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ABSTRACT

The use of non-photosynthetic organisms alone to describe environmental impact has been recognized by
regulatory agencies, industry and academia as being totally inadequate both in Europe and North America. Lack of
adequate testing methods for photosynthetic aquatic organisms has been recognized as a major impediment to the
successful regulation and safe use of pesticides and waste water discharges and is of even more concern to the metal
mining industry due to the non-biodegradable nature of its waste streams. This work shows that the chemical
effluent limits set in the "Metal mining liquid effluent regulations and guidelines" provide variable protection of
aquatic photosynthetic organisms and aquatic effects of the more toxic metals (e.g., copper, nickel, and zinc) may
occur at levels that are one to two orders of magnitude lower than present limits. To establish adequate protection
of receiving water bodies it may be necessary to establish site-specific criteria taking into consideration toxicity
modifying factors of individual sites. If the establishment of such criteria is determined with a host of ecologically
relevant organisms, it will be possible to design effective environmental protection at the least possible cost.

INTRODUCTION

The metal mining industry faces extraordinary challenges to become environmentally sustainable. Unlike
organic chemical waste (pesticides, petroleum, paper pulp, etc.), virtually all metal mining waste is non-
biodegradable. Once released into an aquatic system the effects may perpetuate through several seasonal cycles
before the metals become biologically unavailable usually through incorporation into inorganic or organic sediments.
The potentially long lifespan of metals in aquatic systems and their capacity to bioaccumulate make it crucial to
minimize the release of waste streams containing metals that are biologically available. In the past, effluent
regulations have been based on total metal releases, but there is an increasing awareness that it is not the quantity,
but the quality (biological availability) of the metals released that will determine the impact of mining effluents.
Here, we will review past regulations and explore the potential make-up of future regulations in North America and
Europe. Our work is a collaborative effort between the Saskatchewan Research Council (SRC), the Technical
University of Denmark, the University of Saskatchewan, the U.S. Environmental Protection Agency (USEPA), the
U.S. National Biological Survey, and Monsanto. Funding is provided by Environment Canada, Natural Resources
Canada, the Environmental Innovation Program of the Canada Green Plan, and collaborating agencies.

"Metal mining liquid effluent regulations (MMLER)" were introduced in 1977 under Sections 33 and 34 of
the Fisheries Act (EPS 1977). These regulations set out criteria for effluent quality and monitoring, as well as data
reporting requirements for base metal, uranium, and iron ore mines. Maximum concentration limits were set for
copper, lead, zinc, nickel, arsenic, total suspended matter, radium 226, and pH (Table 1).

"Guidelines for the measurement of acute lethality in liquid effluents from metal mines and metal mining
liquid effluent guidelines (MMLEG)" were introduced at the same time (EPS 1977). These guidelines are intended
to control the discharge of liquid effluents from the mining industry, but they have no regulatory authority under the
Fisheries Act.



Compliance with these regulations, mainly with regard to chemical limits, has been reported in three status
reports (Environment Canada 1985, 1988, and 1992). Historically, metal contamination of the environment has
centred around total metal concentrations released in other countries also. This has been the basis for such acts as
CERCLA (Comprehensive Environmental Response, Compensation and Liability Act) in the U.S. However, to
quote from the February 1993 issue of Water Environment & Technology (article by J.C. Hall and R.L. Raider
entitled, "Interim guidance for metals criteria has CERCLA implications"), the USEPA recognizes that:

"the principal issue is the correlation between metals that are measured and metals that are
biologically available;
the bioavailability and toxicity of metals depend strongly on the exact physical and chemical form
of the metal and on the species affected;
the dissolved method to predict ambient water toxicity is better than the total recoverable method;
the discharge of metals that are not biologically available in the water column is not likely to
impair the aquatic life of sediment beds."

To establish biological availability and toxicity of metals it is necessary to carry out bioassays. Some
acute lethality testing has been carried out under the metal mining liquid effluent regulations and guidelines
(MMLERG), but testing has not been done in a systematic or consistent manner. Parker and Andrews (in press)
reviewed the available information on toxicity testing using some aquatic animal (rainbow trout, Daphnia magna)
and bacteria tests (Microtox™). They showed that around 50% of active mining operations reported toxicity testing.
In their assessment, 1,039 toxicity test results were used for Daphnia magna and Microtox™. An effluent sample
giving less than 50% mortality of the test organism was considered non-toxic and effluents with greater toxicity were
considered to have "failed" the toxicity test. Twenty percent of all tests were in the "failed" category. The best data
exist for Daphnia magna and it was shown that 15.7% of samples that were compliant with regard to chemicals
"failed" the toxicity test (>50% mortality at 100% effluent, Parker and Andrews, in press). The "failed" bioassays
were attributed to unknown sources (50%), pH and elevated metals (32%), and high ammonia (18%). Similar data,
but with less samples tested, showed that 14.1% and 3.6% of compliant samples "failed" the Daphnia magna and
Microtox™ tests, respectively. Parker and Andrews (in press) concluded that there was good correlation between
compliance with the MMLERG and non-acutely lethal toxicity tests, but compliance with chemical limits do not
always lead to non-toxic effluents and discharges of deleterious substances will occur.

Acute lethality of mining effluents has decreased greatly after the introduction of the MMLERG in 1977,
but some acute lethality still exists even with chemically compliant samples. This is a concern especially since acute
lethality is a very strong environmental effect that offers a low protection of aquatic organisms. To increase
environmental protection much finer tools are required; these tools must be able to pick up chronic sub-lethal
toxicity. This presents many new challenges which include interactions between chemical and biological processes
that are of lesser concern in acute tests.

The need to determine effects of metal discharges on aquatic organisms rather than total metal
concentrations, therefore, will result in regulations that are moving from total releases to biologically available metal
releases as indicated by both acute lethality and sub-lethal chronic effects. This is significant in that we are going
from straightforward chemical determinations to biological effects monitoring; however, biological effects are tied
to metal chemistry. Chemical speciation of metals will determine whether a certain metal concentration will exert its
effect. Combined with metal speciation are the physical conditions during metal exposure. A series of papers
(Peterson et al. 1984; Peterson and Healey 1985; and Peterson 1991) explored the effects of pH and chemical
speciation on copper and cadmium toxicity. They and others (Gensemer 1991) concluded that free metal ions
compete with hydrogen ions strongly affecting metal toxicity.

In addition, dissolved and paniculate organic and inorganic material directly or indirectly affect metal
toxicity. Lack of information on these issues has invalidated many studies of metal toxicity (critically reviewed by
Campbell and Stokes 1985). How to deal with variability in chemical and biological factors in a regulatory test
development framework was explored by Peterson and Nyholm (1993) and further examined by Nyholm and



Peterson (in press). Therefore, in order to develop realistic metal bioassays, it is crucial to address physical,
chemical, and biological issues.

The major issues that need to be resolved in the development of toxicity tests for metal liquid wastes
include:

• test conditions (natural and artificial metal complexing agents, major ions, nutrients, trace elements, pH,
etc.);

• endpoints {e.g., growth, nutrient uptake, long-term versus short-term tests, etc.);
• test species (ecological relevance and predictive ability of selected organisms); and,
• international efforts to develop harmonized test protocols and international efforts to deal with metal

mining regulations.

RESULTS AND DISCUSSION

Plant life, which includes algae and cyanobacteria (blue-green algae), constitutes 99.9% of the biomass on
earth. Despite that, the regulation of environmental pollutants is based mainly on toxicity to vertebrate and, to a
lesser extent, invertebrate animals (e.g., U.S. Environmental Protection Agency 1990; Environment Canada 1977).
The alteration or eradication of aquatic plant communities can result in modified habitats that may ultimately have a
greater impact on higher trophic levels than direct effects of the toxicants. To achieve habitat protection, therefore,
toxic impacts of plants must be considered.

It has been shown in the general literature that, if appropriately conducted, photosynthetic plant bioassays
for metals are usually very sensitive (frequently the most sensitive short-term bioassays available); they are rapid
and cost-effective; and, they are also highly ecologically relevant because the structure and functioning of the first
basic level of the food chain may be decisive for the entire ecosystem. The expected outcome of our plant bioassay
development work is improved detection of bioavailable heavy metals in wastes; this will lead to a more
differentiated hazard assessment and, therefore, both more cost-effective and environmentally protective than the
previous approaches based on chemical analysis and the use of insensitive non-photosynthetic bioassays. The ability
to effectively pinpoint toxicological effluent problems will also help in Toxicity Reduction Evaluations. Products
and processes that are environmentally benign may then be devised that should have commercial benefits.

The main objectives of our research can be summed up as:

</ Development of rapid and sensitive photosynthetic screening tools for the assessment of environmental
hazard of on-site effluents both in freshwater and marine environments.

/ Addressing environmental relevance by including phytoplankton, submergent and emergent
macrophytes, and marine macrobenthic algae.

/ Improving risk assessments for different categories of wastes by including environmentally relevant
species and by identifying toxicity modifications caused by various environmental factors.

One of the first priorities has been to develop cost-effective testing tools. These tools could be similar to
the Microtox™ method, but using photosynthetic organisms instead. It is expected that the Microtox™ method for
determining toxicity of certain metals is unsuitable because the incubation is carried out in a marine medium (high
salinity) where inorganic metal complexation will invalidate the tests. The scope for developing highly sensitive and
rapid tests is excellent as previous work (Peterson and Nyholm, 1993; Nyholm and Peterson (in press)) showed that
metal concentrations in the low ,ug/L range can severely affect certain species. Detection of toxicity will not be a
problem; however, interpretation of rapid screen data requires information on how this translates into various
components of the aquatic habitat as well as how physical and chemical conditions affect the test results.

At SRC, liquid waste samples from mines across Canada are assessed for toxicity to a battery of algae
(cyanobacteria, green algae, and diatoms), vascular plants {Lemna minor, Lemna gibba, and Lemna trisulca), and



seaweeds (brown algae, Laminaria saccharina, Fucus vesiculosus, and one red alga, Champia parvula). Some
presently used regulatory protocols have been improved and new protocols are in the process of being tested. Liquid
waste sample toxicity is compared with pure metal toxicity under similar conditions to evaluate the availability of
metals in the effluents in relation to inorganic metals. Here we will present some pure metal data.

The sensitivity of five phytoplanktonic species: Selenastrum, Nannochloris ( green algae), Nitzschia (a
diatom), Microcystis and Pseudoanabaena (cyanobacteria = blue-green algae), as well as duckweed (Lemna minor)
was established for metals included in the "Metal mining liquid effluent regulations and guidelines" (EPS 1977,
Table 1). The sensitivity of these organisms as they relate to presently allowed chemical effluent limits has been
determined (Table 2). It should be remembered that these tests have been carried out in inorganic media and toxicity
modifying factors, such as dissolved organics, will reduce the toxicity of effluents when they are released into
natural systems. The pure metals used were also the inorganic salts and it is not likely that metals in effluents will
strictly be inorganic in nature. The test data should be considered as "worst possible scenarios" when a liquid
effluent is released into a lake with low particulate and dissolved organics in the water, such as those encountered on
the Canadian Shield. However, the toxicity modifying factors that decrease metal toxicity must be very effective in
reducing metal toxicity because the amount required to affect the test organisms is low.

The admissible concentration of arsenic in metal mining liquid effluents is 0.5 mg/L. Both cyanobacteria
and duckweed were not affected at these levels with green algae being affected at a concentration of 0.3 mg/L and
diatoms at 0.06 mg/L. The concentration of copper required for inhibition was around or below 1.0% (0.003 mg/L)
of maximum allowable concentration for the phytoplanktonic organisms and 7% (0.021 mg/L) for duckweed;
therefore, the potential for copper to be phytotoxic within the present effluent guidelines is very high. Toxicity
reductions need to be two orders of magnitude for the present authorized mean concentrations to be non-toxic.
Although copper is an essential element for plants, it becomes toxic at quite low levels for most photosynthetic
organisms. Indeed, for mammals this is quite different and feed for domestic animals often needs to be
supplemented with copper. The Guidelines for Canadian Drinking Water Quality (Health and Welfare Canada
1993) recommend 1 mg Cu/L which is more than three times higher than the maximum concentration allowed in
mining liquid waste waters (0.3 mg/L), although for the protection of aquatic habitats, the guideline level is several
times lower (0.002 to 0.004 mg/L).

With lead 0.2 mg/L is allowed in effluent discharge water which was not toxic for cyanobacteria and
duckweed, but both green algae and diatoms were affected at levels an order of magnitude lower. Zinc was strongly
affecting all the phytoplankton organisms tested, but duckweed was less affected. Nickel is again quite a toxic metal
with toxicity levels below 5% (0.025 mg/L) of admissible discharge levels and was the only metal that exerted a
greater toxicity to duckweed than to the phytoplankton tested.

The green algae were inhibited by an average of 15% of the allowable levels of liquid mine discharges with
diatoms affected at 11%, cyanobacteria at 23%, and duckweed at 47%. The overall most sensitive group is the
diatom group. The phytoplanktonic organisms were more sensitive than the vascular aquatic plant (duckweed)
tested. If we consider the average toxicity of individual metals, then it can be shown that arsenic is the least toxic at
68% of the admissible release level, followed by lead at 39%. The three remaining metals (zinc, nickel, and copper)
are very toxic at levels at least one order of magnitude lower than present discharge limits (zinc at 8.3% of these
limits, nickel at 3.2%, and copper at 2.3%).

There are also additional metals, such as cadium, that are not included in the "Metal mining liquid effluent
regulations and guidelines" (EPS 1977) that can also be quite toxic to both photosynthetic and non-photosynthetic
organisms. Synergistic, antagonistic, additive interactions between metals and other compounds, as well as physical
conditions will all play important parts in eliciting toxicity to aquatic organisms; therefore, it will not be a trivial task
to establish toxicity criteria that are linked to different physical, chemical, and biological factors. However, it should
be possible to establish such links for priority compounds, such as natural dissolved organics, and at the same time
evaluate species-specific reactions to changing environmental conditions. The tests that are presently developed are
highly cost-effective and it is possible to carry out large numbers of incubations in a relatively short period of time.



Without such methods it would not be feasible to carry out extensive interpretive testing under a host of
environmental conditions.

The suggestion that site-specific criteria should be implemented (Neserke and Castle 1994) can deal with
toxicity modifications caused by the recipient water. In this scenario bioassays are done using recipient water in
parallel with bioassays using laboratory water. The concentration that caused a specific inhibition in the site-specific
water is divided by the amount of metal that caused the same inhibition in the laboratory water and this ratio is called
the Water Effects Ratio (WER). This number is then multiplied by the water quality standard giving a new site-
specific standard. However, the water quality standard as used for establishing WERs is not similar to the Canadian
"Metal mining liquid effluent regulations and guidelines" (EPS 1977) and two examples of this will be discussed.
The Canadian standards for copper and zinc are 0.3 and 0.5 mg/L, respectively. The water quality standard used in
WER determinations for the same metals, however, is 0.015 mg/L for copper (chronic exposure) and 0.135 mg/L for
zinc (chronic exposure) (Neserke and Castle 1994).

The Canadian regulations, therefore, allow 20 times higher levels of copper than WER based water quality
standards, with zinc levels being four times higher. The WER ratios for the site studied by Neserke and Castle
(1994) produced ratios of 3.66 for copper and 1.57 for zinc, making the site-specific standards 0.056 mg/L for
copper and 0.213 mg/L for zinc.

Past "Metal mining liquid effluent regulations" have been simple and straightforward to implement, but
have provided uneven and, at times, very little protection of aquatic habitats and organisms. Environment Canada
will introduce new metal mining regulations during 1996-98, but before such regulations are implemented, several
major questions need to be addressed and interpretive work has to be completed. The present collaboration between
Canadian, U.S., and European researchers is an excellent vehicle which may provide an international agreement on
how these difficult issues can best be resolved. It is anticipated that one protocol developed in this project, the
phytoplankton testing protocol, will be submitted to the International Standards Organization (ISO) for consideration
as a potential international standard for testing difficult substances including heavy metals.

The Saskatchewan Research Council is also a member of a joint task force which will implement revisions
to the American Public Health Association's duckweed protocol (APHA 1992). Except for some support from
Monsanto (St. Louis, Missouri), this development effort has been solely funded by provincial and federal
government agencies, as well as universities. Industry related concerns may not be adequately addressed because of
the present minimal industry involvement in the project; future industry support of this initiative should be seen as
an opportunity for the Canadian Nuclear Industry to make a very positive contribution to the development of
environmentally protective regulatory protocols.



TABLE 1 MAXIMUM CONCENTRATION LIMITS ALLOWED IN METAL MINING LIQUID
WASTE WATERS RELEASED TO THE NATURAL ENVIRONMENT. (Adapted from
Environment Canada MMLERG [EPS 1977])

Substance

Arsenic

Copper

Lead

Zinc

Nickel

Radium226

Total suspended matter

Maximum Authorized
Monthly Arithmetic Mean

Concentration

0.5 mg/L

0.3 mg/L

0.2 mg/L

0.5 mg/L

0.5 mg/L

lO.OpCi/L

25.0 mg/L

Maximum Authorized
Concentration in a
Composite Sample

0.75 mg/L

0.45 mg/L

0.3 mg/L

0.5 mg/L

0.75 mg/L

20.0 pCi/L

37.5 mg/L

Maximum Authorized
Concentration in a

Grab Sample

1.0 mg/L

0.6 mg/L

0.4 mg/L

1.0 mg/L

1.0 mg/L

30.0 pCi/L

50.0 mg/L

TABLE 2 TOXICITY OF METALS TO PHYTOPLANKTONIC ALGAE, AND DUCKWEED.
(Concentration causing 25% inhibition of growth expressed as a percentage of maximum
authorized monthly mean effluent concentrations (Table 1)

Substance

Arsenic

Copper

Lead

Zinc

Nickel

Average

Green algae

59

1.3

10

0.3

4.4

15%

Diatoms

12

0

35

5

4

11%

Cyanobacteria

>100

0.8

10

0.3

3.2

23%

Duckweed

>100

7

>100

28

1

47%

Average

68%

2.3%

39%

8.3%

3.2%
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