MIX 4.7 159 0.650 142 5.20 n.m.

MIX 4.81 2.70 0.040 2.90 6.26 n.m.
MiX 4.82 2.70 0.022 16.3 7.60 n.m.

IX5
as MiX4, but with filtered Britannia Creek water and unfiltered Howe Sound water

Date 5/6/96
Label time Salinity pH TPC Cupart. Cdpart. Znpart. Fepart. Alpart.
[min]  [per mil] [mgCA] (ug/t]  [wg]  [wg/l]  [mo/t]  ([wgl]
MIX 5.1=7.1 30 0.00 n.m., 0.178 0.627 0.0005 - 0.540 - 219 7.67
MIX 5.2 30 0.44 n.m. n.m. 6.10 0.0005 0.175 42.8 168
MIX 5.31 30 0.87 n.m. n.m. 33.8 0.0009 0.662 67.9 399
MIX 5.32 30 0.88 n.m. n.m. n.m. n.m. n.m. n.m. n.m,
MiX 5.4 30 1.75 n.m. n.m. 118 0.0017 2.76 133 288
MIX 5.5 30 2.63 n.m, n.m. 191 0.0026 4.97 198 514
MIX 5.61 30 3.94 n.m. n.m. 216 0.0031 6.65 282 558
MIX 5.62 30 3.94 n.m. n.m. 213 0.0027 6.26 259 213
MIX 5.7 30 6.96 n.m. n.m. 116.82 0.0024 6.05 371 433
MIX 5.8=4.81 30 8.75 7.91 0.232 112 0.0014 1.57 434 688
MIX6 .
as MIX4, but with unfiltered Britannia Creek water and fittered Howe Sound water
Date 5/6/96
Label time Salinity pH TPC Cupart. Cdpart. Znpat. Fepart. Alparn.
[min]  [per mil] (mgCA)] fug/l]  [uod]  [wg/l]  [mgd]  [ug/L]
MiX 6.1=4.11 30 0.00 6.53 0.647 13.2 0.0022 0.421. 571 273
MIX 6.2 30 0.44 n.m. n.m. 20.7 0.0012 0.313 569 454
MIX 6.31 30 0.87 n.m. n.m. 62.3 0.0018 1.04 583 743
MiX 6.32 30 0.88 n.m. n.m. 65.1 0.0019 1.01 547 584
MiX 6.4 30 1.75 n.m. n.m. 200 0.0033 4.21 542 512
MIX 6.5 30 2.62 n.m. n.m. 254 0.0036 6.40 464 402
MIX 6.61 30 3.93 n.m. n.m. 268 0.0038 8.16 392 351
MIX 6.62 30 3.94 n.m. n.m. 252 0.0036 7.10 374 275
MIX 6.7 30 6.59 n.m n.m. 141 0.0021 6.49 189 146

MIX 6.8=0.8 30 8.75 7.91 0342 0063  <0.001 0076  4.03 8.16
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MIX7
as MIX4, but with filtered Britannia Creek and fittered Howe Sound water
Date 5/6/96
Label time Salinity pH TPC Cupart. Cdpat. Znpart. Fepart. Alpan.
(min}  [per mil] [mg CL] [ug/t]  [ug/l]  [ug/l]  [ugl]  [ng/L]
MIX 7.1 30 0.00 n.m. 0.178 0.627 0.0005 0.540 21.9 7.67
MIX 7.2 30 0.44 n.m. 0.272 4.86 0.0006 0.145 274 224
MIX 7.31 30 0.87 n.m. 0.266 24.9 0.0006  0.467 29.3 405
MIX 7.32 30 0.87 n.m. 0.361 247 0.0007 0.478 27.5 406
MIX 7.4 30 1.75 n.m. 0.376 103 0.0014 2.52 69.8 408
MIX 7.5 30 2.83 n.m. 0.450 157 0.0017  3.89 78.0 427
MIX 7.61 30 3.94 n.m. 0.433 167 0.00168  4.27 56.0 149
MIX 7.62 30 3.94 n.m. 0.493 17024 0.0019  4.411 66.4 295.3
MIX 7.7 30 6.56 n.m. 0.223 7.05 0.0002 0.239 9.76 6.72
MIX7.8=9.8 30 8.75 7.91 0.342 0.063 <0.001 0.076 4.03 8.16
MiX8
1:1 mixture of filtered 4100 drainage and sewage, mixed with filtered Howe Sound water
Date 8/6/96
Label time Salinity pH TPC Cupart. Cdpart. ~ Znpart. " Fepart. Al pan.
[min]  [per mil [mg C] [pg/ll]  [ug/t]  [wg/l]  [ug/l]  [ug/L]
MIX 8.01 30 0.02 n.m. n.m. 74.9 0.0427 142 n.m. 95.6
MIX 8.02 30 0.02 n.m. n.m. 2.44 0.0017  0.098 11.6 7.36
MIX 8.03 30 0.02 6.93 7.36 1715 0.5302 277 106 2430
MiX 8.1 30 0.46 6.99 6.96 1536 0.4281 295 91.6 2413
MIX 8.2 30 0.88 6.61 6.86 2057 0.4537 374 148 3867
MIX 8.22 30 0.46 n.m. n.m. 3125 0.8669 596 182 4429
MIX 8.3 30 1.77 6.84 6.64 1895 0.3094 312 107 2519
MIX 8.4 30 2.64 7.01 6.28 1811 0.2953 317 75.8 756
MIX 8.5 30 3.95 6.94 5.05 1367 0.1691 245 98.2 389
MIX 8.52 30 3.95 7.17 5.52 1518 0.1947 290 136 2079
MIX 8.6 30 6.57 7.31 2.80 120 0.0918 33.3 5.20 109
MiX 9.8 30 8.75 7.91 0.34 0.063 0.0015 0.076 4.03 8.18

Label Cudiss. Cddiss. Zndiss. Fediss. Aldiss.
ugl]  [wgl]  [wo/l]  [ugt]  [pgd]

MiX 8.01 9811 81 18600 46.2 12100
MIX8.02 110 1.15 25.8 182 143
MIX 8.03 2570 44.0 6530 62 1700




MiX9

as MIX8, but without sewage

Date

Label

MIX 9.1
MIX 9.2
MiIX 9.31
MiX 9.32
MIX 9.4
MIX 8.5
MIX 9.61
MIX 9.62
MIX 9.7
MiX 9.8

time
[min.)

30
30
30
30
30
30
30
30
30
30

Salinity
[per mil]

0.02
0.46
0.89
0.89
1.76
2.64
3.95
3.94
6.58
8.78

pH

4.43

452

4.57
4.57
4.66
4.72
4.88
4.94
6.80
7.91

TPC
[mg CAL]

n.m.

0.031
0.117
0.058
0.294
0.398
0.714
0.560
1.16

0.342

Cu part.
[no/L]

1.56
1.17
2.53
2.33
3.36
16.4
43.4
445
493
0.063

Cd pant.

[ng/L]

0.0098
0.0073
0.0119
0.0140
0.01186
0.0084
0.0046
0.0076
0.0117
<0.001

Zn part.
[ng/L]

2.34
1.67
2.98
3.37
2.93
2.78
3.62
4.10
47.8
0.076

Fe part.

[rg/L]

1.07
1.49
2.88
1.70
12.71
16.8
16.7
13.3
15.1
4.03

For experiments MIX4 through MIX9, samples labelled MIX_.8 are seawater, MIX_.1 are fresh water. :
Samples MIX9.1 and 8.01 are 4100 drainage, 8.02 is sewage, and 8.03 is a 1:1 mixture of fitered AMD and sewage.
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Al part.
[ng/L]

2.52
47.4
37.0
4.67
439.35
751
1784
1160
2331
8.18
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4 imen
Station weight Cu Zn Al2O3 Fe203
() [ppm] [ppm] (%] (%]
A30 3.31 128 121 15.7 5.44
A30F 3.11 181 143 16.0 58.73
A50 3.80 115 121 16.5 5.37
AS0F 3.78 108 134 16.0 5.55
A 200 7.27 104 128 17.3 6.00
A200F 712 104 118 15.9 §.75
B30 3.54 411 . 99.0 15.0 5.86
B30F 3.39 378 117 16.1 5.86
B 50 4.16 356 115 14.9 5.92
BSOF 4.20 482 150 16.3 6.02
B 8o 5.52 360 136 15.3 6.21
B8OF 5.42 315 137 16.5 6.40

Samples with postscript "F" contained formaldehyde as a preservative

2.5, Britannia Creek February 1

Date 12/2/96
Time 14:00 - 18:00

Station Description Station # pH PON POC DOC S04 diss.
[mgN] [mgCA] [mgCA] [uM]

Britannia Creek before 2200 6.98 0.0092 0.073 1.41 41
2200 Portal 3.1 0.0101  0.049 1.04 15500
Jane Creek before 2200 7.05 0.0144 0.279 0.39 543

3.60 0.0108 0.126 1.29 3620
4.82 0.0107 0.472 0.29 789
5.99 0.0100 0.432 0.53 314
6.40 0.0106 0.347 0.65 272
7.09 0.0047 0.052 n.m. 94

Jane Creek after 2200
Britannia Creek 150 m after 22(
Britannia Creek 800 m after 22(
Britannia Creek at mouth -
Furry Creek

NN WN

Station # Cu diss. Cddiss. Zndiss. Fediss. Aldiss. Cupart. Cdpat. Znpart. Fepart. Alpar.
(mo/l]  [wgt] [ugd]  [wg/l]  [ug/t] [uoA]  [wg/] [wgl] [ng/l]  [wg/]

1 <1 <0.1 0.731 9.90 36.6 0.120 <0.002 0.111 50.3 81.2
2 62000 211 31800 30200 44700 23.3 0.094 50.8 992 44.9
3 165 2.69 509 <1 36.7 76 0.0148 8.16 40.8 663
4 14000 535 9000 4040 11800 9.76 0.0217 2.83 3670 50.3
5 1230 5.63 822 68.4 771 34.9 0.0051 0.655 525 562
6 805 4.00 603 85.2 169 17.1 0.0048 1.08 424 692
7 454 2.52 410 254 323 40.5 0.0061 1.49 176 463
8 6.11 <0.1 2.69 7.00 52.6 0.160 <0.002 0.075 14.4 30.4




A.2.6, Bioassay

Culture

Control 1
Control 1
Control 2
Control 3
Control 1
Low 1
Low 1
Low 2
Low 3
Low 1
Medium 1
Medium 1
Medium 2
Medium 3
Medium 1
High 1
High 1
High 2
High 3
High 1

Cuilture

Control 1
Control 1
Control 2
Control 3
Control 1
Low 1
Low 1
Low 2
Low 3
Low 1
Medium 1
Medium 1
Medium 2
Medium 3
Medium 1
High 1
High 1
High 2
High 3
High 1

Day of
oxp.

“AABaaa
= rhah ol ol

h#&-‘:h##-‘

pry
H

Day of

&~ = £ Ao 3
©

NV N N U N N O O O G N

S

TPC
[mg CA]

n.m.
6.29
6.67
7.09
15.9
n.m.
3.88
4.59
7.69
12.8
n.m.
4.74
4.79
6.92
13.4
n.m.
0.70
1.08
0.87
6.29

Cu diss.
[ng/L]

5.59
3.47
3.02
3.37
3.79
6.38
5.56
5.20
8.55
5.67
15.0
12.9
13.4
13.7
16.5
54.7
51.7
58.5
51.3
44.4

TPN
[mgN/L]

n.m.
0.80
0.77
0.83
0.65
n.m.
0.38
0.49
0.81
0.59
n.m.
0.55
0.64
0.77
0.62
n.m.
0.14
0.24
0.20
0.43

Cd diss.
[ng/L]

0.071
0.046
0.050
0.059
0.079
0.087
0.078
0.079
0.080
0.091
0.160
0.154
0.147
0.156
a.161
0.521
0.484
0.527
0.508
0.520

NO3

(uM]

66.5
0.10
0.07
0.16
0.23
66.5
1.00
0.30
0.50
0.55
66.5
0.46
0.17
0.10
0.30
66.5
62.8
68.0
65.0
0.28

Zn diss.
(ng/L)

4.37
1.91
0.472
0.965
7.96
5.56
0.442
0.398
1.69
1.70
18.9
1.09
0.942
1.42
35.5
89.3
105
97.7
89.4
51.4

Sio2
(kM]

52.7
0.01
0.31
0.67
10.2
52.7
0.89
0.09
0.90
11.5
52.7
0.89
11.7
1.91
1.55
52.7
42.7
66.9
42.5
2.28

Fe diss.
[ug/L]

3.47
2.1
1.94
2.80
1.14
2.67
1.36
1.54
3.43
0.900
3.93
2.7
2.73
2.67
33.4
2.50
10.5
6.10
5.03
1.55

NH3
(uM]

1.54
0.02
0.00
0.04
0.17
1.54

" 0.14

0.12
0.21
0.18
1.54
0.17
0.15
0.13
0.15
1.54
0.13
0.34
0.21
0.15

Cu part.
[ngiL]

1.06
1.29
n.m.
1.20
1.15
1.98
2.63
2.59
2.42
2.21
4.42
6.05
6.21
5.80
3.57
32.7
16.0
20.1
21.8
215

PO4

(uM]

3.43
0.16
0.08
0.08
0.10
3.43
0.08
0.08
0.09
0.12
3.43
0.06
0.06
0.08
0.09
3.43
2.29
2.49
2.35
0.02

Cd part.

(ho/L]

0.0020
0.0248
n.m.

0.0206
0.0112
0.0020
0.0143
0.0149
0.0147
0.0057
0.0020
0.0057
0.0078
0.0069
0.0020
0.0020
0.0020
0.0020
0.0020
0.0036

log cell
density
[cells/L]

7.02
7.84
7.7
7.83
7.85
7.02
8.1

n.m.
n.m.
8.13
7.02
8.38
n.m.
n.m.
8.06
7.02
6.66
n.m.
nm,
8.37

Zn part.
[ng/L]

1.33
2.68
n.m.
2.67
2.29
2.01
7.56
7.61
7.36
5.67
3.38
213
23.9
20.7
9.06
12.4
7.07
8.99
9.38
38.4

chl. a
[mg/L]

27.7
236
225
192
136
27.7
145
127
150
70.4
27.7
62.1
76.1
72.5
38.0
27.7
11.9
13.1
3.8
67.3

Fe part.
{ngit]

47.8
25.6
n.m.
245
40.4
47.7
39.4
36.0
38.6
43.3
55.8
36.2
38.8
38.9
22.0
75.7
36.2
57.9
65.8
40.2
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Fluoresc.
[arbitrary
units}

2.50
14.5
14.6
13.6
9.85
2.50
10.5
10.2
10.2
9.79
2.50
5.00
6.02
5.88
7.05
2.50
0.0t
0.05
0.25
8.14

Al part.
[ngnL}

86.0
68.2
n.m.
55.6
67.6
97.6
80.9
80.3
73.0
74.9 -
68.0
71.8
73.9
92.6
49.3
77.6
65.8
82.8
90.0
22.1
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A.3. Box Model

A.3.1. Schematic and Conservation Equations

Q *
. > Sr Qr > S1 Q4 >
1
,T\ A
Q2 Q21
Q.
S %
2 <—

Equations:

Conservation of Volume: Upper Box: Q: +Q,, =Q,+Q,,
Lower Box: Q= Q) +Q;

Conservation of Salt: Upper Box: S.Q +5,Q,,=SQ, +5Q,;
Lower Box: o 5,Q,=5Q,, +5Q;

where Q= volume flux
S = salinity
r= rver
c= creek
1= upper box
2= lower box
3= deep inflow
4= surface outflow

Solving for the four unknown volume fluxes yields:




Q= Q(S;-S)/(s; -8,)
Q Q:(Sl —Sr)/(Sa—Sl)
Q= Q3(Sl - S3)/(Sl ‘Sz)
Q. = Qs(sz - S3)/(Sl - Sz)

The upper box (depth D) was defined to extend from the surface to the bottom of the
pycnocline, as inferred from hydrographic data at Station A. The lower boundary of the
deeper box was determined from salinity profiles as the depth at which salinity became
uniform. Salinities in the two boxes (S and S3) were calculated as the weighted mean of the
salinity values recorded between the respective boundaries. S3 in September was obtained
from a salinity profile at Porteau Cove. In May and January, no such data were available, and
S3 was estimated instead from the salinity below the lower box. The velocity of the surface
outflow (V4) was calculated from the surface volume flux Qg4, the depth of the surface box
(D1) and an assumed channel width of 3 km.

Metal concentrations in surface water were estimated according to:

(Cc;cﬂ'.Qc + Cz(Qzl - sz) +C,Q )/Q4

where C= concentration
Ce, eff. = effective metal concentration in creek, corrected

for removal in the mixing zone via
Ce, eff. = C x (% flocculated)/100

A term Cpyy eff Qm was added to the sum in.the above equation when accounting for the metal
input from the submerged outfall.
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A.3.2. Model Calculations

A.3.2.1. Box Model for HS 0594

DATASET:

HS 0594 profile at Station A for salinity
HS 0594 transect for metals

INPUT:

Q, [m3/s] =
S, [%o] =
S [%o] =
S2 %] =
S3 [%o] =
Dj [m] =
Q¢ [m3/s] =
Qm [m3/s] =

Cc [ug/L) =

% flocculated creek =
Ca [ug/L] =

% flocculated mine =

OUTPUT:

Q3 [m3/s]
Q4 [m3/s]
Q12 [mi/s] =
Q21 [m3/s] =

V4 [cm/s] =

concentration at end of box [ug/L] =
measured surface concentration
at Station A [ug/L] =

concentration at end of box (AMD incl.) [ug/L] =

440

0

19.4

27.4

29.3

10.6

4.82

0.27
Cu Cd Zn
2580 44 877
37 0.3 2.8
3.19 0.0768 2.41
1.5 0015 5
23500 104 27500
50 5 10

862

1302

205

1067

4.10

Cu Cd Zn
8.64 0072 o6.44

18.6 0.106 28.40
1.1 0.093 11.57
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A.3.2.2. Box Model for HS 0994

DATASET:

HS 0994 profiles at Stations A and E for salinity
HS 0994 transect for metals

INPUT:

Qr [m3/ s] =
S [%ec] =

S1 (%] =
Sy [%o] =
S3 [%0] =
Dj[m]=
Qc [m3/s] =
Qm [m3/s] =

Cc [}‘g/ L] =
% flocculated creek =

% flocculated mine =

OUTPUT:

Q3 [m3/s] =
Q4 [m3/s] =
Q12 [m3/s] =
Q21 [m3/s] =

V4 [cm/s] =
concentration at end of box [ug/L] =
measured surface concentration

at Station A [ug/L] =
concentration at end of box (AMD incl.) [ug/L] =

247

15.1
25.2
293
2.84

0.424
0.1

263
510
107
369

5.98

Cu
311

1.89
12500

Cu
1.23

- 1.48

3.19

Cd
1.42

0.0655
0.015

115
5

Cd
0.042

0.058
0.064

Zn
246
9.
1.58

18400
10

Zn
3.42

4.88
6.68
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A.3.2.3. Box Model for HS 0195

DATASET:

HS 0195 profile at Station A for salinity
HS 0195 transect for metals

INPUT:

Qr [m3/ s}=

Si=

Sp=

S3=

Dy [m] =

Qc [m3/s]=

Qm estimated [m3/s] =

Celpug/L) =

% flocculated creek =
Cz [ug/L]=
Cr[pug/L] =

Cm [pg/L]=

% flocculated mine =

OUTPUT:

concentration at end of box [ug/L] =
measured surface concentration
at Station A [ug/L] =

concentration at end of box (AMD incl.) [ug/L] =

57.2

27.1
29.5
32.0
2.99

- 1.51

0.15

319
376
339
658

4.19

Cu

33
0.73

242000

3.47
10.8
8.29

- Cd

3.10
0.24
0.069
0.015
76.3

Cd
0.073

0.115
0.102

Zn
699

1.04

17800
10

4.36
9.93
10.8
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