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SUMMARY 

The MEND Project 3.11 .l: “Treatment ofAcidic Seepages Employing Wetland Ecology 

and Microbiology” has reached the completion of its fourth year. The project has been 

financially supported by Into, Denison, Environment Canada, CANMET and by the 

Centre de Recherche Minerales (CRM). The objectives of the project are to determine 

the conditions which will lead to the treatment and amelioration of acid mine drainage 

(AMD) through the use of ecological microbial processes. Those occur naturally in 

wetlands, lake and ocean sediments. The Makela Test Cell System was intended to 

provide flow control for a typical seepage from a base metal tailings dam. Under flow 

control, natural Fe3’ hydroxide precipitation and acidification rates were determined. 

Conditions which are required to promote microbial sulphate reduction and alkalinity- 

generation were to be identified. The microbially-mediated treatment of acid mine 

drainage is referred to as ARUM (Acid Reduction Using Microbiology). 

The construction of retention cells at the perimeter of the phreatic line of the tailings 

dam was complex. This terrain is hydrologically unstable and dikes are prone to 

slumping. Permeable dikes were used to provide sheet flow, and impermeable dikes, 

providing flow control, were required to separate the retention cells. Frequent repairs 

on the cell system were needed from the beginning of construction in 1989 until 

summer 1991. By the end of the summer of 1991 flow control was achieved, and a 

prototype of a floating cattail cover, which allows the ARUM system to develop, was 

finally installed. Project activities are given below for each year. 

Year 1 (198911990): In the first year, the Test Cell System was constructed and 

hydraulic adjustments were made to control flow. Test work in 200 L drums 

(ARUMators), containing organic amendment and equipped with sampling ports, 

showed that microbial alkalinity-generation in tailings seepages is possible. ARUMator 

3, a 12 m3 fibreglass tank with a an 800 L inner sleeve containing the organic 
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amendment, was installed at the end of the Test Cell System. This would facilitate 

testing of the ARUM processes under completely controlled conditions. 

Increases in pH in the ARUMators were reported from 2.5 to 5.7. Decreases in nickel 

concentrations from 91 mg/L in a sample from a surface port to 1.7 mg/L in a bottom 

sample of the same ARUMator were noted. These observations lead to the recognition 

that the process is sediment-bound and that a floating cattail cover was needed. 

Cattails rooted in the organic amendment would rapidly deplete the nutrients required 

for the ARUM ecosystem. A floating vegetation mat, however, would not only provide 

organic matter to the sediment below, but also enhance reducing conditions in the 

water column between the sediment and the floating cattail mat. 

The research of the first year was reported in June 1990 in a report entitled: 

MEND Project 3.11.1 “Treatment of Acidic Seepages Employing Wetland 

Ecology and Microbiology, Final Report”, by M. Kalin, June 1990. DSS Contract 

Number 23440-8-9264. 

A peer review was carried out on the report, and the project was found technically 

sound. 

Year 2 (199011991): After the first winter, the Test Cell System required readjustment 

of the hydraulic conditions. It was established that the lowest controllable flows were 

3 - 5 Umin. The maximum flow, which the system could sustain without structural 

failure, was determined to be 300 Umin. Baseline chemistry of the system was defined 

in the second year. 

Ground water contributions, amounting to less than 1 Umin, were found to have no 

detectable effects on the water chemistry. The conditions under which precipitation of 

ferrous (Fe”) and ferric (Fe3’) hydroxide takes place in the precipitation cell (Cell 1) 

were defined. A baffle system was installed in Cell 1 which facilitated settling of the 
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hydroxides. This cell discharged a clear, acidic solution with low iron concentrations 

to Cell 2. 

Organic amendment was placed in Cells 3 and 4, between snow-fencing curtains. Flax 

bales mixed with hay bales were used to provide the substrate on which the microbial 

ecosystem would grow and where alkalinity would be generated. Through the activity 

of the sulphate reducers, hydrogen sulphide is generated, which results in the 

precipitation of metal sulphides. An extensive microbiological investigation was carried 

out in the laboratory to define the growth requirements of the alkalinity-generating 

microbes. 

A report on the work completed in the second year was submitted in March 1991. 

MEND Project 3.11 .l “Treatment of Acidic Seepage Employing Wetland Ecology 

and Microbiology, Final Report”, by M.Kalin, March 1991. DSS Contract Number 

23440-O-9065. 

Year 3 (199111992): In the first two years of the project, the ecological conditions 

required for microbial alkalinity-generation were defined. Floating cattail mats were 

installed on Cells 3 and 4 in 1991. The third year was, therefore, the first opportunity 

to demonstrate the ARUM process under defined flow conditions. The optimum 

configuration required for the establishment of the ARUM process had only been 

achieved by late July, due to problems encountered with bank stability in late May 

1991. Slumping of the tailings dam blocked the bypass ditch, preventing regulation of 

the flow to the Test Cell System. 

The ARUM process works from the sediment upwards, and thus, its effects would first 

be seen in the lower part of the water column in Cells 3 and 4. The flow was adjusted 

to 1 Umin by mid July. By mid September 1991, differences in metal concentrations 

of water on the surface and in the lower parts of the water column were large. In Cell 

4, the nickel concentrations at the surface ranged from 43 mg/L to 74 mg/L. The range 
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in the lower part of the water column (50 - 60 cm) was 12 mg/L to 33 mg/L. In Cell 3, 

the first ARUM cell receiving the low pH AMD, the nickel concentrations ranged 

between 23 and 51 mg/L at the surface, while the lower part of the water column had 

concentrations between 15 and 24 mg/L. This represents approximately a 50 % 

reduction of the nickel concentrations. Copper was present in both cells at the surface 

in concentrations ranging from <I to 4 mg/L and reduced by the ARUM process in the 

lower part of the cells to 1 or <I mglL. 

At a flow rate of 1 Umin, the water in Cells 3 and 4 has a retention time of just over 4 

months. The surface water, however, short-circuits and therefore, the pH of the 

discharged water had only slightly increased from 2.5 to 3.2. However, 27 kg of 

alkalinity has been generated in water leaving Test Cell 4 after passing over the 

actively ARUMating lower water column, where the pH is as high as 6.0. If water were 

to be discharged from the bottom of Cell 4, reduced metal concentrations with a high 

pH water would leave the system by the end of the third year. 

The results of the third year indicated that, in the Test Cell System, alkalinity-generation 

had taken place. The work of the third year was reported in March 1992. 

MEND Project 3.11 .l “Treatment of Acidic Seepages Employing Wetland 

Ecology and Microbiology, Final Report”, by M. Kalin, March 1992. DSS Contract 

Number 23440-O-9065. 

Year 4 (1992I1993): Due to dam stability problems during spring thaw and freezing of 

the dikes along with the control valve, the system was closed during the winter of 1992 

to 1993. 

As the cattail rafls were planted late in 1991 growing season, growth was restricted to 

a few plants. By the beginning of the 1992 growing season, adjustments were made 

in the root zone. The floating cover was functional by July 1992 and the system was 

ready to be monitored. 
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In 1989 and 1990, there was no flow control and flows were very variable. With short 

retention times (4.2 days in Cells 1 and 2 and 3.26 days in Cells 3 and 4 at 40 Umin) 

Fe3’ hydroxide precipitation occurred throughout the system. When flow control was 

established at 1 Umin, retention time could be increased to an estimated 168 days in 

Cells 1 and 2. In 1992, Fe3’ hydroxide precipitation facilitated the removal of at least 

94 % of the iron load in Cell 1 and produced an acidity loading of 100 to 600 g/day in 

the water entering the ARUM cells (Cells 3 and 4). 

The final configuration, established by the end of 1991, allowed for the establishment 

of ARUM in Cells 3 and 4. In 1992, with a retention time of 131 days, the ARUM 

system (Cells 3 and 4) removed 80 - 87 % of the nickel loading, 77 - 98 % of the 

copper loading, 10 - 20 % of the sulphur loading, and 47 - 73 % of the acidity loading 

from the seepage water. 

This report presents the summary of those components of the microbial ecosystem 

which play major roles in the ARUM process. The relationships between wetland 

ecosystems and ARUM processes are given in Section 2. In Section 3, the Test Cell 

System is described, outlining the events which finally lead to flow control and floating 

cattail rafls in 1992. The water chemistry, the hydrology with and without microbial 

activity, as well as the iron hydroxide precipitation, are described in Section 4. In 

Section 5, the data obtained in the research program are used to define the operating 

parameters, such as nutrient supply and chemical conditions. The expected 

performance and the applications of the process are discussed in Sections 6 and 7. In 

Section 8, the limitations of the microbial approach are outlined. Some economic 

considerations are presented in Section 9. It is concluded in Section IO that the project 

has provided the technical basis to define the conditions required to utilize microbial 

amelioration of AMD in decommissioning seepage collection ponds, open pits and 

polishing ponds. 
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1.0 INTRODUCTION 

Mining any commodity which is associated with sulphide-bearing minerals can result 

in large quantities of acid-generating waste rock or tailings. During the operation of a 

mine, effluent treatment plants neutralize the acid waste streams and hydroxide sludges 

are collected in ponds for disposal. It can be expected, in some cases, that the volume 

of sludge production exceeds several times that of waste materials producing the acidic 

effluent. Oxidation rates are slow and quantities of oxidisable materials are large. 

Therefore effluent treatment is needed for a very long time. For the mineral sector 

decommissioning of mining operations represents a major technical challenge, which 

requires an environmentally-acceptable and economically-viable solution. 

When mining activities cease, effluent volumes decline but remain substantial. The 

volumes are determined at the time of decommissioning by the size of the drainage 

basin in which the waste rock and tailings are placed, and both the hydrological and 

meteorological conditions of the area. Effluent characteristics, in particular the acidity, 

are generally determined by the oxidation rates which prevail in the waste material. 

The metal concentrations in the effluent are generally a function of both hydrology of 

the area and mineralogy of the wastes. 

Acid generation is a natural process. Acid generation is mainly an oxidative process 

of pyrite, which in nature is balanced by reductive processes such as iron- and 

sulphate-reduction, which result in alkalinity generation. Therefore, providing the 

conditions which facilitate alkalinity-generating processes is the technical foundation to 

counter-balance the acid generation. 

Treatment plants are required to neutralize the effluents which result in the 

accumulation of metal-laden sludge. Microbial sulphate reduction is used successfully 

in treating acid mine drainage in reactors where food sources (e.g. fatty acids, 

methanol, etc.) are added for the microbes. 
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The maintenance of a treatment plant to neutralize AMD, be it microbially- or 

chemically-mediated, does not represent an economically, sustainable solution for the 

long-term. In the past 10 years, wetlands have been suggested as a natural means of 

treating AMD. 

The acid reduction processes in wetlands, however, are sediment-bound. Therefore, 

in order to affect AMD which flows over sediments, the reducing conditions have to be 

extended from the sediment into the water column. The concept of ARUM (Acid 

Reduction Using Microbiology), developed under this project, is intended to provide 

those conditions. A Test Cell System was designed, and constructed to test concept, 

and derive design parameters for a full-scale ARUM treatment system. 

The design of a biological treatment system is fundamentally different from an 

engineered system in that the necessary microbial activity in the sediment, the engine 

driving the treatment process, is not directly measurable. Therefore, design criteria for 

a biological system consist of identifying those conditions which support the microbial 

activity. The measurements and observations summarized in this report reflect the 

development of the ARUM process over three years. The configuration of the system 

was stabilized in 1992, and the microbial ecosystems required for the treatment process 

were present only in the last year of the program. 

To reduce the rate of oxidation and provide reducing conditions for the effluents, a self- 

sustaining or low maintenance scenario for a mining waste management area is 

required. In nature, reducing conditions occur in wetland and lake sediments. 

Ecosystems can be designed and constructed to promote the establishment of 

sediment-like conditions, i.e. where reducing conditions favourable for alkalinity- 

generating processes prevail. To counterbalance oxidation rates, the ecosystems must 

produce alkalinity at rates which are able to deal with annual contaminant loadings. 

Contaminants are generated by oxidation and transported by the hydrology within the 

waste management area. 

2 
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To achieve a self-sustaining system or low maintenance solution to the 

decommissioning of mine waste management areas, it is necessary to balance the 

rates of oxidation and reduction and also the rates of dissolution and precipitation. The 

volume of effluent is determined by the hydrological conditions of the mine site. The 

containment of the effluents within holding ponds where the reductive processes are 

installed has to accommodate the seasonal hydrological cycle. In principle, the design 

and engineering of mining waste management areas aim to minimize drainage basins 

into which tailings or waste rock are placed. Retention ponds are designed to contain 

or collect spring and fall run-off for treatment. 

Ecological Engineering technology is an approach to decommissioning mining waste 

management areas which exploits natural biological processes within the tailings and 

retention ponds to curtail oxidation rates and to treat annual contaminant generation. 

The rates by which the biological processes improve water quality have to balance 

those rates at which the contaminated water is generated. 

Two biological processes have been identified as key components in the Ecological 

Engineering approach. One of the processes, biological polishing, utilizes attached 

algae to remove contaminants in the waste water. The algal biomass provides surface 

area onto which metals are concentrated by co-precipitation and/or cation exchange 

reactions, The second process is a microbial process referred to as ARUM (Acid 

Reduction Using Microbiology). ARUM generates alkalinity through microbial reduction 

of iron and sulphate. Engineering of appropriate retention structures, for example, 

berms with low permeability, within the waste management area is required to 

implement the operations of the Ecological Engineering systems. 

Over the last 10 years, field tests at several different mine sites addressed the overall 

objective of developing this passive biological decommissioning technology. The key 

aspect which needed to be addressed was the quantification of the expected 

contaminant removal rates by these biological processes. Field tests were carried out 
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which, although costly, are the only means of arriving at realistic operating parameters, 

since simulation of environmental conditions in chemically-reactive effluents, such as 

AMD or ARD is not feasible. 

The ARUM work carried out within the MEND program represents only a part of the 

overall R&D which was required to understand the process. This project provided a 

test system where a microbially-active sediment could be configured as 

conceptualized. Through the provision of flow control in the Makela Test Cell System, 

built at one of the seepage stations of the INCO Copper Cliff tailings area, it was 

possible to determine minimum retention time and flow rates for the treatment of a 

tailings seepage. 

The construction of retention ponds with flow control at the foot of a seeping tailings 

dam was technically difficult, and hence costly. Several efforts to re-stabilize or fix the 

berms were needed. In the last year of the project, the final configuration was achieved 

with flow control of about 1 Umin entering the two ARUM cells. 

The Test Cell System has facilitated the quantification of acidification rates, iron 

hydroxide precipitation rates, alkalinity-generation rates and sulphate-reduction rates 

in a tailings seepage. The ARUM process, although originally sediment-bound can 

operate in the water column if reducing conditions are present. To decrease water 

mixing and provide proper conditions a floating, living macrophyte cover was necessary. 

The conditions for the establishment of such a vegetation mat were developed during 

the MEND program. In addition, a floating cattail mat was grown over the ARUM cells 

in 1992. Contaminant removal was quantified under controlled flow conditions and in 

the required configuration for a period of about 5 months. 

Although scientific and technical information suggested that the ARUM process should 

be viable, the Makela Test Cell System has provided the first purely microbially-treated 

acid mine drainage. 
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The scope of work for this report called for a broader framework to outline applications 

of the ARUM process, and to specifically address the MEND objectives. One of the 

main objectives of the joint industry and government program, MEND, is to find self- 

sustaining or low maintenance decommissioning solutions. 

To date, three reports have been issued on the project and this fourth and final report 

provides an overview of the activities and the results obtained. The biological 

conditions which drive ARUM are summarized in Section 2. Section 3 describes the 

Test Cell System and Section 4 discusses the noted water quality changes brought 

about by the system. In Section 5, the technical basis for operating parameters of 

ARUM sediments are given. Section 6 discusses ARUM performance, while Section 

7 draws together the data from various applications at different test sites. Section 8 

summarises the limitations of the system. Although costs to establish the process are 

expected to vary with respect to site conditions and availability of material, some 

general economic considerations are presented in Section 9. 

The conclusion in Section 10 represents a general discussion of ecological thought with 

respect to mining waste management. The work carried out to date provides evidence 

that ifthe fundamental requirements for ecosystem recovery are provided, mining waste 

management areas can develop into new ecosystems. 

Boojum Research Limited 
5 

1992 MEND RepoR 
Project 3.11 .I 



2.0 MICROBIOLOGICAL CONDITIONS FOR ARUM 

Waste rock and tailings from mining operations weather when exposed to the 

atmosphere. This weathering is accelerated when the material has commenced 

acidification through biological oxidation. Oxidation proceeds when reduced iron 

liberated from the pyritic material is oxidised and more acid is released. The acid acts 

as a chemical leach solution. Tailings seepages contain a large fraction of Fe*’ which 

on exposure to air is oxidised, and following hydrolysis, is precipitated as Fe3’ 

hydroxide as long as pH exceeds 3.5. Fe*’ oxidation and Fe3’ hydroxide precipitation 

increases the acidity, and removes iron from the water via the reaction: 

4 Fe” +O, +lOH,O = 4Fe(OH), + 8H’ 

Seepages emerging from a waste rock pile, in contrast to tailings seepages, are already 

oxidised, and, therefore, contain mainly Fe3’ which precipitates as Fe(OH), following 

hydrolysis, via the following overall reaction: 

Fe3+ + 3H,O = WW, + 3H+ 

Thus, for practical purposes, the difference between a tailings seepage and acid rock 

seepage, is the location at which the acid is generated; for waste rock it is in the pile, 

and for tailings seepages it is after emergence from the dam. 

The resulting AMD effluents from both waste rock and tailings are acidic and contain 

high metal concentrations. The acid generation process is relatively slow, and therefore 

the effluents from tailings and waste rock will be contaminated for a long time. 

The acid generation process occurs naturally, and can be counteracted by natural 

alkalinity-generating processes. Wetlands, both natural and constructed, have been 

used to clean up a variety of waste waters (Hammer, 1990). Wetlands, particularly 

those dominated by Typha survive the passage of AMD, and accumulate quantities of 

Fe3’ hydroxide sludge (yellow boy). Therefore, wetlands have been investigated as a 

means of treating AMD. Constructed wetlands for the treatment of AMD have met with 

mixed success (Brodie, 1990; Wildernan and Laudon, 1990). 

Boojum Research Limited 
6 

1992 MEND Report 
Project 3.11 .l 



The potential of wetlands to treat AMD anaerobically is suggested by thermodynamic 

consideration of aquatic ecosystems. The order of reducing reactions as predicted from 

thermodynamic considerations can be found in vertical profiles of aquatic sediments 

(Zehnder and Stumm, 1988). Mills et al. (1989) reported the presence of microbially- 

mediated anaerobic processes which generate alkalinity in sediments. 

Bacteria have evolved to exploit electron acceptors other than oxygen under reducing 

conditions. In AMD, the principle electron acceptors are sulphate, which is always 

present, and iron, which is present most of the time. When oxygen is used up in the 

sediment by heterotrophic (decomposing) bacteria, in the presence of Fe3+, reduction 

to Fe*’ will proceed prior to sulphate-reduction. Ferric iron-reducing bacteria have only 

recently been isolated from sediments (Lovley and Phillips, 1988), and hence, their 

importance in AMD treatment and wetlands is only now beginning to be appreciated 

(Vile and Weider, 1993). Ferric iron reduction generates the alkalinity, which was lost 

during oxidation, where the Fe” was precipitated as Fe3’ hydroxide at a pH above 3.5. 

Sulphate reduction and fermentation of organic materials will proceed when Fe3’ is no 

longer available. After sulphate is used up, methanogens can utilise remaining carbon 

sources for respiration, without generating alkalinity. Sulphate reduction is much better 

understood than Fe3’ reduction. Most studies on the use of wetlands to ameliorate 

AMD have considered this process alone as a means of reducing acidity and removing 

metals (Hedin et al., 1990; Kleinmann et al., 1991). 

For sulphate reduction, bacteria use SO,*- as an electron acceptor and a variety of 

organic substrates as donor. The SO, 2- is reduced to H,S at low pHs. At high pHs, 

SO,” is reduced to Sz- and HS, and, in the presence of metal cations, metal sulphides 

are precipitated. 

All the alkalinity-generating micro-organisms require organic carbon as a source of 

energy. For most organisms, short chain fatty acids, alcohols or sugars can provide 
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It is becoming accepted that, in nature, bacteria do not grow in homogenous media but 

in biotilms, where chemical gradients determine the ability of bacteria to survive and 

function in specific niches. The interactions between micro-organisms and the 

reactions they carry out are of paramount importance. For example, the decomposition 

of organic material represents a complex series of microbial interactions, none of which 

can proceed without the previous or concurrent reactions taking place. In sulphate- 

reducing systems, H, utilising bacteria, which maintain H, concentrations sufficiently low 

to allow other processes to proceed at the appropriate E, are essential (Zehnder and 

Stumm, 1988). 

Local micro-niches such as an individual biofilm can provide conditions for processes 

to take place which would not be possible in the bulk media. The elegant studies with 

microelectrodes by Jorgensen’s group (Kuhl and Jorgensen, 1992) have shown that 

sulphate reduction occurs in biofilms growing in aerobic (trickling filters) environments. 

In such biofilms, sulphur is tightly cycled (oxidation/reduction) within the biofilm and may 

have little effect on bulk medium changes. However, sulphate-reducing bacteria would 

be isolated in such circumstances. Sulphate reduction has also been found at 

significant rates in oxic sediments (Jorgensen and Bak, 1991). These findings indicate 

that microbial activity cannot be appropriately measured by isolating the organisms, and 

the measurements in the bulk solution do not reflect microbial activity, but are the result 

of the microbial ecosystem. 

A further shortcoming of working with individual bacterial groups, as suggested by the 

traditional approach, is indicated by the recent findings that bacteria are very versatile 

in the reactions they carry out. For example, sulphate-reducing bacteria can oxidise 

sulphide as well as disproportionation (simultaneous oxidation and reduction) of 

thiosulphate (Jorgensen and Bak, 1991). Thiobacilli, which have been reported as the 

key culprits of AMD generation (through sulphide oxidation), may in some anaerobic 

circumstances reduce Fe3’ (Suzuki et al., 1990; Pronk et al., 1992). Sulphate-reducing 
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bacteria may be the same organisms which carry out Fe’+ reduction (Coleman et al., 

1993). 

A recent contribution to the field of microbial ecology is the concept that genetic 

information, in the form of plasmids, may fairly readily pass from one organism to 

another in nature and confer the ability to carry out particular processes to a wide 

variety of bacterial taxa (Trevors et al., 1986). All these observations point to the fact 

that enumeration of a particular ‘class’ of bacteria is a dubious practice and probably 

not worth the time and money. Unfortunately, a significant effort was extended during 

the third year of ARUM development to quantify and identify sulphate reducers, at the 

request of the reviewers. 

In understanding and quantifying the microbial ecology of ARUM, we have therefore 

chosen the chemical approach. Analysis of the chemistry of an environment, 

particularly the E, and pH, can indicate what microbial processes are expected. With 

this information at hand, it will be possible to formulate models for the design of 

ecosystems to treat particular AMDs and derive the carbon requirements for the 

system. 
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3.0 DESCRIPTION OF THE MAKELA SYSTEM 

The Test Cell System was set up in the fall of 1989. It is about 100 m long by 20 m 

wide. The system has evolved throughout the project, to the present configuration (as 

documented in Table 1). The system is comprised of four cells, Cells 1 to 4, with two 

small holding ponds A and B (which were originally intended to supply nutrients if 

needed) located after Cell 2 and between Cells 3 and 4 (Schematic 1). 

The dimensions of the system and estimated retention times (times to replace volume) 

are summarised in Table 2. Prior to the establishment of flow control, which was 

achieved through installation of a control valve between Cell 2 and Pond A (Stn 6) in 

May 1991, flows were quite variable. An estimated average flow of 40 Umin gave the 

system a retention time of only 8.53 days. The flow was too high, preventing complete 

oxidation of the seepage. Precipitation of Fe3’ hydroxide occurred throughout the 

system, which coated the organic material added for the microbial populations. With 

a flow rate of 1 Umin, the retention time is 168 days for Cells 1 and 2 and 131 days 

for Cells 3 and 4. 

The actual retention time of water entering and leaving the system is less than the 

calculated time, as water passes through as surface sheet flow and some ground water 

is added throughout the system. Due to slumping of the main tailings dam, the 

diversion ditch, which controls the level in the cell system, required replacement. Thus 

flow control was lost briefly in 1991, affecting the flow and quality of water entering and 

leaving the system. The system has since settled down. Once the cattail rafts were 

in place (summer 1991) sheet flow was reduced. 

In 1992, the only changes to the system involved replanting the cattail rafts in Cell 3, 

adding alfalfa pellets to the Cell 3 cattail rafts, and adding potato waste to Cell 4 

sediment. 
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Table 1: Flows and modifications of the Test Cell System 
The Test Cell System after construction 

SEPT 1989 

CELL #3 POND A 

I I 

Xtober 1989 O-l 00 ARUMators installed 

lovember 1989 O-l 00 Erosion blanket/gravel 

May 1990 40 

July 1990 4-5 

Weirs replaced with pipes 
Amendment curtains in Cell 4 
Control valve installed 
Amendment curtains in Cell 3 
Baffles in Cell 1 to help Fe settlin< 

June 1991 
Decomposition bags in Cell 3 

0 Bypass ditch filled-system closed 

July 1991 

August 1991 

1 System reopened 
Prototype cattail raft installed 
in Pond B 

1 Cattail rafts in Cells 3 & 4 
I I 

October 1991 0 System closed for winter 
I I 

May 1992 1 System opened 
I I 

June 1992 1 Alfalfa pellets added to Cell 3 raft 
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Table 2: Makela Test Cell System 
Volumes and retention times 

Cell 4 102 1 71 1.77 
Overall ( 492 1 342 8.54 

Flow rates at Stn 6 and Stn 13 are shown in Figure 1, Flow rates at Stn 13 were 

similar to those at Stn 6, indicating that little ground water entered the ARUM cells, 

certainly much less than the flow through the system. Any ground water entering the 

system would undoubtedly be seepage water and therefore add to the loading which 

to be treated. In Table 3, the concentrations of relevant elements in water sampled 

from piezometers 1-3 are summarized. These piezometers are located in and above 

Cells 3 and 4, and water sampled from them would most likely represent ground water 

which enters the system. Thus, the putative ground water entering these cells has 

negative E, values and acidities ranging from 190 to 620 mg/L equiv. of CaCO,. The 

nickel concentrations ranged from 1 .O to 5.5 mg/L. Sulphur concentrations varied from 

413 to 966 mglL. 
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Fig. 1: Stn 6 and Stn 13 
Flow Rates, 05/91 . IO/92 

. 
1591 date 1992 

m stn 6 (cont.v*e) &g stn 13 (oumow) 

Table 3: Chemistry of piezometers around ARUM cells 

Date 

Pie20 

Temp. 

PH 
Cond. 

Em 

Ukalinity 

Acidity 

Al 

Ca 

CU 

Fe 

K 

MQ 
Mn 

Na 

Ni 

S 

-E- 
units 

us/cm 

mV 

mQR 

w/c 

m9/L 

m9R 

m9L 

m9R 

m9R 

m9/L 

m9R 

m9/L 

w/L 

m9/L 

Pl 

=-F 

7 

2680 

co.01 

592 

0.08 

co.01 

a.7 

273 

2.2 

160 

1.9 

805 - 

P2 
=T 
6.78 

2720 

0.02 

771 

<O.Ol 

<O.Ol 

8.6 

257 

44 

163 

5.5 

951 - 

z- - 
P3 

==F 
7.04 

2970 

co.01 

746 

<O.Ol 

co.01 

55 

283 

28 

201 

3.7 

966 
- 

- 
E- 
=z 
6.54 
2760 

-10 

- 
-.I&! 
-E- 
=Fi 
6.37 

!805 

130 

0.12 0.2 

592 757 

0.01 0.01 

1.6 0.1 

6.4 9.6 

z?7 172 

1.5 41 

198 140 

0.3 2.1 

741 782 - - 

- 
p3 
72 
6.34 

I080 

107 

0.4 

840 

0.03 

2.1 

77 

181 

29 

138 

0.8 

818 - 

- 

Pl 

-7 

6.05 

1900 

-251 

620 

co.01 

442 

co.01 

1.6 

co.01 

174 

0.6 

160 

0.3 

525 - 

6 

5.73 

1750 

-224 

320 

:0.01 

513 

:0.01 

0.5 

3.1 

133 

34 

119 

1.8 

562 - 

-7 
5.77 

1700 

-225 

650 

co.01 

452 

co.01 

0.9 

48 

138 

17 

140 

0.4 

511 - 

- 
-K 
ii5 
3.61 

580 

39 

80 

370 

8 

320 

<1 

<I 

13 

155 

Cl 

113 

<I 

413 - 

zz 
-G 
=-z 
6.42 

3500 

-48 

190 

260 

8 

357 

<I 

Cl 

23 

116 

33 

83 

2 

430 - 

P3 

=z 

6.4 

1800 

14 

110 

190 

5 

213 

<l 

<1 

27 

at 
10 

66 

<l 

258 - 
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3.1 Sampling Stations for System Chemistry 

The data presented here summarise the chemistry of Test Cell water at 6 locations in 

the system (Schematic 1, page 14). Stn 1 is the seepage entering the system. Stn 4 

is at the entry to Cell 2. Stn 6 is in Pond A and water samples from there represent 

the chemical changes taking place in Cells 1 and 2. Stn 13 is the oufflow point from 

Cell 4, and the point where water leaves the ARUM treatment system. Stn 8A and Stn 

12A are located in Cell 3 and Cell 4, respectively. At these locations, vertical profiles 

of the ARUM water chemistry (which will develop from the bottom upwards) are 

recorded. 

A total of 9 piezometers were installed around the system (Schematic 1, page 14). 

They were monitored to assess ground water level changes and to sample seepage 

entering the treatment cell. Piezometers 1 to 3 are relevant with respect to addition of 

contaminant loadings to Cell 3 and 4. 

Comparing Stn 1 (the inflowing seepage) with Stn 6 (Pond A) chemistry indicates the 

overall effects of Cells 1 and 2 (precipitation and oxidation cells). Changes between 

Stn 6 and Stn 13 indicate the effects of Cells 3 and 4 (ARUM cells). 

Field measurements of pH, conductivity, E, and acidity, which are the essential criteria 

for assessing changes in AMD chemistry are summarized for Stn 1, Stn 6 and Stn 13. 

The ICAP analyses of filtered, acidified water samples for the same stations are 

summarised as concentrations and loadings for aluminum, copper, iron, sulphur and 

nickel. The results are discussed in Section 4. Loadings show more clearly than 

concentrations, the overall effects of the Cell system on the quality of seepage water, 

and hence, they are used to assess the treatment capacity of the ARUM system. 

Loadings for each station were determined by .multiplying the concentration of an 

element by the measured flow rate at the control valve (Stn 6) on the same day. 
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In utilizing loadings for assessment, it has to be recognized that, at a flow rate of 1 

L/minute, the water sampled at Stn 6 would not leave Stn 13 on that day. More 

intensive monitoring of the system would have been required to trace one batch of 

water through the treatment process. Unfortunately, economic restraints prohibited the 

required sampling periods. 

3.2 Field and Laboratory Methods 

Standard methods were used for field chemistry. Redox potential, E,, and pH were 

measured with portable meters such as Corning Model 103, with Fisher E, electrodes. 

Conductivity was measured with a YSI Model 33 or Orion (WIW) 140. The pH meter 

was calibrated with buffers after every 5 to IO measurements. 

E,, the measured electrode potential ‘Eh meter’ is converted to an E, value 

standardised for 25 “C from the following formula: 

E, (mV) = E, (mV) + (241 - 0.66(T - 25)) 

where T is the measured temperature (“C). Redox potential is also affected by pH. E, 

is corrected for pH by the following formula (Wetzel 1983): 

E, (mV) = E, (mv) + 58(pH - 7) 

Water samples were filtered through 0.45 pm cellulose acetate filters in the field. 

Acidity and alkalinity were determined by manual titrations in the field. The filtered, 

acidified sample was accompanied by a duplicate sample which was kept cool for 

determination of changes which might take place after collection. In the laboratory, for 

the last two years, titrations have been carried out with a Beckmann Auto-titrator Titrino 

and E,, pH and conductivity remeasured with the same instruments used in the field. 

The ARUM treated water had stable chemistry, i.e. no changes were found afler 

several months of storage. 
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3.3 internal quality control 

Detailed field sampling methods and the storage and handling of samples are 

summarised in MEND summary report, February 1990. This document also describes 

in detail methods used for determinations of pH, conductivity, acidity and alkalinity. 

Microbiology and analytical chemistry methods used over the four year duration of the 

project are given in each of the annual reports referenced in the introduction. 

3.4 External Quality Control (Quality Assurance) 

Metal concentrations in solids and water were carried out by ICAP (Inductively Coupled 

Plasma Spectrophotometry), US. EPA Method No.200.7 at certified laboratories. 

Anions were determined by a number of methods, see Appendix. The QA/QCs of EPL 

and X-Ral are enclosed. To assure the validity of the results, blanks and standards 

were sent together with field samples. These samples were packaged and marked like 

field samples. 

Standards with different concentrations of metals were sent (0.1, 1, 10, 100, 1000 mg/L 

of metals) every few months. US. National Bureau of Standards 1645 (River 

Sediment) and 1571 (Orchard Leaves) samples were sent as solid standards. 

In 1991, 12 standards were sent to Chauncey laboratories, and 24 to X-Ral. In 1992, 

4 Boojum standards were sent to X-Ral, and 18 standards were sent to EPL. The 

standard analyses were not consistently accurate for any of the three laboratories. The 

quality control data for the blank analysis is available on request. 

These analytical results obtained from the various laboratories were subjected to cation 

and anion balances to determined major errors in the results. Samples with obvious 

inaccuracies or anomalies were submitted for reanalysis to the respective laboratory 

to obtain the actual result. 
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4.0 WATER CHARACTERISTICS 

4.1 Changes in Water Quality Through the Test Cell System 

The pH of seepage water entering the Test Cell System (Stn 1) ranged from 4.76 to 

6.83, but was usually between 5.5 and 6.0 (Figure 2). 

Fig. 2: Stn 1, Stn 6 and Stn 13 
pH, 08/91 - 08/92 

sepss Ju!-s-3 %$-so 
Date 

OSlnl -Sin6 @$Stn13 

There was a slight, but clear, decreasing pH trend from 1989 to 1992 in the incoming 

seepage water. Stn 6 remained consistent from 1990 onward, at a pH between 3 and 

3.5. The 1989 pH values for Stn 13 were around 4.5 (Figure 2). During 1990, a 

decline to around pH 3.0 was observed at Stn 6 due to the precipitation of Fe(OH),. 

Such readings continued through 1991. Higher values were observed in 1992 with a 

peak of 5.52 on July 21. 
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Acidity fluctuated considerably without any clear trend, but, from 1991 onward, water 

with lower acidity left the system (Figure 3a). The mean value for all readings at Stn 

1 was 581 mg/L equiv. of CaCO,. With the decline in flow rate in 1991, there was a 

considerable reduction in acidity loading to the system. Loadings in 1992 ranged from 

131 to 1212 g CaCO, equiv./day (Figure 3b). By August 1992, acidity was reduced by 

80 % in Cells 3 and 4. 

E, values around + 100 to + 250 mV were typically found in the seepage water at Stn 

1, suggesting that oxidising conditions prevailed throughout the system (Figure 4). 

There was no clear trend in E, values at Stn 6 during the 1989-1992 period (Figure 4). 

Water leaving the system (Stn 13) showed some decline in E, attributable to ARUM. 

Conductivity (indicative of total ion loading and dissolved materials) at Stn 1 fluctuated 

considerably between sampling dates (Figure 5). Substantial rain storms would result 

in reduced conductivities. Thus, this parameter provides a check on rain dilution. 

Values were usually in the range 1700 to 3200 phmos/cm from 1989 until the fall of 
1990. Lower values were found during the winter period, a period when little flow 

entered the system. At the end of the monitoring period, in the summer of 1992, 

conductivity rose to over 4000 mhoslcm. There were no clear changes in conductivity 
through the system. 

Aluminum concentrations were below detection limits (< 0.7 mg/L) for much of 1989 

and 1990 (Figure 6a). In 1991 and 1992, there were increases in aluminum 

concentrations at Stn 1 and Stn 6. These increases were attributable to the dissolution 

of clay minerals in the berms, which were mobilized during construction and repair 

activities. In 1992, with the functioning ARUM system, the loadings at Stn 6 were 

almost entirely removed by the time water passed through Stn 13 (Figure 6b). The 

increase in pli resulted in the precipitation of aluminum. Adsorption of aluminum to 

surfaces in Ceils 3 and 4 was also possible. 
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Fig. 3a: Stn 1, Stn 6 and Stn 13 
Acidity, 08/90 _ 08192 

Date 

0 Sn 1 m Stn6 m Stn 13 

Fi %;.: 3b’ Stn I,, Stn 6 and Stn 13 
cidlty Loadmgs, 07/91 - 08/92 

Date 

0 Stn 1 m Stn6 m Stn 13 
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Fi .4: Stnl,Stn6 and Stnl3 
Re % ox Potential (En. 07190 - 08/92 

Date 

10Stnl mStn6 m.9113 ( 

Fig. 5: Stn 1, Stn 6 and Stn 13 
Conductivity, 08189 - 08/92 

.I”,-90 Aug.90 Now90 
Date 

(0 Stn 1 m Stn 6 m Stn 13 ( 
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Fig. 6a: Stn 1, Stn 6 and Stn 13 
Aluminum Concentration, 09/89 - 08/92 

Date 

[a sm 1 m Slrl6 &J stn 13 1 

Fig. 6b: Stn 1, Stn 6 and Stn 13 
Aluminum Loadings, 07/91 . 06/92 

Date 

0 Stn 1 m Stn 6 m Stn13 
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Copper concentrations were generally < 1 mg/L (detection limit for July 1991 to July 

1992 was 1 mglL) at Stn 1. except for a sharp peak in the spring of 1990 (Figure 7a, 

page 27). Copper concentrations at Stn 6 were always higher than at Stn 1, ranging 

from around 3 mg/L to as high as 5.5 mgli in the summer of 1992. At Stn 13 the 

copper concentrations were again at or below the detection limit of 1 mg/L. The copper 

increases at Stn 6 were a result of the dissolution of evaporites which formed on the 

side of Cell 2. In Figure 7b (page 27) the loadings of copper at Stn 6 were as high as 

7 g/day. There was a dramatic decline between Stn 6 and Stn 13 in 1992 indicating 

that the ARUM cells were removing copper. 

Iron concentrations in the seepage showed a seasonal trend, with high concentrations 

in the summer around 250 to 300 mg/L, and lower concentrations in winter, ranging 

from 50 to 150 mg/L (Figure 8a, page 28). There was a dramatic decline in iron at Stn 

6 (Figure 8a, page 28) which commenced in the summer of 1990 and continued until 

1992 when concentrations were < 17 mg/L. With both high and low flow rates, most 

of the iron entering the system precipitated as Fe(OH), in Cells 1 and 2. In 1989, iron 

concentrations increased from Stn 6 to Stn 13 (Figure 8a, page 28). Indeed, values 

exceeded those of the seepage water (Stn 1). This may be attributed to the dissolution 

of Fe(OH), precipitates with the decline in pH. Iron loadings at Stn 1 were around 0.5 

kg/day in 1991 and as low as 0.08 kg/day at the end of the 1992 summer season 

(Figure 8b, page 28). 

Nickel concentrations of water entering the system ranged from 16 to 37 mg/L (Figure 

9a, page 29). Ni loadings ranged from 4.4-60.3 g/day after the establishment of flow 

control in 1991 (Figure 9b, page 29). Nickel concentrations were always higher leaving 

the system, than entering, until ARUM became operational in the summer of 1992. At 

Stn 6, nickel concentrations were generally similar to those at Stn 1 until 1992, when 

a steady decline became apparent (Figure 9a, page 29). Before 1992, nickel 

concentrations were consistently greater in the cells than in the water entering the 

system. The same was the case for copper. Both these metals accumulated along the 
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sides of Cell 2 during the summer due to evaporation. At Stn 13, except for one 

exceptionally high reading in December 1989, nickel concentrations were similar to 

those at Stn 6 through 1991 (Figure 9a, page 29). In 1992, a dramatic decline was 

apparent at Stn 13. In July of that year, loadings declined from 70 g Ni/day at Stn 6 

to 2 g/day at Stn 13. As for copper, it is likely that removal was through adsorption to 

precipitates and organic amendment surfaces. 

Sulphur concentrations were generally in the range 600-1000 mg/L (Figure IOa, page 

30) with loadings of 298-1742 g/day (Figure lob, page 30). As with iron, sulphur 

concentrations exhibited a seasonal trend, with low concentrations in the winter and 

high concentrations in the summer. The overall patterns of sulphur concentration at Stn 

6 and Stn 13 were very similar to that at Stn 1. In 1992, however, sulphur removal was 

apparent at both stations. Overall, the system removed 35 to 53 % of the sulphur in 

1992. Sulphate reduction was occurring in Cells 3 and 4 and much of the removal of 

sulphur was attributable to precipitation of Fe’+ sulphides. 
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Fig. 7a: Stn 1, Stn 6 and Stn 13 
Copper Concentration, 09/69 - 06/92 

Date 

0 Stn 1 m Stn6 m Stn 13 

Fig. 7b: Stn 1, Stn 6 and Stn 13 
Copper Loadings, 07/91 - 08/92 

Date 

f’-J Sin 1 m Stn6 m Stn 13 
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Fig. 8a: Stn 1, Stn 8 and Stn 13 
Iron Concentration, 09/89 - 08/92 

Date 

0 Stn 1 m Stn6 m Stn 13 

Fig. 8b: Stn 1, Stn 6 and Stn 13 
Iron Loadings, 07/91 - 08/92 

:5i,- 
Date 

0 Stn 1 m Sln6 m Stn 13 
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Fi 9a: Stn 1, Stn 6 and Stn 13 
Nit el Concentration, 09/69 - 08/92 f 

Date 
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Fig. 9b: Stn 1, Stn 6 and Stn 13 
Nickel Loadings, 07/91 - 08/92 

# II I 

Date 
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Fig. 1Oa: Stn 1, Stn 6 and Stn 13 
Sulphur Concentration, 07/90 - 08/92 

Fi 
i? 

lob: Stn 1, Stn 6 and Stn 13 
ulphur Loadings, 07/91 . 08/92 

Date 
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In February 1993, further analytical data for samples collected on October 22, 1992 

became available through INCO analytical services. These data are presented in Table 

4, together with earlier 1992 data. The sampling locations within the Test Cell System 

are given in Schematic 1 (page 14). 

In 1992, with flow control and a cover of floating cattails on the ARUM cells (Cells 3 

and 4) the Test Cell System effectively removed acidity and metals from the Makela 

seepage water. The percentage removal of acidity and metals by the system are 

summarised in Table 5. 

Table 4: Test 

Table E 

Flo 
Stn 1 - 
17.2 
5.65 
38 

1215 
cl.62 
cl.82 
505 
60.4 
1408 

1.1251 
Stn 8 - 
16.5 
3.05 
440 
599 
29.2 
7.06 
27.4 
70.8 
948 

nin 
Stn 11 - 
21.5 
5.52 
62 

315.9 
<I.62 
<I.62 

59 
14 

655 

Test Cell System - Change: 
Stnl -StnG 

NA NA NA -95 -96 -95 NA NA -56 ’ 
NA NA NA -77 -98 -IO0 NA +315 -98 
-95 -96 -92 +215 -46 +26 -88 -98 -90 
+17 +51 +15 -80 -87 -89 -77 -80 -88 
-33 ( -33 1 -29 -10 -10 -31 -39 -39 -51 

A = not applicable, + = increase, _ = decrease 

Stnl,Stn8,Stnl3 
August 1992 

Flc 
Stn 1 - 

15 
5.76 

12 
131 
0.01 
0.01 
81.2 
8.71 
292 

3.24 L in 
Stn 8 Stn 13 - - 
20.9 19.3 
2.96 3.34 
444 408 
loo 27.7 

7.02 0.24 
1.9 0.05 

3.12 1.71 
13.2 1.75 
237 190 

- ir October 1992 
Fi 

Stn 1 - 
8.4 
5.7 
37 

84.9 
0.32 
0.03 
32 

3.66 
122 

rO.l t. in 
Stn 6 Stn 13 - - 

8.2 8.1 
2.94 6.14 
428 -18 
35.9 23.4 

2.76 0.14 
0.4 0.001 

2.52 3.18 
4.2 0.46 

88.7 60.1 

s ir - 
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The seepage entering the system (Stn 1) has an E, a little over 0 mV. The water is 

oxidised in the precipitation cells (Cells 1 and 2). By Pond A (Stn 6) E, values were 

in the range 428 to 444 mV on the 3 sampling dates in 1992. Redox values declined 

again in the ARUM cells. In October, a negative E, value (-18 mV) was obtained for 

the first time in water leaving Cell 4, suggesting that reducing conditions previously 

confined to the vicinity of the amendments and cattail rafts had become established 

throughout the water column. ARUM was therefore able to function effectively. 

In July, the pH of water entering the system (5.65) was almost the same as that leaving 

Cell 4 (552). However, there was a substantial decrease in acidity, from 1215 g 

CaCO, equiv./day at Stn 1 to 599 g CaCO, equiv. at Stn 6 (Pond A) to 316 g CaCO, 

equiv./day at Stn 13 (Cell 4 effluent). Fifty one percent of the acidity was lost in Cells 

1 and 2 and 47 % of the remainder in Cells 3 and 4. Similar trends were observed in 

August and October. Overall, the system removed 74 %, 79 % and 72 % of the acidity 

on the 3 sampling dates. 

In July and August, substantial amounts of aluminum were released to the water from 

the clay walls and floor of the cells as the pH dropped with Fe(OH), precipitation. Most 

of this was removed in the ARUM cells, probably as AI( precipitate which will form 

as the pH rises. In October, there was less aluminum in the water leaving the system 

(0.98 mg/L) than entering it (2.2 mg/L). Copper showed a similar trend to aluminum 

with increases between Stn 1 and Stn 6. Before flow control was established, copper 

co-precipitated with iron and nickel. This copper would be re-released when the iron 

precipitation dropped the pH to 3. In the ARUM cells, copper can be removed by 

precipitation as copper sulphide. By October, the overall system was removing 96 % 

of the copper entering the system. 

Iron was effectively removed from the seepage water in the precipitation cells (Cells 1 

and 2). On two of the three sampling dates, there was no further net removal in Cells 

3 and 4. A large pool of iron from Fe(OH), precipitates accumulated in the ARUM cells 
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prior to flow control. At the bottom of the ARUM cells, considerable concentrations of 

iron were in solution (211 mg/L at 8a in Cell 3 and 298 mgR at 12a in Cell 4 in October 

1992). This was undoubtedly ferrous iron, as the E, was negative. Overall, in 1992, 

the Test Cell System removed 88 to 98 % of the iron entering the system. 

Nickel, like copper and aluminum, increased in concentration between Stn 1 and Stn 

6 due to the dissolution of previously co-precipitated sediment material and evaporites. 

However, the ARUM cells were very effective in removing nickel. On the three sample 

dates, 80-89 % of the nickel was removed from the water in the ARUM cells. The 

water leaving the system in October contained only 3.17 mg/L, compared to 25.4 mg/L 

entering the system. 

Sulphur loadings were reduced, both in the precipitation cells, and the ARUM cells. 

The reduction in Cells 1 and 2 may be partially attributed to the precipitation of CaSO,. 

For example in October, the total concentration of calcium declined by 1.9 mmol 

between Stn 1 and Stn 6. Sodium declined from 103 to 68.9 mg/L between Stns 1 and 

6. Since sodium solubility is very high, its concentration is not affected by chemical and 

biological reactions. As such, it is used as a tracer for determining dilution effects. 

Since sodium concentrations declined by 33 % between stations 1 and 6, it is likely that 

dilution from rain could fully account for the reduction noted in sulphur concentration. 

The Test Cell System was consistent in its performance in the summer and fall of 1992. 

The October numbers were the best yet, with most of the acidity and heavy metals 

(aluminum, copper, iron, nickel and sulphur) removed. As long as flow within the 

system was low (1 Umin or less) and the iron was precipitated as Fe(OH), in Cell 1, 

the ARUM cells operated very effectively. 
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4.2 Iron Precipitation in Cells 1 and 2 

In the previous section, it was indicated that the tailings seepage undergoes oxidation 

which is associated with acid generation and iron hydroxide precipitation. To prevent 

the precipitation of iron hydroxide on the organic materials in the ARUM cells, it was 

necessary to provide a precipitation/ oxidation pond. This is the function of Cells 1 and 

2 of the Makela system. 

Between seepage inflow (Stn 1) and Stn 6, the pH is expected to drop from an average 

value around 5 to about 3. This is due to hydrogen ions generated during the 

precipitation of iron as Fe(OH),. In Cells 1 and 2, oxidising conditions developed 

rapidly, and were maintained through the monitoring period with E, readings usually 

around + 400 mV at Stn 6 (Figure 4, page 23). 

A dramatic reduction in iron at Stn 6 commenced in the summer of 1990 and continued 

for the remainder of the project (Figure 8a, page 28). With both high and low flow 

rates, most of the iron entering the system precipitated as Fe(OH), in Cells 1 and 2. 

The iron loadings (Figure 8b, page 28) indicate that in 1991 and 1992, most of the iron 

entering the system was removed before Stn 6, i.e. in Cells 1 and 2. Percentage iron 

removal was calculated for the differences at Stn 4 (at the entry to Cell 2) and Stn 1. 

More than 94 % of the iron was removed before Cell 2 (Figure 11). 

Five buckets were placed in Ceil 1 to collect iron hydroxide precipitates, and sampled 

since the summer of 1990 to quantify the precipitate settling rates. The amount of 

precipitate in these buckets should give a reasonable estimate of iron removal capacity 

of the Test Cell System. Dry weight loadings in kg/day are given in Figure 12. The 

highest precipitate loadings were found, as expected, in the summer, when higher iron 

concentrations entered Cell 1. Precipitation rates of 5 kg/day to 8 kg/day were 

observed in 1991 and 1992. 
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Fig.11: Stnl - Stn13 
Change in iron, 09/89 - 08/92 

10 Change Stn 14 m Change Stn 4-6 m Change Stn 6-13 1 

Fig. 12: Cell 1 
Precipitate Loadings 

bate 
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During the winter months of 1991 and 1992, when the system was mostly shut down, 

precipitate in the buckets amounted to about 2 kg/day. 

The volume/weight ratio of the precipitates has been determined. Bucket precipitates 

were placed in measuring cylinders and left to stand until a more or less constant 

volume had settled out (about 6 days). The final volume was divided by the dry weight. 

Details of the settling characteristics of the precipitate were presented in the June 1990 

report. 

A mean value of 10.1 mL of wet volume per gram dry precipitate was obtained for May 

1992 and October 1992 samples. Using this value and the bucket surface area, it was 

calculated that about 1049 kg were accumulated in Cell 1 during the period between 

August 21, 1991 and August 26, 1992. This represents about 10.6 m3 of precipitate 

accumulated over the year. At this rate, and with the same flow rates, it will take 

approximately 12 years to fill Cell 1 with precipitate. 

The precipitate accumulation in Cell 1 should be reflected in the iron loadings. Based 

on changes in iron loadings, with an average flow of 1 Umin, about 462g/day should 

have precipitated. Since about a quarter or 25 % of the precipitate dry weight is iron, 

2 kg of precipitate should have formed in Cell 1. However, in the buckets, the estimate 

ranged from 5 to 8 kg/day, which suggests, that a higher flow was entering Cell 1. 

Although flow rates into Cell 1 were not easily measured, some attempts were made 

based on the tracking of an object through the inflow pipe. Assuming that all water 

passed through the pipe, the dimensions of the pipe were used to estimate a flow of 

4-10 Umin. This was the flow estimate obtained when 1 Umin was passing through 

the control valve. The excess flow entering Cell 1 is seeping through the permeable 

dam alongside the cells, thus leaving Cells 1 and 2 through the bottom of the cell and 

the dam walls. 
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To effectively precipitate Fe3’ hydroxide from tailings seepages, retention times need 

to be long. With a summer average iron concentration (c 300 mg/L), and a flow 

ranging from 4 to 10 Umin, a retention time of 89 days (and the presence of baffles), 

effectively facilitated iron precipitation. With the higher flow rates and thus loadings, 

the calculated fill time for Cell 1 decreases to~5 to 10 years. 

4.3 ARUMatora in Cell 4 

At the onset of the project, there was a considerable amount of concern about the AMD 

tolerance levels of the proposed natural, microbial processes. To simulate the stagnant 

flow conditions which would prevail in the deeper part of the sediment, ARUMators 

were set up. Details of the design and the contents have been reported in previous 

reports, along with results obtained. ARUMators are 200 L drums filled with flax and 

Cell 4 water and fitted with sampling ports so that changes in water chemistry from 

various locations in the drum could be monitored. 

These ARUMators were batch systems which tested the ability of the amendments to 

treat seepage water. For the overall understanding of the ARUM process, a brief 

discussion of the results obtained in ARUMators 1 and 2 is given. Water samples 

taken from the surface, middle and bottom of ARUMators 1 and 2 are shown in Figures 

13a to 13h and Figures 14a to 14h (pages 39-42) for the same parameters discussed 

for the Test Cell System. By June 1990, the pH in the ARUMators had risen 

throughout the drums to around 5. By July 1991, the pH increased to 7.5 (Figures 13a 

and 14a, page 39). 

The acidity deceased from 600 to 100 mg/L equiv. of CaCO, over the same period in 

ARUMator 1 (Figure 13b, page 39) but in ARUMator 2 the decrease was more drastic: 

from 1,500 mg/L equiv. of CaCO, at the start to a reduction of 200 mg/L at the end of 

the measurement period (Figure 14b, page 39). 
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Reducing conditions (negative E, values) had been established in the ARUMators when 

first measurements were taken in the summer of 1990. In May 1991, the ARUMators 

received new seepage water from Cell 4 after being submerged during the high run-off 

period. Positive E, values were noted at that time in ARUMator 1, but redox conditions 

remained reducing in ARUMator 2 (Figure 14c, page 40). However, the new water 

additions did not change the pH or the acidity. Suft%cient buffering capacity must have 

been available to accommodate the new seepage water. 

Electrical conductivity decreased with time in both ARUMators slightly (Figures 13d and 

14d, page 40). A massive increase in aluminum concentrations was noted with the 

entry of new water (Figures 13e and 14e, page 41). The new seepage must have 

redissolved the previously precipitated aluminum, since high concentrations were noted 

in the next measurement period in ARUMator 1. However, in ARUMator 2 increases 

were present immediately. Aluminum concentrations returned to the same low levels 

by the last measurement period. 

Iron concentrations in both ARUMators dropped very quickly, and remained at very low 

levels throughout the observation period (Figures 13f and 14f, page 41). The same 

pattern noted for iron was observed for nickel (Figures 139 and 149, page 42). For 

sulphur, the concentrations decreased slowly over the measurement period in both 

ARUMators (Figures 13h and 14h, page 42). In ARUMator 1, there were higher 

concentrations noted over the last measurement period, which could not be explained. 

Overall, the results from sampling the ARUMators proved conclusively that microbial 

treatment of AMD is possible. 
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Fig. 13a: $mator 1 
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Fig. 13~: Arumator 1 
Redox Potential (E7) 

Fig. 14~: Arumator 2 
Redox Potential (E7) 

Fig. 13d: Arumator 1 
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Fig. 1313: Arumator 1 
Aluminum Concentration 

Fig 14% Arumator 2 
Aluminum Concentration 
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4.4 ARUMator 3 

In brief, the history of ARUMator 3 is as follows. ARUMator 3 was installed in 

November, 1989 with the 800 L inner sleeve (containing AMD, flax and iron) being 

isolated from the outer Sleeve (volume 11.5 m3). The intention was to initiate ARUM 

in the inner sleeve as a batch reactor. When microbial activity was evident, the inner 

sleeve was to be opened to the outer sleeve. The discharge from Cell 4 was to be run 

through the outer sleeve. In October 1990, high pH and negative + values were 

measured in the inner sleeve. Water was pumped from the inner sleeve to the outer 

sleeve, the inner sleeve with amendment removed, holes drilled into the top, middle 

and bottom, and the amendment returned. 

By May 25, 1991, ARUM activity in the inner sleeve was detected again, as indicated 

by elevated pH and negative E, values at the bottom. A portion of the Cell 4 discharge 

water was directed into the inner sleeve. On July 24 1991, elevated pH values were 

measured at the bottom of both inner and outer sleeves. The flow during this period 

averaged 0.5 U min. However, by August 7, pH had returned to values similar to those 

of water leaving Cell 4. On August 15, the system was modified. Compressed alfalfa 

pellets (5 kg) were added to the inner sleeve, over the old amendment. One bale of 

weathered flax was then added, followed by 160 pads of steel wool to the centre of the 

sleeve on top of the alfalfa. Water from Cell 4 was directed to the centre and middle 

of the inner sleeve at 0.19 Umin. Water then flowed from the inner sleeve to the outer 

sleeve through the drilled holes, and from there, through the exit pipe at the bottom of 

the outer sleeve to Stn 14. The flow from Cell 4 was cut off from October 22 1991 to 

May 6 1992. The conditions prevailing in 1991 were not changed in 1992, and 

approximately 25 % of the water leaving Cell 4 was directed through ARUMator 3. 

Retention time for the inner sleeve (800 L) of ARUMator 3 with a flow rate of 0.33 Umin 

(mean of measured values in 1992) was 40 h. Retention time for the outer sleeve (11.5 

m3) was 24 days. Chemistry data for ARUMator 3 (Stn 14) and Stn 13 for 1992 are 
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summarised in Table 6. In May (shortly after the flow to the system was resumed), the 

pH at Stn 14 (6.27) was much higher than at Stn 13 and the E, was negative, 

indicating that ARUM had continued in batch treatment. By July, the pH had dropped 

and the E, was positive. During that time, the flow rate had been increased to 3 Umin, 

due to the good chemistry noted in May. Since the pH dropped rapidly, it is obvious 

that a flow rate of 3 Umin could not be maintained. After the flow was reduced, ARUM 

activity resumed, as the water quality was much better at Stn 14 than at Stn 13. In 

particular, the pH was much higher (5.98 as compared to 3.34 at Stn 13) and nickel 

was reduced from 5.07 to 3.38 mg/L. Using the August flow rate of 0.5 Umin into 

ARUMator 3, it can be estimated that the inner sleeve was removing 1.3 g Ni /day , 

30.8 g S/day, 0.1 g Culday and 0.52 g Al/day. The performance of ARUMator 3 

suggests that allowing AMD to flow through amendments is not favourable to ARUM. 

‘able 6: E: 
Station 

Date 
Temp. 

PH 
Cond. 

Em 
Acidity 

Flow 
Al 
Ca 
cu 
Fe 
K 

Mg 
Mn 
Na 
Ni 
S 
Si 

ct of ARI 
# 

- 
C 

units 
US/cm 

mV 
mg/L 
IJmin 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
f-w/L 
mg/L - 

JMator 3 on water chemistry, E 
Stn 13 

7-May-92 

13 
3.87 
1310 
225 

162.5 
1.26 

3 
235 

2 
14 
16 

100 
8 

53 
22 

383 
9 

21 Jul-92 26Aug-92 

19.3 

7-May-92 

21.5 9.5 
5.52 3.34 6.27 
2040 2890 1900 

62 408 -201 
195 80 410 
1.52 0.72 0.31 

1 0.701 1 
304 322 322 

1 0.132 1 
36.4 4.95 139 
50.3 56.2 33 
161 154 159 
6.98 8.03 10 
77 78.9 85 

8.62 5.07 21 
528 551 598 
8.79 4.3 12 

itn 
=ii= 

13 and Stn 14 data, 1992 
Stn 1 A -.,, , , 

I 21 Jul-92 

21 .l 
3.55 
2500 
320 
185 
0.17 
1.16 
326 

1 
28.6 
49.9 
168 
10.5 
82 

12.1 
594 
8.93 

26.Aug-92 

15.5 
5.98 
2740 

7 
103 
0.5 

0.025 
308 

0.003 
28.8 
51.1 
143 
7.41 
73 

3.38 
511 
7.76 
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4.5 Cell 3 and Cell 4 Vertical Profiles 

Curtains of flax straw were placed in Cells 3 and 4 in the spring of 1990 as a nutrient 

source for alkalinity-generating microbial processes (ARUM). Initially, it was thought 

that it might be possible to force AMD through the organic curtains, which contained the 

microbial consortia treating the AMD. It became clear by the middle of the third year, 

however, that the permeability of the organic curtains was not only difficult to quantify, 

but was extremely low. Thus, prior to the installation of the cattail floats, the curtains 

were flattened at the bottom of the cells. The ARUM community then originated on the 

bottom, and, after the cattail floats were added, the treated water moved slowly up 

through the water column. 

In October 1990, in Cell 4, the first indications of the onset of ARUM activity were noted 

at Station 12a at the bottom. There, the pH was considerably higher than bulk water 

pH and redox potential was notably lower. This was only about four months after the 

organic material was added to the cell (Figures 15a and 15b, page 48). As was noted 

from earlier field tests, elevated pH pockets (localized areas) develop relatively easily, 

but the production of an active sediment over large areas is more complex. The 

measurements made at the same station for the next two years indicated however, that 

once a pocket has developed, its redox becomes even lower and pH remains elevated. 

Chemistry data for profiles in Cells 3 (Stn 8A) and 4 (Stn 12A) are shown in Figures 

16a to 16h and 17a to 17h (pages 49-52) respectively. 

Elevated pHs, in the range 5 to 6, have been maintained at the bottom of Cells 3 and 

4, throughout 1991 and 1992. However, by October 1992, the entire water column had 

achieved a pH value of 6 at Stn 8A (Figure 16a, page 49). For Stn 12A, the process 

was a little slower. There, by May 1992, a vertical pH profile showed values between 
5 and 6, throughout the water column. Thereafter, however, the pH again declined, 

remaining high only on the bottom (Figure 17a, page 49). 
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The acidity profiles for both stations indicate that iron reduction was the prevalent 

alkalinity-generating process, due to the fact that the acidity was the highest at the 

bottom (Figures 16b and 176, page 49). 

A reduction in the redox potentials (E,) was noted throughout the water column at both 

stations (Figures 16c and 17c, page 50) but negative values were only measured once 

in August 1992, both at the surface, and at the bottom of Stn 8A. Although these 

trends in redox suggest that conditions for ARUM were improving, it also suggests that 

monitoring should continue for a longer period of time, now that the appropriate 

configuration has been achieved. Electrical conductivity does not change substantially 

along the vertical profile at either station (Figures 16 d and 17d, page 50). 

Aluminum concentrations in the vertical profile reflect the increased pH values. 

Aluminum hydroxide starts to precipitate as the pH rises above 4. Therefore, by May 

1992, most of the aluminum was removed throughout the water column at both stations 

(Figures 16e and 17e, page 51). 

Iron, on the other hand, displays a reversal in concentration trends, as the surface 

concentrations were always lower than those at the bottom. As reduced iron 

contributes to acidity, but generates alkalinity through iron reduction, this concentration 

trend is expected. It should be noted that the iron concentrations in Cell 4 at Stn 12A 

are twice as high as those at Stn 8A in Cell 3 (Figures 16f and 17f, page 51). When 

the system experienced high flow rates, a great deal of iron hydroxide was deposited 

onto the organic material in Cell 4. Under reducing conditions, this ferric hydroxide is 

reduced, and redissolved. Iron is recycled and remains at the bottom of the cell. 

These results emphasize the need for appropriate iron hydroxide precipitation 

conditions in Cells 1 and 2. 

Initially, nickel concentrations remained relatively constant throughout the water column, 

although there may have been slightly higher concentrations at the bottom of the cell. 
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As the ARUM system developed, nickel concentrations throughout the water column 

were reduced at both locations (Figures 169 and 179, page 52). 

The Makela system is dominated by sulphur in the form of gypsum, and therefore, 

although sulphur gradually decreases with the onset of ARUM, bottom water is always 

higher in sulphur than the surface water (Figures 16h and 17h, page 52). Although 

sulphate reduction was not measured directly, lnco personnel reported during a site 

inspection in 1992, that the system produced a rotten egg smell. This suggested that 

the pH at that time was not high enough for dissociation of hydrogen sulphide and the 

gas escaped from the solution. In part, this may explain the consistent reductions in 

sulphur noted in the vertical profiles during 1992 summer (Figures 16g and 17g, page 

52). 

Throughout this report, data describing the decrease in either metal concentrations or 

other parameters relevant to the AMD conditions have been discussed. However, as 

was evident from the vertical profiles, iron reduction is producing increased iron 

concentrations and increased acidity at the bottom of Cells 3 and 4. At the same time, 

given that the pH of the water is around 5, the water also has alkalinity, i.e. it is 

buffered. In Figures 18a and 18b (page 53) the alkalinities, which have been 

measured in the vertical profiles for both stations, are reported. These findings suggest 

that iron reduction is the main microbial process dominating the system. 

Overall, water quality has improved with time (reductions in nickel, aluminum and 

sulphur concentrations, and elevations in pH have been noted) and the improvements 

have now reached the water surface. Redox potentials (E,) have continued to decline. 

These data confirm that the original concept, to extend the sediment-bound microbial 

activity throughout the water column, is possible. Therefore, ARUM can operate even 

when the bulk water samples have positive redox potentials. 
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4.6 Organic Matter Supply 

The key to the microbial ecology in the ARUM sediments is the supply of carbon to the 

alkalinity-generating bacteria. An attempt was made to quantify decomposition, which 

supplies the needed food sources. 

Decomposition bags were placed in Cells 3 and 4 in 1990 to determine which of a 

variety of amendment materials could decompose and therefore provide substrate for 

ARUM. Details of the work are summarized in a conference paper (M. Kalin, A. Fyson 

and M.P. Smith, Biohydrometallurgy, 1993 in press; see Appendix), and in the 1991 

final report. Weight loss of bags in Cell 3 after one year submergence indicated that 

all materials tested (peat, sawdust, straw, cattails and alfalfa) may provide carbon and 

energy for the ARUM micro-organisms. The sequential nutritional analysis of the 

material retrieved from the bags after one year exposure to Cell 3 did not produced 

results which could be used to differentiate the suitability of different carbon sources. 

Consequently, laboratory experiments were used to determine the effects of known 

easily-degradable organic materials on AMD and ARUM activity. Alfalfa pellets and 

potato waste were found to be very effective ARUM substrates. The results of the 

laboratory experiments are presented in Section 5. However, they were translated to 

the Test Cell System, where alfalfa pellets and potato waste were added to the cattail 

rafts in Cell 3 and the water column of Cell 4, respectively. They were added at rates 

determined from laboratory jar experiments. These additions have undoubtedly 

contributed to the dramatic improvements seen in ARUM activity and resultant water 

quality in Cells 3 and 4. 
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4.7 Cattail Rafts 

Cattail rafts were established in 1991 to provide a carbon source for ARUM in the long- 

term. The rafts also help reduce sheet flow and suppress wave action, enhancing the 

generation and maintenance of reducing conditions, required for ARUM. Cattails were 

transplanted as seedlings and initially survived well in Ceil 4 and Pond B, but growth 

was impaired by the low redox conditions in the water column of Cell 3. The root zone 

of the cattail mat must be oxidized. ARUM activity was apparent within the peat layers 

on all the rafts. Although ARUM activity should ultimately take hold in the root zone, 

it appears to be detrimental to the establishment of cattail seedlings. 

In 1992, cattails were replanted and the root zone was padded with living moss, which 

protected the roots from the reducing conditions in the raft. Cattail establishment was 

well under way before the growing season was over, and growth continued into 1993. 

H,S production was noticed by smell, and pH values in the rafts were generally higher 

than 3. The expected ARUM activity in and under the rafts completes the 

demonstration of the overall ARUM concept. It is possible to establish reducing 

conditions throughout the water column, not just in the sediment. 

Details of cattail seedling growth, development and organic matter production are 

summarized in Kalin and Smith (1992) provided in the Appendix. 
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5.0 OPERATING PARAMETERS OF ARUM 

The operating parameters of a process can be defined as those conditions which are 

required for the process to work. If the ARUM process is to function properly, both a 

nutrient supply and the correct chemical conditions for metal precipitation are required. 

Although these two sets of operational factors are discussed separately, it must be 

emphasised that both sets of conditions are required simultaneously. 

5.1 Nutrient Supply for ARUM 

In Schematic 2, the processes which take place in the ARUM sediment are depicted. 

In the space between the sediment and the floating cattail mat, only the most important 

reactions for the ARUM process are presented. The decomposition of organic matter 

leads to the production of volatile fatty acids, which then provide the carbon sources 

for denitritication, iron reduction and sulphate reduction. Those processes in turn 

generate alkalinity. 

The treatment of AMD takes place on surfaces in the sediments and in the water 

column on suspended solids. Therefore, diffusion plays a major role in the operation 

of ARUM, in addition to the microbiology and chemistry. AMD in the water column has 

to come in contact with biofilms in the sediment and on particles located in the water 

column. AMD diffuses at rates dependent on concentrations gradients which are 

produced by the ARUM active sediments and the cattail rafts at the surface. The 

activity of the biofilms determines the rates at which the concentration gradients are 

established, which is dependent on the nutrient supply or the production of volatile fatty 

acids. 
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For ARUM, nutrients are supplied from the decomposition of the organic matter 

provided in constructed sediments, and by the floating cattail mats. The coarse organic 

materials, such as hay bales and peat, provide the physical sediment structure, and 

potato waste and alfalfa pellets provide the readily degradable carbon supply for 

microbial alkalinity-generation. 

The amount of organic amendment used in providing sediment structure is not readily 

quantifiable, as a microbial nutrient supply, as such materials will always contain a large 

fraction of non-biodegradable or refractory material (lignocellulose). Since the structural 

materials were so refractory, a supply of easily degradable carbon to the sediment had 

to be identified, which would sink to the bottom of the treatment cells. Potato waste 

and alfalfa pellets were tested and found to be suitable. 

Experiments were carried out with different organic materials as structural substrates 

for the ARUM sediments. Changes in biodegradable components of peat, straw, 

sawdust and cattail litter, exposed to AMD over several time periods, did not provide 

reliable rates of carbon availability for ARUM. Although sulphate reduction was noted 

in the sediments, particularly the ARUMators, the results from the decomposition 

experiments could not be related to the sulphate reduction rates (Fyson et al., 1993, 

see Appendix). 

Therefore, in order to determine the rates at which nutrients had to be supplied to 

sustain ARUM, experiments with potato waste and AMD were carried out in the 

laboratory. 

Experiments were set up with Makela Pond A water (before ARUM cells in Test Cell 

System) and other types of AMD to cover a wide range of AMD effluents. Potato waste 

(0.5 g) was added to 1 L of water in 2 L glass jars. The jars were maintained at room 

temperature without stirring. Acidity of samples was monitored regularly by titration of 
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sub-samples using 0.01 NaOH in a Metrohm Titrino Autotitrator. The amount of NaOH 

added to raise the pH to 8.3 can be converted to acidity by the following formula: 

Acidity as mg CaC03/L = (mL NaOH added x normalitv of NaOH) x 50000 
mL sample 

Data obtained from the experiments with Makela Cell 4 water are presented in Figure 

19. Between day 7 and day 51, acidity was reduced from 170 mg/L equiv. of CaCO, 

to 10 mg/L equiv. of CaCO,. This equates to a removal of 1.8 millimoles of acidity. 

This value can be used to determine the rate at which nutrients should be supplied to 

the ARUM process. 

Fig. 19: Makela-Potato Waste Experiment 
Acidity Tiiration of Cell 4 Water with OSg/L Potato Waste 

“I 

I 0.1 0.2 0.3 0.4 0.5 0.6 
mL of CJ.OlN NaOH Per mL Sample 

SO,‘- and Fe3’ are the two major electron acceptors in AMD which will consume acidity 

(or generate alkalinity). For bacterial sulphate reduction, two moles of electron donor 

such as hydrogen, acetate or glucose are required for every mole of acid (H’) 

consumed, e.g. 

SO,‘- + 2(CH,O) + H’ - HS- + CO, + H,O 
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Under anaerobic conditions, the main products of decomposition of organic 

amendments are volatile fatty acids (acetic, propionic and butyric), sugars and 

hydrogen. All these can be used as energy sources (electron donors) for sulphate 

reduction. 

For bacterial iron reduction, six to eight moles of acid (I-l’) may be consumed for every 

mole of electron donor e.g. 

(CH,O) + 4Fe(OH), - CO, + 4Fe*’ + 3H,O + 80K 

The amounts of potential electron donors required to remove the acidity of 1 L of 

Makela Cell 4 water, as observed in the experimental jars, can be calculated, assuming 

removal of acidity either by SO,*- or Fe3’ reduction (Table 7). 

Table 7: Electron donors required to remove 1.6 mmole 
acidity from 1 L of Makela Cell4 water 

1 Requirement to remove acidity (mg) 
Electron donor 

* - 2 moles electron donor per mole acid removed 
l * - I mole electron donor per 8 moles acid removed 

Fewer electron donors are required for Fe3’ reduction per mole of electron acceptor. 

The potato waste used in the jar experiments (and for ARUM in the field) contains 

approximately 60 % starch or 300 mg of starch per jar. All of this material (300 mg) 

can be converted to acetic acid through acetogenesis under anaerobic conditions. 
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Therefore, in the experiment, more than enough potato waste was provided (0.5 g/L) 

to account for the acidity changes in the test water by either SO,“ or Fe3’ reduction. 

In the jar experiment, 160 mmole of acidity was removed in 44 days. This can be 

converted to an equivalent acidity removal of 4.77 mg equiv. of CaCO,/day or 0.32 m3 

of ARUM-active waterlmg of aciditylmin, a rate similar to that in the Makela ARUMators. 

Nutrient requirements of ARUM can be estimated from the ability of a known amount 

(e.g. 0.5 g) of potato waste (or other material) to treat a known volume (e.g. 1 L) of 

AMD. This nutrient supply does not function if it is isolated from the sediments. 

5.2 Chemical Operating Parameters 

The interactions of microbial processes and the chemical conditions which lead to a 

functional ARUM process have been summarized in Schematic 2. However, the 

microbial activities required for ARUM have to be associated with the appropriate water 

chemistry to remove metals through precipitation. 

Although the carbon supply to the microbial consortia in the ARUM sediment is 

essential for metabolic activity, the chemical conditions in the sediment control the 

biomineralization processes. The relation between microbiology and chemistry is best 

understood as a feedback loop. The microbiology brings about changes to the water 

chemistry, which in turn will change the microbial activity. The microbial activity will 

always be dictated by the availability of oxidants, of which oxygen is the easiest source, 

or that source which requires thermodynamically the least energy for its reduction, 

ARUM processes can take place only when the oxygen supply is used up and the 

microbial consortia in the sediment are forced to utilize alternate electron acceptors 

such as nitrate, ferric iron or sulphate. 
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AMD effluents have a wide range of chemical characteristics with varying oxidant 

concentrations. These oxidants are required for the microbially-induced chemical 

reduction of iron, sulphate and other metals. Therefore, it is not unreasonable to 

expect that the ARUM process will use different electron acceptors in different AMDs. 

For example, the alkalinity generated may be, at one stage of the ARUM process, 

dominated by denitrification (transforming nitrate to NJ, which would reduce the acidity 

of the AMD and raise the pH. The utilization of the nitrate would reduce the redox 

potential (Eh or E,) further and enable the system to use the next best electron 

acceptor (from a thermodynamic viewpoint) which would be Fe3’. Iron reduction will 

generate alkalinity, raise the pH and reduce the redox potential still further. Such 

conditions will be favourable for sulphate reduction, reducing the sulphate 

concentration, reducing the acidity and increasing the pH. All these reactions result in 

changes in the concentration of electron acceptors. Thus, conditions could be such, 

that insufficient sulphate in the AMD may allow iron reduction to dominate in the 

alkalinity-generation. 

The microbiology of ARUM can be predicted from the water chemistry. Nitrate, Fe3’ 

and SO,‘- will be successively used up. After iron is oxidised and precipitated as 

Fe(OH),, sulphate will be the most abundant electron acceptor for alkalinity-generation. 

The redox potential of the system will be sufficiently reduced by Fe3’ reduction as well 

as fermentation reactions. However, the molar concentration of SO,‘- oflen exceeds 

the molar concentration of the heavy metals, which suggests that sulphide precipitation 

will rarely be limited by the concentration of SO,*-, per se. 

Microbial processes change water chemistry, thereby promoting or inhibiting chemical 

reactions. Of particular importance here is that the change in pH brought about by 

ARUM bacterial processes will promote or inhibit the precipitation of various metal ions. 

By and large, microbiology carries out or catalyses reactions that would be predicted 

from a thermodynamic point of view (Zehnder and Stumm 1988). The activity of 
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anaerobic micro-organisms enables various chemical reactions to be carried out by 

lowering E, and changing pH. The chemistry of the AMD can therefore be used to 

predict which reactions will be carried out. 

5.2.1 Metal concentration and DH 

Metal removal is achieved through the formation of various forms of precipitates in the 

ARUM process. Metal precipitates form due to the chemistry prevailing in the solution, 

essentially pH, E, and metal concentration. 

In Table 8, metal hydroxide precipitates, which can be expected to form on the basis 

of pH and metal concentration, are summarized for different AMD seepages, For 

example, in a seepage with low aluminium concentrations, it can be expected that as 

the pH rises to 4.6, aluminum will be removed from the water as its hydroxide. If the 

concentrations of aluminium are higher, then a pH of only 3.7 is required for the 

formation of its hydroxide. 

Table 8: pH Range of Metal Precipitation in Different AMDs 
Metal mg/L Calculated pH 1 Real pH 
Fe+3 1 3.18 3.5 

1000 2.18 2.5 
*Fe+2 1 9.32 6.5 

200 7.46 
*Mn 1 9.70 

400 a.40 
* Metal precipitates at lower pH due to oxidation reactions 
# Metal precipitates at lower pH due to carbonate formation 
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Thus, the concentration of the major metals in AMD determines the pH at which a 

metal precipitates and is removed from solution. Changes in the concentrations of 

sulphate and iron can be brought about by microbial activity. Metal removal, on the 

other hand, is due to the changes in concentration of metals at a certain pH. 

Therefore, concentrations of relevant elements and the pH of AMD have to be 

considered as essential chemical operating parameters. 

The pH can be used as an indicator of an active ARUM process. Based on the 

oxidation reaction of reduced (Fe*‘) iron, 

4 Fe” + IOH, + 0, = 4Fe(OH), + 8 H’, 

the pH can be predicted from the iron concentration. If the ARUM process does not 

maintain reducing conditions, iron oxidizes, producing hydrogen ions and lowering pH. 

The difference between the expected pH, at a given iron concentration, and the 

measured pH value indicates the activity of the ARUM process (Table 9). In the 

Makela system earlier in the project, when the ARUM process was not operational, the 

difference between the observed and calculated pH was quite small. After the floating 

cattail mats were placed on the ARUM cells, and the process became established in 

1992, differences between the expected and measured pH values increased. 
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5.2.2 Iron orecioitation control 

For microbial alkalinity-generation to take place, the microbes require access to the 

carbon sources. Since AMD seepages are frequently very high in iron, bacterial 

biofilms on amendments would be covered by iron hydroxide, rendering them 

ineffective. In such ceses, it follows that the iron concentrations must decrease, prior 

to entering the ARUM treatment portion of the system, to prevent clogging of 

amendment surfaces with Fe(OH), precipitates. 

Decrease in iron concentrations can be achieved through provision of a precipitation 

pond. Iron precipitation will proceed naturally in most tailings seepages, as is the case 

at Makela, since the dominant form of iron is the reduced (ferrous) form. In the Makela 

seepage, as the ferrous iron oxidizes and ferric hydroxide precipitates, the seepage pH 

decreases from above 5, to pH 3 and lower (Table 8, page 63). If the AMD seepage 

is dominated by oxidized (ferric) iron, precipitation of iron has to be mediated by the 

addition of natural forms of iron precipitation agents. 

The design of the iron precipitation ponds to feed water to the ARUM ponds requires 

the determination of conditions for the natural iron removal process leading to 

acidification of the AMD. In the Makela Test Cell System, the first two cells (Cell 1 and 

Cell 2) were used to determine those parameters, i.e. acidification through iron 

precipitation. Measurements in the first two cells can be used to derive parameters for 

pond sizes required for iron removal and acidification to take place. 

When the tailings seepage, dominated by ferrous iron, enters Cell 1, ferric hydroxide 

precipitates and settles. The water acidifies according to the following reaction: 

4Fe” + 0, + IOH, = 4Fe(OH), + 8H’ 
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The rate of iron oxidation determines the rate at which iron precipitates, and 

subsequently settles, and thus, the quantity of iron removed from the water. To design 

the pond for optimal precipitation, the rate of iron oxidation is therefore significant. 

Several research groups have worked on models to predict iron oxidation rates. The 

model concluded that pH, original iron concentrations, and oxygen are the important 

parameters controlling oxidation rates (Sung and Morgan, 1980). On the other hand, 

Hustwit et al. (1992) studying oxygen transfer in iron oxidation in the laboratory, found 

that the oxygen transfer rate in the AMD solution is the dominant factor which 

determines the reaction rates. The literature reviewed suggests that iron removal or 

oxidation might not be controlled by one parameter alone. The processes may be 

dependent on the specific conditions of the AMD seepage. Therefore, to arrive at the 

parameters for a pond design for optimal iron removal, rates are derived from the data 

collected in Cell 1 and Cell 2. It was not technically possible to determine oxygen 

transfer and iron oxidation rates during the MEND program, given the limited time 

available in the field. 

Iron concentrations in water collected at Stn 4 in Cell 2 were compared to the inflow to 

Cell 1 (Stn 1). Figure 20 shows the data from 1991-1992, and Figure 21 shows data 

from 1990. Iron concentrations are plotted against retention time. The lines connect 

subsequent sampling points. No direct correlation was evident between the iron 

concentration and the retention time, but a symmetry existed between iron 

concentrations entering and leaving the system. The decrease in iron concentration 

through Cell 1 is a function of the original concentration, but not of the retention time. 

This suggests that the major factor determining iron precipitation in the Makela system 

is the iron concentration in the seepage as it enters Cell 1. 

In Figure 22, the decrease in iron concentrations is plotted against the original incoming 

iron concentration. The data were assumed to linear, and a linear regression analysis 

performed. 
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Fig. 20: Makela - Cell 1 and Cell 2 
Fe Concentration, June 1991 -August 1992 
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Fig. 21: Makela - Cell 1 and Cell 2 
Fe Concentration, 1990 
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Fig. 22: Makela - Cell 1 and Cell 2 
Fe Removal Rate, July i990-August 1992 

[Fe] deaease = 1 S2 x [Felo- 178 
I 

[Fe] decrease = 1.26x [Fe],. 250 
. 

The data are shown in two sets with high (1990) and low flow rates (1991/1992). 

Regression analyses of the two groups give the following equations: 

Fe removal(mglL) = 1.26*Fe(mg/L) - 250 1990 r=0.71 

Fe removal(mglL) = 152*Fe(mg/L) - 178 1991-1992 r=0.84 

The data from Figures 20, 21, 22 suggest that, in Makela Cell 1, the final iron 

concentration is not determined by the retention time, but by the original iron 

concentration. In these two cells, iron oxidation has reached an equilibrium. It can be 

concluded that iron oxidation has finished (reached equilibrium) after 21 days (minimum 

retention time measured). 

These data can be used to derive a generalized minimum retention times, given the pH 

and iron concentration of the Makela seepage. Actual iron removal for AMD seepages 

which differ from those of the Copper Cliff tailings cannot be derived from the available 

data. However, the Makela guideline of 21 days retention, for a pond with a surface 

area of 128 m2 and 1 m depth is likely applicable for all Copper Cliff seepage stations 
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as the old tailings dams can be expected to produce similar seepage characteristics. 

In Table 10, the iron precipitation pond volumes are estimated, based on the average 

retention time estimated for Cell 1 (79 days) and on the concentration differences with 

equilibrium reached afler a minimum of 21 days. Pond volume based on a retention 

time of 79 days is much higher than that obtained using the concentration differences 

with a lower retention time as a design parameter. 

Table 10: Pond volumes required to remc 

Retention time (days) 
Fe removed (mg/min) 
Fe removed (m3/mg/min) 
Makela Seepage (Pumping Pond) 

! Fe from INC 
July 

Based on 
retention 

time 

288 
1.125 
79.1 
324 

0.395 

364 
43,100 

542 
64,200 

417 
49,400 

1389 
164,600 

seepages 
392 data 

Based on 
precipitation 

rates to remov 
65 % of Fe 

21 

11,442 

17,044 

13,115 

43,699 

To assess the adequacy of existing seepage station size (data provided by INCO) to 

naturally precipitate iron, flow rates and pond areas were used to calculate retention 

times (Table 10). To estimate the existing pond volume, a depth of 3 m is assumed. 
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For the Makela seepage, a flow of 523 m’/day collects in a pond with a surface area 

of 655 m2’ resulting, at a depth of 3 m, in about a 4 day retention time, too short for 

complete precipitation. For the Whissel Dam seepage station, the pumping pond has 

a surface area of 1085 mz with a flow rate of 780 m’/day, which results in a retention 

time similar to that at Makela (4 days). For the Pistol Dam, the collection pond is larger 

(3972 m’) with a flow of 600 ma/day. This results in a retention of about 20 days. This, 

based on the chemical precipitation rate, would be sufficient to produce acidified water 

with a low enough iron concentration to enter an ARUM system. 

These predictions have practical applications. The chemical characteristics of the 

seepage pumping stations can be determined through a sampling program. From 

these data, the findings of the Makela Test Cell System can be verified and adjusted 

to optimize iron precipitation in the seepage station pumping ponds. Although in 

relation to the total water volume of the Copper Cliff tailings, the seepage volumes 

which are recycled onto the main tailings area are relatively small. It can be considered 

beneficial to recycle as little iron to the tailings as possible. Less iron would be 

available for reduction as it enters the tailings mass and subsequent acid generation 

as it emerges in the seepage. 

Should one of the pumping ponds have the suitable size to serve as a precipitation 

pond, such as the Pistol Dam seepage, it might be possible to consider scaling up the 

ARUM system. One of the reasons for constructing the MEND project Test Cell 

System in such close proximity to the Copper Cliff seepages, was that, if it worked, it 

might reduce the quantity of seepage which has to be recycled to the main tailings. 
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5.2.3 Ooeratino oarameters of sulohate and iron removal in ARUM 

The ultimate goal of the ARUM process is to reduce oxidized sulphur back into 

sulphide, and precipitate various metal ions as secondary minerals. Therefore, in 

ARUM sediments, conditions have to be achieved which result in metal-sulphide 

precipitation, the most likely precipitate being amorphous FeS, but pyrite can form. 

As AM0 effluents display a wide range of characteristics and metal concentrations, an 

overall assessment of application to ARUM, called for an evaluation of ARUM 

operations under different AMD conditions. 

To address this task specifically to the chemical operation of the ARUM process in 

different types of AMD, it is necessary to describe the complex conditions which lead 

to secondary mineral precipitation. 

It is not possible to present a summary for each range of metal concentrations which 

might be encountered in different AMD streams within the context of this report. Key 

parameters have been summarized for a concentration range of iron and sulphur and 

a range of E, conditions in which sulphate may be reduced to sulphide and produce 

a precipitate with iron. 

The means by which this can be achieved is through the construction of E,- 

concentration diagrams of iron and sulphur. These conditions are created in the ARUM 

sediment as indicated by E, measurements, which together with pore water metal 

concentrations and pH, serve as the key indicators of ARUM process operation. 

In Figures 23-la to 23-1~ and Figures 23-2a to 23-2c, six diagrams are presented, 

which show how iron and sulphur species change with E, in the pore water. The 

original AMD is considered to have a pH of 2, 5 or 7. 
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Iron may be present in AMD as either Fe” and Fe” ions. Fe’* ions can precipitate as 

Fe(OH), or FeCO,, when Fe” concentration or pH is high. Fe” ions can also 

precipitate as Fe(OH), or FeOOH (goethite) at high concentrations of Fe’3 or high pH. 

The following physical constants are used to derive the diagrams. 

Fe’3 + e @ Fe” E” = 0.771 V 

Fe(OH), + e rr Fe’* + 30H‘ E0 = 0.944 V 

Fe(OH), + e .- Fe(OH), + OH‘ E” = -0.56 V 

Fe” + CO -’ = 3 FeCO 3 
Fe’* + 20H. = Fe(OH), 

Fee3 + 30K = Fe(OH), 

K, = 3.5*10-” 

&, = 7.9’10-‘5 

hp = 6.3*10-a’ 

The parameters used to derive the diagrams in Figure 23 were compiled from CRC 

Handbook of Chemistry and Physics (1970-1971) Stumm and Morgan (1981) and Kotz 

and Purcell (1987). E” is the standard redox potential of the iron electric couples and 

&, is the solubility product of the precipitates. 

Figure 23-la (pH=7) indicates that under lower E, conditions, (Eh < -0.142 V), when 

molar concentration of iron [Fe’*] > 1.74’10e3 M (97.3 mg/L), FeCO, precipitates are 

formed. At even higher concentrations of [Fe+‘] (> 0.794 M (44200 mg/L)), Fe(OH), can 

precipitate. When the E, increases, Fe’* is oxidized, and precipitated as Fe(OH),. 

Figure 23-lb (pH=5) shows that Fe’* is stable in water under most conditions. Since 

there are fewer OH- ions in the water compared to pH=7, it needs higher a E, to oxidize 

Fe” into Fe(OH), states. When Ig[Fe] = 0 to -5, at 1 atm with a pH of 5, FeCO, and 

Fe(OH), cannot be formed. 

Figure 23-1~ (pH=2) represents an acidic situation where Fe’3 ions may exist in water 

(pH < 2.1). At high concentrations of [Fe’3] (a 0.063 M (3533 mg/L)), Fe’3 precipitates 
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as Fe(OH),. When E, drops below 0.77 V, Fe+’ is reduced to Fe”. In the presence 

of organic matter, iron reduction can also be carried out by micro-organisms. 

In Figures 23-2a to 23-2~ the E,IpH diagrams for sulphur are described. In most AMD 

waters sulphur is present as sulphate ions. In the absence of oxygen, or at low oxygen 

concentrations (anoxic or anaerobic conditions), sulphate is reduced to elemental 

sulphur or sulphide species. These species include hydrogen sulphide and its ionized 

forms, H,S and S2. The physical constants used in the diagrams are: 

SO;’ + 8H’ + 6e + S + 4H,O E” = 0.357 V 

SO;’ + 8H’ + 8e - S* + 4H,O E” = 0.159 V 

SO;* + 9H’ + 8e + HS + 4H,O E” = 0.252 V 

SO;* + IOH’ + 8e .- H,S + 4H,O E” = 0.303 V 

H,S + H’ + H,S- K, = 1.0*10-7 

H,S- + H’ + S-’ & = 1.3*10-‘3 

K, and K, are ionization constants of H,S and H,S. E’s are the standard redox 

potential for sulphur electric couples. 

As the pH decreases, the area in the diagram where elemental sulphur can be reduced 

increases. This means that the probability of forming elemental sulphur also increases. 

The critical E, line between sulphate and sulphide moves to higher E, values. Thus, 

the conditions under which sulphides can be formed become less critical. 

Hydrogen sulphide (H2S) is a weak acid, its ionization depends on the pH of the water. 

At higher pHs, more H,S molecules are ionized into HS and S* ions. This is the 

desired condition, as only ionized sulphide species can precipitate with metals. In 

practical terms, the ARUM system can produce H,S, but if the pH is not high enough, 

and the E, not low enough, the H,S escapes as a gas from the treatment system. 

Figures 23-2a to 23-2~ describe the conditions under which H,S is formed. 
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When iron and sulphur co-exist in water, they may form precipitates of FeS or Fe&. 

Fe” + S2 = FeS K, = 4.9*10- 

Fe” + S2 + S = FeS, K, = 4.9’10-30 

To find the conditions required for FeS and FeS, precipitation, diagrams are combined 

for iron and sulphur at different pH values in Figures 24 to 26. 

Figure 24 graphically shows that when the pH=2, and E, is between 190 and 156 mV, 

sulphate ions can be reduced to elemental sulphur. If there are ferrous ions (Fe’2) and 

sulphide ions (S*) in the water, pyrite (Fe&) precipitates can be formed. However, if 

the E, decreases further, elemental sulphur will be reduced into sulphide (S2-, HS‘, 

b-9. 

Figure 25 shows the conditions when the pH of the AMD is increased to 5. Pyrite 

formation needs lower E,s (-0.046 to -0.066 V), and the probability of pyrite formation 

decreases, as expressed by the reduced area in the diagram. As pH is increased 

further to pH 7 (Figure 26) the probability of forming FeS, becomes even lower. At 

lower E, (< -0.213 V), when enough S2 and Fe’2 are present, FeS will precipitate. 

Based on the above diagrams, the chemical conditions which prevail during the ARUM 

process and the changes which are carried out by micro-organisms, indicate that pH 

7 is probably a realistic target, which can be reached with optimal operation of the 

process. An AMD effluent, which has been altered from a low pH value of 2, to pH 7, 

has already improved significantly in effluent characteristics and could be discharged 

to a biological polishing system (e.g. with periphytic algae) and to the environment. 
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6.0 ARUM PERFORMANCE 

Through the laboratory and field experiments, it was possible to identify the conditions 

which lead to ARUM activity in various AMD chemistries. In principle, the sequence 

of events, which would lead to development of a process, would first require the 

identification of the system’s ingredients, followed by the quantification of the required 

amounts for each part of the process. Once this has been completed, the process 

would be assembled and tested. Assessment of the performance of the process is 

normally carried out on an operational system, where conditions can be changed to 

determine how the process performs. 

As might be deduced from Schematic 2 depicting the key components to the ARUM 

process, the interactions between the microbial processes and the physical and 

chemical parameters of the system are very complex. Performance tests to predict 

effects of particular changes on the functioning of the various parts of the system, have 

not yet been attempted. We do know, however, enough about of the process to assess 

the overall nutrient requirements of an active ARUM sediment. 

The MEND contract required an assessment of the performance of ARUfvl in different 

AMD conditions. This cannot be done, based on the data of the Makela Test Cell 

System, since this represents only one type of AMD. In order to satisfy the contract 

requirements, all of the ARUM tests carried out in different AMD conditions by Boojum 

Research over the last 6 years have been summarized. 

The experiments were carried out to provide evidence that microbial colonization of 

organic matter, added to various AMD types, will result in ARUM activity. A major 

shortcoming of all data, is the fact that under none of the contracts was it possible to 

do daily or even weekly sampling, due to financial restrictions. Thus, calculated 

process performance rates are influenced by the sampling intervals. 
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The chemistries of the AMDs tested are presented in Table 11. Acidities ranged from 

174 to 4250 mg of CaCO, equiv./L. Similarly, large concentration ranges were found 

for iron, sulphur and other metals. ARUM activity was tested in the sediments of field 

enclosures. Only at Selminco (a coal AMD), is the complete ARUM configuration in 

place, with floating cattails covering the enclosure. 

Table 12 summarizes the operating characteristics of ARUM in the various test 

systems. The size of the systems are shown, as are the time periods over which the 

observed changes in water chemistry occurred. For the Makela Test Cell System, the 

time period is the retention time between Cells 3 and 4 as measured in July 1992. 

These are the same data as shown in Table 5, 10, and 11. The changes in acidity, 

alkalinity, SO,*’ and metal ion removal are expressed in amount removed (mg)~ per unit 

volume (m3) per unit time (minute). These units allow comparison of ARUM 

performance across the different systems. The acidity data are also expressed in 

volume required (m3) to remove a quantity (mg) in a time period (minute). This is 

useful for estimating size of water bodies required to treat AMD using ARUM. 
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Table 12: ARUM Petformance 
I I ) Period/l 1 Acidity 

*Cell 3&4 116 163 1.06 

DENISON ARUMatorA 104 1 0.17 1 4.22 

l -based on a July 1992flow rate of 1.13 Umin 

Volume I Alkalinitj ) 304 ) me I petals 

Values obtained from the test systems, in this manner, indicate that, with one or two 

exceptions (notably the Victoria Junction Old Bog Cells), the ARUM process performs 

at a rate of the same order of magnitude for all AMD types. The narrow range of these 

rates is not surprising, since the same microbiological processes are involved. 

Although ARUM operating rates may be similar in different types of AMDs, the time 

required for ARUM establishment may differ. For example, for the strongest AMD 

treated (Selbaie 83) it took 18 months under laboratory conditions to initiate ARUM 

activity. Actual ARUM performance may have been better than reported in all field 

enclosures, since all the enclosures leaked to various unknown degrees. 

In general, no tests have been carried out to determine the length of time over which 

ARUM activity can be sustained with low or diffuse flow conditions. At some 

experimental sites, where diffuse flow of AMD was treated, ARUM activity has been 

maintained for several years. 

It was found that retention time, volume to be treated and establishment of reducing 

conditions in the water column are all factors which play a role in sustaining process 

performance. The systems compared with respect to ARUM performance were all 

small-scale, batch experiments, which were not set up to measure performance of a 
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For each of the test systems, the amendment requirements were estimated (Table 13). 

As decomposition in these tests had to provide the required electron donors for 

sulphate reduction, systems were evaluated with respect to the rate of electron donor 

supply in pmollmin and ~mol/min/m3, to account for the sulphate and acidity removed 

at the observed rates. 

In some experimental systems, the values required for the calculations (sulphate and 

acidity concentrations) were not determined. Generally, the analytical budgets were 

restricted to metal determinations. 

The quantity of nutrients supplied to the microbial communities, and the subsequent 

rates at which sulphate reduction occurred were measured in several systems (Table 

9). Rates of usage of electron donors at Selminco, based on sulphate reduction, were 

relatively high, with 18,520 PmoVmin or 463 ~mol/min/m3. This may have been due to 

the fact that potato waste and alfalfa generate high specific rates of sulphate reduction. 

When the data are expressed in flol/min/m3, the Makela Test Cell System had a low 

requirement, due to low specific rates of sulphate reduction. 
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The amendment rate required to sustain the observed removal rate of sulphate of 1332 

pmollmin would translate for the Makela Test Cell System to an addition of about 134 
kg of potato waste per year for the sediment in both Cell 3 and Cell 4. 

As was discussed in previous sections, it is not surprising that the nutrient supply to 

drive the biological process (i.e. remove of a quantity of acidity per unit lime with 

biology) is of the same order of magnitude, regardless of the chemistry of the effluent. 

This is dictated by the fact that to reduce one mole of sulphate requires two moles of 

carbon and an energy source. 

A potential difficulty in operating the ARUM process is the provision of the carbon 

source as an electron donor for the process. The fact remains that decomposition of 

organic matter in acidic environments is slow. Although the decomposition experiments 

carried out have established that some fraction of the organic material placed in AMD 

environments is biodegradable, the rate at which it decomposed to provide carbon 

sources for the ARUM sediment is not known. The fact that ARUM operating rates 

(acidity removed per unit volume per unit time) are high in systems with only straw or 

hay (e.g. Makela ARUMators), indicates that these materials can support ARUM. 

However, they may take a longer time to establish reducing conditions than a more 

readily degradable material such as potato waste. 

6.2 Year-round Treatment Capacity 

In the previous sections, carbon supply was related to amendment placed into 

experimental systems. The resulting performance of the ARUM process in different 

AMD types was discussed. One of the questions frequently raised in connection with 

biological treatments is, how well they function in the winter. 
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This question can only be addressed on a generic level, since no year-round data are 

available for a fully operational system. Several samples have been obtained during 

the winter (including the Makela Test Cell System) when the test systems were frozen 

over. Afler drilling through the ice, the rotten egg smell of hydrogen sulphide was often 

noted. However, as discussed previously, the smell of hydrogen sulphide is not 

indicative of an operating ARUM process. To the contrary, the smell suggests that 

insufficient alkalinity-generation has taken place to elevate the pH sufficiently to utilize 

the hydrogen sulphide in metal precipitation. Hence, the reduced sulphate species 

escape as a gas. This means that sulphate reduction is proceeding, but the “treatment 

plant” operating conditions have not been achieved. It is also possible that local re- 

acidification and dissolution of sulphide precipitates may have occurred, with the 

consequent generation of hydrogen sulphide. 

The main “treatment plant” of the ARUM process is the sediment. Sediments do not 

freeze during the winter, as they absorb an appreciable amount of heat from the water 

during the summer. Likens and Johnson (1969) report that shoreline sediments of 

deep bog lakes are generally warmer than sediments beneath open water. ARUM 

sediment temperatures can be expected to be relatively stable, as the floating cattail 

mats will provide insulation over the treatment cell throughout the year. 

During the winter, food supply to the treatment system will be reduced, as less algal 

biomass will be produced and less root exudates (see Schematic 2) will enter the 

water. Thus, the best time to add easily degradable carbon, if necessary, should be 

the end of the growing season. 

Bacteria are distributed throughout the water column (Wetzel 1983). Bacterial numbers 

and activity are generally believed to correspond well with productivity of the water 

body. Productivity can be equated, to a degree, with metabolic activity. The same 

would apply to the operation of the ARUM process. Thus, winter and summer activity 

can be expected to differ, due to changes in productivity. 
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Fig. 27: Vertical Distribution of Bacteria in an 
ARUM Treatment System with Floating Catfails 

1 10 100 

Bacteria (1 O6 ml-’ or g-’ ) 
Modified after Welrel. 1983. 

Bacterial population numbers are quite high at the sediment surface (Wetzel 1983; 

Figure 27). Normally, bacterial populations would decrease towards the water surface. 

However, floating cattail mats will act as a second sediment surface and provide 

additional microbial activity throughout the year, as described in Figure 27. 

The floating cattail mat is therefore essential not only for the provision of reducing 

conditions, but also for the maintenance of an insulation layer, buffering temperature 

fluctuations in the treatment system. In addition, the root region of the floating cattail 

mat also functions as sediment, where ARUM activity will take place. Thus, bacterial 

population numbers are increased per unit area of pond. An ARUM system, in its 

proper configuration, can be expected to function throughout the year. 
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7.0 APPLICATIONS OF ARUM 

The ARUM process is one component of an overall decommissioning plan. In general 

terms, applications of the process are indicated for all water bodies within the waste 

management area (tailings ponds, seepage collection ponds, acidified lakes, open pits) 

and applications can also be envisaged along tailings beaches. 

As with any other process, ARUM applications require site-specific feasibility studies 

in which the hydrological conditions, as well as the chemical and physical 

characteristics of the waste management area, have to be determined. One of the 

most important criteria is the retention time of the water body in which ARUM 

sediments are to be established. 

Furthermore, the process has to be given time. Time is required to establish, not only 

the sediment microbial activity, but also, the growth of the floating cattail mats. At 

present, vegetation mats are established on rafts which are expected to provide 

flotation after about 5 years, when the cattail roots and rhizomes have achieved 

sufficient biomass to reach buoyancy. Much experience has been gained with cattail 

germination and transplanting small cattails to the rafts. In some cases, it is now 

possible to define conditions to germinate and grow cattails on site. 

In principle, for the ARUM process to function, a cover is usually needed. To achieve 

this from a practical point of view, an artificial floating cover could be used at the time 

of installation. Cattail populations could be established on top of the artificial floating 

cover which, with time, would provide the long-term sustainability of the system. 

To define the time frame required for the establishment of ARUM activity (a detectable 

local rise in pH in sediments), data from all the experimental sites are summarized in 

Table 14. The placement method of the organic matter does not seem to be important 

in relation to the time to onset of ARUM activity. It appears that, in general, ARUM 
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activity can be expected one year after the placement of organic amendments. The 

time until elevated pH pockets were measured was determined by the time of the field 

trip, and by no means represents the actual onset time. Frequent sampling was never 

able 14: Time required to establish ARUM (pockets of elevated pH) in field systems 

Site LOCdiOll Date Placement Amendment pH PH PH 
Set up Method Material Original Elevated Elevation 

Levack PBAC 
Makela Test cells 

days 
1966 curtains straw 365 

1 l/l 969 AFlUMators flax 3.0 5.2 250 
curtains flax 3.0 3.5 350 

ARUMator 3 flax 3.0 4.7 300 
Stanrock Straw Pond 1968 mat straw 2.1 5.5 365 

5/l 990 ARUMaton flax 2.3 4.9 450 
3/l 991 honeycomb flax/hay 2.3 4.0 216 

Buchans LC2 1969 limnoconals peat 3.5 4.6 290 

Oriental LCI sawdust 3.5 4.5 140 
Pits 6/l 990 curtains hay 3.5 6.0 365 

Ponds 7-9 7/l 969 mat hay 3.4 5.5 450 
Selminco bog 1 O/l 969 mat hay 3.0 3.0 270 

VJCPP New Bog 1968 mat hay 2.5 4.0 600 
Old Bog 1988 10 cells 3.5 6.0 300 

1988 mat 2.5 3.0 800 
south Bay Decant Pond 711988 straw 680 

Mill Pond 7/f 988 straw 680 
Mill Pond 7/l 987 sawdust I 680 

If one were to plan an ARUM installation, it would be reasonable to expect that one 

year after placement of organic matter, a readily-degradable carbon source (e.g. potato 

waste) should be added to the sediment. 

To arrive at a general framework for the application of the ARUM process, the locations 

of Boojum’s experimental sites will be used as examples. 
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INCO seepaqes: Table 15 provides estimates of ARUM requirements to remove acidity 

from INCO seepages. The areas of ARUM ponds required are calculated as follows. 

The Test Cell System, with a flow of 1 Umin, resulted in an acidity removal rate of 0.95 

m3 of ARUM active water/mg of CaCO, equiv.lmin. Therefore, if a flow of 364 Umin 

as used for the total Makela seepage flow, it can be estimated that a volume of 173,000 

m3 of ARUM active water is required to remove an acidity of 500 mg/L equiv. of CaCO,. 

Such a volume of pond would have a retention time of about a year, or three times the 

retention time of the Makela system (116 days, July 1992). If the acidity is lower, the 

required pond volume can be reduced. The size of an ARUM treatment pond is 

therefore dependent on the concentration of acidity to be removed. The size of the 

pond also depends on the depth of ARUM active water (Table 15), 

Table 15: Pond size estimates for ARUM treatment of INCO seepages 
(Volume of cells 3 + 4 = 188 m3) 

I 1 Source 

LiiLF- Acidity removed Stn 6-13 (mg/L) 

Area required (ha) 
lm 3m 5m 

depth depth depth 
17.29 5.76 3.46 

25.75 8.58 5.15 
19.81 6.6 3.96 

65.98 21.99 13.2 

It should be noted that, to date, we have no information on the maximum depth to 

which reducing conditions can be established in a water body with a floating cover. 

Given that the Makela system is about one meter deep, a scale-up depth of 3 m does 

not seem unreasonable. 
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The areas required forthe three other seepages stations are not impractical, particularly 

if a pond with 5 m depth could be constructed (Table 15). 

The Pistol dam precipitation pond was estimated to provide sufficient retention time to 

precipitate most of the iron. Retention structures could be constructed in the vicinity 

of this seepage station to pond the annual flow of about 200,000 m3. An area of 

between 4 ha to 20 ha would be required for such an ARUM treatment pond, 

depending on its depth. 

If the same scale-up considerations are used for the flows from the Levack tailings 

area, it is evident that a downstream ARUM system would not be feasible, as a pond 

required to treat this flow would need an area larger then the tailings area (45 ha) 

unless it were more than about 2 m deep. To apply ARUM at Levack, within the 

decommissioning scenario, the area of the tailings where annual precipitation could be 

ponded should be determined. As mine slimes have been distributed over the tailings 

in cells created of waste rock berms, infiltration of annual precipitation into the tailings 

would be minimal. Ponding would be expected, particularly in the lower portion of the 

tailings area, where the retention pond is presently located. This area could then be 

converted into an ARUM treatment pond, which would partially treat the seepage 

leaving the tailings area. A further application of ARUM would be the gravel pit which 

is located beside the tailings area. This pit likely feeds a seepage, which joins the 

present tailings discharge into Grassy Creek. 

Some of the early test work on the development of Ecological Engineering as a 

decommissioning approach was carried out at the Levack site, under the RATS 

program. The first set of recommendations from this work resulted in the use of mine 

slimes to cover the tailings. Cattails and other vegetation colonized the mine slimes. 

Further implementation of Ecological Engineering methods, such as the ARUM process, 

would require the assessment of dam stability, hydrological balances for the site, and 

the identification of seepage pathways. 
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A coal pile seeoaqe: At Selminco, a seepage from coal waste rock presently passes 

through a series of precipitation ponds, where phosphate rock is being tested for the 

removal of the iron. An experimental 10 m x 10 m ARUM enclosure was established 

in September 1992. Alfalfa pellets and potato waste were added to stimulate microbial 

activity and generate reducing conditions. Cattail rafts were placed to assist in 

generation of reducing conditions (and in the long-term provide carbon for ARUM). 

Early results have been promising (Figure 28). In particular, the period from late 

September to mid November showed good acidity removal in the enclosure. The 

performance ceased in mid December, reportedly due to a massive rainstorm, when 

the water was washed out of the enclosure. 

Figure 28: Selminco Summit 
Acidity at S6 and in ARUM Enclosure 

l*-Nov-92 02.Dec.92 
Time Period 

- S6 t ARUM Enclosure 

To estimate the scale-up of ARUM for this site, the data on acidity removal in the 

enclosure were used. The volume of water required and the amount or supplement of 

amendment required to treat the seepage using ARUM have been calculated (Table 

16). The acidity reduction noted in the enclosure was used to assess the volume of 

ARUM-active water, which in turn determined the retention time of the system. The 
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existing system has a retention time which is not known, as flow control for all cells was 

only partly achieved by the summer of 1992. 

Table 16: Selminco Summit - Requirements for ARUM 
CAcidiW removed 
Volume of AE 
Acidity removed from AE 
Acidity removed -volume to remove unit weight per unit time 
Base flow (Si) -summer conditions 
Acidity after removal of metals with phosphate rock 
Annual acidity loading 

560 mg/L 
40 m3 

283 mglmin 
0.14 m3/mg/min 

94 m3/day 
62 mg/L equiv. CaC03 

2,127 kg/year 
or 4.05 g/min 

Volume required to remove acidity @ 450 mg/L 571 m3 
Area required at 40 cm depth 0.14 ha 
Area required at 1 m depth 0.06 ha 
Turnover time 109 days 

ea of existing ARUM cells 0.39 ha 
Based on data for AE of November 16, 1992 and at S6 at time of AE set up (September 22, 1991) 

urce required for 1 mol acidity consumption 

nergy source required (acetic acid) 

otato waste contains 60 %, starch, all degradable to acetic acid 

62 mg/L or 0.62 mmol/L 
or 21,270 moles/year 

21,270 mol/year 
or 1.32 tonne/year 

Based on data for AE of November 16.1992 and at S6 at time of AE set up (September 22,199Z) 

Using the acidity removal rates observed in the enclosure, and the previously discussed 

nutrient supply requirements, it can be estimated that, for this system, on an annual 

basis, about 2.2 tonnes of potato waste are needed to maintain the ARUM removal 

rates. The average flow per day from the seepage is about 94 m3/day (in summer). 

6oojum Research Limited 
92 

1992 MEND Report 
Project 3.1f.1 



Small open pit: At Buchans, limnocorrals (isolated water columns within lakes) were set 

up in the Oriental West Pit (OWP) with various amendments to establish ARUM 

conditions. Using the data from the limnocorral with peat, which has maintained low 

zinc concentrations for four years (Figure 29) quantities of amendment and required 

volume of water were estimated for removal of zinc and acidity for scale-up of the 

processes for the entire pit (Table 17). 

The pit is estimated to have a volume of 66,000 m3, and retention time of 0.5 to 1 year. 

The pit turns over completely as the ice is melting. The pH of the pit is about 3.5. In 

this case, the application of ARUM would depend on the pit volume being large enough 

for the rates observed in the limnocorral. Enlarging the pit is not an available option. 

Utilizing the previous scale-up approach, it is apparent that the ARUM can be 

implemented in the whole pit, at a scale large enough to remove the acidity, but only 

if 33 tonnes of potato waste or 714 tonnes of peat are added. 

A lake acidified bv tailinss seeoaqe: Ecological Engineering is in its final stages of 

implementation as a decommissioning approach at a mine site in northwest Ontario. 

South Bay Mine, a copper/zinc operation, which was active between 1971 and 1981, 

generated 0.75 million tonnes of tailings, with a pyrite content of 41 % and a pyrrhotite 

content of 4 %. Acid generation, based on the sulphur content, is expected to continue 

for a minimum of 1,100 years and a maximum of 36,000 years. Boomerang Lake 

which receives AMD seepages from a perched tailings deposit, and from the mine/mill 

site, has been integrated into the waste management area as a biological polishing 

pond. The lake has a volume of about 1 million m3 and contains natural sediments. 

For this application of ARUM, the natural sediment needs to be supplemented with a 

carbon source. The available data on acidity removal rates are used to estimate the 

amount of potato waste required to increase the sediment activity (Table 18). This 

application will probably not require the installation of a floating cattail cover, 
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Fig. 29: Buchans - Limnocorrals 
Zinc Concentration of Surface Water 

M) 180 m 420 540 6MI 780 six ,023 ,140 
Days Since Limnocorral Set Up 

-a- Limno 1: Sawdust -A- Limno 2: Peat -8 Limno 3: Control 

Table 17: Buchans Oriental West Pit - ARUM requirements 
Volume of Oriental West Pit = 66245 m3 
At a concentration of 30 mg/L, total Zn content of pit = 199 kg 
Removal rate in limnocorral (LC2) = 5.48 m3/mg/min 
Rate required to remove 199 kg in 6 months = 754.2 mg/min 
Volume required to remove Zn with conditions present in LC2 = 4131 m3 
Amendment present in LC2 (peat) = 388 kg 
Peat required to remove all acidity from the pit = 714 tonnes 

Total acidity of pit at 100 mg/L = 6624.5 kg equiv of CaC03 
Acidity removal (based on pH and Zn2+ removal) = 68.8 mg/L 
Rate required to remove 66245 kg acidity in 6 months = 25139 mg/min 
Removal rate in limnocorral (LC2) = 14.1 mglmin or 0.39 m3/mg/min 
Volume require to remove all the acidity from the pit = 64360 m3 
Therefore if ARUM conditions were established in the pit as in LC2, 

the pit would be sufficiently large to remove acidity. 
In jar experiment, 0.5 g of potato waste removed acidity from 1 L of OWP water 
To remove acidity from whole pit would require 66245*0.5 kg = 33.1 tonnes 
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Table 18: So 
Mean acidity (1992) = 61 mg/L 
Base flow is 342854 m3/year 

M requirements 

Total acidity = 20914 kg/year = 39791 mg/min 
OWP acidity removal = 8.5 m3/mg/min 
Volume required to remove Boomerang Lake acidity = 338224 m3 
Therefore the volume of the lake is sufficient to remove acidity by ARUM 

Amendment required 
in OWP (LC 2) 388 kg/peat has fed ARUm for 4 years 
388 kg peat in 36 m3 is equivalent to 10.8 kg/m3 
For Boomerang Lake would require 3653 tonnes of peat 

Because ARUM experimentation has not been carried out for this site, acidity removal 

rates from Buchans (OWP limnocorrals) were used. The calculations are based on 

removal of a total year’s acidity loading in a period of about 150 days (time required to 

remove acidity in OWP limnocorral). The required volume of water with 3,653 tonnes 

of peat added, is almost exactly the estimated annual contaminant loadings to the lake. 

A similar result might be expected from 17 tonnes of potato waste. 

The applications presented in this section provide a reference point for applying ARUM 

within the decommissioning plans of mining operations. The experimental rates 

obtained in the different acid mine drainage conditions provide a framework for the 

application of this natural, sediment-driven process. In summary, the examples of the 

ARUM process given should demonstrate the differences between ARUM and 

constructed wetlands, as well as dispel1 the perception that ARUM is only a treatment 

system for small seeps. 
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8.0 LIMITATIONS OF ARUM 

8.1 Reducing Conditions and Available Land Area 

The ARUM processes which remove acidity and metals from AMD require reducing 

redox conditions. ARUM establishment requires that degradable organic matter exceed 

the oxygen supply. Clearly, in conditions where it is not possible to establish reducing 

conditions, ARUM activity cannot be expected. 

The hydrological conditions of a site can preclude the possibility of total confinement 

of the annual effluent with the required retention time. The physical layout of the waste 

management area can frequently be a serious limitation to the application of the 

process. 

Planning for decommissioning ideally should be integrated during the mine development 

phase. If, for example, seepages are collected in a pond from a waste rock pile, ARUM 

could be established in the pond during operations. Floating cattail mats could be 

installed, at that time, on polishing ponds, which during operations, receive lime-treated 

effluents. The mats would also assist in controlling suspended solids in the effluent, 

which frequently do not meet effluent guidelines. At the time of decommissioning, the 

vegetation mat would already have reached buoyancy and a sediment could then be 

installed to initiate ARUM. 

8.2 Contact Time (Retention Time, Mixing, Diffusion) 

If ARUM-active sediments are established, they can only treat AMD if there is sufficient 

contact time between the water to be treated and the ARUM microbial consortia. 

Mixing characteristics in the pond will also be important for the maintenance of reducing 
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conditions and for the interaction of ARUM sediments with the AMD. Diffusion rates 

and convection are critical in water bodies with low flow rates. 

If contaminated ground water enters at the bottom of a water body, which can be the 

case in a open pit, this physically prevents the installation of an active sediment, Near 

the surface of the sediment (amendment materials) diffusion rates are critical. 

ARUM processes take place in biofilms on surfaces. A biofilm is a surface-bound 

population of bacteria within a matrix of extracellular polysaccharide. In nature, bacteria 

generally live in such environments, and not in stirred (and therefore uniform) culture 

media, as used in the microbiology laboratory. A biofilm, for example, with sulphate- 

reducing bacteria will be limited in size and ‘treatment capacity’ by concentrations and 

gradients within the biofilm. Thus, if the sediment becomes too compacted and 

diffusion to the biofilms in the pore spaces of the sediment is reduced, it can be 

expected that the capacity of the treatment system will be reduced. 

a.3 Toxics (Heavy Metals, Organice) 

Heavy metals are toxic to all living organisms, attributable to their interference with 

metabolic processes etc. Bacteria are generally able to tolerate low concentrations of 

dissolved metals in culture media. In environments with high concentrations of heavy 

metals, bacteria have evolved mechanisms to tolerate these conditions. At the genetic 

level, there is an extensive literature on heavy metal resistance genes which are often 

borne on extrachromosomal DNA, e.g. plasmids. Such plasmids can be exchanged 

with other bacteria, spreading the ability to tolerate metals to a variety of micro- 

organisms. 

It has been noted in laboratory experiments that if the organic matter addition produces 

high concentrations of volatile fatty acids, the sulphate reduction ceases. 

Boojum Research Limited 
97 

1992 MEND Report 
Project 3.11 .l 



Bacteria which use metals as electron acceptors live in environments with high metal 

concentrations. Living within biofilms can protect bacteria (through diffusion barriers) 

from metals in the bulk water. The ability to establish ARUM in the strongest AMD 

tested (Selbaie 83 water, with 4250 mg/L CaCO, equiv. acidity, 1470 mg/L iron, 569 

mg/L zinc and 5760 mg/L SO,‘) indicates that, although the strength of the AMD may 

increase the time to establish ARUM and reduce the rate of ARUM, it does not per se 

prevent ARUM establishment. Thus, presence of metals affects the onset of the 

process, but does not inhibit it. 

8.4 Presence of Bacteria 

In all ARUM field experiments, ARUM activity has been established by indigenous 

bacteria i.e. without inoculation. It is perhaps surprising that micro-organisms required 

for the various ARUM processes are present. It should be noted, however, that these 

processes will occur naturally near the mine site, notably in muskeg. It is also 

becoming established that some anaerobic bacteria are very flexible in terms of the 

processes they can use to provide energy. For example, the study of Coleman et al. 

(1993) showed that Fe3+ reduction was carried out in salt marsh sediments by bacteria 

previously described as sulphate reducers. These characteristics of bacterial 

populations do not per se represent a limitation, but it is strongly advised, that for each 

site, feasibility tests be carried out. It is not possible to state categorically that ARUM 

consortia will always colonize organic matter introduced to Acid Mine Drainage. 

8.5 Nutrients 

Research on processes in anaerobic digesters (for treatment of sewage) have provided 

guidelines for optimal ratios of carbon to nitrogen and carbon to phosphorus, as 

indicators of nutritional status of anaerobic consortia. For example, Frostell (1961) 
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determined an optimum carbon to nitrogen ratio of 23:l and phosphorus to nitrogen 

ratio of 113:l for fixed film reactors. The basic metabolic requirements for ARUM are 

likely to be similar, although no work has been done on the subject. The composition 

of potato waste used at Makela (data provided by McCain’s) has a carbon to nitrogen 

ratio of 225:l and a carbon to phosphorus ratio of 29:l. These are higher than the 

ratios defined by Frostell (1981). Potato waste may not be the perfect waste material 

to use for establishment and maintenance of high rates of ARUM. However, other 

amendments such as straw, peat and hay have much higher carbon to nitrogen and 

carbon to phosphorus ratios, and a large fraction of materials are not readily 

decomposed. In addition, the nitrogen and phosphorus fractions may be more readily 

leached out and made available than the carbon, and therefore, will be rapidly 

exhausted. Thus nitrogen and phosphorus supply may become limiting to ARUM. 

Detritus from cattails growing on the ARUM ponds is likely to provide suboptimal 

quantities of nitrogen and phosphorus for ARUM. Chynoweth (1987) gives a carbon 

to nitrogen ratio of 41:l and carbon to phosphorus ratio of 278:l for cattails. The 

nitrogen and phosphorus content of cattails will undoubtedly depend on growing 

conditions. Phosphate may also be bound by organic matter and be unavailable to 

ARUM bacteria. Therefore, additions of these nutrients may be required infrequently 

to maintain high ARUM rates. It is assumed that nutrients will be recycled to and from 

the sediments, once the ARUM process is initiated. 
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9.0 ECONOMIC CONSIDERATIONS 

A significant fraction of decommissioning costs results from the placement of covers on 

tailings and waste rock, and from the operation of a lime treatment facility for effluents. 

A reduction in seepage VOlUf’tIe might be expected with cover placement. However, 

generally the hydraulic retention time of water contained in the waste materials is such 

that contaminated seepages can be expected for a long time. At most mines, a lime 

treatment facility operates both during and after operations to treat the effluents. 

An objective of the ARUM process is the reduction in costs associated with 

decommissioning. Capital and operating costs of several technology trains have been 

recently identified in the Kilborn (1991) study, for five subsectors of mining, gold, base 

metal, iron, uranium and silver. The unit operation costs for the technology train 

‘tailings pond/ hydroxide precipitation/ polishing pond’ are given for the base metal 

sector as $0.28/m3 for low flow (case A) and $ 0.10/m3 for high flow (case B) situations. 

For a ten year period, the accumulated annual costs would be $1.6 million in case A 

and $2.3 million in case B. 

In the evaluated technology trains, no costs for sludge disposal are evident (Kilborn 

study, Appendix E, page 15) which, of course, have to be considered. 

The ARUM process should be viewed as a measure which will result in reduction in the 

long-term costs. After five years of installation, cost for case A with a flow of 583,000 

m’/a and case B with a flow of 2.3 million m3/a could be expected to be halved to 

$0.14/m3 and $ 0.05/m3, respectively. This is based on the fact that ARUM will reduce 

acidity, which, in turn, reduces lime and labour costs. After 10 years, it is reasonable 

to expect that an ARUM ecosystem will be self-sustaining (requiring little maintenance), 

resulting in a further cost reduction. 
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Desiqn: The costs of designing an ARUM system at a specific site depends on the 

amount of information which has already been gathered regarding the hydrology and 

the geochemistry of the site, and seasonal changes in effluent characteristics. 

Generally, the essential information is available. The design phase can include field 

tests to select and test the most suitable, locally available, organic material for the 

sediment. Design costs are not expected to exceed $100,000, assuming that expert 

advice is sought at that stage. 

Construction: These costs will vary from site to site. They will greatly depend on 

whether ponds need to be excavated and berms constructed for seepage retention. 

Excavation costs are dependant on the conditions of the terrain. If blasting is required, 

the costs will increase. Providing construction costs is outside Boojum’s expertise. 

In most applications, existing retention structures or ponds can be used. The preferred 

kind of retention structure would be designed so that berms are maintained in 

perpetuity, providing habitat for wildlife. 

Special care has to be taken during establishment of an ecological system, to provide 

alternate food sources for herbivorous animals. For example, after the third year at a 

site northwestern Ontario, small cattail floats, used to test regrowth after overwintering, 

were decimated by muskrats. In designing the retention structures, be they existing or 

constructed, the final habitat configuration and its wildlife have to be taken into account. 

Once the type of retention pond is determined, the next cost to be considered is the 

material for the floating cattail supports. Such structures are required for a period of 

5 years. Floats have been built out of 2x4 lumber supported with Styrofoam, using fish- 

netting or burlap. This construction method is adequate for experimental purposes, or 

for applications where cattails mats are used as living baffles for suspended matter 

control. For covering large areas, other methods should be tested. For example, 
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geotextiles, which provide tloatation such as swimming pool covers, might be 

considered. Cost per unit area of material for scale-up cannot be given at this stage. 

The production of cattails for the rafts requires the appropriate germination conditions. 

Those conditions are site specific. Plants can be produced in greenhouses to a stage 

mature enough for transplanting to rafts at the mine site. However, work is progressing 

to create germination conditions on floats which would not require transplanting. This 

would be the most cost effective means of establishing cattails, as transplanting plants 

to rafts is labour intensive. 

Cost estimates for plant production can be considered as the one time cost of training 

company personnel to germinate plants each year. A cost of about $20,000 would 

cover the training period. Once the site-specific conditions for plant production are 

established, cattail crops could be produced each year by the company. 

Finally, the construction of an ARUM system has to take into account costs of sediment 

material. As it became evident from the work on decomposition, the choice of structural 

material such as peat, straw or hay is not as important as the addition of readily 

degradable organic material. Consideration should be given to any organic material 

which is available, in the vicinity of the mining operation. This could be brush cuttings 

from a logging operation, muskeg which is being cleared during exploration or sludges 

from an on-site sewage lagoon. The only material which is not recommended for use 

is sawdust. Even this statement has to be qualified, as some sawdust or woodchips 

might be useful in combination with other material. 

Once the cheapest available organic materials have been identified, they should be 

tested for suitability as ARUM substrates. Although data are not available for different 

substrates, nitrogen and phosphorus content of the sediment material are important, 

since they will affect the rate of decomposition. 1 
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In light of these considerations, cost of sediment materials becomes minimal, compared 

to the shipping and handling costs. Those are site-specific and will depend on the 

distance and unit volume which has to be transported. For example, empty concentrate 

trucks returning to the site can be used to transport wood wastes or other material for 

the ARUM sediment. We are not in the position to give costs of this nature. 

Ooerations: These are probably the only costs which can be readily assessed as a 

tonne of potato waste was sold to Boojum at US $200, packed in 50 lb bags. The 

freight from Maine to Toronto was $315. The material was used in many experimental 

systems at various sites, at a rate of 0.5 kg per m3 of seepage water. 

Potato waste is not the only material which can be considered. Easily degradable 

carbon sources should fulfil three criteria. The material has to sink to the sediment, the 

material should not dissolve, and finally it should have a reasonable microbial nutrient 

value as discussed previously. Materials such as alfalfa pellets are suitable. 

In summary, the most substantial installation costs of an ARUM system are the 

construction costs of retention ponds. These are not required when existing ponds are 

sufficient to do the job. The next largest cost factor would be the installation of the 

floating support for the cattails mats along with the shipping costs for the sediment 

material. The chemical and hydrological information which is required for the feasibility 

study ranks third in cost. Operation costs would be the lowest. 

Decommissioning requirements for mining operations do not appear only at the end of 

the operation, but can be part of the overall plan. The implementation of an ARUM 

system can be planned in stages, as material becomes available at the site. This 

would lower costs further. 
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10.0 CONCLUSIONS 

The Test Cell System and the associated ARUMator experiments were constructed to 

determine the conditions under which a microbial system could ameliorate tailings 

seepages. The construction of the Test Ceils encountered several problems, and flow 

control in the final ARUM configuration was only achieved in the system during 1992. 

In 1992, with a floating cattails cover over a microbially-active sediment, the project 

yielded valuable data on ARUM operating conditions. 

In general, alkalinity-generation, in the presence of iron, is dominated by iron reduction. 

The pH of the seepage can be increased from 3 to 5 and higher. As the pH increases 

and Fe3’ becomes more limiting, sulphate reduction takes place. Concurrently, acidity 

is reduced and alkalinity is generated in the water. 

A drop in metal concentrations in the system was not evident until 1992, when 

substantial decreases in nickel and sulphur concentrations through the system were 

apparent. As ARUM increases pH, concentrations of aluminum are reduced, since pHs 

over 4 facilitate aluminum hydroxide precipitation. 

Both the precipitation of iron and aluminum lead to the co-precipitation of both copper 

and nickel. Both these metals were adsorbed onto organic amendment surfaces (and 

algal surfaces) which are present in Cell 3 and Cell 4. 

Iron was removed in Cells 3 and 4 partly due to precipitation of Fe’* sulphides. Under 

reducing conditions, Fe” is reduced to Fe*’ and, S“ generated by sulphate-reducing 

bacteria results in precipitation of Fe*’ as sulphide, if the pH exceeds 6. These 

conditions occurred and continue to occur at the bottom of Cells 3 and 4. 

From pH I E, chemical equilibria, the removal of copper as a sulphide, requires that the 

solution be above pH 7. The removal of nickel requires a pH greater than 8. In the 
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Test Cell System, measurements of the bulk solution between the sediment and the 

floating cattail rafts indicate that these conditions have not yet been met. However, 

geochemical simulations carried out on water collected from the ARUMators have 

indicated that ARUM activity results in the formation of 13 different mineral species, 

such as sphalerite, marcasite, covellite and chalcopyrite. The ARUMators reflect the 

conditions in the sediment. Hence, metal removal from AMD is a combination of both 

chemical processes, where co-precipitation with iron and aluminum hydroxides removes 

some metals (Cell 1 and Cell 2) and microbially-mediated changes in the sediment 

remove metals as sulphides (Cell 3 and Cell 4). 

Further precipitation processes are brought about through alkalinity generation which 

raises the pH. In summary, in the Makela Test Cell System, the ARUM process is 

responsible for removal of aluminum, copper, iron and nickel in Cells 3 and 4. ARUM 

was established throughout the water column in these cells within two months of 

achieving final configuration. The system is now capable of treating approximately 

1440 L of seepage water per day in the spring, summer and fall. In winter, the system 

had to be closed, and therefore acted as a batch treatment system. 

Extensive work on the use of wetlands for the treatment of AMD has been done. The 

ARUM process is conceptually derived from wetlands. Therefore, a comparison ofthe 

published work to the ARUM Makela Test Cell results will be useful. In Table 19a, two 

open field, constructed wetlands are compared to the Makela Test Cell System. The 

fundamental difference lies in the substrate used. Both the Big Five Tunnel site 

(Wildernan) and Weider’s wetland in Pennsylvania employed alkaline materials as 

substrate, namely mushroom compost and limestone. 

Makela amendments are all organic. Flax and hay bales, installed as curtains, provide 

the surface areas for the biofilms. Later, dry potato wastes and alfalfa pellets were 

added to provide easily degradable carbon sources. All systems increase the pH, but 

only in the case of the Makela system can this increase be attributed entirely to 
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31.3 40.9 6.85 

2571 1905 1620 

microbial activity. The same holds for the reduction in acidity and increases in 

alkalinity. iron removal is evident in all systems, but iron concentrations in the Makela 

system are substantially higher than in the Weider and Wildernan systems, It is 

important to recognize that iron removal in the Makela system is as effective as in the 

other systems. Sulphate concentrations are reduced in all field systems. 

Comparing the retention times of the field systems, both systems have shorter retention 

times than Makela Test Cells. The Weider wetland has a short retention time (15 days) 

and the Big Five Tunnel site retention (75 days) is about half that of the Makela system 

(131 days for ARUM cells; July and August 1992 avg.). The Weider data are based 

on performance of the system sampled during a period of 67 weeks, but the time period 

for monitoring data at the Big Five site could not be determined. The ARUM system 

at Makela has been operational since June 1992, and the data used in the comparison 

are the averages from July and August 1992, representing a period about 2 months. 

In October 1992, water samples were collected, and the pHs were (5.70, 2.94 and 6.14 
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for Stn 1, Stn 6 and Stn 13, respectively). Chemical analyses of the samples were not 

performed. The phi a,nd E, data (not shown) indicate that the system has functioned 

effectively for four months. 

In Table 19b, the key publications on reactors are compared to the Makela field 

ARUMators. Flows through these reactors ranged from 0.055 Umin to 0.15 Umin, 

which is less than ARUMator 3 with 0.5 Umin. Unfortunately, many of the parameters 

reported are not available across all three systems. The batch contiguration, reflected 

in the data for ARUMators 1 and 2, can be considered as more effective, supporting 

the conclusion that ARUM is a microbial process restricted to biotilms (on sediments 

and suspended particulate surfaces), and as such, is suited to flow-through conditions, 

but only with long retention times. The iron removal which takes place in biofilms, as 

well as the reductions in sulphate and the alkalinity-generation brought about by 

microbial systems in biotilms, will find applications in decommissioning plans of mining 

operations. 
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As expected, the microbially-driven process is slower, if not augmented with limestone. 

The applications of the ARUM process have to be viewed with respect to the overall 

requirements of decommissioning. A retention time of one growing season has to be 

provided for water treatment. Treatment is most active during the summer months, at 

which time the water can be released, either to a biological polishing pond or to the 

environment. 

ARUM can be installed in retention ponds (which during operations of the mine were 

used to collect AMD prior to lime treatment), in shallow open pits, in ponded areas on 

tailings piles, and in lakes which have become acidified (where sediments can be 

supplemented to produce increased ARUM activity). ARUM can also be used in 

conjunction with biological polishing ponds in seepage holding ponds. 

The construction of a new ecosystem as part of waste management technique in 

mining operations is a slow process. The fundamental building blocks of installing an 

alkalinity-generating system have been identified. 

ARUM can not be put together like a chemical treatment plant. The design criteria for 

the process do not fit well into strict engineering terms. The actual process which leads 

to the performance of ARUM or ‘the treatment plant’ will remain, to a large degree, a 

black box, due to the complexity of its interacting components. The experimental work 

to date proves that microbial activity can be stimulated and maintained in Acid Mine 

Drainage when appropriate conditions are provided. 

Finally, the most important conclusion, which can be drawn from the findings of the 

Makela Test Cell System and the work carried out at other sites, is that microbial 

activity can convert AMD into alkaline effluents. Ecological Engineering technology can 

now be considered as a planning option for the closure of mining operations. 
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APPENDIX BOOJUM WQC INFORMATION 

Methods for field sampling and the storage and handling of samples are summarised 
in MEND summary report, February 1990. The MEND document also describes 
methods used for determinations of pH, conductivity, acidity and alkalinity, and 
information on calibration, etc. The method for Eh determination is available on 
request. Microbiology and analytical chemistry methods carried out at Dearborn are 
summarised in the following MEND reports:DSS 23440~8905/015Q (1988); DSS 
0395Q.23440-8-9264 (June 1990); DSS 0145Q.23440-0-9065 (March 1991). 

External quality control (quality assurance) 

Cation/anion balances of both water and solid samples were carried out by ICP 
(Inductively Coupled Plasma Spectrophotometry), U.S. EPA Method No.200.7 at 
certified laboratories. The QAlQCs of EPL and X-Ral are available on request. To 
assure the validity of the results, blanks and standards were sent together with field 
samples. These samples were packaged and marked as per the field samples. 
Standards with different concentrations of metals were sent (0.1, 1, 10, 100, 1000 mg 
L-’ of metals) every few months. The composition of the standards and the procedure 
for sending these samples to Chauncey Laboratories are available on request. U.S. 
National Bureau of Standards 1845 (River Sediment) and 1571 (Orchard Leaves) 
samples were sent as solid standards. The quality control data for these is available 
on request. In 1991, 12 standards were sent to Chauncey laboratories and 24 to X- 
Ral. In 1992, one Al standard and 4 Boojum standards were sent to X-Ral and 18 
standards were sent to EPL. The standard analyses were not consistently accurate for 
any of the three laboratories. These results and those of field samples were thoroughly 
screened on receipt and where obvious inaccuracies or anomalies were detected, the 
laboratory was infom-red, the errors explained and the samples reanalysed. 
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A Division of SGS Supervision Services Inc. 
310 Brunei Road, 
Xississauga, Ontario 
Canada L-SF 2C2 
Telephone: (416) 890-4880 
Facsimile: (416) 890-4890 

To- , Boojun Research i&nited 
a68 Queen S-aeet East, ~Suite 400 
Toronto, Ontario 
WA lT7 

Xz: (4i6) 861-0634 
Fax: (416) 861-1086 

A<$en$lon: Mr~Paul Douris 

Re: Rauud Robin Lab Testing - Qh/QC Proce&es 

Day Xk.'Douris: 

AS -Jer your recplest attaclmd please find a brief descri$zion 05 our 
QA/QC procedures. 

Truattig tha: this meets with your reqkirenent. If you require afiy 
additiom informak'ion please do not hesitite to contact me at 
(416) 890-4890. 

DariushKajlessL 
ManrgFr 3wironmental Serrrices 

ii 



Oualitv Assurance Procedure ' ;. 
r ,j- 

., 

S.G.S. Supervision se&&s have a cosmitment to quality and a 
statement of S.G-S. Quzl<ky Poli q +s on display at every S.C.S. 
Labor&o-ry and Inspection Office. 

Cenerdly acceptable QA/QC pzocedur%,hre inherent i.a any analysis 
~erfOYiW& Tbhese procedures include a .lO% level replioate 
ahrlpsis , hl.znk ,aaalysis, and finally control sample analysis. 
Wherever possible the control SamplQ Used is:a certified reference 
material prepared .by an external agency. In situations where 
certified referencema~erial is sin&y not available for the natrix 
of interest or the parameter being neaeured, ma1 mvirormental 
will analyze a suitably sMlar matrix material. mlhere sample 
voiunes pezaiit, Original aaterfal is'spiked with a kno-xn quantity 
of analyte. 

xral Ekd.iumDental arid its staff are active participants in the 
Craadirn Association of Environmental An&lptical Laboratories 
(CAEAL)- Cetiifiaation Frogsma and the Association of the c&Gcal 
~rofessfoQ of OntUiO UCT?O) OcCapation~ Eiealth Chemistry 
Certification Frograla. '*al Eavirohmente+ is also a regular 
partiCipS.Ut in the AgricUltpte Canada Accredetioa -Program wbicb 
indtudes both round robin and check samples. ‘: 

To ensixe o@mal operation of our analytical i3x3truments. a11 of 
the analytical inst?xmasts used by Xral EZnvirormental go through 
routine service maintenance programs. 

_ 

Ouality control arocedares 

Greitc care is taken at all stages of our :.analysis to prevent 
coz'lamination oft the samples. Al1 glassware used is carefulYf 
cleaned in aooordance with the re~kemerit of the specific 
czr=iried/vaXidated methodology usad. 

Reagezt blank aud control stanps are car+ied out through al.1 
stages of the ahalysis wltb the s2x+.es. 

- . 





QUALITY ASSURANCE, QUALITY CONTROL, DETECTION LEWTS, LIMS 

QUALITY ASSURANCE PROGRAM 

EPL’s Quality Assurance Program (QAP) develops information which can be used to provide 
on indication of the need for corrections to the analytical system (QA). The QA Program 
measures whether or not the lab is in overall control. Quality Control (QC) becomes a 
subset of the QAP and evaluates the accuracy and precision of analytical data to establish the 
quality of data. 

The following section provides an overview of EPL’s Quality Assurance Program. 

EPL’s QA Manual is available for review upon request. An outline is attached (Appendix 
1). The complete document which is several inches thick is available for viewing anytime at 
the EPL office. 

OBJECTIVES AND GOALS 

Quality Objectives 

The Quality Assurance Program (QAP) assures the accuracy, precision, and reliability of the 
analytical data produced by EPL. Management, administrative, statistical, investigative, 
preventive, and corrective techniques are employed to achieve this objective through the 
following goals. 

Quality Goals 

. 

. 

l 

. 

. 

To develop and implenient approved methods capable of meeting EPL client 
needs for precision, accuracy, sensitivity, and specificity. 

To ensure that all EPL staff receive training in quality technology enabling 
them to carry out their QAP responsibilities. 

To establish and keep under review a baseline of quality performance against 
which the effectiveness of quality improvement efforts are measured. 

To monitor the routine operational performance of the laboratory through 
participation in appropriate interlaboratory testing programs and to provide for 
corrective actions as necessary. 

To improve and validate laboratory methodologies by participation in method 
validation studies. 

V 



Quality Tactics 

This section lists the tactics EPL follows to achieve the QAP goals. 

Quality activities emphasize the prevention of quality problems rather than 
detection and correction of problems after they occur. 

Quality cost figures are computed quarterly and reported to the President. 

All employees undergo training programs commensurate with their positions, 
duties, and responsibilities. 

EPL uses only published and approved methods. 

EPL retains copies of all test and analytical reports in a manner and for a 
period specified by regulatory or accrediting bodies. 

EPL has a comprehensive calibration program involving all instrumentation 
used for making analytical determinations. 

EPL uses appropriate, reagents and chemicals, certified when necessary, -and 
appropriate calibrated glassware, certified when necessary. 

EPL establishes and maintains a total interlaboratory quality management 
system to assure continued precision and accuracy of laboratory ,results. 

EPL participates in interlaboratory testing programs on its own initiative and 
as prescribed by accrediting organizations. 

Laboratory Facilities 

EPL’s state-of-the-art laboratory is located at 6850 Goreway Drive, Mississauga, Ontario 
L4V 1Pl. Specific features include: 

. A high security building with restricted access to laboratory area. 

. Emergency electrical back up to essential services including, fumehoods, 
storage refrigerators, lab Iighting etc. 

i Controlled laboratory suitable for trace analysis. 

. Centralized services, library with on-line data searching, centralized glassware 
., washing, maintenance, chen$al and labware stores, 





. 

. 

. 

. 

. 

Projects are defined by assigning the specified test codes to the lab sample 
within a.given project. 

On-line LIMS reports display the real time status of lab workstations. 

EPL follows the U.S. EPA’s recommended frequency for processing QC 
samples. These requirements are predefmed and enforced by the LIMS 
system. 

Each analytical run contains as a minimum 1 process blank and 1 process 
recovery spike per 15 samples, as well as 1 replicate and 1 matrix spike per 
client within the run. 

Hardcopy worksheets containing all of the pertinent information are generated 
for each run. 

Signed and dated records of each laboratory activity are maintained. 

Lab staff have ready access to LIMS status reports including: 

work in progress 
work due dates 
overdue work 
project status etc. 

The LIMS audit trail documents all key events: 

sampling date 
date received 
process data 
analysis data 
report data 
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QUALITY ASSURANCE/QUALITY CONTROL (QA/QCl 
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. 
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All analytical services are based upon accepted (MOE, U.S. EPA) procedures and are 
fully validated prior to use. 

Analytical standards are prepared from neat solids or from certified solutions. 

Calibration standards are validated against external reference standards wherever 
possible. 

Extensive use is made of Standard Reference Material (SRM) for routine procedure 
evaluation. 

Surrogate standards are used. 

Routine submission of blind samples is standard practice. 

Analytical sequences are predefined and ensure all results are traceable to calibration 
and QC data. 

Hardcopy reports displaying all of the required data are generated for each instrument 
analysis. 

Analytical results are determined only from instrument responses that fall within the 
‘demonstrated calibration range. 

A&eptable QC sample performance must be demonstrated prior to the authorization 
of data, (data are subjected to 3 levels of QC review: technician, supervisor, and 
manager). 

On-going method and instrument performance records are maintained for all analysis. 

.A QC certificate is issued with each project. The QA/QC data reported is specific to 
your project, and it consists of: 
.,, 

full spikelrecovery determination 
blanks 
standard reference material 
replicate analysis 

Records containing all pertinent data are securely archived for seven years. 
., 

The LIMS database is backed up daily. ix 



Interlaboratory Comparison 

. EPL is accredited by CAEAL as of June 1991 

. EPL is accredited by New York State, as of January 1992. 

. EPL welcomes audits and inspections by current and potential clients. 

. Whenever possible EPL participates in interlaboratory round robin studies. A 
list of round robins EPL has participated in is attached (Appendix 2). 

ANALYTICAL METHODS & INSTRUMENTATION 

EPL analytical methods are listed in Appendix 3. We have also included information on 
standard holding times and preservation methods. Methodologies specific to this contract are 
referenced on “Attachment A”. 

EPL METHOD DETECTION LIMITS 

EPL follows EPA and Ontario Ministry of the Environment (MOE) analytical methods. 
Method Detection Limits (MDL’s) are established following MOE Analytical Protocols. : 

Method Detection Limit (MDL) - in a given matrk and with a specific method is defined as 
the minimum concentration of M annlyte that can be identified. qualitatively or quamkatively 
measured, and reported to be greater than zero at the 99% conJdence level. 

An MDL is a statistically defined decision point. Measured results falling at or above this 
point are interpreted to indicate the presence of an analyte in the sample with a specified 
probability, and assumes that there are no known sources of error in identification or biases 
in measurement. 
It should be noted that when MDL estimates are developed using clean samples (i.e. reagent 
blanks) they represent an optimum achievable value. MDL’s obtained in this fashion are 
useful for establishing performance criteria and allowing comparison of interlaboratory 
method capabilities, but are not applicable in defining the quantitation capability for other 
samples which introduce matrix effects. EPL MDL’s have been established for the matrix 
being analyzed. As such, real sample MDL’s can be higher than instrument detection limits. 
MDL’s specific to this proposal are available upon request. 

LIMS 

Environment Protection Laboratories have a proprietary PC based LIMS system. MOE and 
OGS systems supplied by BMB Compuscience served as the genesis LIMS. The software 
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has been customized for EPL’s specific needs. The system is capable of both sample/data 
handling and reporting as well as a data management to log workload, throughput and 
costing. 

All major components of the LIMS have a backup which can be easily installed should the 
original fall. Data are stored on the host/server PC (33 Compaq 386) hard drives, and it is 
backed up to tape nightly. 

There are two levels of security on the LIMS system, one at the network operations level 
requiting that the user know both a user number and a password. As well, the LIMS 
software has security, restricting access to certain modules and various levels within those 
modules (i.e. browsing, updating, approvals). 

The system has a sophisticated costing and invoicing module. Invoices and Certificates of 
Analysis are generated by the LIMS on completion and approval of sample analysis. Reports 
of Analysis are available electronically through EPL’s bulletin board, in ASCII delimited 
files if requested. 

EPL’s instrument data capture module has a QC checking routine which flags QC data that 
fall out of tolerance. The routine also compares the present QC data to long term trends. 
The analyst receives a QC error report with each run of samples which lists all QC 
exceptions. In addition, the percent spike recovery is calculated and listed. All control 
charts are updated and generated each night by the LIMS. All QC data are stored in 
databases for long term precision and accuracy tracking. 

The data undergoes three levels of approval before release to the client. Bach approval is 
time stamped along with the LIMS usercode of the individual who approved it. 

All written methods are available on the LIMS for referral by the analyst. 

INTERLABORATORY COMPARISON STUDIES 

EPL routinely participates in government and industry sponsored interlaboratory comparative 
studies. Appendix 2 lists all the studies EPL has participated in since start up. Two round 
robins tie of special interest - the Canadian Association of Environmental Analytical 
Laboratories accreditation for metals and anions and the O’Connor Associates BTBX 
evaluation; both demonstrate that EPL’s data falls in the upper decile. More recent robins 
such as the air filter study from the Association of the Chemical Profession of Ontario 
(ACPO), January 1992, and the Atmospheric Environment Studies 1991 air filter study have 
established EPL as a leading air analysis laboratory. EPL has also recently been certified by 
New York State, and their certification involved analyses of interlaboratory check samples. 

xi 





Environment Protection Laboratories Inc. 
Round Robin Studies 

DATE SPONSOR 
3E #90-L 

TYPE OF ANAL.YS1.S 
kvanide / Water 

. ’ Sediment 
Acrylonitrile 

,,.L”G .n. Y,Y”V 

IMOE 
IMOE # 90-6 

~yleta~als I Sediment 
PAH I Sediment 
M.YCU~ 

Lithium I Water 
:tals I Sludge 
lorinated Hydrocarbons I Sediment 
‘X I Water 

lmetals I High Vol Filters 
‘=*-*-I- ’ Anions 

F I PUFs 
,. ___ _ 3DDIDF I Metals 

Dee 1991 CCIW CEPA CP-3 
Jan 1992 ACPO 
Feb 1992 WTC 
Feb 1992 State of New York 
Feb 1992 Labattr 

Metals I Anions 
Phenols by 4AAP 
Oil & Grease 

)C I DOC in Water 
etaIs I Anions on Filters 

ILyanide I Water 
IRTX I VCM 

‘nn “3F I Ampules 
Anions on Filters 
! Efflucars 

- 

-. 
P&“/l. 
Metals I 
Cyanide 
Metals I 
II 

I 

March 1992 CAEAL 
April 1992 ACPO .~ ..-._ .-_ 
April 1992 State of New York IMetals / Anims ’ “--.‘-“:s / V&tiles 1 

(id IBEX 
IBTX I EHC I Lead 

- 

I 

I I vo1atl1es I 
IF I Ampules 

. . . . ,_. . . 
I 

‘-‘pI 
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NEW YORX STATE DEPARTMEINT OF HEALTH 

DAVID AXELROD, ?d. D. COMMLUIONER 

Expires 12:01 AHApril 1, 1993 
ISSUED April 1, 1992 
REVISED June 30, 1992 

INTERIXCERTIFICATEOFAPPROVALFORLABORATORYSERVICE 
I,rucd ,n .ccerdonrr uirh and ~UIIY.III to section 502 Pub//r H..lrh Law of New Ywt S/.rr 

Lab ID No., 11284 Director: HR. TlUUUNSHAW 
Lab Name: ENVIROh'HENT PROTECTION LABORATORIES WC 
Address : 6850 GOfU7VAYDRIVE 

; ~SSISSAUGA ONTA.RIO CAN 

is hereby APPROVED as an Environmental Laboratory for the category 

ENVIRQRXENlXLANALysEsNONFQTABLEWATER , 

All approved subcategories and/or analytes are listed below: 

uiatial : 
kidit 





NEW YORK STATE DEPARTMENT OF HEALTH 

DAVID AXELROD, X6. D. COMMiSSiO,VER 

fkPires ii?:01 AH April 
ISSUEI April 1, 1992 
REVISED June 30, 1992 

1, 1993 

INTERIMCERTIFICATEOFAPPROVALFORLABORATORYSERVICE 

Lab ID No.: 11284 Director, MR. TPIhUNSKW 
Lab Name: ENVIRONNENT PROTECTION LAEQRAMRIES INC 
Address : 6850 GORENAY DRIVEY 

; HIssISSISSAlJGA ONTARIO G-W 

is hereby APPROVED as an Environmental Laboratory for the category 

All appmved subcategories and/or analytes are listed below: 

Serial No.: 12866 ~~~~~~~~~~ 

Wadsworth Center for Laboratoriee and Research 

DOH.3317 (I 1190) 





a : IUNE I. 1991 PAGE: 28 
I 

CAEAL LABORATORY CERTIFICATION PROGRAIM 
REGISTRATION STATUS 

LAnOR4TORY: ENwRom PRuTEa7OH LABS 
REGhT’R.A,‘ION NO: ,380 

:GLSI’RATION DATE: JUNE 7.1991 

A’&‘RB t$SH WA-CRR 
,.::,,.j : _ 
&:‘~I:/ CHLORIDE 

CAJXIUh4. DISSCLMD 
:I .a, CADhUUM . DISSOLVED 

;- . 
. COBALT- DISSOLVED 

CHROMIUM i DISSOLVED 

COPPER. DISSOLVED 

IRON - DISSOLVED 

,. .,UAGNESIUM _ DISSOLVED 

-F.4ANGN4ESE-DISSOLVED 

~ NlCI(EL _ DLYOLVED 

LEAD _ DISSOLVED 
“,,NAD”,M - DISOLV-ED 

.;>: : 7~ zINc:,D~NOLVED 

PWTASSNM 

SODIUM 

NnRA-rE 
NlTRATE+NlTRrIE 

SuLPIiATE 

ION CHJlOMAVXW.F’tlY 

ICP 

ICP 

ICP 

ICP 

18 

ICP 

I8 

ICP 

Icp 

ICP 
IB 
18 

FuhEPIioToi5IIuc 

FlAMEPHoToMEIRlc 

IONCXROMATOGIWHY 
ION CHROMA-W 

ION CHROhIATVZRAPHY 

91.03.01 

91.03.01 

91.03.01 

9191.01 

91.03.01 

91.03.01 

91.03.01 

91.03.01 

91.03.01 

91.03.01 

9un.01 
91133.01 
91.03.01 

91.03.01 

91.03.01 

91.03.01’ 

91133.01 

91.03.01 

loo Y 
loo Y 
loo Y 
loo y 
loo Y 
100 Y 
100 .Y 

95 Y’ 
100 Y 
100 Y 
loo Y 
lC3 Y 
100 Y 

110 Y 

100 Y 

90 Y 

loo Y 

100 Y 

. . . 
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MEA j ,I,.,,., 1 
/ : :.s ‘: ! ~: 

Mathod ,. : 
ATG I 3 ‘Parameter !ib/. ~’ ,~-.C&je Method Identifier 

I Chemical Oxygen,‘Demnnd (COD), i ~EPOJlA Potassium Dichromate/Sulphuric Acid R&IX 
!. ,, ,, ,,: Colourimetric Detcrmioation (HACH DR/3000) 

2 Total Cyanide EPO22A Acid Distillation into Alkaline Absorber 
Pyridine - Barbituric acid Colourimetric 
Determbution (Ha& DR13COO) 

3 pH (Hydrogen Ion) ‘: EP031D Combination Electrode (Hach) pH meter 
4a Ammbnia + Ammonium EPO42A Alkaline Distillation into Boric Acid 

(Buechi 321) Nesslerization Coloutimetric 
Determination (Hach DR/3000) 

4a Total Kjeldahl Nitrogen (TKN) EPO44A Acid Digestion - H2S04/HgS04/KX04 
(Bucchi 430) followed by alkaline distillation into 
Boric acid (Buechi 321)Nesrlerization 
Colourimetric Determination (Ha& DW3W) 

4b Nitrate plus Nitrite EPO42A Copper-Cadmium Reduction. NED Colourimetric 
Determination (Hach D&000) 

5a Dissolved Organic Carbon (DOC) EPO5lA Filtration - 0.4% Membrane Filter. UVI 
I I lpersulphate oxidation followed by C!olourimetric 

I ]Determination (Skalar SA 20/40) 
) EPO53A JUVlpcrsulphatc oxidation followed by 

Colourimetric Determination (Sk&r SA 20/40) 
EP062A Acid Digestion - HN03/H2S04 - Ascorbic acid 

Colourimetric Determination (Hach DR/3000) 
EP071D Conductivitv Cell witb Resistance Thermometer 

5b To@ Organic Carbon (TOC) 
x 

6 Total Phosphorous (TP) 

7 Specific Conductance 
I(MetrOhm) Conductometer (MetrObra 660) 

8 Total Suspended Solids (TSS) EPOSlC Filtration - 2 urn glass fibre, drying @ 103 C 
(Precision STM 135). Gravimetric Determination 

l(Sartorius R2OOD) .. 
8 Volatile Suspended Solids (VSS) EPO82C Filtration - 2 urn glass tibre, ignition @ 550 C 

(Ncytech 85P), Gravimetric Determination 

9 1 copper l 

Cobalt * 
Nickel 
Silver 
zinc + 
(Cadmium) 
(Lead) 

I(Sartorius R2&D) 
I EPO92E I Nitric evaporation 

Air-acetylene AAS 
(TJA Smith-Hieftje 22) 
* A 5 fold prcconcentration is carried out for 
Co, Cu, and Zn 

L ,. 
7 
HIGH 
CAL 1 

,005 ,002 0.001 

.5 (as N) .lO (as N) .I 

c’ .25 (as N) IO (as N) .05 

.5 (as C) .5 (as C) .I 

5(asC) l.O(asC) .I 

.I .02 .Ol 

5 uSlcm .I US/cm I us/cm 

2 I I 

4 I I 

.Ol ,005 ,001 

.02 .Ol .Ol 

.02 .005 ,001 

.03 .03 .Ol 

.Ol .005 .ool 

10 
2.5 

2.5 

I.25 

2.5 

2.3 

I.0 

.I 

.I 

. 



Standard Reference Mate&l 1571 

Orchard Leaves 

Thic Standard Reference Marerial is intended for w for thecalihrationofapparatusand thcvaIidationand/or 
vatiiication of methods used in the analysis of agricultural and other botanical materiah for major. minor, and 
ma ekmctlts. 

Certitled VabtaofConstitucnt EIetnentr: ThcartifIcdvaluesfortbrconrtituentekmentsareshowninTablc I. 
The analyticaI techniques used and the names and affiliations of the analysts arc shown in Table 3. Certified 
value arc based on ranks obtained by reference methods of known accmacy and performed by two or more 
analysts; or alternatively. from results obtained by two or more independenf rcliabkanalytical methods. Nott- 
certiiied values am given for information only in Table 2. AII valuer am hased on a minimum sampk sire of 
250 mg of the dried material 

No&a and Wamiags to Use: 

EX&&XI of Ccttitlatlon: This artification is invalii after 5 yean from the date of shipping, Should it bc 
shown invalid prior to that time, purchascn will be not&d by NBS. 

StaMLHT: Tbe material should be kept in its original bottle and stored at temperatures between IO-30 *C. It 
should not be exposed to intense sources of radiition, including ultmviokt lamps or sunlight. IdaIly, the bottle 
should be kept in a desiccator in the dark at the temperature indicated. 

Use: A minimum sampk of 250 mg of the dried maurial (see lnstrwtions for Drying) should be used for any 
analytical determination to be related to the certified values of this ertifii. 

he over&l direction and coordination of the technical mcasttrements kadiig to thisanifcate WR performed 
under the chairmanship of P. D. LaFkur. The overall coordination of the coopcmtive work performed by thr 
Commission of European Communitia, Joint Rcse&h Center, Ispra EstabIishmcnt, Italy, was by G. RoJsi of 
the Chemistry Division. 

The te&nicaI and support aspects involved in the preparation, artitication, and issttartce of this Smdard 
Reference Material were coordinated through the Oftice of Standard Referena Materiala by T. W. Mm 

Washington, D.C. 20234 
(January 28. 1971) 
(Revised August IS, 1976) 
(Revised August 31. 1977) 

J. Paul Cali, Chief 
Offia of Standard Reference Materials 



Table I. Certified Values of Conslituenl Elements --.- _-- . . . . ~... 

Major Constituettu Minor Constituents 
content content -- 

Element wt. Percent - -. . 

Nitropn 276 2 0.05 Magnesium 0.62 k 0.02 
Calcium 209 f 0.03 Phosphorus 0.21 + 0.01 
Potassium 1.47 k 0.03 

The uncertainties shown above include both the imprecision. eXpresSed as the standard deviation of a single 
measurement, and an allowance for unknown sourcea of systematic error. 

Trace Constituenta’ 

Element 

Iron 
Manganese 
Sodium 
bd 
Strontium 
Boron 
zinc 
Copper 
Rubidium 
Arsenic 

content 
@./.a 

300 
91f 4 
82* 6 
45f 3 
37k 1 
33+ 3 
25c 3 
12* I 
12k I 
lO?I 2 

Element 

Antimony 
Chromium 
Nickel 
Molybdenum 
MerWy 
Cadmium 
Seknium 
Thorium 
Uranium 
BcrylliItm 

Content 
la/B 

2.9 k 0.3 
2.6 2 0.3 
1.3 ? 0.2 
0.3 2 0.1 
0.155 +-0.015 
0.11 ? 0.01 
0.08 20.01 
a064 r 0.006 
0.029 2 0.005 
0.027 + 0.010 

The un.certaintics shown above are the impr&.siOrha CXprsscd as either two standard devmtiohp of a sin& deter- 
mination (commonly. but perhaps incorrectly, calkd the 95 percent conf&ntx fU&‘), or the entim rangc of 
observed results - whichever of the two is larger. No additional allowance for the unccrtajnty from unknown 
sowcu of .systCtttatiCC~Orhat beeninchtded,since thmcarcconsideredto bcrrmllrelativetott&impndsionas 
expressed. 

Table 2. Non-certified Vahtes for Trace Constituent Elcmt& 

NOTE: The following values are not ccrtitied because they am not based on the results of either a reference 
method or of two or more independent methods. These values are included for information only. 

Element 

Sulfur 
Chlorine 
Barium 
Bromine 
Phtorine 
Lithium 

Content 
rels Element 

(1900) Cobalt 
(690) Iodine 

IW Bismuth 
(IO) Gallium 
(4.) Cesium 
(0.6) Tellurium 



Digestioaproccdu~shoubf~d~ignadtoavoidlo~ofvoLtiLekmea~ Abtttlrml~unAnelyra: 
such as mYcnic. mcrcurY. etc. It was found that digestion of the ortbard kpvcs in nitric and pcrcbloricsddrwp~ 
incompkte, a &!a” ti;juC Of SihOUS rnatcrial r&ning. This residue must be consider& an intcgml part of 
& saw Rcfmnx Ma&d. Thmfon, dissolution praccdum must be capable of complete dinohuion 
of the hves, but must not result in lossa of VOktik ekmenta. 

Iron pad lad in the niuicprchlotic acid solubk portion were determined to be 270 #g/g I& 44 &g, ~“p” 
tively. These twovalues, not tokconfuscd withthe fordmatcrialvalueagivcninTable I.ateaotcertifuj,but 
given for information only. 

SourceusdPmpwdooofMedab TheocchardlavcsforthirSta~RdmDa~~arm~~ 
and prepared under the dircetion of A. L. Keaworrhy of Mihigau state university. That lava were haad 
pickedfromanorchatducar Ian&g, Michigan.mdairdricd. Tbedricdkavawemgruundinacommbmting 
machine to pas a 4+muh sieve (about one-third passing a tX%mesh sieve). After grinding the mata+& it *a 
dried at 8Y C and thoroughly mixed in a feed blender. The prepared leava - pa&aged in polyethykn+ 
lined fiber drums and sterihzed in situ with 4.9 megarad of wbaM0 radiation. The rttriliution proocdur~ W- 
&tied out at the IJ. S. ArmyNatick Laboratories under the direction of A.Brynjolfuon 

HorwlaacitJ Ammnmtt The homogeneity of this material was establishal on the pmmise that the minimum 
sample size be 250 miIIigrama. Assasmcnt of homogaeity was made using anaIyaa for uitrogmt, potassium, 
and magnuium. A statistical analyst of the data shows that there ia evidence for a small dcgmc OfvmiabiIity 
bctwcen sampka with rqcct to potassium. The data for the other elementr do not reval such an effect. 
SMstical design and analysis of data WIT perfort~~ed by J. Mandel of the NBS lustitute for hWmiabRescar& 

Itwbdau far Dry&& Before &&ing, samples of ti Standard Rdcrencehiatctid must bedried by&bee 
1. Drying in air in an oven at 85 ‘C for at least 4 hours. 
2 LyopbiIi&on using P cold trap at or below -~‘cat spmssut’enotgrer#Crthml Mfi(0.2mm Hg)fOrat 

I.&t 24 hours. 

NOTE: Dry&g at 135 “C results in Iargc losses and discoloration and should nor be used. 

:: 

hdysts and .&tdyticd Methods Uud 

A. Atomic absorption spe*roscopy 
B. FIame emission spcctmmctry 
C. Gmvimctry 
D. Interso&y Committee Method 122tWW68T for fluorine 
E. Isotope dilution mass spectromctly 
F. Isotope diition spark source mass spcctrometry 
G. Kjeldatd mctbod for nitrogen 
Ii. Neutron activation 
I. Nuckartucktwhttiquc 
J. Optical emission spectroscopy 
K. Photon activation 
L. Polarogmpby 

~’ M. spwtrotluorimevy 
N. S~earophotometry 
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Tabk 3 Methods md Andysk’ 

METHOD A B CD E F c H I J KL MN 
ELEMKNT 

! Sb 
As I3 

I3 

19 
18.1920. 
223134 

2s 
2s 27 

9.11 
29 

2s 
3 3233 

2s 

IOJS 
19 

30 I3 
I.3 I3 

30 
19.30 
18 

&,29, 
30 

8.10 

14,l6.17 22 

7 

30 
23 
l9393l 

24 “u 
k 

- 
E 

MI 
htm 
HI 

I.2 

Il.29 
I3 
I3 

14.16.17 
14.16.17 

32 30 
K930 
1923.29. 
30 
2m 
30 

14.1417 

MO 9.12 
Ni 1*16J7 

No 
P 
I( 

4.7 s 
37.33 4.7 

I3 I3 
1,339 

30 
30 

z 
Rb 
se 

9Jl.12 
IC16.17 

Ni 1.3 2Q30.3 
9.12 

5.6 
2J 

IO.12 
12.13 I.9 

14,16,17 m9.30, 
31 

I~ 
S 
Te 

lyb 
0 
i!a 

s 
3233 
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MISA 
ATG # P~EtlTO~I~~ 

9 Aluminum 
con?. Chromium 

Molybdenum * 
Vanadium * 
(Beryllium) 
Beryllium 
Cadmium 
Lead 
Thallium 

10 Arsenic. 
Selenium 
Antimony 

11 Hexavalent Chromium 

12 Mercury 

13 Tetra Alkyd Lead 

14 PheTolics (4AAP) 

15 Sulphidc 

Method 
Code Method Identifier 

EPO93B Nitric evaporation 
Nitrous oxide - acetylene AAS 
(TJA SmitkHicftje 22) 
* A 10 fold preconccntration is carried out for 
MO and V. 

EPO94B HN03 Digestion, Graphite Furnace AAS 
(TJA Smith-Hieftje 22/CTF 188) 

EPlOlB HN03/H2S04/HC104 Acid Digestion 
Hydride Generation AAS 
(TJA Smith-Hieftje 22/Varian V6A 76) 

EPI 12A Diphenylcarbazide Colourimetric Determination 
(Hach DR/3000) 

EPl2lB Oxidative acid digestion 
Cold Vawur AAS 
(TJA Skitb-Hiaftje 22/Varian V6A 76) 
Liquid/Liquid Extraction, Colourimetric 

EP131A Determination (Hach DR/3000 or Graphite Furnace) 
EP132B AAS (TJA Smith-Hicftje 22KTF 188) 
EP142A Acidic Distillation 

Solvent PartitionlColourimetric Determination 
(Hach DR/3000) 

EP152A Flocculation/Filtration, Methylene Blue 
Colourimetric Determination (Hach Dr/3COO) 

MISA EPL 
MDL MDL 
mgn ma 
.03 .oQl 
.02 .ooa 
.02 .02 
.03 .03 

.Ol .0902 
.002 .ooo2 
.03 .oQl 
.03 .002 
.00.5 .CQl 
.005 .ooOl 
.oos .OcOl 
.Ol .Ol 

.ooo2 .cOo2 

EPL 
SRI 

m@L 
,001 

.ooOl 
.Ol 
.Ol 

.oool 

.ooo1 
,001 
.COl 
,001 
,001 
,001 
.Ol 

.OOOl 

HIGH 
CAL 

m@L 
25 
25 
25 
25 
10 

.OS 

.OS 

.OS 

.OS 

.02 

.02 

.02 
.5 

,005 

,002 ,002 Jo1 10 

.002 ,002 ,001 .2 

.02 .02 .Ol .s 



MISA 

1 , 1-Dichloroetbylene 
1,2-Dicblorobenzcne 
1,2-Dicbloroetbane 
1,2-Dicbloropropane 
1,3-Dicblorobenrene 
1,4-Dichlorobenzene 
Bromoform 
Bromomethane 
Carbon tetrachloride 
Chlorobelvene 
Chloroform 
Chloromethanc 
Cis-I ,3-Dichloropropylene 
Dibromochlorometbanc 
E lene Dibromide 
& ylene Chloride 
Ttfiachloroelhylene 
Trans-1,2-Dicbloroethylene 
Trans-1,3-Dichloropropylenc 
Trichlorcethylene 
Tricblorofluorometbane 
Vinyl Chloride 

17 Benzene 
TOhR?K 
o-XylenelStyrene 
m/p-Xylene 

18 Acrolein 
Acrylonitrile 

19 Acenaphtbene 
5-nitro-acenaphtheoc 
Acenapbtbylene 
Amhracene 
Bcar(a)anthraccne 
Benzo(a)pyrenc 

Method 
code Method Identifier 

EP161A Purge and Trap, GClELCDlPID 

EP171A Purge and Trap, GClELCDlPID 

EPl8lA Purge and Trap, GUMS using capillaly column 

EP191A Liquid/liquid extraction capillary column GUMS 

MISA EPL 
MDL MDL 

UQR -s!L 
4.3 0.3 
0.6 0.3 
0.8 0.6 
2.8 0.6 
1.4 0.7 
0.8 0.7 
0.9 0.7 
1.1 0.7 
1.7 0.7 
3.7 0.8 
3.7 3.3 
1.3 0.2 
0.7 0.7 
0.7 0.4 
3.1 3.5 
1.4 0.5 
1.1 0.7 
1.0 1.0 
1.3 0.6 
I.1 0.8 
1.4 0.8 
1.4 0.3 
1.9 1.0 
1.0 5.0 
4.0 4.6 
0.5 0.4 
0.5 0.5 
0.5 0.5 
1.1 0.05 
4.0 4.0 
4.2 4.0 
1.3 1.0 
4.3 2.0 
1.4 1.0 
1.2 1.0 
0.5 1.0 
0.6 0.5 

EPL 
SRI 

-!!@L 
.I 
.I 
.I 
.I 
.I 
.l 
.l 
.I 
.I 
.1 
.I 
.I 
.l 
.l 
.I 
.I 
.l 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.1 
.I 
.I 
1 

-k- 
.I 
.I 
.I 
.I 
.I 
.I 
.I 

HIGH 
CAL 

-s!L. 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 I 

40 
40 
40 
40 
40 
40 
40 
40 



MISA EPL EPL HIGH 
dlSA Method MDL MDL SRI CAL 
,TG # PW%lWl~ aoh Melhod ldentlller ugn uen UgR ugll 
19 Benro@)fluoranthene EP191A 0.7 0.7 .I 20 

oo’t. Bcnzo(g,h,i)petylcnc 0.7 0.7 .l 20 
Beozo(k)fluoranthene 0.7 0.7 .l 20 
Camphcnc 3.5 2.5 .I 20 
I-Chloronaphthalcne 2.5 1.0 .l 20 
2-Chlorooaphthalene 1.8 1.0 .l 20 
Chrysenc 0.3 0.2 .I 20 
Dibcnz(a,h)anthracene 1.3 1.0 .I 20 
Fluoranthenc 0.4 0.3 .I 20 
Fluorene 1.7 1.0 .l 20 
Indeno(l,2,3-c,d)pyrene 1.3 1.0 .l 20 
Indole 1.9 2.0 .l 20 
1-Methylnaphtbalene 3.2 1.0 .l 20 
2-Metbylnaphthalene 2.2 1.0 .l 20 
Naphthalenc 1.6 1.0 .I 20 
Perylene 1.5 1.0 .l 20 
Phenanthrene 0.4 0.3 .l 20 
Pyrene 0.4 0.4 .I 20 
Benzylbutylphtbalate 0.6 0.6 .I 20 
Bis % cthylhcxyl)phthalate 2.2 2.0 .I 20 
Di- butylphtbalate 3.8 1.0 .~I 20 
4-BZmophenyl phenyletbcr 0.3 0.3 I 20 
4-Cblorophenyl phenylether 0.9 0.8 :1 20 
Bis(Z-chloroisopropyl)ether 2.2 1.0 .l 20 
Bis(Z-chloroethyl)ether 4.4 1.0 .I 20 
2,4-dinitrotoluenc 0.8 0.7 .I 20 
2,6-dinitrotoluene 0.7 0.7 20 
Bis(Z-chloroethyoxy)metbane 3.5 2.0 

:t 
20 

Diphcnylaminc 14 4.0 .l 20 
N-Nitrosodiphenylamine 14 4.0 .l 20 
N-Nitrosodi-n-propylamine 3.1 2.8 .l 20 
Biphenyl 2.0 1.6 1 

:1 
20 

20 2,3,4,5-Tetrachlorophenol EP2OlA Liquid/liquid extraction capillary column GUMS 0.4 0.4 40 
2,3,4,6-Tctrachlorophenol 2.8 1.5 .l 40 
2,3,5,6-Tetrachlorophenol 1.6 1.3 .l 40 
2,3,4-Tricblorophenol 0.6 0.6 .l 40 
2,3,5-Trichlorophenol 1.3 1.3 .I 40 
2,4,5-Trichlorophenol 1.3 1.0 .l 40 

-._ 
1 



w3A I _ 
ITG I .P.wameter 
20 12.4.6-Trichlorophenol 
on?. 2;41Dimethylphkwl 

2.4-Dinitrophenol 
2,4-Dichlorophenol 
2,6-Dichlorophcnol 
4,6-Dinitro-o-crcsol 
2-Chlorophenol 
4-Chloro-3-methylphenol 
4-Nitrophenol 
m-Cresol 
o-Crcsol 
p-Cresol 
Pentachlorophenol 
Phenol 

23 1,2,3,4-Tetrachlorobenrcne 
1,2,3,5-Tetrachlorobcnrcne 
1,2,4,5-Tetrachlorobenzcnc 
l,2,3-Trichlorobenzens 
I ,2,4-Trichlorobcnzcne 
2,$5-Trichlorotoluene 
H~chlorobenzenc 
Hexachlorobutadiene 
Hcxachlorocyclopentadiene 
HeXaChlOrO~thEtlle 
Octachlorostyrenc 
Pcntacblorobenrens 

24 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
Octachlorodibenro-p-dioxio 
Octachlorodibenzofuran 
Total hcptacblorinated dibenzo-p-dioxins 
Total hcptacblorinated dibenzofurans 
Total hexachlorinated diknzo-p-dioxins 
Total hexachlorinated dibenzofurans 
Total pentacblorinated dibenzo-p-dioxins 
Total pentachlorinated dibeozofurans 
Total tetracblorinated dibenzo-o-dioxins 
Total tetrachlorinated dibenrof;rans 

,, / I 

Method IdentlRU 

Liquid/liquid extraction, florisil clean up, dual 
capillary column ECDGC 

EF’241A Liquid/liquid extraction, multi component 
chemically modified adsorbent column clean up 
SIM GUMS analysis 

MDL 
-!!KL 

I.3 
1.3 
42 
1.7 
2.0 
24 
3.7 
1.5 
1.4 
3.4 
3.1 
3.5 
1.3 
2.4 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

uwciI2c 
xcGG3c 
~.oooo3C 
J.woo3c 
3.oooo3~ 
l.oooo3C 
I.ccc02C 
3.oocG2c 
l.oooOl5 
3.00x-l2~ 
l.oooOlS 

EPL 
MDL 
UN- 
1.2 
1.0 
2.0 
1.7 
1.9 
4.0 
2.0 
1.5 
1.3 
1.0 
I.0 
I.0 
1.0 
1.0 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.007 
0.005 
0.01 

o.cO5 
0.01 

irizmis 
l.OCOO25 
VMCO25 
l.oooo25 
).oooo25 
VXhW25 
LOOM)15 
l.cncO15 
l.CMOlO 
t.oooo20 
~.oow10 

, 

EPL 
SRI 

--!s!L 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.l 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

.ms 

.ooc005 

.m5 

.000005 

.LmmQ5 

.KcOo5 

.000005 

.oooca 

.ocic05 

.ocixm 

.ooOiw5 

HIGH 

CAL 
UN- 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

.ccQ5 

.cQo5 

.coos 

.Klo5 

.otxl5 

.cc05 

.ccQ5 

.oLw5 
Lo35 
.ooo5 
.ocHl5 



c Atomic Absorption (TJA Smith-Hieftjc 22) 
ide Generation Atomic Absorption (TJA 

ilh-Hieftje 22Narian VGA 76) 
old Vapor Alomic Absorption (TJA Smith- 

c 22lVsrian VGA 76) 
omit Absorption (TJA Smith- 



I / .I 5, 1, 

./ 

/ STANDARDS PREPARATION FOR CHAUNCEY LABORATORIES 

f March 4, 1991 / 
/ L/A 

M.P. Smith 

Specific quantities of reagent grade chemicals were weighed in order to achieve a stock 
solution with 10,000 mg/J- of various heavy metals commonly found in Ah4D. 

These chemical were added to one L of distilled water with 10% HNO, in order to dissolve 
the chemicals. The sohtion was stirred for 48 hours to maximize dissolution of the 
chemicals. 

! 

Using this stirring stokk solution, 100 mls were removed and added 10 900 mL of distilled 
water, in order to make a l/10 dilution. This solution, with 1000 mg/L metals was stirred 
and another 100 mL were removed, and Jopped up to 1 L of solution, thereby making a 100 
m@ metals solution. This was rpeated twice more 10 make 10 mg/L and 1 mg/L solutions. 

Because the chemicals in solution precipitated with dilution with distilled water, concentrated 
Nitric acid was again added as exactly 1 % by volume of the standard solutions. Therefore, 
the 1000, 100, 10 and 1 mg/‘L metals solutions are actually 990, 99, 9.9 and 0.9 mg/L 
standards. 

,’ Of the stock dilutions, six 100 ml were sampled, and placed in 100 ml white bottles waiting 
assaying. Three replicates of each concentration will be submitted, and three will be held 

Ql back. Stock dilutions will be stored as need be. The assayer’s samples are labelled 
accordingly: 

SAMPLE ASSAY DESCRIPTION Replicate 
NAME NUMBER 

SR A-3 
SR B-l 
SR B-2 
SR B-3 
SR C-l 
SR c-2 
SR C-3 
SR D-l 
SR D-2 
SR D-3 

2496 1 mg/l metals 
2497 1 mg/l metals 
2498 1 m@ metals 
2499 10 mg/l metals 
2500 10 mg0 metals 
2501 10 mg/l metals 
2502 100 mg/l metals 
2503 100 rng/l metals 
2504 100 mg/l metals 
2505 1000 mg/l metals 
2506 1000 mg/l metals 
2507 1000 mg/l metals 

2 
3 

xxxi 



Mn 1 1.00 ( 10.00 1 1oo:on I 

0.99 9.9 99 990 

;ECALJSE I ADDED 1% NITRIC ACID (69-71%) TO EACH STANDARD 
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PREPARATlON OF SrANDARD SOLUTIONS FOR ASSAYlNG WATER QUALITY ,, 

M.W.3 m341 63.546 58.71 saw2 54.938 
En 

COMPOUND M.W.(S) (&id) FC cl2 Ni co Mn 

F&13 162.22 744 0.34427 
NiS04.7H20 280.88 7.56 0.2642583 
MnS04.HZO 169.01 985 0.32506 
Co(NO3)2.6HZO 291.04 1338 0.20249175 
CuCl2.2H20 170.47 1104 0.37277 

65.37 62 96.062 35.453 39.1 94.9714 1.01 18 

zn NO3 SO4 Cl K PO4 H H20 

0.6JS6 0.998 
0.342 0.45 LOSS2 

0.5684 0.11 t.woo 
0.43 0.37 l.woO 

0.4159 
0.22734 0.3341 

0.21 Lcwl 
0.44 l.oooO 

0.29 0.69786 0.01 mm 

desired cmc. pn 10 10 10 10 10 10 10 

gram added to 1 L 29.0412 26.8262 47.841935 49.3847271 30.7638 43.9865 14.32% 

PREPARATION OF STANDARD SOLUTIONS FOR ASSAY,NC WATER QUALITY 

COMPOUND 

F&13 :: 
NiS04.7tiXJ 
MnS04.H33 
Co(N03)2.6H20 
CuC12.2H20 

M.W.‘s 55.847 63.546 58.71 58.9332 54.938 

MI’W) (=W fi Fe Cu Nl co Mn 

162.22 744 29.047218293 10 
28038 756 47.841934934 10 
169.01 98s 30.76377CC.53 10 
291 .M 1338 49.3847271 IS 10 
170.47 110-I 26.826236112 10 
287.54 965 43.9%538167( I, 1 
136.09 330 14.329577115 

\‘~Fj~O 

G/L 242.180 10 10 10 10 10 

FC CU Ni co Ml2 

24%. 2499. 2502. 2.505. 
2498 2501 2504 2301 STOCK 

FC 1.w 
CU 1.00 
Ni 1.00 
cm 1.00 
Mll 1.00 
7s 1.00 

NO3 2.10 
s 1.62 
Cl 3.02 
K 0.41 
P 0.33 
H 0.02 

.._- ^ 

10.00 1w.w 1ooo.00 lcma 
IO.00 100.03 1ow.00 loow 
10.00 1OQ.W lcm.00 lccw 
10.00 100.00 1wo.w lcwl 
10.00 100.00 low.al low 
10.00 100.00 lowc@ lorm 
21.04 210.42 2104.24 21042.4 
16.18 161.81 1618.09 16180.9 
30.20 302.03 3020.29 30202.9 

4.12 41.17 411.72 4111.24 
3.26 32.61 326.15 3261.49 
0.21 2.12 21.23 212.26.8 

M.9748 
65.37 62 96.062 35.4S3 39.1 94.9714 1.01 18 

al NO3 SO4 U K PO4 H HZ0 

19.043 29~044711444 
16.362 21.5 41~841761199 
17.483 3.28 307MM9264 

21 18.3 49.3838BJ484 
11.158 

xl-(~~~~ 
,!,‘A 

w695 
5.67 2,6.8BQl517 
IQ.3 43Ys8&h 

4.12 10 0.2, ‘- <’ 14.32950762 
242.17914864 

10 21 48.543 M.203 4.12 10 0.21 68.1 242~tl914866 
16.181 3.26149 
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Sample FeL C; Ni Co Mi Zn 
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NO3 SO4 Cl K PO4 
A-l 1.0 1.0 1.0 1.0 1.0 .0.8 2.1 ,4.5 3.0 0.4 1.0 
A-2 1.0 1.0 1.0 1.0 1.0 0.8 2.1 4.5 3.0 0.4 1.0 
A-3 1.0 1.0 1.0 1.0 1.0 0.8 2.1 4.5 3.0 0.4 1.0 
B-1 10.0 10.0 10.0 10.0 10.0 7.7 21.0 45.2 30.2 4.1 10.0 
B-2 10.0 10.0 10.0 10.0 10.0 7.7 21.0 45.2 30.2 4.1 10.0 
B-3 10.0 10.0 10.0 10.0 10.0 7.7 21.0 45.2 30.2 4.1 10.0 
C-l 100.0 100.0 100.0 100.0 100.0 77.0 210.0 452.0 302.0 41.2 100.0 
c-2 100.0 100.0 100.0 100.0 100.0 77.0 210.0 452.0 302.0 41.2 100.0 
c-3 100.0 100.0 100.0 100.0 100.0 77.0 210.0 452.0 302.0 41.2 100.0 

1. ;I; 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 770.0 770.0 2100.0 2100.0 4520.0 4520.0 3020.3 3020.3 412.0 412.0. 1000.0 1000.0 
D-3 1000.0 1000.0 1000.0 1000.0 1000.0 770.0 2100.0 4520.0 3020.3 412.0 1000.0 



Standard Reference Material 1645 

River Sediment 

This Standard Reference Material is intended for use in the calibration of methods used in the analysis of river 
sediment and materials with similar matrices. The material has been freeze dried and is now essentially- free 
from moisture. The certified values given below are based on measurements made on a dried sample of at least 
100 mg for the trace elements and for a 1-g sample for iron and chromium. 

The values an based on the results of 6 to 30 determinations by the analytical techniques indicated. The 
estimated unccnainties include those due to sample variation, possible method differences, and errors of 
measurement (see Preparation and Analysis). 

Element Pt2lK Element !%/I2 

Cadmium’ ’ 10.2 If: 1.5 “ihOlitl”tb 1.62 k 0.22 

Copperb ’ 109 2 19 Uraniumb 1.11 k .OS 

L.eadb d 714 * 28 Vanadium’ ’ 23.5 + 6.9 

Manganaeb ’ 785 297 zinc’ d 1720 + 169 

Mercury’ ’ 1.1 t 0.5 Weight % 

Nickelb ’ 42.8 + 2.9 Chromiumb ’ 296 f 0.28 
Thalliumb 1.44 f 0.07 Irot? = 11.3 + 1.2 

: Ammic +oyhan Spmromeuy 

lvxopc Dilutson Maw~Spmromctry 
L Neuwon hctivation Analysis 
d. 

Potarograpby 

The overall direction and coordination of the technical measurements leading to cerrification were performed 
under the chairmanship of J. K. Taylor. 

The technical and support aspecls involved in the preparation. certification, and issuance of this Standard 
Reference Material were coordinated through the Office of Standard Reference Materials by W. P. Reed. 

Washington. D.C. 20234 
November 16. 1978 

(over) 
xxxv 

J. Paul Cali. Chief 
Office ofstandard Reference Materials 



Instructions for Use 

The material, as received, is essentially free from moisture. In case of exposure Co moisture, it should be dried 
without heat to a constant weight before using. Recommended procedures for drying are: (I) drying for 24 
hours using a cold trap at or below -50 ‘C and a pressure not greater than 30 Pa (0.2 mm Hg); (2) drying in a 
desiccator over PzOs or Mg(ClO&. When not in use, the material should be kept in a tightly sealed bottle and 
scored in a cool, dark place. 

Material of this kind is intrinsically heterogeneous. Consequently, the analyst should endeavor co minimize any 
segregation by thoroughly mixing the contents of the bottle by shaking and rolling beforeeach use. In addition, 
when caking a portion for analysis, the analyst should strive to remove as representative a sample as possible. 

Preparation and Analysis 

Thii SRM was prepared from material dredged from the bottom of the Indiana Harbor Canal near Gary, 
Indiana. This material was screened Co remove foreign objects. freeze dried, and sieved CO pass a No. 80 (I 80pm) 
screen. This material was thoroughly mixed in a V-blender, bottled, and sequentially numbered. The material 
has been radiation-sterilized to minimize alteration from biological a&icy. 

Randomly selected bottles were used for the analytical measurements. Each analyst examined at least 6 bottles, 
some of them measuring replicate samples from each bottle. No correlation was found between measured values 
and the bottling sequcncc. The results of measurements on samples from different bottles did not appear to 
differ significantly from sub-samples within the bottles. Accordingly, it is believed that all bottles of this SRM 
have substantially the same composition. The analytical methods employed were those in regular use at NBS for 
ccrtifccation of Standard Reference Materials. except as noted below. Measurements and calibrations were 
made CO reduce random and systematic errors co no more than one percent. relative. The uncertainties of the 
certified values listed in the table include those associated with both measurement and material variability. They 
represent the 95 percent tolerance limits for an individual sub-sample, i.e., 95 percent ofthe sub-samples from a 
tinit of this SRM would be expected Co have acomposition withintheindicaced rangeofvalues95 percent of the 
time. 

The hollowing values have not been certified because either they are not based on results of a referena method, 
or were not determined by two or more independent methods. They are included for information only. 

All values are in units of pg/g of sample, unless othecwise indicated. 

Antimony (51) Potassium (1.2 WC. %) 

Arsenic WI Scandium (2) 

Cobalt (8) Sodium (0.55 WC. %) 

Lanthanum (9) 
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The values listed below are based on measurements made in one laboratory, and are given for information only. 
While no reason exists to suspect systematic bias in these numbers, no attempt was made to evaluate such bias 
attributable to either the method or the laboratory. The method used for eachset of measurements is also listed. 
The uncertainties indicated are two times the standard deviation of the mean 

Kjcldahl Nitrogen (0.0797% f 0.0048) 

Total Phosphorus (.051% 5 .0014) 

Loss on Ignition (800 “C) (10.72% * 28) 

Oil and Grease (Freon) (1.71% +_ .26) 

Chemical Oxygen Demand (Dichromate) (149,400 n&kg +_ 9,aoO) 

The methods used are: 

Total Phosphorus - ASTM Method E-350. 
Chemical Oxygen Demand (Dichromatc) - Standard Methods for the Examination ol Water and Waste 
Water, 14th Edition (1975), Section 508. page 550. 
Oil and Grease (Freon I13 Extraction) -&., Section 502, page 518. 

The following values are not certified, but are given to describe the matrix of the material: SiOl - 5196 
MY@ - 49& A1201 - 4% CaO - 490 

H. L. Rook supcrviwd collection, lre=zzt drying, and homogenization of the SRM. The folhving members of 
the staff of the NBS Center for Analytical Chemistry performed the certification measurements: T. J. Brady, 
E. R. Deardoff; L. P. Dunstan; M. S. Epstein; R. Filby. M. Gallmini; E. L. Gamer,f. E. Gills; J. W. Gramlich; 
R. R. Grecnber& S. H. Harrison; G. J. Lutz; L. A. MachIan; E. J. Maienthal; T. C. Rains; H. L. Rook; T. A. 
Rush; and W. P. Schmidt. 

The development work, preceeding the certification of the SRM, was supported by the Environmental 
Protection Agency under an Interagency Agreement. 
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Tampa Bay, Florida, May 16 1991 

EFFECT OF FOLIAR FERTILIZATION ON Jypha /atifo/ia L. GROWING IN ACID 
MINE DRAINAGE 

FYSON, A., ENGLISH. M. W. and KALIN, M. 
Boojum Research Limited, 468 Queen Street. East, Toronto, Ontario M5A lT7, 
Canada 

Abstract 

Acid mine drainage (AMD) produced through microbial oxidation of mine tailings 
and waste-rock is a major pollution problem. Amelioration of AMD by wetlands can 
be anticipated if conditions are created which facilitate microbial alkalinity 
generation and sulphate reduction. The microbial communities require a carbon 
source, which can be derived from Jypha latifolia L. (cattail) either through release 
from roots into the rhizosphere or through litter decomposition, 

Cattail populations are tolerant of the harsh environmental conditions created by 
AMD. Iron accumulates in the rhizosphere and within both rhizomes and roots. X- 
ray analyses of cattail root sections examined by scanning electron microscopy 
show that very high concentrations of iron in association with sulphur are found 
on the root epidermal surface. 

Experiments with foliar fertilization of cattails are being carried out on acidic tailings 
in the Elliot Lake area (Ontario, Canada) to stimulate biomass production and 
hence the potential to ameliorate AMD. Results to date indicate that at the 
concentrations used, the fertilizer had no significant (P L 0.05) effects on 
dimensions or starch content of overwintering rhizomes, parameters which we are 
using as indirect indicators of plant productivity. Fertilization significantly (P 5 0.05) 
reduced the weight of roots on the rhizome sections examined. 

These studies suggest that cattails grow well in AMD polluted waters and further 
studies will help optimise their role in reducing pollution and restoring wetland 
ecosystems. 

Introduction 

Cattails (Jypha spp.) are widely distributed in temperate and subtropical regions 
of the world. In North America, cattails are found from Alaska in the north (ca 
6?N) to Mexico in the south (Scoggan. 1978). They are confined to environments 
which rem’ain wet throughout the year. In Canada, they may survive within thick 
ice layers (pers. obs.). Cattails are so effective at colonizing aquatic environments 
that they are often treated as weeds due to clogging of waterways or out- 
competing other species and reducing habitat diversity for wildlife (Linde et al 
1976). The success of cattails in colo;zing a wide range of aquatic situations is, 



in part, attributable to the ability of roots to oxygenate the rhizosphere (Dunbarin 
et al 1988) where otherwise, the anaerobic conditions would prevent root growth. 
We are investigating the use of cattails as candidates for producing biomass and 
hence organic carbon in situations influenced by AMD. The sediments of 
wetlands, including those exposed to AMD, are low in oxygen. In these reducing 
conditions, anaerobic bacteria (e.g. sulphate reducers) reduce sulphate, iron and 
other ions in the water. These processes generate alkalinity and with increasing 
pH, the reduced compounds are precipitated as metal sulfides. The beneficial 
bacteria which carry out these processes require organic matter as a source of 
carbon for growth. Foliar fertilization was tested as a means of increasing cattail 
biomass and hence the potential for microbial alkalinity generation. The alternative 
of adding fertilizer directly to the substrate will result in rapid leaching of the plant 
nutrients. We therefore investigated foliar fertilization as a means of efficiently 
retaining the nutrients on the plants and hence increasing productivity. 

Cattails thrive in a range of pHs and can survive high levels of pollution from mine 
and municipal wastes. Constructed and natural wetlands dominated by cattails 
have been tested for their abilii to survive and indeed to reduce AMD 
(Sencindiver et al 1989; Ekodie et al 1990; Lan et al 1990; Tarutis and Unz 1990). 
Cattails roots and rhizomes accumulate large amounts of iron, mainly on the 
surface as a plaque (Taylor et al 1984; Matie and Crowder 1987; Crowder et al 
1987). Dissolved iron is a major constituent of AMD. The ability of cattails to 
ameliorate the effects of AMD by removing metals from solution is not certain, but 
cattails can certainly survive in waters with a pH of c 2 or > 10 (Samuel et al 
1988, pers. obs.) and iron concentrations of up to 150 mg.C’ (Samuel et al 1988; 
Stark et al 1988; Brodie 1990). We are investigating the ability of cattails to tolerate 
AMD and, with both natural and constructed wetlands, are seeking to optimise the 
role of this plant in ameliorating AMD. 

In optimal conditions, cattails are very productive, with a total (above and below 
ground) annual biomass production of up to 100 T.ha” (Lakshman 1987). In AMD 
water, growth is reduced in greenhouse conditions (Wenerick et al 1989) but there 
is a lack of data on cattails in the field. 

Cattail biomass, particularly the underground component, is difficult to measure 
(Hogg and Wein. 1987). A ‘population’ of cattails often comprises one or a small 
number of clones, many shoots derived from one parent and linked by rhizomes. 
These rhizomes are often found at considerable and variable depths in the 
substrate, requiring excavation of a considerable volume of material. Parameters 
measured on these rhizomes can give an indirect measure of productivity (Linde 
et al 1976). Most of the net photosynthate of the previous summer is stored as 
starch in the rhizomes. Data on starch content and rhizome dimensions, together 
with shoot density, can give clear indications of the effects of fertilization on 
productivity. 
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Study site 

Cattails were studied at two Ontario sites, the locations of which are shown in Fig 
1. The work on AMD water chemistry and the accumulation of metals on root 
surfaces was carried out on water and cattails from seepage below the tailings 
dam on the Makela site near Sudbury. These tailings, which generate the AMD. are 
from a nickel and copper extraction operation. The foliar fertilization study was 
carried out on tailings at the Stanrock site, a uranium mine near Elliot Lake. Off-site 
control plants were dug from a roadside wetland not subject to direct influence of 
AMD. 

r 

FIG 1 The location of study sites (above) and the layout of the Elliot Lake 
experiment 
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Materials and methods 

Foliar fertilization experiment 

Foliar fertilization was carried out on plots of cattails on the Stanrock site in 1989 
and 1990. In 1990, 14-4-6 NPK (‘Harvest Plus’, Staller Chemical Company) was 
applied to all fertilized plots from a portable sprayer on three occasions, at the 
beginning (May), middle (June) and end (July) of the growing season. Calcium 
was applied as ‘This’ (Staller Chemical Company) liquid fertilizer (6 % calcium). 
Total applications were 87.5 kg.ha“ nitrogen, 25 kg.ha-’ phosphorus and 37.5 
kg.ha” potassium and where applied, calcium, 85.3 kg.ha-‘. 

Field sampling 

Cattails were sampled at Makela and Elliot Lake in February to March 199 l.Atthe 
Elliot Lake site, holes approximately 1 mZ were cut through the ice and snow and 
sediment. Cattail ‘plants’ (old shoot + attached rhizome and roots) were carefully 
excavated from the sediment. Five ‘plants’ were dug from each plot. Plants were 
photographed and kept under ice in coolers until returned to the laboratory where 
they were immediately frozen (-2O’C). 

Makela water sampling 

Conductivity, Eh and pH of the stream feeding the Makela cattails were determined 
in the field. Inductively coupled plasmaspectroscopy (ICP) analysis was carried out 
by Chauncey Laboratories (Toronto, Ontario) on filtered, acidified samples. 

Rhizome sample preparation 

To prepare the cattails for morphological and chemical investigations, individual 
plants were taken from the freezer and washed under hot tap water. Rhizomes 
formed during the previous growing season (identified by the presence of a new, 
yet to emerge shoot apex) were measured for length. Rhizome and roots were 
separated and oven dried at 60°C Hand-cut sections of the rhizome were cut and 
fixed in 95 % ethanol for starch and metal staining. 

Starch determination 

Starch content of rhizomes was determined by a modification of the method of 
Neilson (1943). The rhizome and roots were ground in a Wiley mill and weighed, 
Distilled water was added to make a 0.67 % suspension. 2 mL of the suspension 
was measured and 2.7 mL of 72 % Qwchloric acid was added with continuous 



stirring. The mixture was allowed to stand with occasional stirring for 10 minutes. 
A t mL aliquot was transferred to another beaker and 6 mL of water was added. 
The pH was raised to 8.3 with 6N sodium hydroxide and then lowered to 4.5 with 
6 N acetic acid. Then, 2.5 mL of 2 N acetic acid was added followed by 0.5 mL 
of 10 % potassium iodide and 5 mL of 0.01 N potassium iodate. The solution was 
left for 5 minutes for colour development. This solution was then made up to 50 
mL with distilled water. Absorbance at 680 nm was determined on a Coleman 
Junior II spectrophotometer. A standard curve was made daily using the above 
procedure but with potato starch (‘Analar’. BDH Laboratories). 

Metal staining 

Hematoxylin staining of hand-cut rhizome sections was carried out by the method 
of Pizzolato et al (1967). Fresh staining solution was prepared by adding 2 mL of 
a stock solution to 200 mL of phosphate buffer (pH 7) immediately before the 
staining procedure. For the stock solution, 1 g of hematoxylin was dissolved in 
100 mL of 0.01 M phosphate buffer (pH 7). 

Scanning electron microscopy 

Makela cattails collected in March were washed under the tap. Roots were 
severed and placed in distilled water until required for SEM. 1.5 cm sections of 
adventitious roots were mounted on a copper specimen holder with Tissue-tek 
O.C.T. compound (Miles Scientific). The cryogenic preparation of roots was 
carried out in an EMscope SP cryo-sputter unit (EMscope Laboratories Limited, 
Ashford, England). The specimen holder was plunged into subcooled liquid 
nitrogen. Root samples were etched at -90°C for 15 minutes and then sputter 
coated with chromium. The samples were then viewed on a cryo-stage in an ISI 
model DS-130 scanning electron microscope at an accelerating voltage of 15 kV. 

Results 

Water chemistry measurements of the stream feeding the cattails at Makela were 
made in the field through the summer of 1990. In addition, ICP analyses of filtered, 
acidified samples of the same water were conducted. Data for 5 sampling dates 
are summarised in Table 1. The high total conductivity was largely attributable to 
sulphur (as sulphate) and to a lesser extent, calcium and iron. Concentrations of 
other heavy metals were low compared to AMD at many Canadian mining sites. 
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PLATE 1 _--- ..-. ~..~ 
Scanning electron micrograph of the surface of an adventitious root of 

a Makela cattail 

PLATE 2 A dead lateral root on a Makela cattail 
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FIG 2 X ray scans of scanning electron micrographs of Makela cattail roots. A 
Adventitious root; B Dead lateral root; C Exodermis of adventitious root. 
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TABLE 2 Effects of foliar fertilization on Elliot Lake 
cattails. Mean + S.E. for 5 plants 

A New shoot end of rhizome 

Rhizome Rhizome Pith Root Rhizome 
length diameter diameter wt. starch 
(cm) m-d (mm) (W (8) 

Off-site 28.8 + 4.7 14.0 f 0.6 8.8 f 0.4 233 k 100 37 
control 

On-site 26.0 k 4.5 12.1 f 1.3 8.2 k 1.0 109 ? 24 32 
control 

+NPK 27.7 f 5.7 13.8 -+ 1.1 9.4 t 0.9 160 f 84 33 

+NPKCa 16.1 -+ 3.1 12.2 f 0.6 8.2 f 0.3 42 + 18 28 

B Parental shoot end of rhizome 

Rhizome Rhizome Pith Root Rhizome 
length diameter diameter dry wt. starch 
(cm) mo mu W-7) (%I 

Off-site 28.8 + 4.7 12.8 + 0.8 7.5 f 0.7 85 It 26 34 
control 

On-site 26.0 ? 4.5 11.0 _+ 1.1 6.6 f 0.6 109 ? 30 37 
control 

iNPK 27.7 k 5.7 12.4 -+ 0.7 7.2 k 0.5 28 k 10 33 

+NPKCa 16.1 + 3.1 10.8 f 1.1 6.2 + 0.5 17+5 28 

Rhizomes were very variable in length and diameter. The foliar fertilizer had no 
significant effect (P 2 0.05) on rhizome length, rhizome diameter, pith diameter or 
starch content either at the parent shoot end or the younger, new shoot end of the 
rhizome. Rhizome diameter and pith diameter and therefore total starch content 
were greater at the new shoot end. Root weight on rhizome sections from 
fertilized plots was significantly less (P 2 0.05) than on those from unfertilized plots. 
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Discussion 

The Makela data indicate that cattails can grow in the presence of 300 mg.L-’ of 
dissolved iron. This is more than suggested in the literature (around 150 mg.C’) 
as an upper tolerance limit (Samuel et al 1988). Some AMD contains much higher 
concentrations of iron (pers. obs.) but cattails have not been observed by us to 
grow in such conditions. It should also be mentioned that the chemistry of a 
feeding stream as determined in this study may be very different from the 
interstitial water to which cattail roots and rhizomes are directly exposed. The 
survey by Brodie (1990) on a number of constructed wetlands suggests that the 
iron content of water passing through cattail-dominated wetlands can be 
dramatically reduced by 90 % or more, although figures vary considerably from 
one wetland to another. 

The SEM X-ray’analyses of Makela cattail roots indicate that iron is by far the most 
abundant metal on the root surface, but it is not possible to accurately quantify 
metals from such analyses. Sulphur peaks were much smaller than those for iron, 
although sulphur was much more abundant in the water (around 1000 mg.C’). 
This is consistent with the iron deposits being composed of oxidised iron (Fe3+) 
in the form of ferric hydroxide as has been shown for rice (Chen et al 1980) and 
suggested for cattails (Taylor et al 1984). The absence of iron in exodermal cells 
beneath the root surface suggests that iron is only accumulated on the epidermal 
cell surfaces. Metals associated with the Makela roots have not been quantified. 
Other studies indicate that although roots and rhizomes can accumulate high 
concentrations (up to 5 % dry weight) of iron as plaques (Taylor and Crowder 
1983). estimates of total iron on roots and rhizomes in a cattail stand suggest that 
only a small percentage of iron can be removed from AM0 by this route. 

It is probable that much greater amounts of iron and other metals are removed by 
precipitation as sulphides in sediments following alkalinity generation by anaerobic 
bacteria. Such activity requires organic matter which may be provided by cattails. 
Therefore, there is a need to investigate means of increasing productivity of cattails 
and to determine whether this increases the capacity of a wetland to ameliorate 
AMD. Here we report on the first phase. 

The studies of Linde et al (1976) indicated that rhizome size was a good indicator 
of productivity. Analysis of the data suggests that the foliar fertilization procedure 
had no clear effects on rhizome size, pith content or starch content. At the 
sampling time (March), the cattails were still in an overwintering state. Therefore, 
starch contents should be near a maximum and reflective of the productivity during 
the summer of 1990. The reduction of root growth in the presence of fertilizer is 
interesting and suggests that root production is stimulated by stress (such as 
nutrient limited) conditions. This affect however, is unlikely to have much direct 
effect on productivity, as roots comprise less than 10 % of total plant dry weight 
(Hogg and Wein 1987). 
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The following conclusions may be drawn from this study: 

1) Cattails can grow in AMD affected water at Makela with a dissolved iron content 
of 300 mg.C’ and a total acidity of 600-800 mg.L’ equivalents of CaCO,. 

2) Iron is the predominant metal accumulated on the surface of Makela cattail roots 
as shown by X-ray analysis in association with SEM. Some sulphur and silicon are 
also present on the root surfaces. 

3) Foliar fertilization of Elliot Lake cattails exposed to AMD had no significant effect 
(P L 0.05) on rhizome size or starch content, but significantly reduced (P 5 0.05) 
the mass of roots on the rhizome sections sampled. 

This study demonstrates that cattails can grow in AMD conditions and therefore 
contribute to processes which reduce water pollution. Ongoing studies will help 
define the conditions required to optimise the productivity of cattails in polluted 
mine waste waters. Many wetlands are affected by mines, either directly upon 
burial by tailings or indirectly through damage from AMD. Technologies to 
reestablish cattail populations on such sites will, therefore, contribute to the 
restoration of severely damaged ecosystems. 

Acknowledgements 

The authors wish to acknowledge Martin Smith of Boojum Research for many 
useful comments; Klaus Schultes and Professor J. A. Lott. Department of Biology, 
McMaster University, Hamilton, Ontario, Canada for help with the SEM; the Institute 
of Environmental Studies, University of Toronto, Ontario, Canada for use of 
laboratory space, and CANMET (Energy, Mines and Resources, Canada), 
Environment Canada, INCO Ltd. and Denison Mines Ltd. 

Literature cited 

Brodie, G. A. 1990 Constructed wetlands for treating acid mine drainage at 
Tennessee Valley Authority coal facilities. In “Constructed wetlands in water 
pollution control” Ed. by P. F. Cooper and B. C. Findlater pp. 461-470 Pergamon 
Press, Oxford, U.K. 

Chen. C. C., Dixon, J. B. and Turner, F. T. 1980 Iron coatings on rice roots: 
mineralogy and quantity influencing factors. Soil Sci. Sot. J. 44: 635-639 

Crowder, A., Macfie, S.. St. Cyr, L., Conlin, T.. Badgery, J. and Johnson-Green, P. 
1987 Root iron plaques and metal uptake by wetland plants. Proc. Symposium 
‘87- WetlandslPeatlands, Edmonton, Alberta, Canada pp. 503-508 

Ii 



Dunbarin, J. S., Pokorny, J. and Bormer, K. H. 1988 Rhizosphere oxygenation by 
Typha domingensis Pers. in miniature artificial wetland filters used for metal 
removal from wastewaters. Aquatic Bot. 29: 303-317 

Hogg. E. H. and Wein, R. W. 1987 Growth dynamics of floating Typha mats: 
seasonal translocation and internal deposition of organic material. Oikos 50: 197- 
205 

Kalin, M. and Scribailo, R. 1988 Biological treatment of acid mine drainage: 
Morphological/anatomical aspects of cattail transplants. Biominet Proceedings 
CANMET Special Publication SP88-23 

Lakshman, G. 1987 Ecotechnological opportunities for aquatic plants - A survey 
of utilization options. In ” Aquatic plants for water treatment and resource recovery” 
Ed. by K. Ft. Reddy and W. H. Smith pp.49-68. Magnolia Publishing Inc., Orlando, 
Florida 

Lan. C., Chen, G., Li, L and Wong, M. H. 1990 Purification of wastewater from a 
Pb/i!n mine using hydrophytes. In “Constructed wetlands in water pollution control” 
Ed. by P. F. Cooper and B. C. Findlater. Pergamon Press, Oxford, U.K. 

Linde, A, F., Janisch, T. and Smith, D. 1976 Cattail - The significance of its growth, 
phenology and carbohydrate storage to its control and management. Technical 
Bulletin #94, Department of Natural Resources, Madison, WI 

Macfie. S. M. and Crowder, A. A. 1987 Soil factors influencing ferric hydroxide 
plaque formation on roots of Typha (atifolia L Plant Soil 102: 177-182 

Neilson, J. P. 1943 Rapid determination of starch. Industrial and Engineering 
Chemistry 15: 176-l 79 

Piuolato, Philip and Lillie, Ft. D. 1967 Metal salts-hematoxylin staining of skin 
keratohyalin granules. J. histochem. cytochem. 15; 104-l 10 

Samuel, D. E.. Sencindiver, J. C. and Rauch, H. W. 1988 Water and soil 
parameters affecting growth of cattails: Pilot studies in West Virginia Mines. In 
“Mine drainage.....: pp. 367-374 

Scoggan, H. J. 1978 The flora of Canada. National Museum of Natural Sciences, 
Ottawa, Canada 

Sencindiver, J. C. and Bhumbla, D. K. 1988 Effects of cattails (Typha) on metal 
removal from mine drainage. In “Mine drainage and surface mine reclamation. Vol. 
1: Mine water and mine waste” U. S. Bureau of Mines Information Circular IC 9183 
pp. 359-366 

Iii 



Stark, L. R.. Kolbash, R. L.. Webster, H. J., Stevens, S. E. Jr., Dionis, K. A. and 
Murphy, E. R. 1988 The Simco #4 wetland: Biological patterns and performance 
of a wetland receiving mine drainage. In “Mine drainage and surface mine 
reclamation. Vol 1: Mine water and mine waste” U. S. Bureau of Mines Information 
Circular IC 9183 pp. 331343 

Tarutis, W. J. and Unz, R. F. 1990 Chemical diagenesis of iron and manganese 
in constructed wetlands receiving acidic mine drainage. In “Constructed wetlands 
in water pollution control” Ed. by P. F. Cooper and B. C. Findlater pp. 429-440 
Pergamon Press, Oxford, U.K. 

Taylor, G. J. and Crowder, A. A. 1983 Uptake and accumulation of copper, nickel 
and iron by Typha lafifolia in wetlands of the Sudbury, Ontario region. Can. J. Rot. 
61: 18251830 

Taylor, G. J., Crowder, A. A. and Rodden, R. 1984 Formation and morphology of 
an iron plaque on the roots of Typha latifolia L grown in solution culture. Amer. 
J. Rot. 71: 666-675 

Wenerick, W. R., Stevens, S. E. Jr., Webster, H. J., Stark, L. R. and DeVeau. E. 
1989 Tolerance of three wetland plant species to acid mine drainage: A 
greenhouse study. In “Constructed wetlands for wastewater treatment-municipal, 
industrial, agricultural” Ed. by D. A. Hammer. Lewis Publishers, Inc., Chelsea, 
Michigan. 

liii 



Presented at the IAWPRC conference on ‘Wetland Systems in Water Pollution Control’, 
Sydney, NSW, Australia, November 30 1992 

THE DEVELOPMENT OF FLOATING 7J,phn MATS 

M. Kahn and M.P. Smith 
Boojum Research Limited 

468 Queen Street East, Ste. 400 
Toronto, Ontario, CANADA MSA lT7 

ABSTRACT 

Continuous covers of floating Z’jphu (cattail) mats in waste water polishing ponds can decrease turbulence, 
thereby improving settling of suspended solids. Decomposition of organic debris, released from the floating 
mats, maintains anaerobic conditions in the sediments. Reduced oxygen concentrations in the water column 
and sediments assist in stabilizing contaminants bound to settled solids. 

In order to develop floating mats, the conditions under which cattail seeds could germinate on floating 
structures had to be addressed. Those conditions were first tested in the laboratory, then scaled-up to a 
greenhouse. Populations were grown from seeds in both the greenhouse, for transplant to the field, and in siti, 
using specially constructed flotation structures. 

Techniques for germinating ?Jtpha seeds, promoting seedling development, and constructing floating rafts are 
discussed. During germination, substrate moisture, pH, and nutrients, both during seedling development and 
transplantation, have been identified as key factors governing successful population establishment. Floating 
7)phu mat populations have over-wintered two seasons in inactive mine open pits and on iron hydroxide sludge 
settling ponds. 
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Cattail< Productivity; Litter Production; Growth; Z)pha; Germination; Seedling Development; Floating 
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INTRODUCTION 

Cattail (7Jpha) populations are extremely productive (Wetzel 1983). They have an exceptional capacity to 
colonize harsh environments (Kahn 1984), and they spread rapidly (Dykyjova and Kvet 1978). These 
characteristics make them ideal plants for wetland stabilization, and as an organic carbon supply, especially 
in harsh, industrial waste water polishing ponds. 

Floating cattail mats are common in wetlands throughout the world (Sassar and Gosselink 1984). Mostly 
considered a weed problem (Scuhhorpe 1967), floating mats, if deliberately planted, would provide a living 
cover for polishing ponds which would decrease turbulence and aeration of pond water. De-aeration of pond 
water would improve settling of suspended solids, enhance anaerobic sediment production, and stabilize 
contaminants bound to settled solids. Decomposition of organic debris, released from the floating mats (Hogg 
and Wein 1987a), would provide a carbon source for sediment-based, anaerobic, microbial communities. 

An effective, economical means of establishing floating or rooted cattail stands over large areas can probably 
only be achieved through development of cattails from seeds. The objective of this paper, then, is to describe 
methods of large-scale cattail production from seeds, and early results. 

METHODS 

Seed Germination. D&Z aqusfz~oZio seed heads were collected from Bluffer’s Park, Scarborough, Ontario 
in March 1990, and stored in the refrigerator. Seeds were separated from seed head parts by fluffing in warm, 
dilute-detergent water. The detergent assisted the wetting of the pericarp, which resulted in spontaneous 
release’of the seed: As seeds are more dense than water, they sink to the bottom, while the remaining debris 
floats. 

Seedswere ~planted in three types of trays~ in the laboratory, which varied the amount of soil moisture and 
fertilizer. The first set-up, termed the Gradient Seedbed, consisted of growing seedlings on an inclined rack 
set En a plastic tray. The tray was filled with water so that half of the wire seedbed was submerged. 

The second set-up used a suspended rack in a water-filled tray, called the Suspended Seedbed. The bottom 
of the rack contacted the water surface, maintaining seedbed moisture. However, with water loss from the 
trays by evapotranspiration, the degree of saturation varied over the two day period between waterings. 

The ~third set-up’was a floating rack (Floating Seedbed). The Styrofoam frame maintained the soil surface l-2 
mm above the water surface. Besides soil moisture the following factors were also considered. Humidity was 
enhanded in half of the treatments by injecting water mist periodically into the growth chamber during each 
light period. A 1.5 mL L’ dose of fungicide (No-Damp; Plant Products; 2.5% Benzoxine) was applied to the 
water supply of half of the treatments (3.3 L each) prior to planting. 

A low’dose (1.3 g L-t) of fertilizer (Plowerin~ Plant fertilizer; 15:30:15; Plant Products) was applied to oiie- 
third of the treatments. A high dose (2.6 g L‘ ) of fertilizer was applied to another one-third, and the last third 
received no fertilizer. 

: 
AI1 together, 36 factors were considered. In each treatment, six replicates of approximately 100 seeds were 
planted. Water levels were adjusted every second day with tap water to compensate for water losses due to 
evapotranspiration. A total of 36 treatments were set up. 

A summary of the growth experimental factors is sho2 below (Table 1): 





RESULTS 

Germination and Seedline Establishment in the Laboratory. After 16 days, approximately 12,600 seedlings had 
germinated and survived the 36 treatments. However, after 46 days, only approximately 7,700 seedlings, or 
61% survived. 

Treatments which provided moisture, either through suspension or floating trays, gave the best results (2200 
seedlings) compared to the Gradient Seedbed (1740 from beach, and 800 for submerged soils, after 46 days). 

The addition of fertilizer apparently reduced germination rates. Humidity had no significant effect on 
germination. Fungicide appeared to have had a slightly negative effect on germination. 

TABLE 2 Seed Germination Rates 

Germination in the Greenhouse. soil used in the first trial was composed of local peat without adequate 
buffering. The pH of soil slurries taken in the greenhouse indicated that the soil was quite acidic (3.549. 
Very few of the cattails germinated. 

Soil in the second trial was composed of commercial peat. It was mixed with agricultural limestone, so that 
pHs were above 5.5. The seedling population that grew in this soil grew evenly over all eight seed bed flats. 

In Situ Cattail Growth. Within the first growing season, the seedling growth was much greater with the 
application of both bone meal and fertilizer, than with either supplement alone. Seedlings without supplements 
fared very poorly (Figure 1). 

Most of the seedlings overwintered and produced n$shoots the following spring. These second season 
cattails were monitored throughout the summer. Biomass distributions of cattails grown in different treatments 
are -described below. 



The’dt-y weight of each component was multiplied by a factor SO that values were expressed per square metre. 
These values were multiplied by the fraction of population coverage recorded for each raft. These data, as 
well as data for the mature (> 10 years) 7jpha nngu.srifolia population in Scarborough, Ontario (which served 
as the seed source population), and the floating population established on an acid mine drainage pumping 
pond in Sudbmy, Ontario are presented in Figure 1. 

This graph clearly shows that the standing T)pha biomass in the second year of growth was significantly greater 
than first year biomass on the circum-neutral pit, but still far less than the biomass produced in a mature cattail 
stand (as exemplified by the Scarborough population). The two Ontario populations, one natural and the other 
artificially grown on rafts, had much longer growing seasons than those grown on the mine pits in 
Newfoundland. In addition, the pumping pond population was heavily fertilized. As cattail rhizomes can live 
up to four years (Hogg and Wein 1987a), maximum accumulation of below ground biomass in the form of roots 
and rhizomes on floating populations cannot be expected for approximately two more growing seasons. 

A large difference in biomass is evident between the circum-neutral and acidic pit second year populations, 
indicating that acidity or pH may affect cattail growth. Figure 1 also presents data for standing biomass 
according to nutrient supplement for the 1990 seedling populations in their second year. The combined effect 
of fertilizer and bone meal addition at the time of transplant, compared to fertilizer or bone meal alone, is still 
evident after the second growing season. 
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DISCUSSION AND CONCLUSIONS 

The development of methods for establishing floating 7J@a mat populations over large areas of waste water 
polishing ponds must pass several milestones. First, seeds must be viable. Second, after germination, initial 
growing conditions for seedlings must be determined. Third, optimal conditions for plant maturation and 
subsequent biomass accumulation must be addressed. Finally, the population structure and development, which 
is required for mat populations become positively buoyant, must be defined. 

Seed Viability. In the work reported here, and in all subsequent germination trials, the viability of i’)pha 
ongz&bliu seeds, collected in winter, were typically greater than 90%. In fact, according to McNaughton 
(1966), 7Jpha seeds are already viable when still on the inflorescence, prior to complete plant senescence and 
the winter cold period. 

Seed Germination and Earlv Seedlinr! Develooment. A moist, but not wet, seedbed appeared optimal for seed 
germination. From the laboratory data, the highest germination rate was observed in the beach treatment of 
the Gradient Seedbed, as well as the Suspended and Floating Seedbeds. The poorest germination rate was 
observed in the below water treatments, 

Saturation of seeds has been determined necessary for germination by other workers (Bedish 1967; Weller 
1975; Leek and Graveline 1979). The moist conditions provided during the work presented here were likely 
sufficient for saturation of the seeds. 

The laboratory germination data indicate that seed germination was inhibited by increasing concentrations of 
fertilizer. While low concentrations of fertilizer are adequate during establishment, seedling development was 
greatly enhanced by fertilizer addition during the rapid growth phase (data not shown). Therefore, to promote 
seedling growth, low levels of fertilizer should be added after germination. Variation in air humidity does not 
appear to affect either seed germination or seedling establishment in the laboratory. The addition of fungicide 
did not promote seedling germination, nor did it maintain a higher number of seedlings after establishment. 
Seedling establishment has been reported to be dependent upon a similar set of conditions, such as moisture, 
light and temperature (Yeo 1964; Bedish 1967; Weller 1975; Sharma and Gopal 1979), but is also sensitive to 
water and sediment chemistry (McMillan 1959; Kadlec and Wentx 1974). 

Overall, the moisture regime during germination and early seedling development appears to be the most 
important physical variable. Floating seed beds, where a moist, but not wet, water regime is maintained, 
provide the most appropriate conditions for germination and seedling establishment. 

Floating cattail mat development can only be considered a successful technique if these populations ultimately 
become buoyant and self-supporting. In order to predict the time frame which is required for maintenance, 
biomass measurements were obtained. These biomass data can be compared to measurements on existing 
Rbating cattail mats, which are self-buoyant. 

Positivelv Buoyant Mat Pooulations. All ~J&I mats established during the present study used artificial 
structures to provide buoyancy. These rafts were intended to float populations until the mat structure became 
self buoyant. This can be anticipated, given examples of naturally buoyant ?)pho stands reported in the 
literature (Lieffers 1983; Hogg and Wein 1987a). 

Hogg and Wein (1987b) examined factors affecting the overall buoyancy of natural floating Z)pho mats. On 
a square metre basis, they reported that live and dead organic solids (-8.1 kg mm2), attached mineral soil (- 6.4 
kg mm’) and above ground shoots and litter (-3 kg mm2) &I contributed to a negative buoyancy (-17.5 kg mm2). 
However, gas within living components of Qpha biomass (+3.6 kg ms2), and gas trapped within the organic 
material comprising the mat (+4O mg rn-*) yielded an overall net buoyancy of +26.3 kg per square metre of 
?)pho mat. 



Establishment of auto-buoyant floating O&I mat populations, therefore, is primarily dependent on production 
of gas below and within the mat, and sustained entrapment of gas within the mat. The artificial flotation 
structures used during this study did not capitalize on additional buoyancy provided by gas generated with the 
mat. New designs must incorporate gas entrapment techniques, if flotation is to sustained aver the long term. 

Net Oreanic Matter Production. The standing biomass values for the circum-neutral and acidic pit second year 
populations were used for estimating the rate of organic matter deposition to the raft substrate and underlying 
water body. 

Hogg and Wein (1987a) estimated that, in a floating Typha population in New Brunswick, all of the annual 
standing biomass of above ground shoots, 23% of shoot bases, 25% of rhizomes and 30% of dead roots were 
deposited each year within the floating mat. 

Extrapolating these fractions to the second year population standing biomass from both pits, 291 g me2 yr“ 
titter will be deposited in the acidic pit, while 1,148 g mm2 yr-’ will be deposited in circum-neutral pit. This 
translates to 1.35 tonnes of C!)pha litter/acidic pit/year, and 22.4 tonnes Zjpha litter/neutral pit&ear available 
for microbial decomposition. However, until the pit populations are at least four years old, the fractions of 
deposition suggested by Hogg and Wein (1987a) cannot be. cannot be expected to be achieved. The actual 
values may well prove to be site-specific. Meanwhile, standing biomass can be expected to increase as the 
populations mature, and therefore, higher rates of am-ma1 deposition can be anticipated than can be calculated 
given current standing biomass. Typha Population Development Following Seedling Transplant. Wide variation 
in standing biomass according to location and treatment was observed by the end of the second growing season 
(Figure 1). In those treatments which included fertilizer addition, accumulation of above and below ground 
biomass was 7 to 33 times greater than in treatments which did not receive fertilizer. Populations in fertilizer- 
supplemented treatments in the neutral pit accumulated nearly 4 times amount of above and below ground 
biomass, compared to nutrient-supplemented treatments in the acidic pit. 

The above ground biomass of 7Jpha after two years in the neutral pit was twice that of the older (~10 years) 
natural, sediment- bound population, but below ground biomass was only one-third that of the natural 
population. Given that rhizomes, the below ground storage organs, may live up to four years (Hogg and Wein 
1987a), maximum below ground biomass can be expected for to increase for several years. 

Interestinglj: the above ground biomass of the two year old ‘ljpho stand on rafts in the seepage collection pond 
(pH 2.5 - 5.0) was greater for both the fertilized stands in the neutral pit and the natural, sediment-bound 
population. Again, the below ground biomass is expected to increase for several years. 

of the total above Andy below ground biomass produced each year by a mature population, a large fraction of 
the’below &round biomass overwinters for regenerating the population the next spring, while most above 
ground biomass is lost as litter. The biomass of this litter represents the net productivity of the population. 
Cattail stands populating sewage waste water treatment wetlands, with adequate nutrients, circum-neutral pHs, 
ti well as background metal concentrations, routinely have productivities in excess of 3000 g m” ye-’ (Kadlec 
1990). Nutrient-supplemented sediment-bound ‘I)phn populations in artificial wetlands have been repotied 
to’produce up to 2570 g m-* yr-’ (Andrews and Pratt 1978). 

The seepage collection pond floating lLpha mat population in the present study had an above ground 
productivity comparable to that in the literature cited above. Similar productivities can therefore be expected 
for nutrient-supplemented floating populations introduced to waste water ponds, compared to natural, 
sediment-bound Z&ha populations. Overall, the above and below ground biomass data indicate that nutrient 
supplements are required at the time of transplant, especially when establishing floating mat populations in 
oligotrophic, acidic waters. Once established, howew, populations take longer than 2 years to mature. 
Calculations based on two year old plants, while promising, will not represent mature, floating cattail stands. 
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