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It is to be understood that Boojum Research Limited has attended at the joint venture group 
at Buchans, Newfoundland - ASARCO Inc. and Abitibi-Price Inc. for the sole purpose of 
conducting environmental work at the request of the joint venture group at Buchans, 
Newfoundland - ASARCO Inc. and Abitibi-Price Inc. During the time (February 4, 1992 
to December 31, 1992) that Boojum Research Limited or its agents conducted 
environmental work they at no time had the charge, management or control of the property 
and at no time did Boojum Research Limited have possession, occupation or direct control 
of any source of contaminant that may have been present on the subject property/site while 
undertaking to carry out the instructions of the joint venture group at Buchans, 
Newfoundland - ASARCO Inc. and Abitibi-Price Inc. to conduct environmental work. 
Further, as a result of cpnducting environmental work, Boojum Research Limited is not to 
be considered a "person responsible" as defined under the Environmental Protection Act, 
R.S.O. 1980, c.141, as amended. 



EXECUTIVE SUMMARY 

Since 1988 Ecological Engineering work has been carried out in Buchans Newfoundland 

with the objective to develop a decommissioning solution to the effluents from the 

mining operation. Hydrological, geochemical and biological research has been brought 

ytogether to recommend the first implementation steps of the decommissioning 

measures. 

In principle, two Ecological Engineering processes were tested for implementation in 

the close-out for the Buchans effluents, the ARUM Process and Biological Polishing. 

ARUM is sediment-based, microbially-driven, acid-reducing, and alkalinity-generating 

process, which to run optimally, requires an appropriate combination of organic 

amendments as a food source to the microbes. Tests, carried out in limnocorrals and 

curtained-off enclosures in the OEP and the OWP, used peat and sawdust as organic 

amendments. Decomposition of these materials in both pits and in limnocorrals 

indicated that sawdust provided only a small fraction of foodstuffs to the process; peat 

was a better substrate. However, through laboratory studies, more degradable 

carbohydrate sources were identified. These results were translated to the field by 

constructing sediments in the OWP with a mixture of potato waste and peat. These 

sediments generate alkalinity, increase the pH, and remove the zinc in limnocorrals as 

long as reducing conditions are maintained. Reducing conditions were simulated with 

a plastic cover, which was placed on the limnocorrals in 1992. 

The effectiveness of the ARUM sediments placed behind curtains in the OWP, 

however, is impossible to determine, since natural zinc reductions take place in the pit. 

Each year, the zinc concentrations drop naturally by about 5 mglL. Full scale ARUM 

implementation and the addition of phosphate to the pit will increase this zinc reduction 

rate. The key conclusion suggested by data is that no new contamination will be added 

to the OWP. Therefore, once the residual contaminated acidic water is treated with an 

ARUM sediment or phosphate rock, the OWP will no longer require treatment. 
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Although extensive efforts were expended in 1992 to identify the exact location of the 

ground water entry to the OEP, it was not possible to find any specific locus. This 

precludes the use of ARUM, as the water would flow through the sediment, physically 

disturbing the microbial communities. 

The source of the zinc in the OEP has been identified as precipitates which formed at 

the time of mine flooding. The downward trend in effluent concentrations suggests, and 

the neutral pH and low oxygen content of the ground water indicate strongly that acid 

generation in the underground workings has ceased. Therefore, in the long-term, the 

OEP effluents are expected to reach background zinc concentrations around 1 to 2 

mglL. This background concentration is due to the chemical equilibrium between CO, 

in the ground water and the zinc which has precipitated as zinc-carbonate. 

The reduction of zinc in the OEP effluent is further controlled by iron precipitation which 

takes place in the upper 4 m of the pit. Reduced iron present in the bottom of the pit 

oxidizes as the thermocline establishes after spring melt. Through co-precipitation, zinc 

settles to the bottom of the pit. It is proposed that this natural process might be 

optimized by using Drainage Tunnel water to oxygenate the OEP water column. 

Oxygenation would precipitate more iron, thus co-precipitating more zinc. There is no 

indication that the alkalinity of the ground water is changing, and due to the reducing 

conditions at the bottom of the pit, iron concentrations are increasing. With more iron 

at the bottom of the pit, increased removal of zinc is expected. 

During winter 1993 it is recommended that a water sampling program be carried out to 

confirm the chemical conditions which lead to zinc reductions in both in the OWP and 

the OEP. 

Effluent from Tailings Pond 2 was also addressed with respect to decommissioning. 

It was concluded through investigations of the acid generation processes in the tailings 

beaches, that porewater movement is minimal, suggesting that any acid generation 

yoccurring in the beaches will remain there. Zinc reductions seen over the last few 
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years in the pond can be accounted for by the zinc loading leaving the pond. 

Therefore, it was concluded that annual zinc loading to TP-2 from tailings beaches is 

minimal and essentially has ceased. No long-term treatment for this effluent is required 

and through biological polishing and/or phosphate additions it will be possible to reduce 

the zinc concentrations further. 

Biological polishing is a process in which zinc is relegated to the sediment mediated 

by algae and moss. Biomass growing on alder, through a combination of adsorption, 

co-precipitation with iron, precipitation of zinc-carbonate (due to photosynthetic activity), 

and uptake into the biomass, removes zinc from the effluent. The performance of this 

process has been tested in a series of ponds in which biomass growth and zinc 

removal were quantified. A model to determine the relationship of zinc removal with 

retention time, flow, and biological activity has been developed based on data collected 

in 1991 and 1992. 

Fertilizer applications increase biological polishing performance and assist directly in 

the zinc removal process. Phosphate in the fertilizer reacts with zinc forming zinc- 

phosphate, which is a stable precipitate. Thus, biological polishing is a process of zinc 

removal which combines several mechanisms. The size of the biological polishing 

pond to be implemented will depend on how quickly, and by how much the compliance 

schedule requires reductions in the zinc loading to the Buchans River. 

After the 5th year of investigations of the Buchans mining effluents it can be concluded 

that the Ecological Engineering approach has lead to the finding that, conventional 

treatment plants are not required TP-2, the OWP, or for the OEP. Compliance can be 

achieved through the enhancement of natural water cleansing processes, such as 

biological polishing. The work to date has determined that the Drainage Tunnel is the 

only effluent area where acid generation is taking place. The conditions for Lucky 

Strike have to await further force flooding, and TP-1 has to addressed. The Ecological 

Engineering approach to decommissioning of the two Oriental pits suggests that 

conditions can be achieved to discharge clean water to the environment. 
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1. INTRODUCTION 

A feasibility study carried out in 1988 resulted in the overall formulation of an Ecological 

Engineering decommissioning approach. Experiments were set up in 1989 to remove 

zinc with algae, which is referred to as biological polishing. Tests were set up in the 

same year in limnocorrals in order to find the appropriate combination of organic 

materials to construct sediments in which microbial activities would generate alkalinity 

and precipitate metal sulphides. The microbially-driven metal removal process is 

referred to as ARUM (Acid Reduction Using Microbiology). 

The geochemical interactions of ground water with contaminant sources (waste rock, 

tailings and underground workings) were studied to determine sources (location and 

type) of the contaminants in the effluent and their long-term fate. 

Generally, downward trends in zinc concentrations of the effluents were noted. In the 

OEP, this had been attributed to the depletion of precipitates available for dissolution 

by ground water. These precipitates were formed during the flooding of the 

underground workings, where acid generation had been reported. Dissolution of zinc 

takes place due to a chemical equilibrium between zinc and carbon dioxide. For details 

see page 3-6 in the 1991 report and Figure 17a and 17b in this report. 

In Tailings Pond 2, decreasing zinc concentrations were allegedly due to the depletion 

of the contaminants in the acid-generating beaches. A further reduction in zinc 

concentrations to a plateau at a level of 1 to 2 mglL was expected. 

In 1991, through the evaluation of the chemistry of the Buchans effluents, it was 

suggested that the OEP and TP-2 effluents should have a background zinc 

concentration of 1 to 2 mglL, due to the fact that the precipitate formed is zinc- 

carbonate which will redissolve in relation to the carbon dioxide concentrations in the 

water. If zinc is removed through liming, in time, the zinc-hydroxide will form zinc- 
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carbonate and maintain the background concentration of zinc. Details on the chemical 

reactions were given in the 1991 report. 

In 1992, therefore, it was necessary to address the removal of the zinc-carbonate, 

possibly by forming zinc-phosphate. Phosphate rock was tested to determine if zinc- 

phosphate could be formed instead of zinc-carbonate in the effluents of the OEP. The 

phosphate rock applications would serve a dual purpose. Phosphate which did not 

react with zinc could serve as fertilizer. Fertilization of the algal polishing ponds 1-6 

produced good results in 1991, establishing some, and confirming other, design 

parameters for a biological polishing system for the OEP effluent. 

The berms of the new polishing ponds will be constructed in the same manner as those 

berms surrounding the test ponds, using the excavated peat from the meadows. Since 

construction of the berms in 1989, no vegetation has become established, and erosion 

is evident. The new polishing ponds would likely need some stabilization. Therefore, 

experiments were initiated to establish indigenous vegetation on the exposed berms. 

As the geochemistry and hydrology of the site were elucidated throughout the years, 

and the test work on biological polishing and ARUM proceeded, a compliance schedule 

was developed. It was based, in part, on the results of the research carried out to date. 

The focus of this report is to analyze the site characteristics and the research results 

to ascertain which measures can be taken to achieve performance with respect to the 

compliance schedule. It addresses the required maintenance of the biological polishing 

system receiving the OEP effluent, Tailings Pond 2, and the ARUM sediment in the 

OWP. 
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2. LONG-TERM TRENDS IN EFFLUENTS 

With the large set of monitoring data on concentrations of copper and zinc in the 

effluents it is possible to determine relatively reliable rates at which decreases in 

concentrations take place. Copper concentrations are generally very low, only slightly 

above the analytical detection limit, and they have not been used for interpretation. 

In Table 1, the initial rates of zinc decrease (slope) in the OEP, OWP and the tailings 

pond are shown. These initial rates (slopes) are derived from the monitoring data. The 

comment in the table defines the database. These initial rates of zinc decrease are 

also presented for the biological polishing pools, phosphate treatment and retention 

time or zinc-carbonate precipitation. The zinc reduction rate due to retention time or 

zinc-carbonate precipitation is high enough that if the effluents were contained, zinc 

concentration would decrease at the rate of 1.4 mglUmonth, at the present zinc 

concentration of 20 mglL. A natural solution to decommissioning, i.e. Ecological 

Engineering, would increase the rates at which contaminant removal is occurring. For 

the case of Buchans, it consists of replacement of ZnCO, with Zn,(PO,), and 

enhancement of these precipitation processes with biological polishing. Therefore, 

within the Ecological Engineering treatment system, be it phosphate or biological 

polishing, removal rates should be increased, which indeed is the case (Table 1). 
Table 1: Rates of reductions in Zinc 

II I Zn Rate I Comment II 
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In the experimental work with biological polishing, phosphate and retention/ carbonate 

removal rates are mediated by different chemical processes. Chemical removal rates 

change with the zinc concentrations. In order to compare the rates of chemical removal 

in the OEP with and without the Ecol. Eng. measures (phosphate and biological 

polishing), it is essential that rates be derived for comparable time units, and represent 

only the beginning of the chemical process or the initial rate. The variety of time 

intervals available for regression suggested that a monthly interval would be the most 

appropriate time unit. For the OEP reduction slope, the regression was derived for the 

years 1987 to 1990. Over these years, the regression indicated a negative slope of 1.2 

mglUmonth. This slope is very similar to the regression based on the retention time/ 

carbonate experiments. In fact, it gives further confirmation that the proposed removal 

processes have been correctly identified. Due to the continues input of zinc to the 

OEP, this removal rate is not reflected in the monitoring data. 

The zinc concentration decreases provide a moving target for the design of the 

treatment system, on one hand, and, on the other hand, can be used to predict the 

minimum requirement for treatment, i.e. that system which has to treat background 

concentrations. If we can predict with a reasonable degree of certainty that in year x 

the concentrations of zinc will reach 1 to 2 mglL in the effluent, then the design of the 

treatment system can take this time component into account. 

The removal rates derived from the slopes representing the chemical processes in 

Table 1 differ between the top and the bottom of the OEP, the OWP and of course for 

TP-2. This suggests that in these water bodies, the removal processes differ. For 

example if in all water bodies the retention timekarbonate were responsible for the 

removal process the rates would all be similar. 

The removal rates in the effluents are governed not only by the geochemistry, but also 

the hydrology of the water body of concern. In identifying both the chemical and the 

hydrological mechanism which is most likely responsible for the contaminant reductions, 
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it will be possible to determine the most successful method to assist the naturally- 

occurring reduction to achieve compliance. 

It is necessary to identify the mechanism which lead to removal and/or reduction. The 

mechanisms are discussed below for the TP2, OWP and the OEP, and are presented 

in Schematic 1 as an overview. 

Boojum Research Limited 5 Buchans Final Report 1992 



TAILINGS POND 2 

OEP 

LEGEND 

+F 0 Precipitation 
u:..,. 

Surface outflow 

Mixing 11.m I) Groundwater outflow 

0 0 0 0  Groundwater inflow Ice cover in winter 

0 50 100 150 

Metres 
P 

I Booium Research Ltd. 

CONTAMINANT REMOVAL 
MECHANISMS 

Chemical precipitation 
Schematic: 1 Date: 

Dec./92 



2.1 Tailings Pond 2 

The investigations in 1991 lead to the recognition that most of the TP-2 tailings 

beaches are depleted of metals. The only potential source of contamination, the pore 

water in Beach 1, was identified. It was proposed that phosphate rock be used to 

decrease the permeability of the tailings, thereby reducing contaminant release. 

Although phosphate rock in the tailings precipitated iron and the proposed approach 

has merit, it was noted when pits were dug into the tailings that the water level in the 

tailings pits and the pond related very well to the evaporation data collected by G. 

Neary throughout the summer months of 1992. The results of phosphate rock testing 

in tailings pits are given in Appendix C. 

In Figure 1, the water levels in TP-2, measured along the transect of the tailings pits, 

are compared to the water levels in the pits. Map 1 gives the location of the two holes 

in Tailings Beach 1. Evaporation was 147 % in June, and 102 % in July. If the water 

level in the holes (pits) responds in the same manner as the water level in TP-2, then 

a decrease in water level would be expected in June and July. Although this is the 

case up to the beginning of July, pond level and hole (pit) level do not correspond for 

the remainder of the observation period. This indirectly suggests that the permeability 

of the tailings inhibits any immediate connection between the tailings pore water and 

pond water. 

As the outflow volume of TP-2 is controlled by the decant tower, the outflow volume 

and the pond level correspond extremely well (Figure 2). Inputs of water other then 

precipitation to the pond are likely minimal. Reductions in zinc concentrations in TP-2 

could therefore be a function strictly of the water leaving TP-2. 

If we assume that the pond has no new zinc source then we can calculate the expected 

zinc concentrations based on the annual volume of water leaving TP-2. The expected 

concentrations are plotted along with the measured concentrations in the pond from 

1986 to 1992 in Figure 3. In the period from 1986 to 1989 the fit of these two curves 
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was not as close as in the last three years (1990 to 1992), as the beaches were not yet 

depleted and provided a small zinc input. Measured concentrations were slightly higher 

than those calculated (exception 1987). The fit of the two curves, expected and actual, 

however, was perfect for the last three years. It is therefore concluded that the 

mechanism of zinc reduction in TP-2 is chiefly due to loss of zinc through the oufflow. 

Fig. 1 : Comparison of water levels in 
TP2, PIT 1 and PIT 3 (1 992) 

Date 

I TP2 PIT3 PIT1 -B- Precip. pan 
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Fig. 2: Water level with outflow volume 
Tailings Pond 2 

Date 

Fig. 3: Measured and calculated [Zn] 
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2.2 Oriental West Pit 
Based on the investigations leading up to 1991, it was concluded that a connection 

between OWP and OEP was, at best, minor, due to the significant differences in 

chemistry of the two waters. Therefore it had to be assumed that contaminant sources 

to the two pits were different. That the sources of contaminants are different between 

the OEP and the OWP is also indicated by the different rates of zinc reduction between 

the OWP with -0.36 mglUmonth and the OEP with -1.22 mglUmonth (Table 1). 

The water level in the OWP has remained steady for the last four years (Figure 4). The 

water level in the OWP varied less than one half foot over the last 4 years, regardless 

of spring or fall runoff. In Figure 5, the zinc concentrations are plotted by month for the 

same four years. The repeated decrease in zinc concentrations to the same 

concentration of 2 mglL between April and May each year, suggests that water with a 

background zinc concentration enters the pit (assuming that sampling depth has 

remained constant). The cooler ice melt water is overlying the contaminated pit water 

just before the pit starts to turn over in spring. The mixing process in the OWP pit is 

indicated by the same rate of zinc concentration increase each year in May and June. 

In Figure 5 the patterns of recovery are plotted for each year. The annual decrease in 

zinc concentration always occurs during the same time of the year, namely spring. The 

slope of the recovery to the new annual zinc concentration is essentially the same for 

each year. This would suggest that the amount of cleaner water added each year is 

very similar and that it enters the pit at a constant rate. Each year, the summer 

concentrations are decreased by the same amount (5 mglL). Therefore, the next winter 

turnover starts with a lower total load of zinc remaining in the pit. 

Presenting the same data along with the pH measurements for the same sampling 

dates (Figure 6) ,  it can be noted that, the low zinc concentrations in April and May are 

always associated with higher pH values. This higher pH can only be due to ground 

water input. 
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Fig. 6: Zinc concentration and pH 
Oriental West Pit 

years 

The mechanism of zinc reduction in the OWP is due to an annually similar input of 

ground water which enters the pit below the pit water level, but not from the bottom. 

The reduction in zinc concentrations from year to year is therefore due to removal of 

some of the zinc with ground water which enters and leaves the pit. The amount of 

ground water entering and leaving the pit is very constant and relatively small, 

representing a decrease of 5 mglL per year (Schematic 1). 

The zinc reduction mechanism suggests that no significant new annual zinc loading 

enters the OWP. This can be further substantiated through comparison of the bottom 

and surface concentrations in water samples from the OWP. In Table 2, the available 

samples, both surface and bottom, are tabulated for selected elements. In May 

samples, both for 1991 and 1992, the differences in elemental concentrations between 

bottom and surface are very striking and suggest a dilution factor of 2 or 3. Elements 

in the bottom water have remained within the same concentration range over the last 

few years. In general, over the years, elemental concentrations in the bottom water 
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have also dropped slightly due to spring runoff andlor ground water input. Acidities, 

iron, and sulphur concentrations suggest no new acid generation. Therefore, if the 

OWP is left in its present state, and not backfilled (as has been proposed), several 

advantages can be gained. The present seepage rates to the Buchans river, and those 

in the vicinity of the waste rock pile are expected to remain the same. As no new 

contamination is generated in the pit, the water body can be utilized for the treatment 

of the Drainage Tunnel water. In summary, the data indicate that for both TP-2 and 

OWP, no new contaminant loading takes place and background zinc concentrations of 

1 to 2 mglL can be expected. 

Table 2: Elements Distribution in Oriental West Pit 
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2.3 Oriental East Pit 

This water body is somewhat more complex due to two conditions. First, a contaminant 

removal process is taking place through the formation of iron-precipitate which co- 

precipitates zinc. Second, a thermocline has resulted in the formation of a chemocline. 

This chemocline and thermocline separate the surface 4 meters from the water below 

4 m. The thermocline separates water with different temperatures, and the chemocline 

separates water with different chemical compositions. Based on slopes calculated 

using annual averages (Table I ) ,  the zinc concentration has been decreasing in the 

OEP since 1987 by about 1.22 mglUmonth. However, the trends from June 1989 (day 

180) onward to the end of each year up to 1992, indicate a positive slope, showing on 

the average, an increase of about 0.38 mglUmonth over the summer season. This 

behaviour is connected to the annual thermocline development which gradually brings 

the zinc from the completely mixed pit to the surface layer. 

Fig. 7: Zinc concentration 
Oriental East Pit 
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Thermocline temperature data are presented by month of the year over the last 2 years 

in Figure 8a and for the same months over 4 years in Figure 8b. The thermocline 

which is at 41-17 during the summer is absent by October, when the entire pit has a 

temperature of between 6 and 8 degrees. Temperature profiles measured in March 

1989 and April 1992 along the J transect of the pit (Map 2) indicated that the near 

surface water cools underneath the ice, but the water at the bottom of the pit remains 

between 5' and 9" C (Figures 8c,d). If ground water in the drill holes and Drainage 

Tunnel has a temperature ranging from 6" to 9" C, then the water temperatures below 

the summer thermocline in Oriental East Pit are probably caused by an intrusion of 

ground water. In Figure 9, the temperature of the OEP outflow water is plotted 

seasonally along with the steady Drainage Tunnel temperatures (5 - 7 "C). It is evident 

that, since 1989 temperature in the OEP has also decreased slightly. 

As the pit slowly filled over a period of 2 years and 2 months, it would have warmed 

up considerably with the backfilling of the aquifer, especially over the summer. In 

addition, the pit was force flooded with warmer, oxygenated water. From 1988 onward, 

the thermocline in the top 4m started to separate surface water from bottom water. The 

bottom of the pit, however, received colder ground water at a volume and rate 

considered equivalent to the outflow rate of 10 Us. Thus, gradually over the last two 

years, the depth of the thermocline and the length of time over which the pit is 

completely mixed has increased. The increasing similarity between bottom and surface 

temperatures would allow the ground water inflow to mix the water body more 

thoroughly during the ice covered period. 

Concentrations of iron have been increasing below the thermocline for a couple of 

years. This means that there will be higher concentrations of iron available to 

precipitate as hydroxide and coprecipitate zinc-carbonate once the ice cover has 

melted. Thus, a further reduction of zinc leaving the OEP outflow is expected in 1993. 

At the bottom of the pit, water with a low oxygen concentration and low Eh provides the 

reducing conditions which facilitate the reversion of ferric-hydroxide back into 
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Fig. 8a: OEP Centre Profiles 
Temperature 
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Fig. 9: OEP Outflow Water Temperature 
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ferrous-hydroxide, which is soluble at the prevailing pH. The end result is that 

dissolved iron concentrations rise at the pit bottom. 

Increased iron precipitation is occurring as indicated by the data collected from the 

sedimentation traps. The sedimentation rates based on the material trapped at the 

bottom of the pit increased from a range of 0.05 tonnedday in 1991 to 0.35 tonneslday 

in 1992. 

The differences in water chemistry between surface and bottom samples are presented 

in Table 3. The differences are striking and very consistent. At the time when the 

spring flush occurs, and the pit turns over, water from the bottom is moved through the 

pit and diluted by melt water (note early spring samples in Table 3). Water with 

characteristics of bottom samples leaves the pit during the winter months. 
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Table 4: Acidity and Alkalinity 
Date Acidity Alkalinity 

04-Oct-89 61 33 
27-Jul-90 160 
18-OCt-90 50 

28-May-91 40 134 
05-JuI-91 163 

05-Jun-92 96 167.5 
24Aug-92 41 183 
28-Sep-92 45 193.5 

23-Aug-91 94 221 

concentrations was higher. This was because the original water contained zinc which 

was dissolved from the pit walls, and the pit itself filled up with water with lower zinc 

concentration. This explains the steeper decreases in zinc concentrations in the early 

years. The thermocline started to establish itself at 4 m and the warmer water was 

being moved out of the pit and replaced by colder ground water. It can be expected 

that the pit will be mixed from now on each winter and the zinc reductions noted over 

the last two years are representative of the long-term trend. 

It is also reasonable to assume that AMD generation has stopped in the underground 

workings, due to flooding with ground water with a low oxygen content and high 

alkalinity (Table 4). As long as the ground water continues to bring in alkalinity, the 

situation in the OEP will not change. Although data on alkalinity and acidity are scarce, 

they are summarized in Table 4. No obvious trend is noted. In 1989 drill core records 

were examined in the vicinity of the Oriental pits and calcite was found to be present 

in the drill cores. The total amount of calcite, however, could not be quantified. Its 

presence at least indicates a natural supply of alkalinity. 
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Fig. 10: OEP Outflow pH 
1989-1 992 
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To assess if this assumption is reasonable (i.e. that AMD is no longer being generated 

in the underground workings), the Drainage Tunnel monitoring data were used. In the 

Drainage Tunnel, the walls are exposed and the mine slimes are pyritic. The result is 

a steady zinc concentration in the effluent over the last three years, along with 

expected seasonal pH fluctutations (Figures 1 l a  and 11 b). 

Given the absence of further acid generation in the underground working then the 

estimates of zinc depletion in the underground can be calculated based on the data 

available for the OEP. 

To arrive at estimates of zinc depletion in the underground workings from the 

precipitate formed at the time of flooding it is assumed that the only mechanism of 

removal of zinc in the OEP is that of zinc precipitation. It was s measured with the 

sedimentation traps in the pit in 1991 and 1992. This assumption leads to a conservative 

estimate due to the expected increases in iron concentrations in the bottom of the OEP. 

However the precipitation rate can be confirmed with further measurements in 1993. 
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Fig. 11 a: Zinc concentration 1990-1 992 
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Zinc loadings which have left the OEP to the first meadow in 1988 to 1991 were used 

to derive those loadings which we expect the polishing pond to treat in the future. 

It is reasonable to assume that the zinc concentrations at the bottom of the OEP are 

those concentrations entering the pit (Table 3). We further assume that the bottom 

concentrations times the total volume of pit is representative of the original mass of zinc 

in the pit (1988). The flow rates out of the pit times the zinc concentration is the actual 

load of zinc leaving. It is also reasonable to assume that the flow entering the pit for 

the years 1988 to 1992 is the same as the flow leaving the pit. 

The zinc decrease in the incoming water, i.e. that entering or incoming concentration 

to the pit is calculated as follows: 

INCOME(yr) = TOTAL(yr+l) - [TOTAL(yr) - OUTFLOW(yr) - PPT(yr)]. 

The expression in brackets describes the amount of zinc which stays in the pit. This 

amount is a result of that zinc leaving the pit OUTFLOW (yr) and that zinc which is 

removed as precipitate to the bottom of the pit PPT (yr) and the amount which was 

there in the previous year TOTAL (yr). 

Given that we have monitoring data from 1987 to 1992 and loadings removed by the 

precipitation process in the pit, we can mathematically derive TOTAL (yr+l) and 

calculate INCOME (yr). This will allow us to estimate the reduction in the zinc loading 

leaving the pit (Table 5a, page 26). Thus, the predictions are based on actual data - 

the rates of removal of zinc measured in the sedimentation traps, measured outflow 

loadings, and measured concentrations at the bottom of the pit. 

If we assume that the iron-hydroxide precipitation rate and the zinc co-precipitation rate, 

will continue at the 1992 level of 948 kg per year, then the zinc concentration in the 

outflow will be reduced significantly by 1995. However, it is likely that the 

concentrations leaving the pit will drop even faster, since the amount of iron which 
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remains in the pit through precipitation will increase with time. The zinc precipitation 

was calculated based on the zinc concentrations in the material collected in the 

sedimentation traps. Utilizing these calculations, the decreases in zinc loadings can 

be predicted. In 1995 the zinc loading from the OEP will be significantly reduced, from 

a total loading of 8 tonnes in 1992 to about 2.5 tonnes. 

Iron-hydroxide, formed in the upper part of the pit, redissolves as it enters reducing 

conditions below the thermocline. Zinc co-precipitates as zinc-carbonate and remains 

in the bottom sludges. Thus, the pit will serve as a zinc precipitation pond. 

With an understanding of the mechanisms which contribute to the reductions in all three 

water bodies, OWP, OEP, and the TP2, predictions can be made on future zinc 

concentrations. These predictions assume that no major changes take place in the 

hydrological conditions of the water bodies. The predictions are presented in Table 5a 

for the OEP and in Table 5b for OWP and for TP-2. For the OWP, zinc reductions 

were calculated from slopes which were derived during the summer months, i.e. without 

taking the spring decreases into account. It suggests that by 1995, only half of the 

present loading in the pit in 1992 will remain. The zinc load will have dropped from 1.7 

tonnes to 0.8 tonnes. The calculations for TP-2 suggest that we will reach the 

background concentration of 1 mglL of zinc, by the year 1994 (Figure 3 and Table 5b). 

The compliance schedule dictates that the zinc loading to the Buchans River is to be 

reduced by 1994. The above analysis of the monitoring data indicates that zinc 

loadings will be significantly reduced to an annual loading of 6.5 tonnes by 1994, and 

by 1995, the total loading will be reduced to 4.3 tonnes of zinc from all these sources. 

To confirm the above deductions, it is recommended that bottom and surface samples 

be collected from both the OEP and the OWP throughout the winter months of 1992/93. 

Optimally, these would be submitted for ICP analysis. Minimally, iron and zinc 

concentrations should be determined. 
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Table 5a: OEP Zinc Balance and Predictions 

Table 5b: OWP and TP2 Zinc Loading and Predictions 

11 Year I OWP I TP2 11 

11 1989 i 2757 j 3390 11 
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3. BIOLOGICAL PROCESSES 

3.1 Biological Polishing 

Zinc reductions have been quantified in the experimental pools, 1-6. With the available 

data set now covering three growing seasons, it is possible to formulate an 

understanding of the system. The biological polishing system for the Buchans effluents 

can be summarized as follows. 

The iron precipitate-laden OEP effluent carries zinc both dissolved and in the form of 

a co-precipitate. The precipitates adhere to the algal/moss mat which grows on the 

surfaces provided by the brush. As residence time in the pools is increased, 

photosynthesis causes an increase in pond water pH, and dissolved zinc precipitates 

as zinc-carbonate. A small proportion of the dissolved zinc is adsorbed onto algallmoss 

surfaces. After sufficient growth and precipitate accumulation has taken place, the mat, 

laden with precipitates sloughs off and settles to the bottom of the polishing pond. 

Details on the removal process are summarized in the paper by Kalin and Wheeler 

(1992) which is given in Appendix A. If one of the components of the removal process 

is the accumulation of precipitates on the biological polishing surfaces, then it follows 

that the formation of precipitates is a key factor in the process. 

Growth of the biological polishing agent is providing surface area which is mainly 

renewed during the summer months. Hence the system will perform during the winter 

months, but at that time the process works only with the existing surface areas, no new 

surface area is added. However, the data indicate that during the summer months 

photosynthetic activity of the algae greatly enhances precipitate formation and hence 

biological polishing. 

~~ 

Boojum Research Limited 27 Buchans Final Report 1992 



In Figure 12 the growth ofthe mats (Periphyton Precipitate Complexes - PPC) is given, 

covering also the winter months for the first time. Growth was assessed with peritraps 

which remained in the ponds over the winter months (see 1991 report for description 

of peritraps). Large increases in growth rates were noted for September. This is due 

to fertilization of the ponds which was carried out to confirm the findings from the 

previous year. With respect to maintenance of the biological polishing, nutrients assist 

in the development of surface area, and can be used to obtain increased performance, 

if required. 

In the TP-2, where it is also proposed to utilize biological polishing, a lower 

performance should be expected, since there is much less precipitate formation, 

because zinc concentrations are controlled by the solubility of the CO, from the air into 

TP-2 water. The algal biomass from the TP-2 enclosure, which was set up in 1991, 

was collected several times during 1992. Comparisons of the biomass obtained with 

biomass collected from the polishing ponds suggests that the amount of TP-2 biomass 

was similar to that found in the first year in the ponds (1990; Figure 13). 

A large increase was obtained in the last sampling interval of the year after fertilizer 

was added in July. Later in the year, the algae in TP-2 were covered with a grey 

precipitate. It was suspected that the algal surfaces were accumulating fines which 

resembled tailings. In Figure 14, the elemental composition of the enclosure water is 

compared to that of the algal complex (PPC) and that of a tailings sample collected at 

the beach. The tailings and the PPC have a very similar composition, suggesting that, 

indeed, the algae collected tailings fines. Together with the long retention time in the 

TP-2 of 4.5 years, which facilitates the formation of zinc-carbonate, biological polishing 

will provide a sink for the zinc and the tailings fines. The growth which was achieved 

through the addition of the fertilizer to the enclosure in TP-2 is shown in Figure 15. 

From the preceding discussion it can be stated that, in principle, biological polishing of 

"precipitates" applies to both effluents, the OEP being dominated by precipitates formed 

by iron and in the tailings pond being dominated by tailings fines. For both the 
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Fig. 12: Buchans Peritraps 
PPC Growth (Oct 1991-Sep 1992) 
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Fig 14: Elemental Scans, TP-2 
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effluents, PPC "sticky" surfaces trap precipitates of a different nature. The fractionation 

with respect to the function of the PPC surface is estimated as 71 % tailings or iron 

precipitate accumulation on the surface and 29 % biologically-mediated precipitation 

ladsorption and uptake of zinc onto the algae. 

In Table 1 zinc removal rates were calculated to be 18.9 mg of zinclllmonth based on 

zinc reductions observed between pool 1 to 6. This represents an increased rate over 

last year, since the 1992 performance was improved. The data used to derive the 

regression are plotted for 1991 and 1992 in Figure 16, correlating zinc concentrations 

with retention time in the pools. The removal rates in Table 1 are those based on 

chemical and biological processes. The biological polishing rate was the highest of any 

process. Since, in this removal process, all other removal processes are working 

together, this result was expected. This biological polishing is the summation of 

phosphate (fertilizer), zinc-carbonate (enhanced through photosynthesis), and 

adsorption onto the surfaces as well as co-precipitation with iron. Retention time or 

zinc-carbonate precipitation alone produced a reduction rate of 1.3 mg ZnlLlmonth. This 

reduction rate is based on the carbonate precipitation which occurred during storage 

of the samples in the laboratory (data presented in the 1991 report, Figure 3-3). 

Phosphate treatment resulted in a reduction rate of 12.9 mg ZnlUmonth. Details on the 

calculations for the phosphate rate are given in appendix C. 

In summary, by increasing the retention time, increasing the pH (through biological 

activity and fertilizing) it is evident that all processes work together. As they are all 

interconnected, it is difficult to account for each individual contribution. 

In Table 6a the results of the first round of the biological polishing model calculations 

are presented for the loadings of 1992. This version essentially considers current 

conditions as a worst case scenario. Assuming 20 mglL zinc and a flow of 12.8 Lls 

with a retention time of 14 days, the pond size required would be 4.2 ha. This would 

cover all of the First Meadow (2.9 ha) and part of the Second Meadow (5.6 ha). If we 
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Fig. 16: Zinc Decreases 
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take background concentrations projected to be around 2 mglL, the extrapolated pond 

size would cover an area of 0.4 ha. The highlighted areas in Table 6a and 6b also 

indicate the number of alder "trees" and the zinc loading which is expected to be 

removed. The new pond, Pond 10, which was constructed in 1992, should be used to 

confirm the predictions. It is depicted in Plate 1. With the 1992 zinc concentrations, 

the flow into the pond should be reduced to 0.3 L/s which should result in Pond 10 

removing 68 % of the annual loading to Pond 10, which is 1.8 % of the total outflow 

from the OEP. 

If we consider the natural reductions in the OEP and assume an outflow with a zinc 

concentration of 2 mg/L, Pond 10 would, at the same flow rate (0.3 L/s), remove more 

than 100 % of the annual loading. Therefore, we adjusted the flow rate to achieve a 

78 % removal of the annual zinc load (i.e. final effluent <0.5 mg/L). At that removal 

rate, the flow into the pond can be increased to 2.3 Us. This would represent a 

treatment of about 16 % of the total outflow from the OEP. 
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Table 6a and 6b, as indicated before, are a first cut of the model which we are 

completing by March 1993 under the CANMET supported contract. For the model, the 

data and parameters which are used on each line will be referenced. Although the 

entire model description is not completed at this time the essential framework for the 

decision-making process is provided. 

Table 6a: Polishing Pond Extrapolations 
(Residence Time - 14 days, OEP [Zn] - 20 mg1L) 

1 DENSITY OF PPC IN LAB AND FIELD 3 kgfwlcu. m 
2 DRY TO FRESH WEIGHT 0.61 kgdwlkgfw 
3 GROWTHRATE 0.0126 I d  
4 AVG PPC ZN (1 992) 62 glkg 
5 VOLUME OF POND 10 320 cu. m 
6 MINIMUM REQUIRED RESIDENCE TIME 14 d 

6a OEPFLOW 12.875 L/S 

6b OEP ZN CONCENTRATION 20 g1cu.m 
6c OEP Zn LOADING (1992) 81 21 kglyr 
6d OEP Zn LOADING (1992) 22.2 Kgld 
7 Periphyton Zn removal Capacity 1.4 g Zn/cu. m of pondld 
8 Periphyton Zn removal from system 347.4 g Zn/system/d 
9 Periphyton Zn removal from system 62.5 kg Znlsystemlyr 

10 Average Zn loading Pool 1-6 (1 992) 166.7 kglyr 
1 1 Average Zn leaving Pool 1-6 (1 992) 88.8 kglyr 
12 Average Zn remaining in Pools 1-6 (1 992) 77.9 kglyr 
13 Zinc removal rate 320.4 g Znlcu. mlyr 

17 Projected pwd area 42,236 sq. meters 

18 Maximum flow into pond 0.3 L/s 
19 Maximum Zn loading to pond 10 0.4 kg Znld 
20 Maximum Zn loading to Pond 10 150 kg Znlyr 
21 Percentage of total flow treated . . .  

23 Percentage af Pond 1 a Zn toad 6836 % of foading 

. . . . . " " ~ .  1.8 . . %of . . . . total . . . . flow . 
" j " " "  

remova 1 0s 
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Table 6b: Polishing Pond Extrapolations 
(Residence Time - 1.6 days, OEP [Zn] - 2 mg/L) 

1 DENSITY OF PPC IN LAB AND FIELD 3 kgfw/cu. m 
2 DRY TO FRESH WEIGHT 0.61 kgdwlkgfw 
3 GROWTHRATE 0.0126 /d 
4 AVG PPC ZN (1 992) 62 g/kg 
5 VOLUME OF POND 10 320 cu. m 
6 MINIMUM REQUIRED RESIDENCE TIME 1.6 d 

6a OEPFLOW 12.875 Us 
6b OEP ZN CONCENTRATION 2 g1cu.m 
6c OEP Zn LOADING (1992) 81 2 kg/yr 
6d OEP Zn LOADING (1992) 2.2 Kg/d 
7 Periphyton Zn removal Capacity 1.4 g Zn/cu. m of pond/d 
8 Periphyton Zn removal from system 347.4 g Zn/system/d 
9 Periphyton Zn removal from system 62.5 kg Zn/system/yr 

10 Average Zn loading Pool 1-6 (1 992) 166.7 kg/yr 
11 Average Zn leaving Pool 1-6 (1 992) 88.8 kg/yr 
12 Average Zn remaining in Pools 1-6 (1992) 77.9 kg/yr 
13 Zinc removal rate 320.4 g Zn/cu. m/yr 

2,534 cubic meter$ 
17 Projected pond area 4,224 sq. meters 

18 Maximum flow into pond 
19 Maximum Zn loading to pond 10 
20 Maximum Zn loading to Pond 10 

2.3 us 
0.4 kg Zn/d 
131 kg Zn/yr 

21 Percentage of total fiow treated 

23 Percentage of Pond 1 o Zn load 

16.2 % of total flow 

78.1 3 % of toadlng 
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Table 6c: Tailings Pond 2 Extrapolations 

TP-2 SCALEUP 
1 JELLY ACCUMULATION 

Polpond jelly accumulation 1992 
Polpond jelly accumulation 1991 

2 TOTAL ZINC CONC. IN JELLIES 

3 AVG. STANDARD TREE MASS 
4 AVG. MASS OF TWIGS/LVS/FRUITS 
5 # OF TREES IN ENCLOSURE 

2a DISSOLVED ZINC IN JELLIES 

0.45 kgdw/kg branches 
1.86 kgdw/kg branches 
2.77 kgdw/kg branches 

12 g Znlkgdw 
4.9 g Znlkgdw 

0.96 kgltree 
0.349 kg/tree 
4000 

6 AVG DISS. ZN CONCENTRATION (1992) 2 glcu. m 
7 AVG FLOW (1 992) 659 cu.m/d 
8 AVG ZN LOADING 481 kglyr 

9 VOLUME OF ENCLOSURE 1600 cu. m 
10 VOLUME OF TP-2 1,050,000 cu. m 

11 Total PPC biomass 
12 Total Sequestered Zn 

628.2 kgdw 
7.5 kg Zn 

13 Total Zn loading removed 1.57 % 
3a Dissolved Zn loading removed 0.45 % 
14 Enclosure volume to pond volume ratio 0.15 % 

15 
16 Current pond volume for 100% removal 102,105 cu. m 
17 Biomass multiplier for 1993 4 1991 polpond jelly weights 

were 4 x the jelly 
weiohts of 1990 
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through the pond. In this case about 110 kg of fertilizer are required for a 180 day 

growing season. If we calculate the fertilizer requirements based on the concentration 

of phosphorus in the water, the scenario with the enhanced flow through (lower 

loading), will require more fertilizer. In this case, the amount ranges from 30 kg for the 

low flow and 266 kg for the high flow (Table 7a and 7b). In both cases, the quantity 

of fertilizer required to grow enough biomass to treat the entire yearly Zn loading from 

the OEP is 1.5 tonnes, as the fertilization is based on phosphorus concentrations, not 

on zinc concentration. For TP-2 the same calculations are presented in Table 7c and 

the requirements are either 4 tonnes or 17.5 tonnes. A reasonable requirement of 

fertilizer is between the two approaches taken for the calculation, i.e. water 

concentrations and biomass concentrations of phosphorus. 

Boojum Research Limited 37 Buchans Final Report 1992 



Table 7a: Fertilizer Requirements for Polishing Pond 10 
(Residence Time - 14 days, OEP [Zn] - 20 mg/L) 

IIFERTILIZER REQUIREMENTS: PIANT-BASED 
24 Biomass production to remove load 7 kgdwld 
25 HEALTHY PIANTS REQUIRE APPX 0.5 0.01 P I 26 Phosphorus requirement for biomass 36.89 g P/d 

FERTILIZER REQUIREMENTS: WATER-BASED 
30 Flow through Pond 10 15.9 Umin 
31 Need about 4 mg/L for eutrophic pond 30.5 9 Plday 

Table 7b: Fertilizer Requirements for Polishing Pond 10 

'FERTILIZER REQUIREMENTS: PLANT-BASED 
(Residence Time - 1.6 days, OEP [Zn] - 2 mg1L) 

24 Biomass production to remove load 7 kgdwld 
25 HEALTHY PLANTS REQUIRE APPX 0.5 0.01 P 
26 PhosDhorus reauirement for biomass 36.89 g Pld 

'FERTILIZER REQUIREMENTS: WATER-BASED 
30 Flow through Pond 10 138.9 Umin 
31 Need about 4 mg1L for eutrophic pond 266.7 g Plday 
32 Usina a 6% P fertilizer 1481.5 a fertilizer Der dav 

Table 7c: Tailings Pond 2 Fertilizer Calculations 

19 Projected PPC mass required 40,089 kg PPC mass 
20 P LEVEL IN WELL-GROWING BIOMAS 0.005 gdwlgdw 

PIANT-BASED FERTILIZER REQUIREMENT 

WATER BASED FERTILIZER REQUIREMENT 
23 Water PO4 level to 4 mg/L 4 g1cu.m 
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3.2 Vegetation Stabilization of Polishing Pond Berms and the Tailings Beaches 

The overall objective of vegetation stabilization is to create conditions for effluent 

treatment, which, in the long term, will not require any maintenance. Thus, the 

polishing pools in the First Meadow, what ever size they may eventually be, should be 

covered by a vegetation layer, which preferably is indigenous to the area. From a 

regulatory point of view, it is considered prudent to recover or to restore the habitat in 

which the treatment is to take place. Thus, experiments were started to establish 

sedges, cattails, and moss on the berms of the pools in the First Meadow (Plate 2). 

To maintain a grass cover on the beaches of the tailings pond would require continued 

maintenance effort. Non-native vegetation also has the potential to encourage 

destructive grazing by geese (as seen on Tailings Pond 1). 

To establish a vegetation cover with indigenous species that might be less palatable 

to geese and which would require little or no maintenance, experiments were also 

carried out on the tailings (Plate 3). The details of the work are reported below. 

A species of sedge, Scirpus afrocincfus, is the most abundant, and one of a very few 

species, which has colonized some areas of the exposed beaches of Tailings Pond 2. 

In addition, this species is found in the First Meadow, and over a large area adjacent 

to Lake 1. 

This species has apparently germinated and established on the exposed tailings beach, 

even where acid generation has taken place. At other locations, this species is an 

important colonizer. Understanding the conditions for germination and establishment 

of this species should facilitate revegetation of exposed tailings beaches and berms 

containing polishing ponds. This will result in reduced erosion of these areas, and may 

even increase run-off. 
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The overall objective is to devise a simple, inexpensive technique of establishing a 

permanent vegetation cover on the tailings and future ditch banks to minimize erosion. 

Scirpus afrocincfus may be the appropriate candidate species for the Buchans area. 

The first two milestones towards development of this technique were: 

1) Verify that Scirpus seeds collected in autumn were viable, and identify the key 

conditions required for germination. 

Identify the key conditions for germination and plant establishment under field 

conditions. 
2) 

3.2.1. Lab Germination Experiments 

Laboratory experiments were set up to examine the relationship between germination 

and time of seed collection, storage temperature, and etching of seed coats with acid 

(scarification). These steps were taken into consideration, as species of sedge have 

been reported to be difficult to germinate, and because the above factors are likely 

important. 

The first lab experiment examined germination of seeds collected on October 12, 1991, 

and stored at room (21' C), fridge (8' C) and freezer (-20" C) temperatures. Seeds 

were soaked in concentrated (60 %) sulphuric acid for 0.5, 2 and 5 minutes, then 

thoroughly rinsed with distilled water. Seeds were planted on 0.8 % agar, and placed 

50 cm below four standard fluorescent lights. 

After 16 days incubation, the highest germination rate was 6.9 %. The seeds in this 

treatment had been stored in a freezer, and soaked in sulphuric acid for 2 min before 

planting. Because of this poor germination rate, as well as slow development of the 

seedlings in the following weeks, the experiment was, in part, repeated using seeds 

stored in the freezer, while a control (no scarification) was included. 
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In this second experiment, better germination percentages were observed, especially 

in the 0.5 minute scarified seeds, where 32 % germinated. However, there were large 

variations among replicates of the remaining treatments, and germination could not be 

clearly attributed to specific factor. 

A final experiment was set up, where seeds, collected on six dates, were subjected to 

four concentrations of sulphuric acid for four different lengths of time. In addition, three 

sets of one seed colleotion (October 12, 1991), stored at room, fridge and freezer 

temperatures, were also subjected to the combinations of scarification (concentration 

x time). In all, 136 treatments were set up. 

Germination was monitored twice weekly for three weeks. Germination was much 

poorer here than in the second experiment (4 %), and no pattern of germination was 

evident across the treatments. Before terminating the experiment, one last step was 

taken. All petri plates were placed outdoors under bright sunshine for 6 hours, then 

replaced under fluorescent lighting. 

During examination of the plates the following day, it was noted that any seedlings 

which had already germinated prior to placement outdoors were killed by the high light 

intensity and heat. However, during examination of the plates three days later, 

widespread germination, up to 97 %, was observed across most treatments. Seeds 

pretreated with sulphuric acid typically had lower percent germination, while most seeds 

stored at refrigerator temperature germinated without the scarification treatment. 

In retrospect, each of the three experiments were set up at different locations in the 

growth facility. The minor variations in light intensity which probably existed between 

experiments may have accounted for variation in germination percentages between 

treatments and experiments. 
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Overall, the final experiment demonstrated that: 

a) virtually all seeds of Scirpus afrocincfus collected in September through 

November, 1991 were viable. 

b) a temperature of 8' C in the refrigerator may be the best storage temperature. 

c) Pretreatment of seeds with acid for etching the seed coat is not necessary 

d) High light intensity and/or temperature are/is required for high percentage 

germination. 

3.2.2. Tailings Beach Experiment 

A field experiment was set up on the tailings beach of Tailings Pond 2 and seeded with 

Scirpus (see Schematic 2). This multifactorial experiment tested the germination of 

Scirpus and other plants on the tailings beach. Factors which were tested included: 

1) Moisture Retention. Moisture retention was modified by covering the beds with 

plastic sheeting. Two beds were covered; on one bed the plastic remained for the 

entire summer, while on a second bed it was removed after a short period. In a third 

plot no cover was placed. 

2) Tailings Conditioners. 

unamended tailings as medium for growth. 

This factor tested the usefulness of peat, sawdust and 

3) Chemical Amendments. This factor tested the effect of nutrients, such as phosphate 

rock and Nutricote (slow-release fertilizer), and neutralization with limestone on 

germination and growth of plants. 
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Methods: The tailings plots were originally raked to provide a roughened surface for 

seed and amendment penetration. About 0.12 m3 of peat and sawdust were applied 

to the surface of 0.8 x 3 m plots. Control plots received just raking. Phosphate rock 

plots received about 200 mL of Long Harbour phosphate sand. Limestone treated plots 

received about 100 mL of limestone per plot, and Nutricote plots received 100 mL 

Nutricote per plot. Two plots in each moisture regime received both limestone and 

Nutricote, and phosphate rock and Nutricote. 

The upper moisture plots (high beach) were seeded with local Scirpus seeds. For this, 

2 kg of local Scirpus seed heads were collected locally, broken up and slurried with 

about 5 L of water. The slurry was applied to the appropriate plots. Approximately 56 

g of seedl seed head material was applied to each plot. 

The lower plots (lower beach) were not seeded. These plots received an identical set 

of treatments, but any vegetation germination and growth would have to come from 

natural recruitment. 

Results: After 4 months, the field plots were evaluated. In the plots with no plastic 

sheeting, both upper (seeded) and lower (unseeded) plots contained little vegetation. 

The best treatments were with peat and sawdust, and Nutricote. The best vegetation 

was not Scirpus, but grass and moss which covered a small proportion of the treated 

areas. 

In the plots with a temporary plastic cover, the seeded (upper) plots contained only 

moss in the limestone and Nutricote treatments. In the lower moisture plots, moss 

again dominated the vegetation, but appeared in only those treatments with Nutricote. 

The major vegetation response occurred under the long-term plastic cover. Here, 

Scirpus germinated and grew in the one plot with peat, limestone and Nutricote. Again, 

moss was the predominant plant growing in other plots, especially those treated with 

Nutricote (Plate 3). 
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Conclusions: Scirpus has been observed to colonize the tailings beaches 

naturally. However, this experiment demonstrated that specific conditions must be met 

before widespread establishment of a plant cover can be achieved. Currently, it 

appears that sedge can be grown from seed if the tailings surface is modified though 

increasing moisture retention and reducing erosion, by adding peat as a tailings 

conditioner, by applying limestone to buffer the tailings and by adding Nutricote as 

nitrogen, phosphorus, and potassium source. 

Moss can be cultivated on the tailings beaches by simply providing a long-term, slow- 

release nitrogen, phosphorus, and potassium source. 

Grass can be cultivated by applying limestone as a buffer, peat or sawdust as a tailings 

conditioner, and Nutricote as a slow-release nitrogen, phosphorus, and potassium 

source. 

3.2.3. Polishing Pond Berms 

A second field experiment was set up on the banks of Polishing Pond 2 below the OEP 

outflow (Schematic 3). This multifactorial experiment tested various physical and 

chemical factors on the germination and growth of both Scirpus (embankment) and 

Typha (water line). 

Methods: In this experiment, the primary factor tested was moisture retention. This 

was accomplished by covering two of three plots with plastic sheeting. The plastic 

sheets were in place for seven weeks. The plots were set up vertically on the banks, 

through a moisture gradient which reached from the water line to 2 meters above water 

level. 

The second factor was nutrients. One of 3 plots received phosphate rock as a 

phosphate source, one received Nutricote as a slow-release plant fertilizer, and one 

was left as a control. Both seeded and non-seeded plots were set up. 
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Scirpus seed heads had been collected locally in the previous fall (October, 1991). 

About 500 g of dried seed heads were slurried with 5 L of water, and distributed over 

the top 1.5 m of each of the "seeded" plots (37g of seeds per m*). 

Typha seed heads were also collected locally. In this case about 3 seed heads were 

slurried with detergent and 5 L of water. The seeds were distributed over the lower 0.5 

m of each "seeded" treatment plot. About one third of a seed head was applied to 

each plot. 

The phosphate rock plots received about 250 mL of Long Harbour phosphate sand 

(250 mL/m2). The Nutricote plots received 200 mum2. 

Results: Scirpus grew well in seeded plots. Coverage sometimes reached as high 

90% of the plot in areas fertilized with Nutricote. The next best growth was in plots with 

phosphate rock, followed by control plots. 

Typha also grew well along the bottom of the plots, although many of the plants were 

eaten by moose. Again, the best growth occurred in the Nutricote plots, followed by 

the phosphate rock plots, followed by the control plots. Plastic covers did not seem to 

influence germination and growth. 

Along with the planted Scirpus and Typha, three kinds of grasses, a Juncus species, 

moss, another sedge, and one Tarnarix plant also grew in the plots. Again, the highest 

plant densities were in the Nutricote fertilized plots. 

Conclusions: Vegetating polishing pond berms with Scirpus appears to be a 

relatively simple procedure. While very little vegetation has appeared on the polishing 

pond berms over the last three years, this appears to be due to a lack of nutrients. 

Application of seeds and provision of proper nutrient conditions will allow us to develop 

dense vegetation covers on the berms, thereby minimizing erosion. 
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3.3 Polishing Pond Sediments 

Zinc removed from the water via biological polishing is transferred to the sediments. 

The question therefore arises -what is the long-term fate of metals in these sediments, 

at the bottom of the polishing ponds. To address this question, sediment layers 

excavated in the First Meadow were analyzed. In Map 2 the locations of the sampled 

profiles are given. In 1992, a second sample was taken at station E, the location at 

which the highest metal precipitate layer was expected. A series of four leaching 

experiments were carried out. Detailed descriptions of the experiments, and with the 

results are given in Appendix B. 

Deposition of the precipitates together with organic material to the sediments adds a 

new component to the metal removal process, namely soil particulates. Soil profiles 

have varying amounts of organic matter. Organic matter controls to a large degree 

sorptive and desorptive processes. If we carry out leaching experiments with distilled 

water then we would expect desorption to take place, i.e. zinc and copper should be 

released from the sediment. On the other hand, if the organic component in the soil 

is high, desorption should be lower. In all experiments this is what was found. Zinc was 

released from the soill precipitate and the highest desorption occurred from material 

which had precipitated under acidic conditions (locations A and B at a depth of 15 cm). 

Adsorption was also tested through experiments, but here, the leaching water used was 

from OEP or OWP. Again, organic content of the soil could be related to the amount 

which was adsorbed. Details are given in Appendix B. 

These experiments suggest that as long as vegetation covers the sediments, be they 

floating or rooted, organic matter will be deposited over the metal-rich sediments and 

zinc will remain in the sediment. 

One may conclude that for sediments in the polishing ponds which are dominated by 

carbonate precipitates, sorption will have to be controlled by a vegetation cover which 

is rich in organic matter, but not necessarily anaerobic. 
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The removal processes which take place in the water with the algae are controlled by 

the chemistry, and likewise, chemistry will determine their behaviour in the sediments. 

Thus a summary of conditions under which precipitates form and redissolve is 

presented. 

The predominance diagram for zinc describes the dynamic relationship between 

precipitation and solubilization processes in the OEP and its outflow ponds (Figure 

17a). Between pH 6 and 8.5, zinc may precipitate as its phosphate, hydroxide or 

carbonate. There are four lines to show the boundaries between zinc precipitation and 

solubilization states. In the diagram, the region above each line is the area in which 

zinc precipitates. Below the line is the area where zinc dissolves in water. For 

instance, when [Zn] is higher than 20,000 mglL at pH=6 or 0.2 mglL at pH4.5, it 

precipitates as zinc-hydroxide. If phosphate sands were spread in OEP water, resulting 

in a total orthophosphate concentration of 5 mglL (or P = 1.7 mglL), soluble [Zn] should 

decrease to below 10 mglL at pH 7. 

Zinc may also precipitate as zinc-carbonate. Generally, zinc-carbonate is in equilibrium 

with CO, in the air. Its concentration is bounded by 5000 mglL at pH = 6 and 0.5 mglL 

at pH = 8. But considering that OEP water contains high concentrations of carbonate 

(total inorganic carbon = 100 mglL), soluble zinc concentrations will be even lower. 

In the polishing ponds, then, zinc may precipitate as zinc-carbonate or zinc-phosphate 

(with added phosphate sands). The overall precipitation or removal process in the 

ponds is controlled by pH, temperature, phosphate concentrations, partial pressure of 

CO, in the atmosphere and total inorganic carbon in water. The precipitate desorption 

processes in the sediments are influenced by the presence of organic matter and the 

conditions under which they accumulated. 
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Fig. 17a: Predominance Diagram 
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When pools 1 to 6 were constructed in 1989, dissolved copper concentrations 

inexplicably increased. However, in 1992, when pool 10 was constructed, the same 

phenomenon was observed. During the soil leaching experiment this problem was also 

addressed. Copper is desorbed from the soil after it is disturbed, and before its 

equilibrium is re-established, it will leach into the water. From the predominance 

diagram for copper (Figure 17b), solubilities of copper-carbonate are such that a slight 

pH drop, which is inevitable with soil disturbance, will re-solubilize copper (Figure 17b). 

Copper concentration changes in the six ponds since 1989 are shown in Figure 18. 

Copper concentrations fluctuate around 0.1 mg/L. However, when the inflow [Cu”] is 

higher than 0.1 mglL, outflow concentrations decreased. When the inflow [Cu ] IS 

lower than 0.1 mglL the concentrations remained the same. This can be explained by 

the predominance diagram, showing both Cu(OH), and CuCO, solubility curves (Figure 

17b). Since Cu(OH), has a lower solubility, it is the major precipitate which controls 

copper concentrations in nature. Around pH 7.5, Cu” concentration is about 0.1 mglL. 

This is the condition which prevails in the polishing pond. If algae in polishing ponds 

raise the pH of the water higher than 8.4, copper concentrations will drop to 1 pglL. 

+z ’ 

Fig. 18: [Cu] in Polishing Ponds 
Pond 1 - 6 Dissolved Copper 

Elapsed Time Since Amendment Placement 

Boojum Research Limited 52 Buchans Final Report 1992 



3.4 ARUM - Oxidation and Reduction 

The purpose of the experiments carried out on ARUM in 1992 was to elucidate the 

controlling factors of alkalinity generation in limnocorrals in OEP and OWP. 

Description of these experiments, which were mainly carried out in the Boojum 

laboratorieqand the results obtained are presented in detail in Appendix D. 

Complementary experiments to the laboratory work were carried out in the field through 

organic matter additions to the limnocorrals. To simulate the proposed cattail cover 

over the water body the limnocorrals were covered with plastic. 

It was concluded that ARUM sediment activity is controlled by a fine balance of 

microbial activity and the maintenance of reducing conditions. Microbial activity is 

dependant on the availability of easily degradable carbohydrates, such as supplied by 

potato waste. The work on decomposition of organic materials was completed. The 

results indicate that decomposition takes place under acidic, reducing conditions in the 

sediment. The most promising amendment material was peat and the least promising 

was sawdust. Detailed results are summarized in Appendix E. 

Two curtains with ARUM sediment were installed in OWP. Work on the floating cattail 

covers was continued. One year after the first curtain was installed, pH increased 

slightly in the water overlying the sediment. This increase was attributed to the ARUM 

sediment. A second curtain was constructed, this time with improved amendments, 

mixing peat and potato waste. 

Although it might have been possible that the pit at large benefited from the installation 

of the curtain, with the new and final interpretation of the observed zinc decreases, 

significant effects of the ARUM sediment are difficult to demonstrate. 
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Table 8: Bottom surveys in the OWP 

This, however, does not mean that ARUM sediments have no effect or are not working. 

In Table 8 a sediment survey of pH and Eh is presented for both curtains. Essentially, 

all Eh values are negative, and pH values are significantly elevated above that of the 

pit at large (pH 3.5). ARUM sediments demonstrably generate alkalinity and increase 

the pH. The exchange between the pit water at large and the ARUM sediments has 

not been quantified and is most likely driven by slow process of diffusion. 

Given the conditions in the OWP where natural decreases of zinc occur, it is not 

possible to separate the two effects, ARUM and natural decrease. 

It can be concluded from the work on the ARUM sediment that ARUM is effective in 

providing reducing conditions at the bottom of the pit. The measures taken in the pit 

have brought about increases in the phytoplankton community from two species in 1988 

to six species in 1992. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

Firm conclusions about the proper path to compliance can only be made if the 

source(s) of contaminants and the processes which generate them are well known. We 

are now in such a position. Compliance can be achieved on all effluents from the TP-2, 

OEP, and OWP. Natural reductions, combined with natural chemical precipitation will 

significantly reduce current loadings to the Buchans river. 

For the effluent of the OEP, biological polishing will be the principal treatment method. 

The size of the polishing pond required will depend on the effluent concentration, and 

the degree to which the system will be over designed. On completion and refinement 

of the biological polishing model, detailed options can be developed for a given size of 

treatment pond. 

Conclusions regarding the OWP and OEP are very different. If the OWP is left with a 

complete ARUM sediment at the bottom, it is certain that acidity will slowly be 

consumed and clean water will leave via ground water to the Buchans River. The zinc 

concentrations, which are expected to enter with the ground water, will likely be at 

background concentrations of 1-2 mglL. With the water quality improvements which 

can be expected in the pit in the near future, and the continued growth of cattails, a 

complete ARUM sediment will provide long-term protection of the Buchans river. 

Increasing the cattail cover in the pit would provide further assurance of this. Although 

the effects of ARUM sediment on the water can not be different from the overall 

hydrological effects, the sediment is generating alkalinity. 

From the results of the biological polishing scale-up experiments carried out in TP-2, 

and the chemical experiments carried out in the OEP, two processes can be used to 

remove zinc. These two processes are phosphate treatment and biological polishing. 

Phosphate fertilizer will assist both processes in removing zinc. It is recommended, in 

view of the zinc-carbonate equilibrium, that fertilization of the entire pond be 

considered. This would reduce soluble zinc levels, by forming zinc-phosphate. Excess 
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phosphate would be taken up by the algae. Since no further annual zinc loadings to 

the pond are expected, fertilization of the pond should only be required for a limited 

period of time. 

In conclusion, Ecological Engineering will provide an effective long-term solution to the 

decommissioning of the contaminant sources from the OEP, OWP, and TP-2. It is 

recommended that during the ice-covered season, bottom and surface samples are 

collected from the OEP and OWP, to confirm the projections presented in this report. 
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APPENDIX A: PERIPHYTON GROWTH AND ZINC SEQUESTRATION 

ABSTRACT 

Periphyton populations composed mostly of green, filamentous algae have been 
found in mining waste water together with large quantities of metal precipitates. These 
populations, because of the close interaction between precipitate and periphyton, have 
been termed periphyton-precipitate complexes (PPCs). These complexes can be over 
80% precipitate, with zinc concentrations as high as 8%. 

While growth of the periphyton and precipitate content of the complex are related 
to water chemistry, some commonalities have been found between PPCs growing in 
different waters from different mine sites. The elemental composition of precipitate is 
also similar to that of PPCs, suggesting that periphyton may play a role as precipitation 
traps sieves. This paper discusses the relationship between zinc, precipitates and 
periphyton growth, primarily from mining sites in northern Ontario and central 
Newfoundland. 



INTRODUCTION 

Attached, or periphytic algae grow in mine effluent ponds and streams, 
characterized by extremes in pH and elevated metal and suspended solids 
concentrations (3, 5, 6, 10, 12, 13, 16). Reviews on metal/algae interactions (11, 12, 
16) indicate that tolerance is achieved by several different means. Dissolved metals 
can be either bound to the cell walls, charged carbohydrates, or taken up into the cell 
and sequestered in specific organelles. All of these processes lead to high 
concentrations of metals in or on the algal biomass (3, 11). 

Metal precipitates present as suspended solids can also attach to periphyton 
populations either to extracelluar carbohydrates or onto cell walls (4, 9, 15) resulting 
in Periphyton-Precipitate Complexes (PPCs) with high solids content and a small 
proportion of biomass. Precipitates, especially iron hydroxide, and iron hydroxide 
coprecipitated with zinc have been found on cell bacterial surfaces (1). This may also 
correlate with encrustation of iron and manganese found in a number of filamentous 
algae at sites contaminated by mine water (14). The periphyton populations inhabiting 
acidic effluents are multi-species complexes dominate by filamentous, benthic algae, 
which are associated with mosses and diatoms. Cyanophytes and charophytes 
dominated periphyton in ponds and ditches containing more alkaline waters. 

Growth rates of PPCs have been quantified in the field at two sites by Kalin and 
Wheeler (7,8). It was found that in Newfoundland, in circumneutral pit water, PPCs 
"grew" at rates up to 4.6 gdw (sq. m of surface area).' d". In NW Ontario, PPCs in an 
acidic lake grew at rates of only 1.4 gdw (sq. m of surface area).' d-'. Quantifying 
growth of the periphyton portion of the PPC, without accompanying precipitates proved 
difficult. 

This paper describes the relationship between metal precipitates and periphyton 
growing at two mine sites. Comparisons are made between the composition of PPCs 
and precipitates, as well as the growth of PPC and deposition rates of precipitates. A 
basic understanding of these relationships is essential to the development of biological 
polishing as a water cleansing process. 

METHODS AND MATERIALS 

Site and Alqal Population Description 

The first 'of two intensively-studied mine sites were located on Confederation 
Lake in northwest Ontario (Figures 1 and 2). The site included several water bodies 
which contained extensive periphyton populations. Large amounts of alkaliphile 
cyanobacteria (Oscillaforia) occurred near the outflow of Decant Pond. Extensive 
populations of a Ulofhrix spp.- dominated community were found on the beach end of 
Decant Pond and in an acidic lake (Boomerang Lake). Another population of Ulothrix 
spp. was found in Mill Pond (Table 1). 



Figure 1 : Location of study sites. 

The second intensively studied site is the Buchans mine in central Newfoundland 
(Figures 1 and 3). In the Oriental East Pit and its effluent stream and polishing pond 
system, a Microspora-and moss-dominated community was proliferating (OEP). A 
Ulothrix community dominated the algal flora in the Oriental West Pit (OWP). 
Populations of a U/othrix/Microspora -dominated community were growing in Second 
Meadow seepages (MDW), and in the Drainage Tunnel (DT) effluent water, another 
U/othrix/Microspora -dominated population flourished (Table 1). 

In the effluent of the Oriental East Pit, a series of six, serial experimental ponds 
were constructed in 1988. Each pond had a volume of approximately 40 cubic meters. 
Alder branches were placed in each pond to act as surface area (appx. 3.8 m2/m3) for 
the growth of PPCs. Flow through the ponds was controlled, to provide an overall 
residence time between 16 and 79 days. 

Field Samding 

PPCs were intensively studied over the summer of 1991 during site visits to the two 
mines. The habitat, i.e. pond, stream or lake shore was recorded, and pH and electrical 
conductivity were determined in the field. PPC and water samples were kept cool in 
plastic bags and bottles until processed in the laboratory. 



Figure 2: Location of study sites at South Bay. 
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Figure 3: Location of study sites at Buchans. 
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structures, called “peritraps” measured both growth and sloughing rates. The traps 
consisted of an artificial netting structure which housed alder or spruce branches. A 
plastic bag below the netting collected any PPC material falling from the netting or 
substrates. PPC growth rates could therefore be determined on both netting and 
branches. PPC mass was cleaned off the nets and branches, dried and weighed. Total 
growth was determined by adding PPC weights on nets and branches to that which had 
fallen into the bag. The cleaned traps were replaced for regrowth three times during the 
growing season. Peritraps were installed in Boomerang Lake and Decant Pond at South 
Bay, and in the OWP, OEP, and the polishing pond system at Buchans. 

Precipitation rates were quantified at the South Bay site, in Boomerang Lake at 4 
locations, including the outfall (2 m depth), the inflow area from Mill Pond (2 m), and in 
two deeper locations in the lake (4 and 5 m; Figure 2). Precipitation rates were also 
measured near the outfall in Decant Pond in 2 meters of water. At Buchans, precipitation 
rates were quantified at 4 locations in the Oriental East Pit, two near the outfall in 2.7 m 
of water and 2 in the centre of the pit in 20 m of water. The traps were a collection of 5 
vertically-mounted tubes, 5 cm diam. and 50 cm in length (2). They were held vertically 
by a plate and harness, and lowered into the water to specific depths. The traps were 
hauled to the surface, and allowed to sit for 24 h. The material in the bottom of the tubes 
was collected, dried, and weighed. Precipitation rates per square meter of lake or pit 
bottom were calculated from the dry mass collected from the traps over several time 
intervals. 



Specific comparisons between PPC composition and surrounding water can only 
be made using PPC populations of a similar biotic composition. Thus, Ulofhrix-PPCs and 
surrounding water (Decant Pond, Mill Pond, and Boomerang Lake) were compared 
without precipitate correction with respect to their elemental composition (Figure 4a). For 
these comparisons, individual PPC samples were compared. 

The distribution of elements and their concentrations in the waste water were 
similar to those found in PPCs, with the exception of iron, copper, and zinc. This was 
expected as the origin of the metals was either tailings or mill site. Sulphur, calcium, and 
zinc (Mill Pond only) were present in concentrations >I00 mg I?. Those elements with 
concentrations greater than 10 mg L-' were magnesium, aluminum, silicon, iron (except 
Boomerang Lake), and copper (Mill Pond only). 

In PPCs growing in the waters, the most accumulated element was iron > 100,000 
pg gdw-'), but in the next highest concentration range (>10,000 pg gdw') sulphur, 
manganese (Decant Pond only), and zinc (Decant Pond only) were present. The next 
highest concentration range (>I ,000 pg gdw") contained the elements calcium, 
aluminum, copper (Decant Pond only) and phosphorus. Potassium and sodium, as 
essential plant nutrients, can be expected to be present in high concentrations. 

At Buchans, there were also 3 sites which contained similar periphyton populations 
composed of Ulothrix and Microspora (Table 2). Elemental distributions are shown for 
specific samples of populations in the Drainage Tunnel, the Oriental West Pit, and the 
Meadow seepages. 

Figure 4b compares the concentrations of major elements in Buchans water with 
those found in corresponding PPCs. Only calcium and sulphur in the OWP and Meadow 
sites were found in concentrations greater than 100 mg K'. Of the elements, present in 
concentrations greater than 10 m K1, only zinc was of concern. Iron concentrations at 
these sites were low, c 10 mg L . 

The PPCs found growing at these locations had somewhat different elemental 
distributions. Those elements found in concentrations greater than 10,000 pg gdw-', were 
calcium, sulphur, iron, and zinc (only for the Meadow Seep). For the Drainage Tunnel 
and OWP, only aluminum and iron greater than 10,000 pg gdw-'. Zinc concentrations in 
the Drainage Tunnel and OWP PPCs were 2000 to 5000 pg gdw". 

I 

? 

Precipitation Rates 

The calculated average precipitate deposition rate in Boomerang Lake was around 
2.2 gdw m- d over the summer 1991 (Figure 5a). In Decant Pond, the average metal 
precipitation rate was 0.6 gdw m" d-'. In the Oriental East Pit at Buchans, one of the 
shallow traps caught 2.0 gdw m-' d-' over the winter, and 1.9 gdw mS d" over the 
following summer (Figure 5b). The deeper traps caught just over twice that amount, 
averaging about 5.0 g m-' d-' over the winter, and 5.3 gdw m-2 d-' over the summer. 
Since the deepest traps in Boomerang Lake were in 4-5 m of water, precipitation rates 
were probably more comparable to the shallow traps in Buchans (2.7 m). 
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Table 2: PPC Composition 
LOCATIOL TAXA DWIFW Algae Fe Fe(OH)3 S (S04) Zn Zn(0H)Z Mn Al Ca CaC03 Cu Other 

% % % % % % %  % %  
Decant Pond Oscillatoria 0.28 29.5 17.8 34.9 2.5 7.5 3.3 5.1 1.1 3.9 1.4 3.6 1.1 13.3 
Decant Pond Ulothrix 0.309 93.0 3.2 6.3 1.0 3 1.8 2.8 2.1 0.3 1.0 2.6 0.1 -10.1 
Mill Pond Uiothrix 0.264 14.0 28.9 56.6 2.6 7.8 0.2 0.3 - 0.6 0.6 1.5 0.2 18.9 
Boom. Lake Ulothrix n.d. 35.4 20.1 39.4 1.8 5.4 0.3 0.5 . 0.4 0.5 1.3 - 17.7 
Drainage Tunnel UlothrixlMicrospora 0.376 34.0 3.1 6.1 0.6 1.8 0.7 1.1 ~ 2.1 0.5 1.3 0.2 53.5 
Meadow Ulothrix/Microspora 0.282 70.9 4.4 8.6 1.4 4.2 2.2 3.4 0.2 0.6 2.1 5.4 - 6.7 
Oriental West Pit Ulothrix/Microspora n.d. 20.5 5.6 11.0 0.8 2.4 0.3 0.5 - 1.2 1.7 4.3 . 60.1 
Polishing Ponds Microspora 'n.d. 18.7 10.9 21.4 0.5 1.5 8.2 12.7 1.4 1.2 1.6 4.1 - 39.0 
Oriental East Pit Microspora 0.208 35.3 25.8 50.6 0.4 1.2 3.6 5.8 0.2 0.5 1.3 3.3 - 3.3 
. denotes percentage smaller than 0.1 
n.d. . not determined 



Specific comparisons between PPC composition and surrounding water can only 
be made using PPC populations of a similar biotic composition. Thus, Ulothrix-PPCs and 
surrounding water (Decant Pond, Mill Pond, and Boomerang Lake) were compared 
without precipitate correction with respect to their elemental composition (Figure 4a). For 
these comparisons, individual PPC samples were compared. 

The distribution of elements and their concentrations in the waste water were 
similar to those found in PPCs, with the exception of iron, copper, and zinc. This was 
expected as the origin of the metals was either tailings or mill site. Sulphur, calcium, and 
zinc (Mill Pond only) were present in concentrations >I00 mg L-I. Those elements with 
concentrations greater than 10 mg L-‘ were magnesium, aluminum, silicon, iron (except 
Boomerang Lake), and copper (Mill Pond only). 

In PPCs growing in the waters, the most accumulated element was iron > 100,000 

manganese (Decant Pond only), and zinc (Decant Pond only) were present. The next 
highest concentration range ( > I  ,000 pg gdw“) contained the elements calcium, 
aluminum, copper (Decant Pond only) and phosphorus. Potassium and sodium, as 
essential plant nutrients, can be expected to be present in high concentrations. 

At Buchans, there were also 3 sites which contained similar periphyton populations 
composed of Ulofhrix and Microspora (Table 2). Elemental distributions are shown for 
specific samples of populations in the Drainage Tunnel, the Oriental West Pit, and the 
Meadow seepages. 

Figure 4b compares the concentrations of major elements in Buchans water with 
those found in corresponding PPCs. Only calcium and sulphur in the OWP and Meadow 
sites were found in concentrations greater than 100 mg L1. Of the elements, present in 
concentrations greater than 10 m L’, only zinc was of concern. Iron concentrations at 
these sites were low, c 10 mg L . 

The PPCs found growing at these locations had somewhat different elemental 
distributions. Those elements found in concentrations greater than 10,000 pg gdw-I, were 
calcium, sulphur, iron, and zinc (only for the Meadow Seep). For the Drainage Tunnel 
and OWP, only aluminum and iron greater than 10,000 pg gdw-I. Zinc concentrations in 
the Drainage Tunnel and OWP PPCs were 2000 to 5000 pg gdw-’. 

pg gdw-I), but in the next highest concentration range (>10,000 pg gdw-) I sulphur, 
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Precipitation Rates 

The calculated average precipitate deposition rate in Boomerang Lake was around 
2.2 gdw m’ d over the summer 1991 (Figure 5a). In Decant Pond, the average metal 
precipitation rate was 0.6 gdw m- d . In the Oriental East Pit at Buchans, one of the 
shallow traps caught 2.0 gdw m 2  d 1  over the winter, and 1.9 gdw m-2 d1 over the 
following summer (Figure 5b). The deeper traps caught just over twice that amount, 
averaging about 5.0 g m-2 d” over theAinter, and 5.3 gdw m-2 d1 over the summer. 
Since the deepest traps in Boomerang lake were in 4-5 m of water, precipitation rates 
were probably more comparable to the shallow traps in Buchans (2.7 m). 
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Figure 4a: Elemental scans of Ulothrix PPCs and surrounding water. 
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Figure 4b: Elemental scans of Ulothrix/Microspora PPCs and surrounding water. 
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PPC Growth Rates 

At the South Bay site, 13 peritraps were set up at each of two locations in 
Boomerang Lake in early May. At Buchans, 5 peritraps were placed in each polishing 
pond at the end of May, with 6 in each of the pits. PPC growth rates over 3 periods in 
the summer were compared within mine sites (Boomerang Lake, and Decant Pond; OWP, 
OEP, PPI, and PP6) and between sites (Buchans, South Bay). 

Growth rates of PPCs at South Bay and Buchans were calculated based on linear 
growth, i.e. the mass collected after a given submergence time per unit surface area. 
Growth rates of PPCs varied depending on site and time of year. In Newfoundland, in 
the OEP, for example, PPCs grew at rates up to 4.6 gdw (sq. m of surface area).' d-'. 
In NW Ontario, PPCs in Boomerang Lake grew at rates of only 1.4 gdw (sq m of surface 
area)" d-'. However, in order to compare algal growth at different sites, the precipitate 
content of the PPCs at each site had to be taken into account. Using the LO1 correction 
for biomass described in the methods, the mean LOI-corrected periphyton growth rates 
for the summer of 1991 are shown in Figure 6. Due to the large precipitate component, 
the maximum periphyton growth rates are only about 0.75 gdw (sq. m of surface area)-' 
d'. With the exceptian of periphyton growth in the Oriental West Pit, and June samples 
from the polishing ponds, most of the growth rates are similar. The peritraps in Decant 
Pond were set up near the oufflow and experienced water with a relatively high pH. Thus, 
the water bodies with high pHs (Decant Pond, OEP, PP1, and PP6) showed relatively high 
growth rates, with the exception of June and July data for PP1 , and June data for PP6. 
However, among the acidic sites (all had pHs around 3.5), Boomerang Lake samples 
showed consistently higher growth rates than those in OWP. 

PPC Growth and PreciDitate DeDosition 
t 

The growth of PPCs in South Bay and Buchans were compared to precipitate 
"growth" rates as measured by precipitate deposition rates. Comparisons were made for 
those periods when precipitate rates and PPC growth rates overlapped, and where 
precipitation traps were in close proximity to peritraps. The peritrap data were analyzed 
as if they were precipitate traps, i.e. growth rates were calculated based on the area of 
lake (or pit) bottom, rather than on a surface area basis. Data are presented in Table 3. 

During peak growing periods, PPC mass "outgrew" precipitate deposition rates 
(Boomerang Lake July - 2.75 gdw m-2 d-1 PPC growth vs. 1.65 gdw mz d' precipitate 
deposition rates), but at other times, rates were generally equal. The percentage 
precipitate was calculated to indicate which process dominated the "growth rate" of the 
PPC. Thus, in Boomerang Lake in June, 105% of the "growth" rate could be accounted 
for by precipitate deposition. 

Another way of analyzing the contribution of the periphyton to the precipitate 
deposition process was to compare the composition of precipitate collected in precipitate 
traps and the composition of the PPCs collected in peritraps. These data are shown in 
Table 4. At South Bay, the LO1 of PPCs was nearly identical with those of the precipitates 
(45.8 vs. 42.5%, respectively). The composition of the PPCs in Boomerang Lake were 
also nearly identical to the composition of the precipitate, for at least iron, aluminum, and 
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DISCUSSION 

Our data suggest that algae can grow well in mine seepages, ponds, and lakes 
over a range of pHS, and metal concentrations. Metal precipitates, and dissolved metals 
can be found in association with algae at these sites. During peak growing periods, PPC 
mass can "outgrow" precipitate deposition rates, but at other times, rates are generally 
equal. This Suggests that precipitate deposition rates dominate the PPC growth rates, 
and that already formed precipitates are simply being sieved from the water. This is 
further confirmed by analyzing the composition of the PPCs and precipitates. 

Newman et al. (9) correlated the composition of aufwucbs with the composition of 
precipitate. Their finding, that negative correlations between cell density and elemental 
concentrations indicated that the role of metal hydroxides was more important than 
periphyton accumulation in explaining the metal concentrations found in aufwucbs. 

Periphyton surfaces and associated polysaccharides are providing a "sticky" 
surface which appears to "sieve" precipitates from the water. Where precipitates are not 
in high concentrations, periphyton appear to be providing surface area for the direct 
binding of zinc, and other metals onto algal surfaces. Thus, at high concentrations of 
precipitate, the composition of the precipitate and PPC are nearly identical, and the PPC 
is a %ticky sieve". At low concentrations of precipitate or with only dissolved metals 
present, the periphyton are providing a surface on which metals can be bound. 

Regardless of the role that periphyton plays, a significant fraction of the zinc, and 
other metal loadings can be removed from waste streams, especially at higher pHs. 
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APPENDIX B: OEP Meadow Soil Experiments 

In 1990 Buchans soil samples were collected from several locations in the First and 

Second Meadows (sample area codes are shown in Map 2). The objective was to 

determine the zinc distribution in the soil as a function of soil horizon (depth). The soil 

elemental analyses are described in the 1990 Buchans Report. 

Major elements in the meadow soils are Al, Ba, Fe, S, Ca, K, Na, Mg and Zn (>I0 

mg/g). Among them Al, Na, Mg and K are more concentrated in the lower soil layers. 

These elements form the basic components of natural soil. Ba, Fe, S and Zn are 

mainly concentrated in the top soil layer, and were probably brought in as precipitates 

after OEP overflowed. Calcium is concentrated in the bottom soil layers of A, B, D and 

G areas, but in the top soil layers of areas C, E, and F. The amount of Cu is relatively 

low (1.5 mg/g to 0.02 mg/g), and is concentrated in the top soil layers. All the top soil 

layers contain high quantities of organic matter (LO1 = 48.86% - 83.01%). 

Soil from station E was also collected in 1992. If the ICP analysis of soil from station 

E in 1992 and 1990 are compared (Table BI ,  ICP File 3785-3788), % LO1 of the top 

soil layer increased from 49.9 % to 82.1 %. Manganese, zinc, and sulphur 

concentrations increased as well; for Mn and Zn, the increase was more obvious in the 

top soil layer, only sulphur increased significantly in the bottom soil layer. Aluminum 

and iron concentrations remained similar. Barium, sodium, potassium, calcium and 

magnesium all decreased. 

Since iron and zinc are the major precipitates from OEP water, by taking the average 

concentrations in the top and bottom soil layers from C, D, E and F and comparing 

them with those in a clean Buchans peat sample, we can estimate the total amounts 

of iron and zinc caught by the First Meadow in the period of 1987 - 1990. 



Comparison of Iron, Copper and Zinc Concentrations (mg/g) in Meadow Soil and Peat 

Fe 

C C D D E E F F avg. peat 
top bot. top bot. top bot. top bot. 

47.6 15.4 15.4 13.3 80.5 17.5 98 12.6 37.5 5.6 

Cu 0.3 

Zn 15.8 

The First Meadow area is 29,000 m2; assuming the average soil depth affected by OEP 

water is 15 cm, and the average soil density is 1.1 g/mL, then annual loadings of the 

three metals in the First Meadow are: 

1/3*29000*0.15*1.1*32 kg (about 51 tonnes) of Fe 

1/3*29000*0.15*1.1*10.5 kg (about 17 tonnes) of Zn 

1/3*29000*0.15*1.1*0.17 kg (about 0.3 tonne) of Cu 

0.02 0.4 0.02 0.2 0.02 0.4 0.02 0.17 0 

0.3 0.5 0.1 21.6 0.3 44.6 0.5 10.5 0.03 

Using a depth of 15 cm results in an accumulation of 17 tonnes of zinc. This is a 

reasonable depth of precipitate and compares reasonably well with one third of the 

loading derived from Table 5 of 25.8 tonnes of zinc. 

Since all the water from the OEP must flow through or near station E, it is not 

surprising that soil at station E contains the highest iron and zinc concentrations, 

compared samples from stations C, D, and F. The concentrations at station E may 

serve to estimate the worst case contamination in the First Meadow. From 1990 to 

1992 zinc concentration in the top soil layer at E increased from 21.6 mg/g to 30.2 

mglg. This represents an annual increase of 4.3 mg Zn/g. 

A surface water sample was also collected from station E in the spring of 1992. Since 

the water at station E comes mainly from the outflow of the OEP and passes through 

the First Meadow, analysis of the water should represent biologically "polished" water. 

Metal content should be similar to that which will found at the outflow of Pond 10 when 

operational. 



Comparison of Station E surface water with OEP outflow water. 

I Meadow E water I OEP outflow 

Zn mg/L 

II Fe mnlL I < 0.1 I 10.2 II 
12.1 21.8 

The above data indicate that although the First Meadow has been contaminated for five 

years, and there is very high concentration of zinc in the top soil at station E, zinc and 

iron concentrations still decrease considerably by passing through the First Meadow 

alone. Iron concentrations drop after oxidation and formation of ferric-hydroxide. Zinc 

drops are due to the formation of zinc-carbonate. Both reactions need time. With a 

longer retention time in the First Meadow, water quality can be improved further. 

Leaching experiments were performed on meadow sediments to determine: 

(1) the condition of the remaining zinc in the sediments of the potential new 

polishing ponds. 

the possibility of zinc redissolution from meadow sediments. (2) 
A series of four soil leaching experiments were carried out in the lab. 

(1) Ten grams of air-dried soil from different areas (collected in 1990) were mixed with 

50 mL distilled water. The pH and zinc concentrations were measured after 55 days 

(Table B2). 

(2) Ten grams of air-dried soil (1990) from some areas were mixed with 50 mL OWP 

water, pH and zinc concentrations were measured after 36 days (Table B3). 

(3) A 3.3 g sample of soil (wet, subsample from experiment 1) was further mixed with 

15 mL of OEP, OWP, and distilled water, separately. The slurries were shaken for 1 

min and allowed to stand overnight. The pH and Zn concentrations were measured the 

next day. The deepest soil layer samples were shaken further with OWP water for 12 

h and allowed to sit for 6 to 9 days before the pH and zinc concentrations were 

measured (Table B4). 



(4) Ten grams of new (1992) soil from station E (fresh weight) was mixed with 50 mL 

of distilled water, 50 mL of OEP water, and 50 mL of OWP water, separately. The pH 

and zinc concentrations were measured after 152 days (Table B5). 

In the soil -water system there are two possible reactions: adsorption and dissolution. 

Soil is comprised of large .quantities of colloidal particles and organic matter which can 

adsorb metal ions. In the system, there is an equilibrium between free metal ion (in 

water) and complexed metal ion (on the soil surface). The equilibrium is determined 

by metal concentration in the water and the soil particle surface. The dissolution 

reaction is determined by water pH and the original metal concentration in soil. 

When the zinc concentration increased in the soil slurry, the dissolution reaction was 

considered to be the major reaction. When the zinc concentration decreased in the soil 

slurry, adsorption was considered to be the principle reaction. 

Metal dissolution (desorption) ability in soil was calculated as: 

([Zn],, - [ZnIorig )* mL(water)/grams(soil)l[Zn] (1 1 

The adsorption ability of soil was calculated using the following equation: 

([Zn],, - [Zn],,)* mL(water)/grams(soil) (2) 

A negative value means that zinc is adsorbed by the soil. 

All four experiments show that soil released zinc in distilled water, but adsorbed zinc 

in most situations with OEP and OWP water. Equation (1) was used to analyze the 

data in the distilled water experiments, and Equation 2 was used when OEP/OWP 

water was slurried with the soil samples. 

Stations A and B have soil (below 15 cm) which has a high probability of releasing zinc. 

These soils are contaminated by waste rock pile effluent. Most components in the soil 



B4). 

(4) Ten grams of new (1992) soil from station E (fresh weight) was mixed with 50 mL of 
distilled water, 50 mL of OEP water, and 50 mL of O W  water, separately. The pH and 
zinc concentration were measured after 152 days (Table B5). 

In the soil - water system there are two possible reactions: adsorption and dissolution. Soil 
is comprised of large quantities of colloidal particles and organic matter which can adsorb 
metal ions. In the system, there is an equilibrium between free metal ion (in water) and 
complexed metal ion (on the soil surface). The equilibrium is determined by metal 
concentration in the water and the soil particle surface. The dissolution reaction is 
determined by water pH and the original metal concentration in soil. 

When zinc concentration increased in the soil slurry, the dissolution reaction was considered 
to be the major reaction. When zinc concentration decreased in the soil slurry, adsorption 
was considered to be the principle reaction. 

Metal dissolution (desorption) ability in soil was calculated as: 

([Zn], - [ZnIorig )* mL(water)/grams(soil)/[Zn]sofi (1) 

The adsorption ability of soil was calculated using the following equation: 

([Zn],, - [ZnIorig)* mL(water)/grams(soil) 

A negative value means that zinc adsorbed by the soil. 

All four experiments show that soil released zinc in distilled water, but adsorbed zinc in most 
situations with OEP and O W  water. Equation (1) was used to analyze the data in the 
distilled water experiments, and Equation 2 was used when OEP/OW water was slurried 
with the soil samples. 

Stations A and B have soil (below 15 cm) which has a high probability of releasing zinc. 
These soils are contaminated by the waste rock pile. Most components in the soil are 
inorganic minerals. The probability of zinc release from the bottom soil layers is even 
higher. Zinc release decreased with time. 

Soil from C, D, E and F contained more organic material. Since the top soil contained more 
zinc, top soil slurries contained higher zinc concentrations. However, the calculation shows 
that zinc dissolution ability is low in the top soil. Zinc release increased slightly with tim. 

Meadow soil showed zinc adsorption ability with OEP and O W  waters. All the top soil 
layers showed relatively higher zinc adsorption abilities. The values are almost the same in 
all soil samples. The differences only appeared when lower soil horizons were analyzed. 
With A and D soil samples, the adsorption ability quickly decreased with depth. In soils C, 
E, F and G the adsorption ability remained similar throughout the whole profile. This is 



in circum-neutral water. Therefore, the low pH slurry probably contains more ferrous- 

carbonate and less zinc-carbonate; while high pH slurry contains more zinc-carbonate 

and less iron-carbonate. 

Since most of zinc has been precipitated recently, zinc is mostly concentrated in the 

top soil layers. Therefore, there is less zinc in the lower layers of the soil. Soil 

leaching experiments show that the adsorption ability is almost the same from the 

surface to the bottom of the soil profile, so we can expect the bottom soil from the new 

polishing pond to adsorb instead of release zinc. Since the excavated top soil layers 

contain large amount of organic material, the probability of metal dissolution is low. If 

organic material decomposition can be delayed, zinc may have a long retention time 

in the soil. 



Table 61 : Analysis of Meadow E Soil (ug/g) 











APPENDIX C: Phosphate Rock Experiments 

OEP Lona Harbour PhosDhate Box Exoeriment 

OEP water pH is circum-neutral. Water below the thermocline contains only ferrous 

iron in concentrations between 80 and 90 mglL. The water above the thermocline is 

well oxygenated, oxidizing the ferrous iron to ferric and precipitating the ferric iron. 

The result is that dissolved iron concentrations are much lower above the thermocline 

than below. During the winter when the whole pit surface is sealed by ice and snow, 

ferrous oxidation is greatly inhibited, and most of iron is accumulated as ferrous ion. 

This situation is protracted until spring. Therefore, OEP water in the spring contains 

higher iron concentration than any other time of the year. This is shown in the table 

below. 

Table C1: Iron Concentration (mg/L) in 1992 OEP Water 

ICP File Time Surface 7 m  15 m Bottom 

3792-3793’ May 28 10.2 86.7 

41 69-41 72 Sept. 28 <I 56 77 79 

The titration curves of OEP water (Figure C1) show that acidity is higher at the 

bottom than at the surfacer, which is the case both in the spring and in the fall. This 

is due to the higher concentrations of iron in the bottom water. 

The phosphate box water data are summarized in Table C1. Generally, at each 

measuring date, when both inflow and outflow are sampled, the differences in zinc 

concentrations range between 6 to 11 mg/L. The rate of reduction presented in Table 

1 is derived from data measured during the phosphate rock box experiments. These 

data are presented in Table C2. 

The zinc reduction rate was calculated assuming no flow, as the box was leaking. 

The starting concentration of zinc was taken on June 15th as 26.55 mglL (WH, Table 





C2). The zinc reduction rate was calculated by linear regression of successive zinc 

concentrations measured over the experiment. The final zinc concentration of 6.1 

mglL was measured on September 28th 1992. 

Ferric ion is the major competitor to zinc in reactions with phosphate. Without 

phosphate addition, OEP water turned orange and large quantities of iron were 

precipitated. The orange colour is due to the iron-hydroxide precipitate which 

contrasts with the greyish precipitate of FePO,. After phosphate addition, the water 

became clear and no further orange precipitates were formed. Since most of the 

phosphate reacted with the iron, zinc concentrations were not reduced significantly 

(Table C2). 

Tailinas Pond 2 PhosDhate Rock ExDeriments 

Phosphate rock was tested in tailings pond ditches to precipitate iron, and make 

impermeable barriers, reducing water movement through the tailings. In May 1992, 

two pits were dug on the TP-2 beach. They measured 2 by 2 m by 1 m deep. The 

water height in the pits was about 25 cm. Pit # I  was used as a control. 

Approximately 250 kg of phosphate gravel were spread on the walls of Pit #2. Water 

samples from these two pits were collected and titrated periodically during the 

summer (see Figure C2). The water level in the pits slowly decreased during the 

summer, and when it no longer contacted the phosphate rock, the experiment was 

stopped. In July (27th), a new pit was dug (5.5 x 3 x 1 m deep; with 10  cm water), 

and 1800 kg of phosphate sand were spread on the pit walls. After 6 4  days, water 

and precipitates from the old phosphate pit (#2), the new pit, and the control pit ( # I )  

were collected. The water titration curves are shown in Figure C3. 

Figure C2 demonstrates that on June 1, shortly after pit #2 was dug, pit #2 water 

contained more iron than the control pit, pit #2 water acidity was higher; but pH was 

high due to the presence of phosphate sand. By June 18, both pits' acidity had 

increased, but pit #1's acidity had increased much more than pit #2's acidity, and the 

phosphate pit (#2) now had the lower acidity. The pit # I  titration curve shows that 



there were some ferric ions present, but considerable aluminum and ferrous ions. The 

titration curve of pit #2 water shows that the major ion present was ferrous iron. 

Figure C3 establishes that after three months, water in the old phosphate pit (pit #2) 

still had lower acidity than the control pit (# I ) .  The titration curve of the new pit 

shows that the majority of the metal ions were removed by phosphate sand after 64 

days. 

Precipitates and sediment from the three pits were oven dried a t  35 C for 5 days. 

Two grams of each sample were mixed with 50 mL of 0.1 N H,SO, solution, stirred 

for 24 h. The colour of control pit sediment slurry was greenish grey; the colours of 

the two phosphate precipitates were orange. The acidic slurries were then filtered. 

The filtered solutions of the control and old phosphate slurry (pit #2) were greenish 

grey in colour; the new pit phosphate slurry was orange. The titration curves of three 

solutions shown in Figure C-4 are compared with the original 0.1 N H2S04 solution. 

Figure C4 indicates that all three precipitate solutions have slightly higher pHs than 

sulphuric acid. Their titration curves are shifted to the left of the acid curve. These 

differences are caused by the hydroxide or carbonate components in the solids. When 

they dissolve in acid, hydrogen ions are consumed as reactants. The flat parts of the 

titration curves indicate the dissolved components in the solid. The slopes of the 

three titration curves from pH = 4  to pH =6 are very similar, which means all three 

solids contain Al + 3 and Fe + 2, which redissolved in the acid. Only precipitates from 

the new phosphate pit had a region of lower slope at  pH =3, which was caused by 

the presence ferric ion. This is consistent with the precipitate’s orange colour. 

Although the old phosphate pit precipitate had an orange colour, its solution did not 

show the existence of any appreciable quantity of Fe+3. Lab phosphate and total 

iron (Fe+3 & Fe+2) results are summarized in the table C-3. These experiments lead 

to the conclusion that phosphate rock would serve the predicted function in increasing 

alkalinity, and removing iron and zinc. Thus, it is a desirable product to use in tailings 

reclamation, either as a layer integrated into the tailings or as a fertilizer. 



Table C3: Lab Phosphate and Iron 

The Table above shows that although precipitates in the old PO, pit (#2) contain quite 

a high concentration of iron, the acid-soluble iron is quite low. This indicates that 

aging has changed the physical characteristics of ferric-hydroxide; it becomes difficult 

to redissolve in water, even in acidic solutions. 



Fig. C1: OEP Water Ttration 
Samples of May 28 and Sept28,1992 
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Fig. C2: TP-2 Beach Pit Experiment 
IJune 1,2June I8 
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Fig. C3: TP-2 Beach Pit Experiment 
Water Sample on Sept 28,1992 
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Fig. C4: TP-2 Beach Pit Precipitate 
Sept 28,1992 
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APPENDIX D: ARUM Jar Experiments 

In order to more efficiently monitor ARUM process change and find better amendment 

to accelerate microbial activity, jar experiments have been running since September 5, 

1991. Descriptions of the experiment and some early results are in the 1991 report. The 

experiment continued until May 1992. The final results are described in Table D1. 

The first experiment (#1) results show that both glucose and Osmocote (slow-release 

fertilizer) fail to stimulate the activity of sulphate- reducing bacteria (SRB). 

Jars 1 & 2 were used as controls for LCI water and sawdust, i.e. they did not receive 

either glucose or Osmocote. If these data are compared to data in jars 3 & 4 and jars 

19 & 20, it can be seen that both glucose and osmocote did not raise pH, and zinc 

concentrations were relatively high. These results can be explained by the fact that 

hydroxyl groups in glucose and ammonium ions in Osmmocote can complex with zinc. 

When the concentration of glucose and ammonium is high, then, zinc from previous 

precipitates may redissolve and increase zinc concentration in water. 

Jars 5 & 6 may be used as LC2 water controls (Table DI). In this series the effect of 

Osmocote and glucose is not very distinct. Jars 7 & 17 showed higher zinc 

concentrations than controls. Jars 8 & 18 showed lower zinc concentrations than 

controls. Peat amendment in LC2 appeared to be a better microbial activity stimulant 

than sawdust. When glucose and osmocote were added to the jars, there was probably 

a competition between microbial activity and complex formation. Zinc concentrations in 

the water would then have been the result of that competition. If all of the LC2 jars are 

compared with the LCI jars, it can be seen that LC2 jars with peat had relatively higher 

pH, lower Eh, lower conductivity and lower sulphate concentrations than LC1 jars, 

indicating that more microbial activity was taking place in the LC2 jars. Whereas, the LC2 

jars have more microbial activity, most of them have higher zinc concentration than LC1 

jars, indicating that there is a possibility that sulphur may re-oxidize in these jars. Eh 

values in all LC2 jars were +350 - +400 mV. This means that reducing conditions had 



been replaced by oxidative processes. 

The second series of ARUM experiments carried out (#2) all jars contained alfalfa as one 

of the amendments (Table 02). Zinc concentrations decreased in all jars. But, the high 

sulphate concentrations indicate that the zinc decrease was not attributable to sulphur 

reducing bacteria. 

The effect of alfalfa on jar water quality is dominated by the effect of organic nitrogen 

compounds: amine and its derivatives. These are organic alkaline compounds. They can 

raise water pH and reduce Eh value. 

In this series the re-oxidation phenomenon is more obvious. Jars 9 to 13 all have low 

Ehs and low zinc concentrations. But, jars 14 to 16 have high Eh and zinc values. The 

pHs of the water in these jars are even lower than the original water. Titration curves 

(Figure DI) show that the pH decrease was caused by ferrous oxidation. The re- 

oxidized iron was probably from previous precipitates in the sediments. The prevention 

and control of this re-oxidation process needs more study. 

Potato Waste Exoeriments 

Potato waste experimental jars 5 & 6 can be used as controls to jars 3 & 4 (Table D3). 

Jars 11 & 12 can likewise be used as controls to jars 7 to 10. All jars with potato waste 

have relatively high pH, low Eh, low conductivity, low zinc, and low sulphate 

concentrations. These characteristics are indicative of SRB activity. Jars 1 & 2 with 40 

grams potato waste raised the water pH to 7. This means that large quantities of potato 

waste can promote SRB activity. The appropriate amount of potato waste, however, for 

a given situation, has yet to be determined. 

By comparing the water characteristics of jars 3-6 with jars 7-12 (Table D3), it can be 

shown that LC2 peat can raise water pH, but not reduce zinc as efficiently as the old or 

new peat. LC2 peat contains some original SRB, thereby promoting microbial activity 



very quickly. On the other hand, LC2 peat is also mixed with previous zinc precipitates, 

which may be partly dissolved during decomposition. The precipitate also diminishes the 

peat’s metal adsorption ability. There is no difference between old (one year 

decomposition) or new peat in these jars. Generally, peat is not as good as potato waste 

when it comes to enhancing microbial activity. 

The ARUM jar experimental results indicate that: 

1. 

2. 

potato waste is the best substrate to date for microbial activity. 

In the ARUM system there is a reducing-oxidizing cycle. 

Field limnocorral monitoring 

The lab experimental results can explain the situation in the field limnocorrals. If the 

temperature and zinc concentrations in the limnocorrals are compared (Figure D2a,b,c,d, 

D3a,b,c,d), it can be seen that the fluctuations in [Zn] are mainly affected by seasonal 

changes in weather. With higher temperature, bacteria were more active, and hence, zinc 

concentrations dropped; with lower temperature, zinc concentrations increased. Since 

in the control lirnnocorral zinc concentration has been almost constant over the last three 

years (some changes may have been caused by measurement error). The fluctuations 

in zinc concentration may be explained by two reaction trends. One trend is brought 

about by microbial activity, which tends to reduce sulphate into sulphide and precipitate 

zinc. The other trend is brought about by oxidation which oxidizes sulphide, and releases 

zinc from precipitates. When microbial activity is strong (as in the first 200 - 300 days in 

LC1 & LC2 and first 540 - 650 days of LC4 & LC5) zinc concentrations are not affected 

by temperature change. As time passed, microbial activity was eliminated and 

temperature effects gradually appeared. This was more obvious in LCI & LC2. After 

each high temperature (reducing conditions) - low temperature (oxidization) cycle, zinc 

concentrations increased again. This indicates that microbial activity had not fully 

recovered. Peat was a better substrate for bacteria, so in LC2 and LC5 the microbial 

activity was higher and zinc concentration lower for quite a long time. With time, 



however, even the zinc concentrations in LC2 and LC5 rose. 

The above experiment and the behaviour of the limnocorrals shows that there are two 

ways to maintain the ARUM process. One approach is to create an anaerobic 

environment which suppresses the oxidation reactions. Another way is to stimulate more 

microbial activity. Bacterial activity needs sulphate and organic carbon. In June of this 

year sulphate and sulphide concentrations were measured in all the limnocorrals. The 

results (Table D4) showed that sulphate is not limited in the system. Therefore, more 

substrate (potato waste) was added to the limnocorrals and floating caps were suggested 

to enhance the anaerobic environment. Within 30 to 60 days, zinc concentrations 

dropped in all treatments in the limnocorrals. Thus, a fine balance has to be maintained 

between microbial activity and reducing conditions for ARUM. 



Table D1: Buchans Glucose ARUM Experiment #I (OWP Water) 

Table D2: Buchans Alfalfa ARUM Experiment #2 (OEP Water) 

Table D3: Buchans Potato Waste ARUM Experiment (OWP Water) 



Table D4: Limnocoral Oxidation Reduction Data 

JUNE 1 
7.68 6.97 4.69 3.67 

ACIDITY 4 26 20 108 

Al co.1 0.1 <I <I 
cu co.01 co.01 <I <I 
Fe co.1 2.2 c1 1 
Mn 0.96 2.15 c1 3 
S 37.1 80 15 122 

Zn 0.98 0.89 4 42 

PH 

ALKALINITY 4.5 7 

JULY 16 
PH 6.23 4.25 4.01 7.56 

ACIDITY 7 40 57.5 40 
4LKALINITY I 22.5 

Al <I 1.74 2.26 c1 
cu <I <I <I <I 
Fe <I 1.74 <I <I 
Mn 1.39 1.61 1.5 11.9 
S 56.2 65.1 67.3 308 

Zn 1.11 15.8 22.8 19 
SEPTEMBER 27 

PH 6.66 6.4 7.42 
ACIDITY 58.5 

4LKALINITY 21 1.5 
Al <I c1 <I 
cu 0.01 0.01 0.02 
Fe <I <I <I 

7.5 6.95 7.12 6.51 
15 52.5 40 200 

167.5 156.5 135 206 
<O,l co.1 <I <I 
0.01 0.03 <I <I 
3.8 3 <I 35 
6.71 7.13 9 12 
145 152 236 324 
2.57 1.26 16 24 

7.94 7.09 
7.5 43.5 
17 19 
<I <I 
c1 <I 
<I c1 

5.95 11.7 
121 288 
1.8 18.8 

7.24 7.37 
40 55 

256.9 187.1 
<I c l  

co.01 0.01 
<I <I 

T Zn I 0.61 :3 1 1 0.68 I I I I i f 8 1  16.6 11 0.18 ,“9 1 l i i l  19.1 I 



Fig. D1: Glucose Jar T&ation 
from Sept5,1991 to Mar.20,1992 

......................... 
.................................................... 

........................................................................... 

............................................................................................................ 

................................... 

0 0.06 0.1 0.16 0.2 0.26 0.3 0.36 0.4 
mL of 0.01 N NaOH per mL sample 



25 

20 

1 6  

0 

1 0  

5 

0 

25 

20 

1 6  

0 

1 0  

6 

0 

Fig. D2a: Limno 123 Temperature 
Sawdust, Peat, Control 
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Fig. D2b: Limno 123 Temperature 
Sawdust, Peat, Control 
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Fig. D2c: Limno 123 Zinc 
Sawdust, Peat, Control 
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Fig. D2d: Limno 123 Zinc 
Sawdust, Peat, Control 
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Fig. D3a: Limno 456 Temperature 
Sawdust, Peat, Control 
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Fig. D3b: Limno 456 Temperature 
Sawdust, Peat, Control 
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Fig. D3c: Lirnno 456 Zinc 
Sawdust, Peat, Control 
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Fig. D3d: L i m o  456 Zinc 
Sawdust, Peat, Control 
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