
EVALUATION OF STATIC AND KINETIC PREDICTION TEST 

DATA AND 

COMPARISON WITH FIELD MONITORING DATA 

by 
ELIZABETH JANE SHERLOCK 
B.Sc., McMaster University, 1987 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

MASTERS OF APPLIED SCIENCE 

in 

THE FACULTY OF GRADUATE STUDIES 

(Department of Mining and Mineral Process Engineering) 

We accept this thesis as conforming 
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ABSTRACT 

The Database for Acid Rock Drainage (DBARD) and a detailed study of the tailings 

impoundment at Gibraltar - McLeese Operations, British Columbia have provided the basis for 

this study evaluating the ability of Acid Rock Drainage (ARD) prediction data to indicate on-site 

water quality. 

Analysis of the database has shown that sites with similar geologic or geographic settings 

cannot be compared directly, although experience from previous work at other sites can aid new 

sites in developing waste characterization programs. The static prediction data is dependent on 

geochemistry of the sample and the prediction method and procedure. Improved methods of data 

interpretation can account for these factors. Identification of 'indicator" elements can be used to 

calculate acid generating and neutralization potentials from site specific correlations and be 

included in kinetic tests and on-site monitoring programs to characterize oxidation and dissolution 

reactions. The water quality and oxidation/neutralization rates for the DBARD kinetic tests are 

not predicted by the static test data due to the short time frame of the tests, the time lag to ARD 

and/or the inaccurate values of the static test data. Kinetic tests need to be initiated as early as 

possible to allow stable conditions to be established and the maximum amount of time for 

leaching. Various methods proposed to calculate neutralization depletion rates were shown to 

provide similar rates. With longer term kinetic tests, the assumption that calculated 

oxidation/neutralization rates can be extrapolated into the future needs to be verified through 

additional test work. 
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Interpretation of the Gibraltar static prediction data for the tailings inferred a potential for 

ARD. This potential is indicated after approximately 3 years of kinetic testwork with increasing 

oxidation/neutralization reaction rates, although the pH is neutral. Oxidation and neutralization 

reactions are also occurring on-site, although water quality is predominantly affected by the 

chemistry and infiltration/migration of the tailings pond supernatant. Water quality changes 

during supernatant migration are attributed to physical processes, chemical reactions and/or 

mixing of waters with different compositions. These factors all contribute to the ultimate water 

quality on-site suggesting that extrapolation of laboratory data is more qualitative than 

quantitative. 

Recommendations for analyses, data manipulation, criteria for interpretation, and 

reporting of ARD prediction data have been made for the different stages of waste 

characterization: 1) mineralogical characterization, 2) static testing, and 3) kinetic testing. 
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1.0 INTRODUCTION 

Acid Rock Drainage (ARD) remains a major obstacle for environmental protection and 

reclamation at mine sites. To protect the environment and satisfy regulatory requirements, 

exploration and mining companies are required to conduct laboratory and on-site investigations, 

during all stages of a mine operation from exploration to closure, that include: 1) waste 

characterization, to assess ARD potential by static and kinetic prediction techniques and 2) 

baseline and on-going environmental studies, including water quality monitoring. These data 

allow owners/operators of new and existing mines to complete waste management plans to 

prevent the generation of ARD and the migration of contaminated runoff during operation and 

after closure. 

The generation of ARD is the net result of two types of reactions broadly referred to as 

acid generating (sulphide oxidation) and acid neutralizing (mineral dissolution). ARD is primarily 

a function of the mineralogy of the material and the availability of water and oxygen. At mining 

operations sulphide minerals in waste material, such as waste rock and tailings, and in mine 

structures, such as pits and underground workings, can be exposed to air and water leading to the 

generation of ARD. There are many factors that affect the potential for ARD, and since these 

vary from site to site, predicting ARD can be difficult, costly and of uncertain reliability. The 

issue of long-term, or perpetual, care at historic mines and at some active mines has focused 

attention on the need to improve prediction methods for an assessment of the ARD potential 

during the early stages of mine development. 
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Initially, mine wastes are characterized using static prediction techniques that attempt to 

quantify the acid producing and acid neutralizing potential of the waste component. The most 

commonly used static prediction technique is the (Standard) Acid Base Accounting (ABA) 

method of Sobek et al (1978). Waste characterization studies also include kinetic prediction tests, 

using laboratory and field techniques, to provide information regarding the rate of ARD 

generation. These tests have generally focused on the rates of sulphide oxidation and metal 

leaching (Sobek et al, 1978; BC A M D Task Force, 1989; Coastech Research Inc., 1991). More 

recently, kinetic procedures are also being used to evaluate the rate at which neutralizing minerals 

are depleted (Bradham and Carruccio, 1990; Lapakko, 1990; White and Jeffers, 1994; White et al, 

1994; Morin et al, 1995a). In addition to static and kinetic tests, site investigations can be carried 

out which include water quality monitoring to assess long-term ARD generation and water 

quality. 

The overall objective of this thesis is to determine the ability of the ARD prediction 

techniques to approximate on-site water quality. This requires an understanding of both the 

chemical reactions that contribute to ARD as well as the factors affecting relative reaction rates of 

the different reactions. In Chapter 2.0 the geochemical evolution of ARD and reaction kinetics 

are reviewed. Various static and kinetic prediction test and interpretation methods are then 

discussed. The prediction data manipulation and interpretation are based, in part, on the concepts 

of alkalinity/acidity and carbonate equilibria and these are reviewed after the prediction 

techniques. Static prediction data are presented and analyzed primarily by statistical methods 

and, to a limited extent, kinetic and on-site monitoring data are analyzed by these methods. A 
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review of statistical analysis is also presented in order to assess the application of statistical 

methods in ARD waste characterization studies. 

With this understanding of the geochemical evolution of ARD and the prediction methods 

and interpretation, the first part of this project is to assess the relationship between static data, 

kinetic data and geology. This first phase is based on the assessment of data in the Database of 

Acid Rock Drainage (DBARD), a computer database initiated in 1990 to be a repository of static 

and kinetic test data, which is presented in Chapter 3.0. 

Once the relation between the various laboratory methods has been considered, the second 

part of this thesis presents a detailed study at one mine site where laboratory prediction tests have 

been completed and on-site water quality has been monitored. The site selected is Gibraltar-

McLeese Lake Operations (Gibraltar) near Williams Lake, British Columbia. The available data 

allow for a site specific assessment of how the ARD prediction laboratory methods approximate 

on-site water quality. This assessment is presented in Chapter 4.0. 

In conjunction with the DBARD assessment, a review was made of the interpretation and 

reporting methodology of ARD prediction data. Recommendations for analyses, data 

manipulation, interpretation and reporting of ARD prediction data is presented in Chapter 5.0. 
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1.1 OBJECTIVES 

The overall objective of this thesis is to determine the ability of ARD prediction techniques 

to approximate on-site water quality. This will be based on the following specific objectives: 

1. Investigate the relationship between static prediction parameters and lithogeochemistry 

and geologic deposit type. 

2. Assess current interpretations of kinetic prediction data and its relation to the 

corresponding static prediction data. 

3. Determine the ability of static and kinetic prediction methods to identify on-site water 

quality. 

4. Assess current interpretive and reporting methodologies used to present and assess 

ARD prediction data. 

i 
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2.0 BACKGROUND 

In this chapter a review of the chemical reactions, and their kinetics, contributing to ARD 

will be presented. This will be followed by a review of the various ARD prediction techniques 

and interpretations. Manipulation and interpretation of prediction data are based, in part, on 

alkalinity/acidity and the carbonate system, and a review of these concepts is also presented. 

Statistical methods are commonly used in waste characterization and a review of these statistical 

analyses is presented at the end of the chapter. 

2.1 R E V I E W O F A C I D R O C K D R A I N A G E 

2.1.1 GEOCHEMICAL EVOLUTION 

Acid rock drainage (ARD) is the result of a complex combination of inorganic and organic 

processes and reactions taking place when sulphide-bearing geologic material is exposed to air 

and water. At mining operations, exposed material includes waste, such as waste rock and 

tailings, or mine structures, such as open pits and underground workings. Our current 

understanding of the processes is based on numerous studies of ARD generation in waste material 

and mine structures using field studies, geochemical mass balance techniques and computer 

speciation programs. Oxidation (acid generating) and mineral dissolution (acid neutralizing) 

reactions have been used to describe tailings porewater chemistry (Boorman and Watson, 1976; 

Blowes et al, 1987, 1991, 1992) and migration of contaminant plumes (Morin et al 1988a, 1988b; 

Morin and Cherry, 1988). Notable work was completed by Kleinmann et al (1981) who 

simplified the geochemical evolution of ARD into three stages and by Morin et al (1988a, 1988b) 

and Morin and Cherry (1988) who suggested reasons for the typically observed "step-wise" 

decrease in pH. 
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Kleinmann et al (1981) simplified the various ARD processes into three stages. The first, 

or alkaline, stage of ARD generation occurs in neutral or alkaline conditions and is primarily 

chemical oxidation of pyrite by molecular oxygen to sulphate and ferrous iron: 

FeS 2 + 7/2 0 2 + H 2 0 = F e 2 + + 2S0 4

2 - +2H + (1) 

The second, or transition, stage occurs in the pH range of approximately 2.5 to 4.5 and 

represents the oxidation of ferrous iron by molecular oxygen to ferric iron which occurs as ferric 

iron hydroxide: 

F e 2 + + 5/2 H 2 0 + 1/4 0 2 = Fe(OH)3 (s) + 2 H + (2) 

The third, or acidic stage, occurs once neutralizing minerals have been consumed and the 

lack of a buffering capacity results in decreasing pH. Under low pH conditions there is an 

increase in bacterial activity (primarily T. ferrooxidans) which catalyze pyrite oxidation. Ferric 

iron, produced by the oxidation of ferrous iron, also acts as an oxidizing agent for pyrite. These 

reactions may be written: 

F e 2 + + l /40 2 + H + = F e 3 + + 1/2 H 2 0 (3) 

FeS 2 + 14 F e 3 + + 8H 2 0 = 15Fe 2 + + 2S0 4

2 ' + 16H + (4) 

The third stage is below pH approximately 2.5, and the solution chemistry is characterized 

by high concentrations of sulphate and total iron and a high F e 3 + / F e 2 + ratio. 
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Neutralization of ARD is primarily through carbonate mineral dissolution (Kleinmann et 

al, 1981; Morin et al 1988a, 1988b) represented by the reactions: 

C a C 0 3 + 2 H + = C a 2 + + H 2 C 0 3 (5) 

C a C 0 3 + H + = C a 2 + + H C C y (6) 

Two equations are used to describe calcite dissolution because carbonate ions occur as different 

species in solution, depending on pH, due to ion hydrolysis. Carbonate equilibria is presented in 

more detail with the review of alkalinity and acidity (Section 2.2). 

Carbonate, and hydroxide minerals, are consumed (i.e. dissolved) during neutralization 

reactions depending on the "equilibrium pFT of each mineral (Morin et al 1988a, 1988b). The 

"equilibrium pH" describes the pH above which the mineral precipitates and below which it 

dissolves. Minerals identified by Morin et al (1988a, 1988b), with corresponding equilibrium pH, 

are: Fe(OH) 3 (3.0 - 3.7), Al(OH) 3 (4.3 - 5.0), FeC0 3 (5.1 - 6.0) and CaC0 3 (5.5 - 6.9). Acidic 

conditions generated by sulphide oxidation (equations 1 to 4) are initially buffered by calcite 

dissolution (equations 5 and 6). With continued sulphide oxidation and hydrogen ion release, 

calcite is depleted and the pH is then buffered by siderite dissolution, followed by Al(OH) 3 and 

Fe(OH)3. This leads to a "step-wise" decrease of the pH, and with continued sulphide oxidation, 

the neutralizing minerals are depleted in order. 
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In some tailings impoundments the dissolved species are at sufficient concentrations that 

minerals precipitate to form a "hardpan" layer. Hardpan layers are composed of melanterite 

(ferrous iron sulphate) and gypsum (calcium sulphate; Blowes et al, 1991, 1992) or ferric iron 

oxides and jarosites (hydrated ferric iron sulphate; Blowes et al, 1991). These layers serve as an 

important barrier to oxygen diffusion into the tailings which limits pyrite oxidation. The hardpan 

layers also attenuate metal ions by adsorption and co-precipitation processes (Blowes et al, 1991, 

1992). These hardpan layers have also been identified in waste rock piles by Lister (1994). 

Research has primarily focused on the oxidation reactions and the role of calcite in 

neutralization because of its reactivity and resultant neutralizing capacity. More attention is 

currently being directed toward the role of silicates in the neutralization processes (Lapakko, 

1994: Sherlock et al, 1995). Neutralization by silicates may be represented by equations showing 

either complete dissolution (congruent dissolution) or alteration (incongruent dissolution). The 

difference between these is that complete dissolution results in all ions going into solution and 

alteration introduces certain ions from the mineral to solution leading to the alteration of the 

original mineral to another mineral. An example is anorthite (calcium silicate) dissolution 

(equation 7) and alteration to kaolinite (equation 8): 

C a A l 2 S i 2 0 8 + 2 H + + 6H 2 0 = C a 2 + + 2A1 3 + + 2H 4 Si0 4 + 60H" (7) 

C a A l 2 S i 2 0 8 + 2 H + + H 2 0 = C a 2 + + A l 2 Si 2 0 5 (OH) 4 (8) 
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Factors that determine whether silicate dissolution is congruent or incongruent include the 

mineral structure and composition as well as external environmental factors. In natural systems, 

chemical weathering of silicate minerals is more commonly alteration with montmorillinite 

(smectite) and kaolinite clay minerals as end-products (Blanchard, 1984). 

Silicate neutralization in ARD systems is identified by elevated concentrations of silica and 

aluminum in tailings water (Blowes et al, 1992) and waste rock drainage (Alpers and Nordstrom, 

1990). Morin et al (1988a) suggest that ARD has elevated silica and aluminum concentrations 

due to alumino-silicate mineral dissolution and that minimal precipitation of secondary amorphous 

silica and allophane (amorphous alumino-silicate) occurs. Secondary amorphous silica and 

goethite have also been identified in waste rock piles by Alpers and Nordstrom (1990) who 

concluded, using computer speciation programs, that acid neutralization, in the pH range of 1.0 to 

1.5, was the result of albite, chlorite, sericite, epidote and calcite dissolution, with the largest pH 

increase due to chlorite dissolution. Blowes and Ptacek (1994) also suggest that the source for 

aluminum ions for gibbsite (Al(OFf)3) precipitation, during the step-wise pH decrease, is alumino-

silicate dissolution. 

An important natural analogue to ARD is gossan formation. A gossan is the ferriginous 

weathered product of a sulphide body (Nickel, 1983) formed by oxidizing and leaching of 

sulphide minerals above the water table. Acid generation during the oxidation of the sulphides 

during gossan formation is buffered by carbonate and silicate mineral dissolution and alteration 

(Thornber 1983). Silicate buffering is indicated by the presence of secondary kaolinite and silica 

polymorphs (Blanchard, 1984). 
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Other processes that contribute to neutralization include (Stumm and Morgan, 1981; 

Moss and Edmunds, 1992; Kirchner, 1992): 

• alkalinity of local soil, surface water, groundwater 

• ion exchange capacity of soil and rock 

• biomass (via respiration/decay and adsorption/uptake processes) 

» In natural systems, there exists a steady state condition that represents a balance of 

elemental cycles. If there is excess acid introduced to a system, as in ARD, this may lead to 

acidified water, depleted solid and degraded biomass. The interaction and rates of the various 

acid generating and acid consuming processes and reactions determines the rate of ARD 

generation as well as the impact potential for a site. 

2.1.2 KINETICS 

Sulphide Oxidation 

Summaries of factors that determine the sulphide oxidation rate are presented within 

Kleinmann et al (1981), Lowson (1982), Bierens de Hann (1991), Morin et al (1991) and 

Nicholson (1994). The more important factors include: 

• oxidant 

• particle size (surface area) and morphology 

• temperature 

• pH 

• bacteria (iron and sulphur oxidizing) 
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An important factor of sulphide oxidation is the presence of an oxidant. In ARD 

processes, oxygen and ferric iron are the more common oxidants (Lowson, 1982; Hering and 

Stumm, 1990). As suggested by the "stages" of ARD (Kleinmann et al, 1981), oxygen is the 

more significant oxidant at neutral pH conditions and ferric iron is more significant at lower pH 

conditions. 

In addition to the presence of an oxidant, other factors have been identified that contribute 

to the rate of sulphide oxidation such as surface area. The surface area is dependent on the grain 

size and morphological form of the mineral (Lowson, 1982). Nicholson (1994) suggests that the 

rate of oxidation is proportional to the available surface area. 

The temperature dependence of the oxidation rate constant follows the Arrhenius 

Equation: 

kg = Ae -Eo/RT ( 9 ) 

where: ko = rate constant 

A = Arrhenius factor 

E 0 = activation energy 

R = gas constant 

T = temperature 

The E 0 value for pyrite oxidation is between 60 to 90 kJ/ mole. This range is higher than 

the E 0 value for transport controlled reactions (approximately 20 kJ/mole) and lower than the 

energy necessary to break crystal bonds (160 to 400 kJ/mole), suggesting that surface reactions 

are reducing the activation energy (Lasaga, 1984). The Arrhenius relationship suggests that an 
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increase in temperature increases the rate of reaction and the higher the E 0 value the larger the 

change. Sulphide oxidation reactions are exothermic; for example, equation 1 would release 1440 

kJ/mole (Lowson, 1982). As a result, oxidation of sulphides can lead to a temperature increase in 

the system which increases the rate of oxidation. Since temperature is readily measured, it has 

been used to determine the oxidation rates in waste rock piles (Harries and Ritchie, 1981). 

The decrease of pH below 2.5 leads to an increase in the numbers of bacteria that catalyze 

the iron and sulphur oxidation reactions (Kleinmann et al, 1981). The bacteria Thiobacillus 

ferrooxidans can increase pyrite and ferrous iron oxidation rates by a factor of 10 to 100 

(Nicholson, 1994). Other bacteria {Thiobacillus thiooxidans) catalyze sulphur oxidation (Gould 

et al, 1994). Iron and sulphur oxidizing bacteria also exist in more neutral conditions, however, 

the rates of inorganic oxidation are faster at higher pH values than the bacterial rates. Lower pH 

conditions lead to a significant increase in the rates of microbiological processes relative to the 

chemical reactions. In the pH range of 1 to 3.5 and with temperatures up to 40°C, pyrite and 

ferrous oxidation catalysis by bacteria is most effective (Gould et al, 1994). Sulphur oxidation by 

bacteria is most effective in the pH range 0.5 to 4 and in the temperature range 25° to 30°C 

(Gould et al, 1994). Taylor and Wheeler (1984) suggest that, during ARD generation, the 

microbial oxidation is more common in aerobic, unsaturated conditions while chemical reactions 

are dominant in anaerobic, water saturated systems. This indicates that microbial processes are 

more significant in ARD from waste rock piles, mine workings and open pit walls and relatively 

minor within the saturated zone of tailings impoundments. 
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Mineral Dissolution and Alteration 

Factors that contribute to carbonate and silicate dissolution and alteration are (Morse, 

1983; Sverdrup, 1990; Sherlock et al, 1995): 

• PH 

• partial pressure of carbon dioxide (PCO2) 

• stable, equilibrium conditions 

• temperature 

• mineral size and morphology 

• redox conditions 

• concentration of other ions and organics 

The more important rate determining factors are pH, PCO2 a n a * equilibrium conditions. 

The pH dependence is due to mineral dissolution and alteration that involves surface reactions 

between the hydrogen ions in solution and the ions held within the crystal lattice (Lasaga, 1984; 

Wieland et al 1988; Sverdrup, 1990). 

The presence or absence of carbon dioxide is important in controlling the dissolution rate 

of carbonates. There is an increased solubility in open system dissolution (i.e. gas is able to enter 

solution) relative to closed system dissolution (i.e. no gas exchange; Stumm and Morgan, 1981). 

Temperature is another factor that contributes to the rate of carbonate and silicate 

dissolution. The rate dependence is described by the Arrhenius Equation (equation 9) with 
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activation energy values for silicates of 40 to 80 kJ/ mole and calcite of 35 kJ/mole (Lasaga, 

1984). Most minerals have a solubility proportional to temperature except carbonate and sulphate 

minerals. The latter have decreased solubility with increasing temperature due to a change in the 

equilibrium constant (Stumm and Morgan, 1981). During sulphide oxidation, the associated 

temperature increase will increase the oxidation rate but could decrease the solubility of calcite 

resulting in reduced neutralization capacity. 

Another factor that influences the dissolution rate of carbonates and silicates is mineral 

composition and structure. The more complex the bonding in a mineral lattice the more stable the 

mineral. Natural minerals have impurities and variable composition which affect whether mineral 

dissolution will be congruent (dissolution) or incongruent (alteration). 

Redox conditions may also affect silicate and carbonate mineral dissolution due to the 

presence of ions of various oxidation states in the crystal lattice. Hering and Stumm (1990) cite 

examples where a mineral is more soluble either in the oxidized state, for example Mn-oxides, Fe-

oxides and Fe-silicates, or in the reduced state, for example C ^ G ^ and V 2 O 3 . 

As a mineral dissolves or alters, the presence of ions in solution can increase the solubility 

of the mineral due to complexing and the formation of aqueous species (Stumm and Morgan, 

1981). Ions in solution can also be adsorbed onto the crystal surface and block the reactive sites, 

thereby decreasing solubility. Identified inhibitors of calcite dissolution, via adsorption processes, 

include magnesium, phosphate, organics, sulphate and metals (Terjesen et al, 1961; Morse, 1983). 
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In ARD processes, therefore, the increased concentration of metals and sulphate due to sulphide 

oxidation could lead to a decrease in solubility of the calcite. 

It is possible to classify different mineral types, and the minerals within each type, on the 

basis of their reactivity (e.g. Sverdrup, 1990; Lasaga, 1984). With respect to mining wastes, 

Jambor (1994) suggests a general sequence of sulphide reactivity (from readily decomposed to 

increased resistance): 

pyrrhotite > galena - sphalerite > arsenopyrite - pyrite > chalcopyrite 

The relative reactivity of carbonate minerals as suggested by Evangelou et al (1985), from 

most reactive to least, is: 

calcite > dolomite - ankerite > siderite 

Sverdrup (1990) has presented a detailed classification of mineral reactivity based on 

laboratory experiments (Table 2.1). Ritchie (1994) has compared rates of oxidation and 

dissolution/alteration reactions in a waste rock environment. Based on field observations the rate 

of sulphide oxidation was identified as approximately the same as calcite dissolution under natural 

conditions, although for many other carbonates and silicates, dissolution and alteration rates are 

significantly slower then sulphide oxidation. 
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Table 2.1: Reactivity Classification of Neutralizing Minerals (after Sverdrup, 1990) 

Mineral Group Typical Minerals 

Dissolving calcite, aragonite, dolomite, magnesite, brucite 

Fast Weathering anorthite, nepheline, olivine (forsterite), garnet, jadeite, 

leucite, spodumene, diopside, wollastonite 

Intermediate Weathering sorosilicates (epidote, zoisite), pyroxenes (enstatite, 

hypersthene, augite, hedenbergite), amphiboles (hornblende, 

glaucophane, tremolite, actinolite, anthophyllite), 

phyllosilicates (serpentine, chrysotile, talc, chlorite, biotite) 

Slow Weathering plagioclase feldspars (albite, oligoclase, labradorite), clays 

(vermiculite, montmorillinite) 

Very Slow Weathering K-feldspars, muscovite 

Inert quartz, rutile, zircon 

2.1.3 A R D PREDICTION M E T H O D S 

The purpose of waste characterization is to determine the ARD potential for a site. 

Interpretation of prediction data are used for site plans, treatment and control measures. This is 

particularly apparent in Provincial Mining Acts that require mine sites to be physically and 

chemically stable during and after operation. 

Prediction of the ARD potential is an iterative process that is carried out during 

exploration, development, operation and closure of a mine site with prediction methods including 

the following assessments (BC A M D Task Force, 1989; Price and Errington, 1995): 

• previous work/mining in area 
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• environmental and geological models 

• tests that determine metal leaching 

• static tests 

• kinetic tests in the laboratory or field 

• mathematical models 

Of these methods, the static and kinetic predictive tests are used extensively in British 

Columbia and most other jurisdictions. These methods are outlined below. 

Static Methods 

Static prediction methods measure the theoretical balance between acid producing and 

neutralizing components of a waste material. The first test to be widely employed was the acid 

base accounting (ABA) method by Sobek et al (1978) which can be termed the standard ABA. 

Various other methods have been developed and are summarized in Coastech Research Inc. 

(1991). These methods include: 

• Modified A B A 

• BC Research Initial Test 

• Net Acid Production (NAP) Test 

• APP / S ratio 

The standard and modified A B A tests are the most commonly used static tests in British 

Columbia, although in the early 1980's, the BC Research initial test was preferred. The NAP and 

APP/S methods have only limited application in waste charaterization studies and are not 

discussed in further detail in this thesis. 
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The above techniques involve laboratory methods to determine AP (acid potential) and NP 

(neutralizing potential) values for a sample. In general, the AP is determined by analyzing a 

sample for sulphur content and multiplying by 31.25 to convert to units of kg as calcite per tonne 

(kg CaCOyt) of material. The standard A B A test assumes that: 

• all the sulphur is in sulphide (S 2) 

• pyrite (ferrous iron sulphide) completely oxidizes to sulphate and ferric iron 

• ferric iron precipitates as Fe(OH)3 

In the modified A B A procedure, determination of AP considers the sulphur already in oxidized 

form, i.e. sulphate, which would not contribute to the acid potential of the sample. AP is 

therefore based on the sulphide content of the sample. 

In the standard and modified ABA tests, the NP is determined by digesting a sample in 

excess acid and back-titrating the solution with base to a predetermined pH. The amount of acid 

consumed during digestion is then calculated using the amount of base added during the titration. 

The principal differences between the static prediction tests is the digestion conditions. 

Differences in the various static tests, summarized in Coastech Research Inc. (1991) and other 

proposed techniques, are the result of identified shortcomings of the standard A B A test. 

Lawrence (1990) suggests that boiling during the NP determination of the standard A B A method 

may introduce components to solution that influence the NP value. The modified A B A 

(Lawrence, 1990) uses low temperature digestion over a longer time period and uses sulphide-

sulphur to estimate AP. Lapakko (1994) suggests that the low pH conditions of the standard acid 

digestion may lead to dissolution of carbonate minerals and least stable silicates (olivine, 
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pyroxene, calcic plagioclase) which would contribute to NP values, while the more stable silicates 

(K-feldspar, mica and quartz) will not. He suggests a procedure in which the acid digestion is 

carried out to a pH value of 6.0 in order that only the neutralizing capacity of carbonates is 

measured. The B C Research Initial method involves titrating, with acid, a sample in water to pH 

of 3.5 and using the amount of acid added to reach this pH to determine the NP. The end pH of 

3.5 is based on the premise that below this pH bacteria will catalyze the sulphide oxidation. 

Therefore, if the acid production is not sufficient to lower pH below 3.5, then biochemical 

oxidation, and ARD, will not occur. 

The results of an A B A test can be interpreted in two ways. In the first, the Net NP (net 

neutralizing potential) is calculated by taking the arithmetic difference of NP and AP. A Net NP 

value less then -20 can be interpreted to indicate that the sample has a high ARD potential and if 

greater then +20, a low potential (BC A M D Task Force, 1989). Data between -20 and +20 

requires further study by kinetic techniques to evaluate the ARD potential. The second 

interpretation of A B A data, which has found increased use recently, uses the NP:AP ratio to 

determine the ARD potential rather than the Net NP value. This is because the NP:AP ratio 

reveals the relative proportion of acid generating and acid consuming components. Interpretation 

of NP: AP values varies with different jurisdictions. In British Columbia, Price and Errington 

(1995) propose that for initial classification of waste material, a sample with NP:AP ratio less than 

1, has a high potential for ARD. If the ratio is greater than 4, then the sample has a low potential 

for ARD. Those samples with NP:AP ratios between 1 and 4 require further kinetic testing. 
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More recently, field-based prediction methods have been proposed (Kwong, 1993; Brodie 

et al, 1991). These field techniques involve a visual determination of the sulphur and carbonate 

content and the use of weighting factors, for example grain size, structural features and crystal 

morphology, to assess the ARD potential. 

Kinetic Methods 

Kinetic methods are used to test the interpretation of the static test data, determine the 

long term rate of acid generation (sulphide oxidation) and metal leaching, test proposed control 

and mitigation measures and more recently, determine the depletion rate of the neutralization 

potential. The various kinetic methods that have been proposed include both laboratory and field 

techniques (Coastech Research Inc., 1991) and include: 

• Humidity Cells 

• Columns 

• BC Research Cofirmation test 

• Shake Flasks 

• Soxhlet extraction 

• Field test pads 

The differences between the tests are based on the complexity, scale, duration, cost and 

data requirements. Humidity cells and columns are commonly used in British Columbia to 

determine the rate of ARD generation. Most of these tests measure metal and sulphate 

concentration, pH and alkalinity of the leachate over time. This allows the rate of sulphide 

oxidation, based on the assumption that sulphate in solution is the result of oxidation, and the rate 

of metal release to be determined, both expressed on either a weight or surface area basis. 
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To a limited extent, kinetic test data have included the determination of the NP depletion by 

considering molar ratios and oxidation rates (Morin and Hutt, 1994; Morin et al, 1995a, 1995b) 

and metal leaching rates for calcium and magnesium (Lapakko, 1987, 1990; Bradham and 

Carrucio, 1990; White and Jeffers, 1994; White et al 1994). Lapakko (1987) and Ferguson and 

Morin (1992) determined the occurrence of ARD by plotting the molar ratio of measured sulphate 

to alkalinity over time and noted an increase in this ratio prior to the decrease in pH. Morin and 

Hutt (1994) and Morin et al (1995a, 1995b) have used kinetic test data to determine the "safe" 

NP:AP ratio and NP depletion rates by plotting the molar ratio of cations from neutralizing 

minerals (calcium, magnesium, potassium, sodium, strontium) to sulphate. A review of these rate 

calculations will be presented in Chapter 3 with the database analysis. 

As a final note to ARD prediction data, many protocols for waste characterization have 

been developed independently with many investigators having different approaches and 

interpretations for ARD prediction data. For example, static prediction methods have similarities 

in that all quantify the acid producing and consuming potential. However, a variety of acronyms 

have been identified in the literature (Table 2.2). Some of these names differ due to to differences 

in test methods. Many names, however, are based on the same test procedure. There are also 

various approaches to the data collection and manipulation of data from kinetic testing. One can 

recognize from this that a guideline to reporting ARD prediction is necessary and 

recommendations for reporting, based on the review of the database, are presented in Chapter 5. 
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Table 2.2: Examples of Acronyms from Static Prediction Tests 

AP Acid Potential NP Neutralization Potential 

APPS Acid Producing Potential ACP Acid Consuming Potential 

M P A Maximum Potential Acidity AC Acid Consumption 

PA Potential Acidity ANC Acid Neutralizing Capacity 

A G C Acid Generating Capacity NC Neutralization Capacity 

SAP Sulphide Acid Potential 

2.2 R E V I E W O F A L K A L I N I T Y A N D C A R B O N A T E E Q U I L I B R I A IN 

A R D P R E D I C T I O N 

The carbonate system is complex and involves the transfer of carbon among three phases: 

gas, liquid and solid. When carbon dioxide (C0 2) is brought into contact with water it dissolves 

forming carbonic ions (H 2C0 3) until an equilibrium state is reached. Carbonic ions will dissociate 

to hydrogen ions (H+)> bicarbonate ions (HC0 3 ) and carbonate ions (C0 3

2 ) depending on the pH. 

Below pH 6.3 carbonic ions are the dominant species in solution, between pH 6.3 and 10.3 

bicarbonate ions are dominant and above pH 10.3 carbonate ions are dominant. These aqueous 

species will form as a result of carbonate mineral dissolution (equation 5 and 6) with pH 

determining the form in solution. 

Alkalinity is the buffering capacity of a water sample determined by titrating the sample 

with an acid to a specific pH and the amount of acid added is expressed as calcite equivalents per 

litre (mg as CaC0 3 /L). Alkalinity is also referred to as the acid neutralizing capacity (ANC). In 

most natural surface and groundwater alkalinity is represented by equation 10 (Stumm and 

Morgan, 1981;Drever, 1988): 
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Alkalinity = [HCCy] + 2[C03

2"] + [0H-] - [H+] ( 1 0 ) 

Other constituents that contribute to alkalinity are species capable of combining with 

hydrogen during titration. Examples are hydroxide complexes, HS", S2", H 3Si0 4", H j B O ^ and 

dissociated organic acids. Since borate, silicic acid, bisulphides, organic anions, hydrogen and 

hydroxide ions are in relatively low concentrations in natural waters, the carbonate system is 

generally used to define alkalinity (termed carbonate alkalinity). 

Various reactions will effect alkalinity. For example, the precipitation of calcite (equation 

5) indicates that for every mole of carbonic species lost from solution as a result of calcite 

precipitation, there are two moles of hydrogen ions generated and alkalinity is not conserved. 

Another example is the oxidation of metals, such as Fe 2 + > that will hydrolyze upon oxidation and 

produce protons. Other reactions that affect alkalinity include: photosynthesis, nitrification, 

denitrification, sulphide and metal oxidation, sulphate reduction, and mineral precipitation or 

dissolution. Degassing of carbon dioxide (HC0 3* + FT = C 0 2 + HjO) does not affect the 

alkalinity since for every mole of carbon dioxide generated, one mole of hydrogen ions is also lost 

and alkalinity is conserved. 

The opposite of alkalinity is acidity which describes the capacity of a water to donate 

protons (Stumm and Morgan, 1981) and is also referred to as base neutralizing capacity (BNC). 

Sources of acidity are dissolved or suspended hydrolyzed constituents including gases, such as 

C 0 2 or H 2 S; inorganic ions such as Fe3*, A l 3 + , or HS0 4

_ , dissolved organics, such as humic and 

fulvic acids; and suspended material such as clays and metal hydroxides. Acidity is determined 
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by titrating a water sample with a base to a specific pH and the amount of base added is expressed 

as mg as CaC0 3 /L . 

The application of alkalinity and acidity to ARD prediction occurs in both static and 

kinetic methods. The determination of NP is based on the introduction of ions to solution during 

digestion that would contribute to the alkalinity (or ANC) of the water. Alkalinity and acidity 

measurements are also used to interpret kinetic test data, but given the various reactions that can 

affect alkalinity, the measurements may not be representative of the neutralization reactions that 

have occurred. This limits alkalinity measurements to a more qualitative interpretation of kinetic 

test data. 

The buffer intensity (P) is a measure of a solution's ability to resist changes in pH. The 

carbonate system is most important in affecting the buffer intensity and neutralizing capacity of 

natural waters. However, there are other heterogeneous chemical, biological and geochemical 

processes that may contribute to the buffering of solutions (Stumm and Morgan, 1981; Drever, 

1988; Morel and Hering, 1993). Theoretically, silicate minerals have a greater neutralizing 

capacity than the carbonate minerals. However, these reactions are slower than the more reactive 

carbonates. It is for this reason that the more important buffering within near surface natural 

waters is by the carbonate system. Under ARD conditions, once the carbonate neutralizing 

capacity is exhausted then silicate dissolution is the dominant acid neutralization reaction. 
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2.3 R E V I E W O F S T A T I S T I C A L M E T H O D S IN A R D P R E D I C T I O N 

The field of statistics can be broadly divided into two areas: descriptive and inferential 

statistics. The former includes the collection, presentation and description of data with common 

descriptors being histograms, mean, mode, standard deviation and variance of samples. 

Inferential statistics uses descriptive statistics of a sample set to make inferences for the 

population. These statistical analyses may be completed using parametric or non-parametric 

techniques with the difference between these techniques described in the following. 

For most parametric statistical methods, it is a requirement that the sample sets be 

collected randomly from the individual populations (Rock, 1988) and that sampling from one 

population cannot be related to sampling from another population, i.e. the sources of these data 

are not the same or related (referred to as independent sampling). In addition, many statistical 

methods are based on a normal, or gaussian, distribution. Most geochemical data are skewed, 

usually lognormal, which Ott (1990) suggests is due to successive random dilution processes 

occurring from the initial to the final concentration. Parametric analytical techniques assume a 

normal distribution either naturally or as a result of data transformation. Common data 

transformations include square root, logarithmic, reciprocal, and angular. 

ARD and environmental data are commonly analyzed using parametric methods, primarily 

descriptive statistics. Two important limitations of these analysis are the distribution of the data 

and the detection limits (Helsel, 1987). For analysis it is usually assumed that the distribution is 

normal and/or that the parametric methods are sufficiently "robust" to compensate 

for the non-normal distribution. If these data are below the detection limit it tends to be either 
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disregarded or represented by a minimum value which introduces a bias into the data set leading 

to an incorrect assessment by statistical analysis. Helsel (1987) proposes non-parametric methods 

be used for the statistical analysis of geochemical data. Non-parametric (or distribution free) tests 

are independent of the data distribution and are therefore unaffected by it. These methods are 

based on ranking and/or weighting of the data (Helsel, 1987; Rock, 1988). 

Regression and Correlation 

A common statistical analysis, particularly in waste characterization studies, is linear 

regression or correlation analysis. Regression analysis determines an equation to predict the value 

of the dependent variable (y) given values for the independent variables ( x i , x 2, x m ) (Rock, 

1988). Correlation analysis determines the relationship between the variables, or the effect of the 

independent variables on the dependent variable. 

Time Series Analysis 

The main objective of time series analysis is to identify patterns in data, that can be 

extrapolated to future conditions, providing a basis for prediction (Pari, 1967). The components 

of time series data include secular trends (long term), cyclical variations (intermediate), seasonal 

variations (short term) and irregular variations. 

Statistical methods are used extensively in waste characterization studies and ARD 

prediction. Waste characterization studies involve sampling ore, waste rock material and tailings 

to determine the ARD potential. Sampling strategy is site specific since the number and type of 

specimens collected depends on the character of the lithologies present (BC A M D Task Force, 

1992; Price and Errington, 1995). Design of an ARD prediction sampling program should ensure 
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that representative samples are collected with detailed descriptions of geology, mineralogy, and 

weathering. As a guideline, the British Columbia Ministry of Energy, Mines and Petroleum 

Resources (Price and Errington, 1995) has proposed the following: 

Mass of Rock Type (tonnes) Minimum Number of Samples 

< 10,000 3 

< 100,000 8 

<1,000,000 26 

10,000,000 80 

There are situations where these minimum number of samples is sufficient. There are 

situations, however, where these may not be sufficient if one considers inhomogenieties of either 

the in-situ material, for example the geology and structural features, or the excavated material 

(tailings and waste rock), for example layering and particle size distribution. There is also the 

consideration of the "representativeness" of the samples, for example are they the worst-case or 

average, are they fresh or weathered samples, are they surface samples or taken at depth? These 

are some of the considerations used to develop sampling strategies for individual sites and results 

in the sampling density to be site specific; commonly based on either a systematic grid or stratified 

sampling. There is also statistical considerations in determining the number of samples required. 

In general, there is no correct number of samples, although statistical methods need between 30 to 

100 to satisfy the Central Limit Theorum (Helsel, 1987; Rock, 1988). 

Statistical analysis of AP, NP, Net NP and NP:AP values are commonly completed by 

parametric techniques of descriptive statistics. In general, the samples are divided into the 

lithologic units and the mean, minimum, maximum and standard deviation is used to characterize 
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the ARD potential. These descriptive statistics of the sample sets are used to make inferences 

about the population (or the entire lithologic unit). These characterizations are then used in mine 

operation, closure and waste material disposal plans since the purpose of testing material is to 

allow for classification and planning, based on the ARD potential of the material, to prevent the 

generation of ARD and the migration of contaminated runoff. 

Regression/correlation techniques have been used for a proposed waste classification 

scheme at the Windy Craggy property in northern British Columbia (Claridge and Downing, 

1993; Downing and Giroux, 1993); to predict water quality from existing waste rock piles at Bell 

Mine (Morin and Hutt, 1993b); and the monitoring frequency of waste pile seepage at Island 

Copper (Morin et al 1993). At Windy Craggy, correlation between lithologies and calcium 

content were extrapolated to the deposit block model, to ensure that any potentially acid 

generating mine blocks were disposed of safely. At the Bell and Island Copper Mine sites, the 

correlation between the logarithmic copper concentration and pH were used to predict short and 

long term peak metal concentrations as well as long term water quality from the waste rock 

dumps. Time series analysis has not been used in ARD prediction investigations and may have 

application in long term kinetic tests and on-site monitoring data to determine short and long term 

trends in the data that can be extrapolated into the future, providing a temporal prediction of 

water quality. 

28 



3.0 ACID ROCK DRAINAGE DATABASE REVIEW 

3.1 INTRODUCTION 

Two databases, DBARD (database for acid rock drainage) and WasteDB (database for 

waste rock dump monitoring), managed by the Chair of Mining and Environment at the University 

of British Columbia have been evaluated. DBARD (Morin and Hutt, 1993a; Lawrence, 1994b; 

Lawrence and Harries, 1995) was developed through the initiative of the B C A M D Task Force in 

1990 to store and retrieve data from ARD test work. WasteDB (Lawrence, 1994a) was initiated 

in 1993 to identify sites which currently monitor on-site water quality related to either existing or 

potential ARD in waste rock piles. The WasteDB does not contain the on-site monitoring data 

but does provide the information on what kind of data are available at different mine sites and 

how to access them. 

This chapter of the thesis will present a review of DBARD using data from metal deposits 

within British Columbia. Background to the development and structure of DBARD will be 

presented, followed by the analyses of the static and kinetic prediction data in the database. The 

static test data are analyzed by: comparing data between sites based on geographic location and 

geology, assessment of paste pH as a screening tool, and determining the relation between the 

data and lithogeochemistry. The evaluation of kinetic test data follows the static data analysis and 

involves the assessment of different rate calculations and the relationship between the static 

prediction data and the determined rates. The majority of the prediction data in DBARD is from 

static tests and, as a result, form the basis for the largest part of the analysis. In evaluating the 

prediction data, various analysis and interpretative methods were identified in the literature 
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related to static and kinetic prediction data collection and interpretation. Given the current 

variety of approaches to waste characterization, a guideline for reporting ARD prediction data is 

presented in Chapter 5.0 to streamline ARD reporting and to facilitate future database analysis. 

3.2 DBARD 

3.2.1 H I S T O R Y 

A brief synopsis of the history and programs used by DBARD will be presented in this 

text. More detailed information can be attained from Morin and Hutt (1993a), Lawrence (1994b) 

and Lawrence and Harries (1995). 

The database initially used dBASE III Plus software and, in early 1992, the preliminary 

Version 2.0 (alpha) was released (Morin and Hutt, 1993a). In 1992, custodianship of the 

database passed to the Chair of Mining and Environment, University of British Columbia to 

continue data input and improve database format. The final release of Version 2.0 occurred in 

1994. The next phase of DBARD, completed 1995, includes continued data entry and conversion 

to Paradox for Windows software (Lawrence and Harries, 1995; Lawrence and Sherlock, 1995). 

3.2.2 D B A R D D A T A FILES A N D S T R U C T U R E 

The data files that comprise DBARD (in dBASE III and Paradox) include information 

related to mine site, sample location and lithology, static prediction data, kinetic prediction data, 

short term metal leaching data, and whole rock chemistry. The data entered in each file has been 
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extracted from mine permit submission documents, the BC A M D Task Force 1987 survey, annual 

environmental and reclamation reports and other reports from the individual sites. 

The mine information database includes coal and metal operations, primarily in British 

Columbia, with additional national and international sites. The type of information within this file 

includes mine name, owner/operator, location, commodity, grades, deposit type and principle 

sulphide and carbonate minerals present. There are currently 120 mines listed with 3 industrial 

mineral, 26 coal and 91 metal deposits. The sample and geology databases include sample 

identification, location description and lithology/mineralogy. 

The static prediction test database includes data from 69 sites with 9 being coal deposits 

and 60 metal deposits. Only metal deposits are considered in this thesis. The information in this 

file includes mine identification, sample identification, paste pH, total sulphur, sulphide-S, 

sulphate-S, organic-S, acid potential (AP), sulphide acid potential (SAP), neutralization potential 

(NP), carbonate neutralization potential (CNNP) determined from carbon content, the net 

neutralization potential (Net NP) which is the arithmetic difference of NP and AP, the refined net 

neutralization potential (RNNP) which is the arithmetic difference between NP and SAP, the ratio 

of NP:AP and NP:SAP. Review of the information sources indicates that there are numerous 

terms and calculations used in waste characterization programs to present and interpret static test 

data. The terms and calculations in DBARD are presented here. It should be noted that in 

DBARD the units of the static data (AP and NP) are in equivalents of calcite, that is, kilograms as 

calcite per tonne of material (kg as CaC03/tonne). For internal consistency some of the static 

data have been converted to these units prior to entry to the database. For example, for the BC 
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Research Initial Test, the sulphuric acid equivalent (kg as Ff^SCVtonne) is converted to calcite 

equivalent by multiplying by 1.02. 

The kinetic prediction test data file includes 80 individual samples from 9 deposits. 

Information includes the mine identification, sample identification and description, the number and 

type of cycles, the parameters monitored, and measured concentrations. The concentrations from 

the leachate analysis are reported as either parts per million (ppm or milligrams per litre) or parts 

per hundred (%). For this thesis, the results of 54 kinetic tests from 8 mine sites were considered 

since corresponding static data are available. 

The sample lithogeochemistry analysis data are from 55 sites and includes mine name, 

sample identification, analysis technique, parameters monitored and measured concentrations. 

Concentrations in this case have been entered as either parts per million (ppm) or parts per 

hundred (%). For this thesis, 22 sites have been considered for analysis as there is geochemistry 

data with corresponding static prediction data. 

The metal leaching data are from one-time batch tests used to describe the short term 

leaching characteristics of a sample (e.g. SWEP test). These tests do not define the time 

dependent leaching rates and are affected by accumulated oxidation products. Within DBARD 

there are 79 samples from 13 sites, of which 4 are coal and 9 are metal deposits, which have data 

from these types of tests. These data were not assessed as part of this thesis. 
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3.3 DATA ANALYSIS 

The analysis of the data in DBARD is presented in this section with static data considered 

first, followed by kinetic prediction data. The static test data are analyzed by: comparing data 

between sites based on geographic location and geology (using genetic deposit type); assessment 

of the paste pH as a screening tool; and determining the relation between the data and 

lithogeochemistry. Evaluation of kinetic test data involves the assessment of the calculation of 

sulphide oxidation and NP depletion rates and the relationship between these rates and static 

prediction data. 

3.3.2 STATIC TEST DATA 

Static Prediction and Geology 

One objective of establishing DBARD is to facilitate comparison between sites. New 

British Columbia government ARD guidelines (Price and Errington, 1995) recommend 

comparisons between sites as one component of the waste characterization program since it is 

possible that new sites can use the experience gained at other sites. Price and Errington (1987) 

and Kwong (1993) suggest that different deposit types have differing ARD potential and an 

understanding of the deposit type may aid in the prediction of ARD. Classification of ore deposits 

can be based on commodity, morphology and origin. For this project, deposits are grouped 

genetically (Evans, 1980; McMillan et al, 1991) and are ranked, from highest ARD potential to 

lowest (Kwong, 1993): 
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1. sedimentary exhalative massive sulphides (sedex) 

2. volcanogenic massive sulphides (VMS) 

3. calc-alkaline suite porphyry 

4. epithermal Au-Ag 

5. mesothermal vein Au 

6. alkaline suite porphyry 

7. skarn 

The first analysis of the static prediction data was to determine the relationship between 

static prediction data and broader scale geologic features, using the premise that mine sites with 

similar mineralogy (geologic deposit type) or geographic location can be compared. 

A summary of the static prediction data including: mine name, deposit type, prediction 

method and the descriptive statistics (including number of samples, minimum value, maximum 

value and mean value) for paste pH, AP, NP, Net NP and the NP:AP ratio is presented in 

Appendix 1. These data for paste pH, Net NP and NP:AP are presented for ore (Figure 3.1a, b, 

c), waste rock (Figure 3.2a, b, c) and tailings (Figure 3.3a, b, c) showing the minimum, maximum 

and mean values, for each mine site, grouped by deposit type. For this analysis the calc-alkaline 

and alkaline porphyry deposit types have been grouped together, and referred to as porphyry, 

since there is insufficient information in DBARD to distinguish the two deposit types. Also, mine 

sites numbered 30, 33, 34, 35 and 36 (Appendix 1) have not been included in Figures 3.1 to 3.3 as 

they do not have static prediction data in DBARD. 
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Figure 3.1a: Mean, minimum and maximum paste pH values for ore at DBARD sites 
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Figure 3.1b: Mean, minimum and maximum Net NP values for ore at DBARD sites 
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Figure 3.1c: Mean, minimum and maximum NP:AP values for ore at DBARD sites 
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Figure 3.2a: Mean, minimum and maximum paste pH values for waste rock at DBARD sites 
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Figure 3.2b: Mean, minimum and maximum Net NP values for waste rock at DBARD sites 
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Figure 3.2c: Mean, minimum and maximum NP:AP values for waste rock at DBARD sites 
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Figure 3.3a: Mean, minimum and maximum paste pH values for tailings at DBARD sites 
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Figure 3.3b: Mean, minimum and maximum Net NP values for tailings at DBARD sites 
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Figure 3.3c: Mean, minimum and maximum NP:AP values for tailings at DBARD sites 
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The data included in this analysis indicate that there is a broad range of values for static 

prediction data regardless of deposit type. Nonparametric statistical analysis (not presented) 

using the Kruskal-Wallis comparison of means test, was used to compare the mean values of Net 

NP and NP:AP since the data do not have a normal distribution. This analysis determines if the 

mean values of the deposit types are statistically different. For ore samples, the Net NP and 

NP:AP are not statistically different for epithermal, mesothermal and porphyry deposits. VMS, 

sedex and skarn deposits are also not statistically different. The epithermal, mesothermal and 

porphyry deposits, however, are statistically different than the VMS, sedex and skarn deposits. 

For waste rock, Net NP and NP.AP are not statistically different for mesothermal, porphyry and 

skarn deposits. The epithermal, sedex and VMS deposits are also not statistically different. The 

mesothermal, porphyry and skarn deposits, however, are statistically different from the 

epithermal, sedex and VMS deposits. For tailings samples, Net NP and NP:AP is not statistically 

different for all deposit types except VMS. This indicates that, in general, the Net NP and NP:AP 

for the different deposit types do not statistically differ. These descriptive statistics, however, are 

based on an overall consideration of the site, that is all the data from the site. More recent waste 

characterization studies evaluate the ARD potential based on the various lithologies of the site. 

For example, Figure 3.4a, b, c presents mean, maximum, and minimum values for paste pH, Net 

NP and NP:AP for one mine site (Mine No. 57; Appendix 1) where seven different waste 

lithologies (or waste units) have been identified. This illustrates that at an individual mine site the 

static test data can be variable. Non-parametric statistical analysis was used to compare the mean 

values of Net NP and NP:AP ratios of these different lithologies and indicates that waste units 2 

and 4 are not statistically different and waste units 1, 3, 5, 6 and 7 are also not statistically 

different, although these two groups are statistically different. 
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Figure 3.4a: Minimum, maximum and mean paste pH for individual waste rock units at Mine 57 
(Appendix 1) in DBARD 
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Waste rock NP and AP data from epithermal deposits in the Toodoggone mining district 

are plotted in Figure 3.5a. A broad range in static prediction data from adjacent mine sites with 

similar mineralogy and lithology is recognized suggesting there is no correlation between NP and 

AP between the sites. This lack of correlation is also recognized in other mining districts in 

British Columbia. For example, Figure 3.5b is a plot of NP and AP for various deposit types from 

another mining district, the Iskut-Eskay Creek. The lack of any NP-AP correlation between sites 

suggests that, although it may be appropriate at new sites to consider neighbouring sites 

prediction data as a guideline to the sampling program or methodology, direct comparison 

between the sites may not provide a true indication of the ARD potential. Differences between 

sites can exist due to different geology, lithology/mineralogy, alteration and weathering. 

Differences between sites can also exist due to the use of different static prediction tests. 

Lawrence et al (1994) and Lawrence and Wang (in prep) report that the measured NP can vary 

significantly for a sample depending on either the static test used or the procedural variations in 

the same test. 

Paste pH and Waste Characterization 

Paste pH (the pH of a paste made from mixing finely ground sample with water) is often 

used as an initial screening tool in waste characterization studies and its use is recommended in 

the British Columbia ARD guidelines (Price and Errington, 1995). For example, materials with a 

paste pH less than 3.5 will be considered a potential source of ARD while samples with either 

more then 0.3 wt% sulphide-S or a paste pH less than 5.0 would require further testing (Price and 

Errington, 1995). Ferguson and Morin (1992) plot the NP:AP ratio versus the paste pH and 

suggest that paste pH measurements can infer NP:AP ratios, thereby indicating the ARD 
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potential. Plots of NP:AP versus paste pH for DBARD data, grouped by deposit type, are 

presented in Figures 3.6 (a to f). Skarn deposit data have not been plotted as there is minimal 

data available. The samples with paste pH values below 7.0 generally have NP:AP ratios less then 

4:1, with exceptions for sedex and tailings. Such correlation allows for a quick, relatively 

inexpensive technique to approximate the NP:AP ratio based on the field measurements of paste 

pH. These correlations may not exist at all sites and would need to be identified and calibrated for 

a site by initially collecting sufficient samples to characterize the paste pH and NP:AP for the 

individual waste units. 

Statistical analysis of NP:AP and paste pH allows for a further quantification of their 

relationship. If the dependent variable is defined as the paste pH and the independent is the 

NP:AP ratio, distribution plots of the data (not shown) would indicate that the distribution is not 

normal but skewed. The data, therefore, can be transformed to a normal distribution by 

converting to its natural logarithm. Using SYSTAT, regression analysis determined the best fit 

equation in the general form: ln(paste pFf) = b 0 + bi In (NP:AP). These best fit equations are 

included in Figure 3.6 (a to f). 

Static Prediction and Lithogeochemistry 

To investigate the relationship between static prediction data and lithogeochemistry, 

DBARD data was examined to determine if either whole rock chemistry or carbon dioxide 

content correlate with NP determination. Claridge and Downing (1993) noted a correlation 

between neutralization potential and calcium content at the Windy Craggy deposit, northwestern 

British Columbia, and suggested that assay data can be used to estimate the NP. Graphs of 
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calcium, magnesium, sodium, potassium, aluminum and iron (ppm) and NP were generated using 

DBARD data. Calcium plus magnesium versus NP is presented in Figure 3.7a (tailings) and 3.7b 

(waste rock), with the results supporting the findings of Claridge and Downing. In general, there 

are trends between NP and calcium and magnesium with an NP value of 75 to 100 kg CaCCVt 

dividing these data into groups. Other data available in DBARD would suggest that these trends 

are due to the mineralogy of the sample. The first correlation with NP (labeled A, Figure 3.7a, b) 

occurs in samples with a higher magnesium content than calcium. The lithologic description 

extracted from the data sources indicates that these samples have more mafic minerals (e.g. 

greenstones, pyroxenites). The second correlation (labeled B, Figure 3.7a, b) occurs in samples 

containing a higher calcium content than magnesiumn. The lithologic description indicates that 

these samples have more felsic and carbonate minerals. A third trend, presented in Figure 3.7a 

inset, occurs at NP values less than 100. Sodium, potassium, iron and aluminum do not correlate 

with NP (not presented). 

The carbon dioxide content of samples has been analyzed in order to determine the 

carbonate content of the sample and its correlation to NP (Morwijk Enterprises Ltd., 1992; Lister, 

1994; Lawrence and Wang, in prep). Graphs of NP and CNNP (carbon dioxide NP) for waste 

rock and tailings are presented in Figure 3.8a, b and indicate that there is a correlation between 

NP and CNNP. Samples with NP greater than CNNP suggests the presence of other non-

carbonate minerals contributing to NP (Lapakko, 1994; Lawrence and Wang, in prep). Samples 

with CNNP greater than NP, for example data from Mine 43 (Figure 3.8b), suggests either the 

presence of iron carbonates (siderite) that contribute to the C 0 2 determination but are unreactive 

in the static prediction tests (Morwijk, 1992) or the presence of carbon, not within 
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carbonate minerals, but contributing to the CO2. Measuring inorganic and organic carbon content 

in a sample can be completed by various laboratory methods and these methods currently tend not 

to be reported. Therefore, without knowing how CO2 content has been measured, it is difficult to 

assess the differences between it and NP. 

Other considerations in analyzing the static test data include NP variation with static test 

method for the same lithologic unit at a site, and also how static test data varies with sampling 

density and interval. Lawrence and Wang (in prep) have demonstrated that the different static test 

methods, when applied to the same sample, may result in a range of NP values. Brady et al 

(1994) determined that sample interval and drill hole density at a site affected the variation and 

range of ARD prediction data. However, this data are not available in DBARD since many sites 

use only one static prediction method and sampling density and interval tends not to be reported. 

For these reasons, these other considerations cannot be assessed. 

3.3.3 KINETIC T E S T D A T A 

The focus of simulated field weathering tests has been to confirm the interpretation of the 

static tests, to determine the rate and temporal variation of reactions contributing to ARD, and to 

test proposed control options (BC A M D Task Force, 1989). In DBARD there are eight mine 

sites with kinetic and corresponding static prediction data. 

Kinetic prediction tests generally determine the rate of sulphide mineral oxidation by the 

occurrence of sulphate in the leachate assuming: all oxidized sulphur is released to solution; all the 

sulphur is oxidized completely to sulphate; and precipitation of gypsum or other sulphate 
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minerals does not limit the sulphate concentration. Sulphide oxidation is often expressed on a 

cumulative basis as total mg SGVkg and rates are calculated on either a weight (e.g. mg 

SCVkg/week) or a surface area basis (e.g. mg S(Vm2/week). For this thesis, sulphide oxidation 

has been calculated on a weight basis only. 

Another focus of kinetic tests has been to determine the rate of metal release to the 

environment. Analysis of aqueous metals in the test leachate indicate the rate at which metals are 

depleted from the sample, assuming all ions are released to solution and are not limited by 

precipitation. Metal depletion is commonly expressed on a cumulative basis as total mg/kg and 

rates are calculated on either a weight or surface area basis. 

Rate calculations can also include a determination of the depletion of neutralizing 

minerals. This has not been a common component of kinetic testing until recently. NP depletion 

is an important consideration in ARD prediction and is dependent on the type of neutralizing 

minerals present (Morin, 1990b; Day, 1990). There is no general agreement as to the method of 

calculating NP depletion, but most methods assume either carbonate or silicate dissolution is the 

neutralizing reaction and that secondary mineral precipitation, mainly gypsum, is not limiting 

leachate concentration. Lapakko (1987, 1990) suggests that calcium and magnesium 

concentration in solution (mmoles/litre) can be used to identify the combined dissolution of 

carbonate and silicate minerals. Assuming only calcium carbonate minerals are available to 

neutralize, Bradham and Carrucio (1990) calculated NP depletion rates using calcium depletion 

rates (i.e. mg Ca/kg/week). White and Jeffers (1994) and White et al (1994) use calcium plus 

magnesium (from carbonate and silicate dissolution) leaching rates (as mg Ca+Mg/kg/week) to 
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determine the NP depletion. Morin and Hutt (1994) and Morin et al (1995a, 1995b) use sulphide 

oxidation rates and molar ratios (ions from neutralizing mineral dissolution to sulphate ions) to 

determine the type and rate of neutralization. Calcium, magnesium, barium and strontium ions 

represent carbonate dissolution and calcium, sodium and potassium ions represent silicate 

dissolution. Morin and Hutt (1994) and Morin et al (1995a) suggest using the molar ratio of 

calcium to sulphate initially to identify either carbonate or silicate minerals as the neutralizing 

minerals with ratios between one and two representing carbonate dissolution and ratios less then 

one representing silicate dissolution. Another approach might be to consider sulphide oxidation 

rates and alkalinity measurements. However, NP depletion calculations based on alkalinity 

measurements do not represent the true rate since there are reactions occurring within the kinetic 

test cell that are not conserving alkalinity, as discussed in Chapter 2. 

An important consideration of kinetic tests is the relationship with static prediction tests. 

In British Columbia, regulatory guidelines have been proposed that samples with NP:AP ratios 

from static tests between 1 and 4 have an uncertain ARD potential and require additional testing 

using kinetic techniques (Price and Errington, 1995). Those ratios below 1 are interpreted to 

have an ARD potential and those greater then 4 have no potential. Ferguson and Robertson 

(1994) propose a ratio between 1 to 2 as being uncertain. Given the expense and time 

requirements to complete kinetic tests, it is important to determine what may be valid 

interpretation of static tests. 

Analysis of the DBARD kinetic data focused on sulphide oxidation and NP depletion 

rates, the relationship between kinetic and corresponding static prediction data, and the time lag 
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to ARD (Appendix 2). The kinetic tests in DBARD were carried out for a relatively short term, 

typically less then 20 weeks. Sulphide oxidation and neutralization reactions may not have 

established in this time period and will limit the interpretation and conclusions of these data. 

The fifty-four kinetic tests in DBARD were divided into three groups based on the trend 

in pH during the test: type 1 (pH >5.0), type 2 (pH>5.0 decreasing to pH <5.0) and type 3 

(pH<5.0). The pH value of 5.0 used to separate these tests is suggested by Morin et al (1995a) 

who identified kinetic tests with inert samples and low rates of acid generation with pH 5.0 in the 

leachate. The lowest pH measured during a test, which generally occurs towards the end of the 

test, was used as an indicator of neutral or acidic test conditions. Also, the highest measured pH, 

usually near the beginning of the test, determined if test conditions were initially neutral or acidic. 

On this basis, there are thirty-nine type 1, seven type 2, seven type 3 kinetic tests and one test that 

was initially acidic and then the pH rose to over 5.0 during the test. 

The comparison of minimum pH measured during the kinetic test and AP indicates that 

acidic conditions can occur at AP values of 15 kg as CaC0 3/t, equivalent to 0.5% S (Figure 3.9a). 

The comparison of minimum pH measured and NP indicates that acidic conditions did not occur 

in samples at NP values greater than 75 kg as CaC0 3/t (Figure 3.9b). Relative to the Net NP, all 

the type 2 and 3 tests have negative values (Figure 3.9c) and relative to the NP:AP ratio, these 

same tests have values less then 1.0 (Figure 3.9d). For both Net NP and NP.AP there are samples 

with values below 0.0 and 1.0, respectively, that remained alkaline throughout the kinetic test 

which may reflect the short time-frame of the tests, the time lag to acidic conditions, 
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or over/under estimated values for the static prediction data. The implication of the lack of 

relationships is that the static prediction data does not provide an indication of the minimum pH 

during the kinetic test. 

Rates of Sulphide Oxidation 

Kinetic prediction tests generally determine the rate of sulphide mineral oxidation by the 

occurrence of sulphate in the leachate. The rate of sulphate production represents the rate of 

sulphide oxidation and, for the kinetic cells considered in this thesis, are summarized in Appendix 

2. Overall, the mean rates of sulphate production range from 9 to 1290 mg SO^g/wk and those 

samples with the highest average rate generate the lowest pH conditions (Figure 3.10). When 

subdivided by deposit type (included in Appendix 1), there is no apparent relation between 

sulphate production rate and geologic model (Figure 3.10). It is probable that these rates are 

related to differences in the type, form, and abundance of the sulphides in the sample. 

Unfortunately, details of this nature have not been documented in DBARD. Differences may also 

arise from differing test conditions such as leaching cycle and temperature. 

The comparison between sulphide oxidation rate and AP (Figure 3.11a) reveals sulphide 

oxidation rate is independent of AP. The highest sulphide oxidation rate was not from the sample 

with the highest AP suggesting that the highest sulphur content does not necessarily generate the 

highest sulphide oxidation rates and that other mineralogical factors are determining the overall 

oxidation rate. Low rates (< 50 mg/kg/week) of sulphide oxidation correspond with positive 

values of Net NP and higher rates (> 100 mg/kg/week; with one exception) correspond with 

negative Net NP values (Figure 3.11b). The highest sulphide oxidation rates were not 
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generated by the samples with the most negative Net NP value suggesting that the largest 

difference between NP and AP does not infer the highest sulphide oxidation rates. The highest 

sulphide oxidation rates occur in samples having the lowest NP:AP ratios (Figure 3.11c). 

However, even at ratios close to zero the sulphate production rate extends over four orders of 

magnitude. Morin et al (1995a, 1995b) have documented similar findings based on the analysis of 

their data. Thus, there is little correlation between the rate of sulphide oxidation determined from 

kinetic tests and the Net NP and NP:AP values from static tests. 

Rates of Neutralization 

The rate of neutralization represents the consumption of NP of a sample. As discussed 

previously, proposed methods for determining this depletion rate can be based on: 1) metal 

leaching rates for calcium and/or magnesium (Lapakko, 1987, 1990; Bradham and Carrucio, 

1990; White and Jeffers, 1994; White et al, 1994); and 2) molar ratios and sulphide oxidation 

rates (Morin et al, 1995a, 1995b). For comparison, the rates determined by these methods are 

converted to calcite equivalents, that is mg CaC03/kg/week or moles CaC03/kg/week, and 

presented in Appendix 2. Overall, the mean rates of NP depletion range from 9 to 700 mg 

CaC03/kg/week. 

An important consideration for sulphide oxidation rates and NP depletion rates is how the 

pH conditions within the kinetic cell change over time: Are pH changes due to depleting NP past 

a critical level or are sulphide oxidation rates exceeding neutralizing mineral dissolution? Figure 

3.12 (a - f) presents the mean NP depletion rate, calculated by the various methods referenced 
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Figure 3.12a: Mean sulphide oxidation rate and NP depletion rate using 
Morin et al (1995a) carbonate ratio 

i 
Figure 3.12b: Mean sulphide oxidation rate and NP depletion rate using 

Morin et al (1995a) silicate ratio 
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Figure 3.12d: Mean sulphide oxidation rate and NP depletion rate using 
Lapakko (1987, 1990) 
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above, versus the mean sulphide oxidation rate and grouped according to the pH classification of 

the cells (Type 1, 2 or 3). In general, the pH conditions within the tests are independent of the 

two rates. Cells classified as type 2 have relatively low sulphide oxidation and NP depletion rates. 

The method of Morin et al (1995a, 1995b; Figure 3.12a, b, c) indicate a correlation between NP 

depletion and sulphide oxidation since the NP calculations are based on the rate of oxidation. 

Methods based on metal leaching data (Lapakko, 1987; Bradham and Carrucio, 1990; White and 

Jeffers, 1994; White et al, 1994), that are calculated independent of the oxidation rates, also 

indicate a correlation between NP depletion and sulphide oxidation (Figure 3.12e, f, g) suggesting 

that NP depletion rate corresponds to sulphide oxidation rate and the resulting decrease in pH. 

This suggests that NP depletion rates can be calculated by any of these proposed methods. It 

should be noted that the kinetic tests included in this analysis were run for relatively short terms. 

The initial period of kinetic tests are characterized by elevated and fluctuating data due to flushing 

of existing oxidation/dissolution products, cation exchange processes, oxidation/dissolution 

reactions and many other reactions that lead to 'hoisy"data. For this reason, it is unknown if the 

kinetic tests in DBARD have reached conditions such that the leachate chemistry is the result of 

predominant oxidation and dissolution reactions. 

The calculation of these sulphide oxidation and NP depletion rates make it possible to 

calculate an estimated time required to deplete acid producing and neutralizing minerals in mine 

wastes. Lapakko (1987, 1990), Bradham and Carrucio (1990), White and Jeffers (1994) and 

White et al (1994) have completed laboratory testwork in which NP depletion, from carbonate 

dissolution only, coincided in time with decreasing pH conditions. The trend, in more recent 

waste characterization studies, is for longer term kinetic tests and additional consideration for the 
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data interpretation may include the contributions from different minerals to acid generation and 

neutralization. Therefore, additional work is required to assess the accuracy of calculated mineral 

depletion rates and the validity of assumptions such as constant oxidation and dissolution rates 

over time. Acid generating and neutralizing minerals have variable composition and relative 

reactivity. This suggests that an individual ion, for example calcium, may be introduced to 

solution by dissolution of different minerals, for example calcite and plagioclase. Also, the 

dissolution rates of these minerals differ with plagioclase being slower then calcite and, over time, 

these differences may lead to neutralization by different minerals as well as different NP depletion 

rates. A similar arguement can be made for the acid generating reactions since sulphides also 

exhibit different relative stability and oxidation rates (Ritchie, 1994; Kwong, 1995). 

3.4 S U M M A R Y 

The review of DBARD is summarized and discussed in the following. 

1. As an initial approach, proposed mine sites can be compared with other mines that are in 

similar geologic or geographic settings. These comparisons are based on the assumption that 

the factors that affect acid generation are constant for the sites being compared. It is unlikely 

that deposits will be comparable because host rocks, mineralogy, alteration, structural 

elements and other non-geologic factors (e.g. physiography and climate) will be dissimilar. 

The review of DBARD has indicated that adjacent sites, or sites of similar geology, cannot be 

compared directly when determining ARD potential from static prediction data. However, 

61 



experience from previous work at other sites could aid new sites in determining waste 

characterization programs. 

2. Paste pH is used as an initial screening tool, in conjunction with the static prediction data, to 

interpret ARD potential. Paste pH may also provide an estimate of NP:AP values. This 

correlation between paste pH and NP:AP would need to be identified and established on a site 

specific basis with a consideration of the on-site geology, structural elements, alteration and 

weathering. If available, using field measurements of paste pH allows for a quick, relatively 

inexpensive technique to approximate the NP:AP ratio. 

3. NP determination from static prediction tests correlates with sample geochemistry particularly 

the concentration of calcium, magnesium and carbon. A similar mineralogical dependence of 

AP is already applied in waste characterization by accounting for the different sulphur species 

present and determining AP from the sulphide-sulphur content. The review of DBARD 

indicates that an understanding of the sample mineralogy/lithology is necessary to aid in the 

interpretation of the static prediction data. Correlation between geochemistry and NP would 

need to be established on a site specific basis. The identification of'indicator" elements (i.e. 

ion concentration that correlate with AP or NP values) can be used to estimate NP values 

from geochemical data. These indicator elements can also be used to characterize oxidation 

and neutralization reactions in kinetic tests. 

4. Current interpretation of static prediction data includes that the lower the NP:AP value the 

higher the oxidation rate and, corresponding, lower pH. The review of DBARD indicates that 

minimum pH values do not correlate with either static prediction data or the mean rates of 

sulphide oxidation. Also, sulphide oxidation rates are not predicted by static prediction data. 

These findings suggest that there is no relationship between the static and kinetic prediction 
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data as currently interpreted. An improvement to the static and kinetic data interpretation 

would be the consideration of mineralogical components that are contributing to the ARD 

potential. Given the short time frame of the kinetic tests in DBARD, it is also important to 

establish kinetic cells as soon as possible to allow stable conditions to be established and the 

maximum amount of time for leaching. 

5. Proposed calculations for NP depletion rates use either 1) metal leaching rates for calcium 

and/or magnesium, or 2) molar ratios and sulphide oxidation rates. Similar rates are 

determined by these methods and suggest that NP depletion rate changes correspond to 

changes in sulphide oxidation rate. These rate calculations can be used to determine the time 

to AP and NP depletion, although the accuracy of these calculated depletion rates and the 

validity of assuming constant rates over time needs to be considered during the interpretation 

of long term kinetic test data. 

Regulatory agencies and other individuals involved in ARD prediction have attempted to 

develop single tests and criteria to determine the ARD potential for a site. Guidelines for testing 

and interpretations are necessary as a starting approach to waste characterizarion. It is also 

necessary, however, that the facility exist to consider other tests and/or interpretations given the 

numerous factors, and their interrelationship, that determine ARD generation potential. The 

review of DBARD has indicated that current interpretation methods of static and kinetic 

prediction data are limited by the lack of understanding the role of geologic factors in determining 

the ARD potential. These prediction data may also be limited by the lack of understanding of 

what is being measured in the static and kinetic tests. 

63 



With the review of DBARD, and mine submission reports data, information that tends not 

to be reported/recorded was identified. These additional data would aid in the interpretation of 

ARD prediction data and determining the relationship between the static and kinetic data. These 

data would also prove useful in any future database reviews. Recommendations for collecting and 

reporting ARD prediction data are presented in Chapter 5.0. 
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4.0 STUDY AREA - GIBRALTAR TAILINGS IMPOUNDMENT 

4.1 I N T R O D U C T I O N 

Gibraltar Mine, near Williams Lake, British Columbia was the site selected to assess the 

ability of ARD prediction techniques to approximate on-site water quality. Gibraltar has been in 

production since 1972 and has ARD predicOtion data and long-term water quality data making it a 

suitable site to compare prediction and monitoring data. 

Gibraltar Mines Ltd. has inititated studies related to closure of the mine including: 1) 

identification of on-site ARD potential and 2) potential ARD mitigation strategies. Elevated 

copper concentrations and acidic conditions were noted in drainage from the waste rock piles in 

the 1980's leading to the commercial heap leaching of the waste rock piles to recover additional 

copper and the treatment of surface drainage. Many of the studies initiated by Gibraltar are 

related to the post mining water quality of the leached waste rock piles and their physical stability. 

Gibraltar Mines Ltd. is also investigating closure options for the tailings impoundment area. The 

detailed study of this thesis will focus on the tailings impoundment area. 

In this chapter, background information related to the mine site and a review of the 

existing on-site conditions will be presented followed by the assessment of prediction and on-site 

monitoring data. The initial analysis assesses the static test data from different procedures and the 

relationship between static test data, lithogeochemistry and mineralogy. Kinetic test data are then 

considered by identifying variations in water quality, the calculated rates of sulphide oxidation and 

NP depletion, and the relationship between the static and kinetic prediction data. The water 
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quality monitoring data are then described and analyzed in order to determine if ARD conditions 

currently exist in the tailings impoundment area. Finally, the relationship between the laboratory 

data and on-site water quality is discussed. 

4.2 B A C K G R O U N D 

4.2.1 MINE SITE LOCATION AND DESCRIPTION 

The Gibraltar Mine is located approximately 160 km south of Prince George, British 

Columbia on the western flank of Granite Mountain (Figure 4.1). The minesite is accessed by a 

20 kilometer paved road from Highway 97. The mine has been in operation since 1972 and 

covers an area of approximately 1,885 hectares including orebodies, waste rock piles, plantsite 

and tailings impoundment (Patterson and Wambolt, 1994; .Wambolt et al, 1995). Mining and 

milling operations ceased for a ten month period (November 1993 to September 1994) due to 

depressed copper prices. 

Ore occurs in six zones: Gibraltar West, Gibraltar East, Pollyanna, Granite Lake, Gibraltar 

North and Sawmill (Figure 4.2; Bysouth et al, in press). Mining has occurred in all zones except 

Gibraltar North and Sawmill. Ore is mined by open pit methods at 163,000 tonnes per day 

(180,000 tons/day; Patterson and Wambolt, 1994; Wambolt et al, 1995). Concentration of the 

ore is by conventional crushing, grinding and flotation processes at a metallurgical plant located to 

the north of the open pits (Figure 4.1). Tailings from the rougher/scavenger flotation cells of the 

plant are discharged via pipeline to the impoundment area approximately 5 km north of the open 

pit-plant area. 
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Figure 4.1: Location Map for Gibraltar - McLeese Lake Operations 
(after Klohn Leonoff Ltd., 1993 and Wambolt et al, 1995) 
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Copper is also recovered by heap leaching waste rock piles using sulphuric acid followed 

by solvent extraction and electrowinning (SX-EW). The SX-EW plant is located northeast and 

adjacent to the metallurgical plant. 

Since 1989, Gibraltar has operated under a zero discharge policy to ensure a low risk of 

impact to the environment. Approximately 80% of the process water is made up recycled tailings 

water. All flows from the leached piles are collected and channelled to the SX-EW plant where 

the copper is extracted and the barren solution (or raffinate) is distributed back to the waste rock 

piles for further leaching. Excess solution from the leached and unleached waste rock piles, 

generated by rainfall or snowmelt, is treated with lime and discharged to the tailings 

impoundment. 

4.2.2 P H Y S I O G R A P H Y 

Gibraltar is in the Cariboo Plateau of the Central Interior (Campbell et al, 1990). Land use 

is principally agricultural (grazing and minor forage production), logging, mining and tourism. 

This plateau is generally flat or has gently rolling topography. In the area of the mine site, 

elevation ranges from 850 metres along the eastern site boundary in the area of the Cuisson Creek 

to approximately 1350 metres along the western site boundary at Granite Mountain (Figure 4.1). 

In the area of the tailings impoundment, elevation ranges from approximately 1000 metres at East 

Fork Cuisson Creek northwest of the Main Tailings Dam to 1200 metres at ridges south and 

northeast of the impoundment. 
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In the upper elevations, the mine site is classified as continental humid climatic region and 

as biogeoclimatic Engelmann spruce-alpine fir zone that is characterized by Engelmann spruce 

{Picea engelmannii) and alpine fir {Abies lasiocarpa) (Campbell et al, 1990; Wambolt et al, 

1995). The lower elevations are classified as continental subhumid zone and as Cariboo aspen-

lodgepole and pine-douglas fir zone that is characterized by trembling aspen (Populus 

tremuloides), lodgepole pine {Pinus contorta) and interior Douglas fir (Pseudotsuga menziesii) 

(Campbell et al, 1990; Wambolt et al, 1995). 

4.2.3 GEOLOGY 

Regional Geology 

The Granite Mountain Batholith, which hosts the Gibraltar ore bodies, is located within a 

wedge of Mesozoic and Paleozoic rocks bounded on the west by the Fraser fault system and on 

the east by the Pinchi fault system (Sutherland-Brown, 1973; Drummond et al, 1976; Bysouth et 

al, in press). Rock units within the mine area include those of the Cache Creek and Quesnel 

terranes. 

The oldest rocks are the regionally metamorphosed sedimentary and volcanic rocks of the 

Permian Cache Creek Group (Figure 4.2; Sutherland-Brown, 1973; Drummond et al, 1976; 

Bysouth et al, in press). This Group is comprised mainly of andesitic to basaltic flows and 

volcanoclastic rocks, metamorphosed to greenschist facies. Lenses of limestone, recrystallized to 

marble, form a minor but widespread component of the predominantly volcanic assemblage. 
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Locally, these units are metamorphosed, by the Granite Mountain Batholith, to epidote-chlorite-

garnet skarn (Bysouth et al, in press). 

The Cache Creek Group is intruded by the Late Triassic to Early Jurassic Granite 

Mountain Batholith and the Cretaceous Sheridan Stock (Figure 4.2; Sutherland-Brown, 1973; 

Drummond et al, 1976; Bysouth et al, in press). The Granite Mountain Batholith, approximately 

20 by 10 km in plan view, is a zoned, peraluminous, subalkaline intrusion. The batholith and 

adjacent Cache Creek Group rocks have a penetrative foliation and are metamorphosed to upper 

greenschist facies. The Sheridan Stock is composed of diorite to granodiorite rocks and lacks the 

deformation and alteration of the older rocks suggesting a post regional metamorphism and ore 

stage mineralization emplacement (Sutherland-Brown, 1973; Drummond et al, 1976; Bysouth et 

al, in press). 

Flat lying basaltic flows of the Miocene Endako Group cap the dissected plateau west of 

the Granite Mountain Batholith (Sutherland-Brown, 1973; Drummond et al, 1976; Bysouth et al, 

in press). The area has been intensely glaciated at least twice and most of the bedrock is covered 

by impervious lodgement till, accompanied in places by ablation moraine and glaciofluvial deposits 

(Tipper, 1971; KlohnLeonoff Ltd., 1992). 

Ore Deposit Geology 

Five of the six separate ore bodies (Pollyanna, Gibraltar East, Gibraltar West, Gibraltar 

North and Granite Lake) occur in the Granite Mountain batholith in a broad zone of deformation 

and hydrothermal alteration (Figure 4.2; Bysouth et al, in press). The sixth ore zone, Sawmill, is 
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along the southern edge of the batholith at the contact between the batholith and Cache Creek 

Group. 

The Granite Mountain batholith is a composite body of three major phases: Border Phase 

diorite, Mine Phase tonalite and Granite Mountain trondhjemite (Bysouth et al, in press). 

Contacts between the major phases are gradational over widths ranging from two metres to 

several hundred metres. 

The Border Phase diorite and the contact with the mafic Cache Creek Group comprise a 

broad hybrid zone of assimilation and recrystallization (Figure 4.2). The outer, predominatly 

volcanic, portion of the hybrid zone is the Contact Phase and the inner, predominantly plutonic, 

part of the hybrid zone is the Border Phase diorite (Bysouth et al, in press). Typical Border Phase 

diorite consists of 45-50% saussuritized plagioclase, 35% chloritized hornblende and 15% fine 

quartz. 

The Mine Phase tonalite is the host rock for the majority of the Gibraltar ore bodies. It 

has a relatively uniform composition of saussuritized plagioclase, chlorite and quartz (Drummond 

et al, 1976; Bysouth et al, in press). The chlorite is an alteration product of biotite ± hornblende 

and the plagioclase is variously altered to albite-epidote-zoisite and muscovite. Accessory 

minerals include magnetite and rutile. Typical mineral assemblage of the tonalite is 30% quartz, 

50% plagioclase and 20% chlorite. 

) 
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The north part of the batholith consists of the Granite Mountain trondhjemite composed of 

45% saussuritized plagioclase, >45% quartz and 10% chloritized biotite. 

Associated with all ore grade mineralization are narrow zones of fine grained rock, termed 

the Leucocratic Phase because of the quartz plagioclase composition and general lack of mafic 

minerals (Bysouth et al, in press). The leucocratic phase consists of phenocrysts (25-30% quartz, 

70-75% plagioclase) in a groundmass of felsite with 5-10% sericite. 

Ore Mineralization 

At Gibraltar, ore grade mineralization is associated with an extensive chlorite and sericite 

alteration assemblage, with pyrite and chalcopyrite the principal sulphide minerals (Sutherland-

Brown, 1973; Drummond et al, 1976; Bysouth et al, in press). Fine grained chalcopyrite accounts 

for up to 60% of the contained copper and is disseminated in the phyllosilicate foliation lamellae 

and coarser grained chalcopyrite occurs in quartz veins and shear zones. A pyrite halo is formed 

around the ore bodies (Bysouth et al, in press). Pyrite is also associated with the ore in the 

Gibraltar West and Gibraltar North zones, as massive zones 3 to 7 m wide. 

Minor amounts of other sulphides are also present. Bornite is associated with magnetite 

and chalcopyrite in the Pollyanna and Sawmill zones, molybdenite is associated with chalcopyrite 

in the Pollyanna, Granite Lake and Sawmill zones and sphalerite is present in the Gibraltar West 

and Gibraltar North zones (Sutherland-Brown, 1973; Drummond et al, 1976; Bysouth et al, in 

press). The sulphide minerals suggests a metal zoning from Pollyanna to Gibraltar North, with a 
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westerly decrease in molybdenum and a corresponding increase of zinc, gold and silver 

(Drummond et al, 1976; Bysouth et al, in press). 

Supergene enrichment is absent or confined to small zones within the deposits. The 

exception is Gibraltar East which is capped by 15-30 m of supergene enrichment, underlying a 

leached zone, interpreted to be a remnant of pre-glacial, or interglacial, weathering (Bysouth et al, 

in press). Chalcocite constitutes 85% of the secondary copper mineralization principally as 

coatings on pyrite and chalcopyrite (Drummond et al, 1976; Gibraltar Mines Ltd., 1995; Bysouth 

et al, in press). Cuprite represents appproximately 10% of the secondary mineralization followed 

by lesser amounts of malachite, azurite and native copper and trace amounts of covellite and 

chrysocolla (Drummond et al, 1976; Gibraltar Mines Ltd, 1995; Bysouth et al, in press). 

4.2.4 H Y D R O L O G Y AND H Y D R O G E O L O G Y 

The principal watershed draining the area of the mine site is Cuisson Creek and a series of 

lakes called Cuisson, Valerie (or Bushie) and Souran (or Teapot) (Figure 4.1). The Cuisson 

Creek system is to the west of the mine site and flows northwesterly 11 kilometres to the Fraser 

River. Drainage to the south of the mine site flows into Pierce Creek and South Pierce Creek, 

both of which ultimately flow into Cuisson Creek. North of the plant area is Lewis Creek which 

drains into Cuisson Creek. Lafrenie Creek directs flow westerly from the east side of the open pit 

area to the surface drainage collection system. 
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4.3 E X I S T I N G C O N D I T I O N S O F T H E T A I L I N G S I M P O U N D M E N T 

4.3.1 DESCRIPTION 

The tailings impoundment is located approximately 5 km north of the mine site in a 

northwesterly trending valley (Figure 4.3). The tailings impoundment covers an area of 

approximately 450 ha and the valley below the impoundment ranges in elevation from 1065 

metres in the southeastern corner to 975 metres at the northwestern corner over approximately 

4.5 km (Klohn Leonoff Ltd., 1992, 1993). 

The main tailings dam is up to 90 metres high and approximately 2400 metres long (Klohn 

Leonoff Ltd., 1992, 1993) and is raised by direct deposition of tailings underflow from cyclones 

located across the crest of the dam (Klohn-Crippen Consultants Ltd., 1994; Patterson and 

Wambolt, 1994; Wambolt et al, 1995). The cyclone overflow is discharged onto the tailings 

beach. During the winter months (approximately December to April), unclassified whole tailings 

are discharged onto the tailings beach by spigotting from a discharge point located near the south 

abutment of the Main Dam crest. In 1994, the elevation of the main dam crest ranged from 1079 

to 1088 metres (Klohn-Crippen Consultants Ltd., 1994). The beach elevation is approximately 3 

metres below the dam crest and slopes southwesterly over approximately 1200 metres to the 

tailings pond. The pond water elevation in January 1994 was 1070 metres and is reported to have 

risen from 1057 metres in December 1987 (Klohn-Crippen Consultants Ltd., 1994). 

Rockfill finger drains were installed in the base of the dam to maintain the phreatic surface 

near the foundation (Figure 4.3). These drains have undergone inspection and 
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rehabilitation during the early 1990's (Klohn Leonoff Ltd., 1992, 1993). A seepage collection 

pond is located approximately 450 metres northwest of the main dam and water is pumped from 

the collection pond back into the tailings impoundment (Patterson and Wambolt, 1994; Wambolt 

etal, 1995). 

Low saddle dams are located near the eastern and northern sides of the tailings 

impoundment (Figure 4.3). Phase I of the North Earthfill Dam was constructed in 1990 along the 

north side of the tailings impoundment near the northern abutment of the Main Tailings Dam. 

(Klohn-Crippen Consultants Ltd., 1994). It has an elevation of 1080 metres and is approximately 

600 metres long. The East Saddle Dam was constructed in 1985-86 on the eastern end of the 

tailings pond with an elevation of 1085 metres. Two diversion ditches were constructed along the 

north side of the tailings impoundment to direct surface runoff from the tailings pond to East Fork 

Cuisson Creek. 

4.3.2 PREVIOUS W O R K 

Gibraltar conducts and sponsors research programs to assist in the closure plan for the 

mine site. Many of these programs are investigating post-mining water quality conditions and 

physical stability of the open pits, waste rock piles and the tailings impoundment and are described 

in other documents (e.g. Patterson and Wambolt, 1994; Wambolt et al, 1995). Since the focus of 

this study is the tailings impoundment area, the following is a discussion of previous work in this 

area. 
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Physical Stability 

Geotechnical drilling and test pit programs in the area of the Main Tailings Dam were 

completed in the early 1970's during dam construction (Klohn Leonoff Ltd., 1992). During the 

1980's, test pit programs were also completed in the area of the East Saddle Dam. 

During the 1990's, Klohn-Crippen Consultants Ltd. (1994) completed performance 

studies on the Main Tailings Dam to assess the stability of the impoundment. In general, the 

tailings dams have a good particle size distribution, water drainage and an adequate slope angle 

for stability. 

Additional testing on the tailings dam and beach include measures to secure sands and 

suppress dust. Asphalt - organic applications were tested in 1993 and forty acres of the beach 

were seeded with fall rye and fertilized in 1994. Vegetation metal uptake is also being 

investigated in the area below the Main Dam and on the tailings beach. 

Waste Characterization 

Chemical stability of the tailings is related to its ARD potential with waste characterization 

including static and kinetic prediction tests and whole rock lithogeochemistry. These 

investigations were initiated in 1992 by on-site environmental staff (Patterson and Wambolt, 

1994; Wambolt et al, 1995) and, for this thesis, are identified by the following phases: 
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Phase I: 

This phase was initiated in early 1992 and provides an estimate of the ARD potential for 

the tailings dam and beach. It involved the collection of 80 surface samples, from the dam and 

beach, followed by static prediction tests. In general, the tailings have a neutral paste pH, low AP 

and low NP values, and have localized areas with a high potential for ARD (i.e. NP:AP ratios less 

than 1.0; Patterson and Wambolt, 1994). Given these results, kinetic testwork was inititated in 

July 1992 with three humidity cells having NP:AP ratios of 0.5, 0.7 and 1.0 which represent the 

range of NP:AP ratios identified from the static testwork. Kinetic testing continues today and is 

planned for several more years. 

Phase II: 

As part of a geotechnical study of the dam, 33 samples were collected from 3 geotechnical 

drill holes to assess the variation of ARD potential with depth. The findings of this phase indicate 

that little oxidation of the sands has occurred and sufficient buffering capacity is available to 

neutralize any acid generated (Patterson and Wambolt, 1994). Analysis of lithogeochemistry 

results noted a correlation between NP and the calcium and carbon content of the sample that was 

attributed to the presence of carbonate minerals and lime in the tailings. 

Phase III: 

This program, completed July 1993, evaluated the variation of ARD potential with particle 

size fraction. Three bulk samples were collected from the main tailings line, sieved to five 

different size fractions with static prediction testing and lithogeochemistry analysis conducted on 

each fraction. In general, the samples with the highest ARD potential were found 
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in the finer grained material relative to the coarse material suggesting that particle size has some 

control on ARD potential (Patterson and Wambolt, 1994). A correlation between carbon content 

and NP was also noted. 

Phase IV: 

In August 1993, the relation of ARD potential to particle size and distance from discharge 

point was determined by sampling 3 flow lines. Static prediction tests, on 31 samples, indicated 

that the Net NP is independent of particle size distribution conflicting with the findings of Phase 

III. Lithogeochemistry indicated that carbon content of these samples was higher than the 

measured NP and was interpreted to be due to the presence of organic reagents, used in the mill, 

contributing to the measured carbon content. 

Phase V: 

In September 1993, variations in ARD potential relative to spigot location of the cyclones 

was assessed. Sixty samples, from three surface transects across the high ARD potential zones 

identified in Phase I, indicated that ARD potential decreases with distance from the cyclone due to 

differential settling occuring along the flow path. Lithogeochemistry data identified the 

correlation between NP and carbon content. 

On-going work in the area of the tailings impoundment includes geophysical surveys to 

identify anomolous water quality zones in the area of the tailings impoundment. This study is part 

of a Ph.D. research program (M. Davies, personal communication) at U B C and uses in-situ 

geophysical techniques to characterize geotechnical aspects, hydrogeology and geochemistry of 
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mine waste facilities and affected environments. Poulin et al (in press) have investigated the use 

of tailings to control ARD within the waste rock by mixing the two mine waste products. 

Lawrence and Wang (in prep) have included nine samples from the Phase I investigation in their 

larger project to evaluate NP determination from different static prediction tests. 

4.3.3 GEOLOGY 

The description of ore deposit geology and mineralization (Section 4.2.3) provides an 

indication of the composition of material deposited into the tailings impoundment. 

In the area of the tailings impoundment, the bedrock and surficial geology are poorly 

described. The bedrock has been identified in geotechnical and hydrogeological studies as being 

weathered diorite of the Granite Mountain Batholith (Klohn Leonoff Ltd., 1992) and Bysouth et 

al (in press) describe the bedrock as trondhjemite of the Granite Mountain Phase. 

The surficial geology has been studied in various geotechnical and hydrological studies 

(Klohn Leonoff Ltd., 1992) and, in general, the majority of the surficial material is described as 

silt to sand till-like material with discontinuous lenses and pockets of sand and gravel (Klohn 

Leonoff Ltd., 1992). Geologic cross-sections A and B of the tailings impoundment (shown in 

Figure 4.3) are presented in Figure 4.4 a, b. 

4.3.4 CLIMATE 

The McLeese Lake Granite Mountain climate station is located at the Gibraltar mine site 

and has a recorded mean total annual precipitation of 502 mm based on 15 years of records 
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(Klohn Leonoff Ltd., 1992). Of this total precipitation, approximately 67% occurs as rain and 

33% as snow (Klohn Leonoff Ltd., 1993). 

Mean daily temperatures range from -8.1° C in January to 14.3° C in July (Klohn Leonoff 

Ltd., 1992). Regional annual runoff, including groundwater and surface water, is estimated to be 

25 to 100 mm/year, evapotranspiration is approximately 325 to 400 mm/year, and lake 

evaporation approximately 400 to 500 mm/year (Klohn Leonoff Ltd., 1992, 1993). 

4.3.5 H Y D R O L O G Y AND H Y D R O G E O L O G Y 

To the north and west of the tailings impoundment, the area is drained by the East Fork 

Cuisson Creek which flows to Cuisson Creek (Figure 4.1). To the east of the tailings 

impoundment, drainage is to a swamp which ultimately drains into the Quesnel River. 

Klohn Leonoff Ltd. (1992) has developed a hydrogeology model for the mine site and 

tailings area in order to identify potential contaminant sources and flow paths. In the tailings 

impoundment area, two aquifers have been delineated: the Tailings and East Saddle Aquifers 

(Figure 4.4). Although bedrock groundwater flow has not been defined, groundwater flow in 

bedrock in the open pit area is through major north-south trending faults with minor flow via 

east-west faults. Water level elevations within the surficial aquifers are presented on the geologic 

cross-sections (Figure 4.4 a, b). 
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The Tailings Aquifer is a silty sand and gravel sandwiched between silty to sandy till units 

and follows the valley underneath the impoundment (Klohn Leonoff Ltd., 1992). Recharge to this 

aquifer is principally from the tailings impoundment and discharge is to East Fork Cuisson Creek 

northwest of the Main Tailings Dam. Artesian conditions exist in this aquifer below the Main 

Dam and may have existed prior to the construction of the Dam (Klohn Leonoff Ltd., 1992). 

The East Saddle Aquifer is also in the valley occupied by the impoundment although it 

may not be connected to the Tailings Aquifer. The unit is clean sand and gravel that overlies 

bedrock in the area of the East Saddle Dam. The unit is unsaturated and may be connected to the 

tailings impoundment by either extending beyond the East Saddle Dam to the base of the 

impoundment or via bedrock faults and fractures. This aquifer discharges to a low lying wet area 

east of the impoundment. 

4.3.6 W A T E R Q U A L I T Y MONITORING 

Gibraltar has an extensive ground and surface water quality monitoring program at 

background stations, in the open pits and tailings impoundment, and downstream of the mine site. 

Fifty-four stations are established, eighteen of which are in the tailings impoundment area with the 

locations summarized in Table 4.1 and identified on Figure 4.3. Sampling follows accepted 

sampling and QA/QC protocols. Samples were analyzed on-site prior to 1992. Recent samples, 

however, are analyzed by Induced Couple Plasma (ICP) and Gas Flame Atomic Adsorption 

(GFAA) at a commercial laboratory in Vancouver. 
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Table 4.1: Sampling Stations in the Area of the Gibraltar Tailings Impoundment 

Gibraltar I.D. Location Frequency 

101 East Fork Cuisson Creek above influence Monthly 

104 East Fork Cuisson Creek below seepage pond ditch Monthly 

105 Tailings Pond Supernatant Monthly 

111 Seepage Pond Supernatant Quarterly 

114 Saddle Dam Drainage Quarterly 

116 Beaver Pond Ditch Annual 

AW-1 Artesian Well #1 Annual 

AW-2 Artesian Well #2 Annual 

MW-6A Monitoring Well 6A Quarterly 

MW-6B Monitoring Well 6B Quarterly 

MW-7A Monitoring Well 7A Semi-Annual 

MW-7B Monitoring Well 7B Semi-Annual 

FD-01 Finger Drain #1 Quarterly 

FD-06 Finger Drain #6 Annual 

FD-08 Finger Drain #8 Annual 

FD-09 Finger Drain #9 Quarterly 

FD-13 Finger Drain #13 Annual 

FD-14 Finger Drain #14 Quarterly 

The parameters analyzed and the years for which data are available are summarized in 

Table 4.2. The metals are analyzed for total and dissolved concentrations and pH is measured in 

the field and laboratory. 
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4.3.7 A R D PREDICTION D A T A 

A summary of the available ARD test work is presented in Table 4.3. These data are from 

the previous work completed by Gibraltar environmental staff described in Section 4.2.3. Other 

data is available from Lawrence and Wang (in prep) and analysis of a whole tailings sample 

collected in February 1995 for this thesis. 

Table 4.3: Summary of Available ARD Prediction Test Work for Gibraltar Tailings 

Phase Number of Samples 

Static tests 

Number of Samples 

Kinetic tests 

Whole Rock Analysis 

(ICP) 

I 80 3 

II 33 33 

III 3* 3* 

IV 31* 31* 

V 60 60 

* A B A and whole rock analysis conducted on individual sieve fractions. 

4.4 D A T A A N A L Y S I S 

4.4.1 S T A T I C PREDICTION D A T A 

NP determination from Different Static Prediction Methods 

Lawrence and Wang (in prep) have investigated different static prediction tests, applied to the 

same sample, in order to evaluate NP determination methods. Included in this research are nine 

samples from the Phase I ARD waste characterization of the Gibraltar tailings. Table 4.4a and b 

presents the Gibraltar sample data from Lawrence and Wang (in prep) and available static 

prediction data from Wambolt et al (1995). The methods included in Lawrence and Wang (in 

prep) are: Standard A B A (Sobek et al, 1978), Standard A B A with 2 variations, a variation of the 
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Modified A B A (after Lawrence, 1990), inorganic carbon analysis and a new method suggested by 

Lapakko (1994). The variations to the Standard A B A are changes to the acid normality and/or 

volume used for digestion. 

For the Standard ABA, the 'fizz rating" for all of the Gibraltar samples was 'slight", 

therefore, 40 ml of 0.1 N HCI were added for the digestion according to the specified procedure. 

The two variations of this method involved adding lesser and greater amounts of acid according 

to the fizz ratings of'hone" and 'hioderate" respectively. An exception to these fizz ratings was 

for sample 54-2, where the Standard A B A digestion for a 'hioderate" fizz rating was used and the 

two variations involved digestion conditions for 'slight" and 'strong" fizz ratings. The variation 

of the Modified A B A involved the addition of sample to distilled water prior to addition of acid 

that was determined from the fizz rating. Also included in Table 4.4a and b, is sample 1995-t 

which underwent Standard A B A and Modified ABA testing. The two variations to the Standard 

A B A were attempted on this sample, however, the 'hone" and 'slight" fizz rating digestions of 

this sample resulted in alkaline pH conditions (due to the presence of lime) and NP could not be 

determined. 

In general, the NP and AP values differ from one test to another (Figure 4.5a) with the 

largest difference in the Standard A B A - variation 2 of Lawrence and Wang (in prep) where NP 

values increase with digestion conditions. Lawrence and Wang (in prep) suggest that the 

Standard A B A values exceed the Modified ABA and CNNP (NP calculated using carbon content) 

values due to an overestimation of NP from the extreme digestion conditions. The CNNP values 

(Figure 4.5b) differ due to the analytical techniques used. Wambolt et al (1995) 
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values are determined by Leco furnace analysis which provides a total carbon (inorganic and 

organic) result and Lawrence and Wang (in prep) used carbon coulimetric techniques to measure 

inorganic carbon only. 

Lawrence and Wang (in prep) also plot back titration curves from the NP determination to 

describe mineralogical contributions to NP. This qualitative assessment is based on the premise 

that, during digestion, ions are introduced to solution due to the dissolution of minerals. When 

the solution is back-titrated, these ions can precipitate and give the titration curve a distinctive 

shape depending on the pH range in which the solution is buffered. Three samples from Gibraltar 

were included in this assessment by Lawrence and Wang (in prep). These back titration curves 

are included in Appendix 3. The back titration curve for sample 1995-t, determined during this 

research, is presented in Figure 4.6. The back titration for this sample was continued beyond pH 

7 (end point for the standard static prediction method) to pH 12. The Figure shows two major 

inflections for both the Standard ABA and Modified A B A curves at approximately pH 3-4 and pH 

10-11. These inflection points represent the buffering by the carbonate species. There is also a 

minor inflection at approximately pH 4-5 which Lawrence and Wang (in prep) also identified and 

suggest that aluminum is precipitating in this pH range and buffering pH. Lawrence and Wang (in 

prep) also found that increasing acid digestion normality and volume results in an increase in this 

small inflection and concluded that this increase resulted in a greater dissolution of alumino-

silicates. 
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Figure 4.6: Back Titration Curve for Standard and Modified A B A tests of Sample 1995-t. NP 
from Modified A B A is 32 kg as CaCOj/t and from Standard A B A is 25 kg as CaCOj/t. 

The implication to the differences between AP and NP is the resultant variations in the 

interpretative calculations of Net NP and/or NP:AP ratio. Lawrence et al (1994) indicate that 

variation in NP and AP may result in significant variations in the Net NP and NP:AP that affect 

interpretation. Thus, a sample that is considered acid generating from one static test may be non-

acid generating in another. Although the variations are relatively minor in the Gibraltar samples 

(Table 4.4a, b), there is sufficient variation that interpretation of the ARD potential may change 

depending on the criteria considered. For example, Gibraltar sample 54-2 (Table 4.4a, b) has NP 

ranging from 28 to 103 kg CaCCVt resulting in NP:AP ratios of 0.4 to 1.6. If a criteria of NP:AP 

less then 1 is used to differentiate potentially acid and non-acid generating then the interpretation 

of the potential of this sample varies between methods. These differences are also significant 

since the NP and AP values are relatively low in the Gibraltar tailings. 

93 



Lithogeochemistry, NP and AP 

Evaluation of the relationship between lithogeochemistry and the NP and AP values allows 

minerals contributing to NP and AP to be identified and aid in the interpretation of water quality 

in kinetic tests and on-site. ICP lithogeochemical data from 139 samples (from Phase II to V) 

suggest correlations between NP, AP and geochemistry. Data histograms (not presented) indicate 

that the distribution of the NP, AP and individual ICP metal data are skewed and, prior to 

statistical treatment, the data was converted to its natural logarithm. The Pearson correlation 

matrix (calculated using SYSTAT) indicates statistically significant correlations between NP and 

carbon, calcium, sodium, phosphorous and strontium (Table 4.5a) and between AP and cobalt, 

iron, manganese and phosphorous (Table 4.5b). Statistically significant correlations were also 

identified between: 1) carbon and calcium, manganese, sodium, phosphorous and strontium and 2) 

calcium and potassium, magnesium, manganese, sodium, phosphorous and strontium. Calcium 

and carbon correlation with NP suggests that carbonate minerals are contributing to NP while 

correlation between NP and calcium and sodium suggests contribution from alumino-silicate 

minerals. Correlation between iron and AP suggests pyrite as the principal acid generating 

mineral present. The relationship between the other metals and either NP or AP can be attributed 

to their similar behaviour and substitution within the minerals. For example, strontium, 

magnesium and manganese substitute for calcium and manganese and cobalt substitute for iron 

(Stumm and Morgan, 1981; Hem, 1992). 
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Table 4.5a: Pearson Correlation Matrix for Neutralization Potential (NP) and Geochemistry 
(calculated using SYSTAT for Windows) 

InAl InBa InC InCa InFe InK InMg InMn InNa InP InSr InTi 
InAl 1.0 
InBa 0.5 1.0 
InC 0.3 0.2 1.0 
InCa 0.5 0.5 0.8 1.0 
InFe 0.5 0.0 0.2 0.3 1.0 
InK 0.6 0.8 0.3 0.5 0.1 1.0 
InMg 0.9 0.2 0.2 0.4 0.5 0.4 1.0 
InMn 0.5 0.1 0.4 0.4 0.6 0.2 0.6 1.0 
InNa 0.5 0.7 0.5 0.7 0.0 0.8 0.1 0.2 1.0 
InP 0.5 0.2 0.4 0.5 0.7 0.3 0.5 0.5 0.3 1.0 
InSr 0.6 0.8 0.5 0.8 0.2 0.8 0.4 0.4 0.8 0.5 1.0 
InTi 0.2 0.3 -0.3 -0.1 -0.2 0.3 0.1 -0.2 0.2 0.0 0.3 1.0 
lnNP 0.3 0.3 0.9 0.9 0.2 0.3 0.1 0.3 0.6 0.5 0.6 -0.3 

Critical value = 0.366; alpha = 0.05; n 
bold values are statistically significant 

= 149 

Table 4.5b: Pearson Correlation Matrix for Sulphur Content (Acid Potential) 
and Geochemistry (calculated using SYSTAT for Windows) 

InCo InCr InCu InFe InMn InMo InNi InZn InP InS 
InCo 1.0 
InCr 0.0 1.0 
InCu -0.1 0.2 1.0 
InFe 0.8 0.1 0.0 1.0 
InMn 0.5 0.2 -0.1 0.6 1.0 
InMo -0.2 0.4 0.7 0.0 -0.1 1.0 
InNi 0.5 0.6 0.1 0.4 0.5 0.3 1.0 
InZn 0.4 0.3 0.1 0.6 0.7 0.1 0.5 1.0 
InP 0.6 0.3 -0.3 0.7 0.5 -0.2 0.0 0.4 1.0 
InS 0.7 -0.3 -0.2 0.7 0.3 -0.3 0.0 0.2 0.4 1.0 

Critical value = 0.335; alpha = 0.05; n 
bold values are statistically significant 

= 149 
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The mineral assemblage of the tailings has been determined using petrographic techniques, 

x-ray diffraction (XRD) techniques and whole rock geochemistry determined by x-ray 

fluorescence (XRF) techniques. The samples included in these tests are from the Phase I 

investigation (Section 4.3.2). Also included in these analyses, and additional static testing, is a 

whole tailings sample collected in February 1995. Table 4.6 summarizes the sources and type of 

information available for the samples included in the mineralogical characterization analysis. 

Table 4.6: Summary of Available Laboratory Analysis for Gibraltar Samples in 
Mineralogical Characterization Study 

This Research 

Wambolt et al Lawrence Petrography XRD Whole Static 

Sample (1995) and Wang +35 Sieve Rock Prediction 

Static (in prep) Fraction XRF Tests 

Prediction Static 

Prediction 

8-2 * * * 

8-10 * * * 

22-18 * * * 

44-22 * * * 

52-16 * * * * 

54-2 * * * 

54-6 * * * * 

58-14 * * * * * 

62-8 * * * * 

1995-t * * * * 

Polished thin sections were made from the +0.5 mm (No. 35) sieve fraction of samples 44-

22, 52-16, 58-14, 62-8 and 1995-t. Insufficient sample was retained on the sieve to warrant 
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thin sections of samples 22-18 and 54-6. These thin sections allow for the identification of 

mineral assemblages in both transmitted and reflected light. Point counting, and modal 

distribution for each point, was determined for 100 grains in each thin section and used to 

determine the overall mineral distribution. 

Ten samples (-200 mesh) were submitted to Geochemical Laboratories, Earth and 

Planetary Sciences, McGill University, for whole rock oxide analysis, using XRF techniques. This 

laboratory uses a Philips PW2400 3kW automated XRF spectrometer system and the results are 

included in Appendix 3. The major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P) and trace 

elements (Ba, Ce, Co, Cr, Cu, Ni, Sc, V and Zn) were analyzed using 32 mm diameter fused 

beads prepared from a 1:5 (sample:lithium tetraborate) mixture. Other trace elements were 

determined by analyzing 40 mm diameter pressed pellets prepared from a mixture of sample with 

20 wt% Hoerchst Wax C Micropowder. The oxide analysis was used to complete CIPW 

normative calculations (developed by petrologists Cross, Idding, Pirsson and Washington) using 

the computer based program NewPet (Memorial University, 1994). Normative calculations are 

based on the combination of the oxide components into a set of water-free mineral components 

according to a prescribed order thought to be the order of mineral crystallization in a magma. 

These calculations are applicable to the Gibraltar samples and would provide representative 

mineralogic descriptions since the host formation, the Granite Mountain batholith, is crystalline in 

nature and has undergone minimal alteration. 

Samples which were analyzed by XRD include 22-18, 52-16, 54-6, 58-14 from the 

Lawrence and Wang (in prep) study and 8-2, 8-10, 54-2 and 1995-t. These analyses were 
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completed at the Department of Geological Sciences, University of British Columbia, using a 

Siemens D5000 x-ray diffractometer running at 40kV and 30mA and using Cuta. radiation. 

Samples from Lawrence and Wang (in prep) were prepared by grinding with a mortar and pestle 

and smear mounted on standard thin section glass. The other samples included were ground to 

minus 200 mesh and smear mounted on thin section glass. Spectra of these samples were 

collected from 3-60° 20 using a step size of 0.02° 20 with a counting time of 1 second per step. 

The diffraction plots attained are included in Appendix 3 and the minerals identified represent the 

major minerals present within the sample as minerals with less then 3% distribution would not be 

identified by XRD. 

The results of the normative calculations are presented in Table 4.7 and indicate that the 

samples are composed primarily of quartz (34-45%), feldspar (34-50%) which includes albite and 

anorthite, and hypersthene (4-6%). Hypersthene was not identified in either thin section or XRD 

analysis and most likely this calculation represents the identified occurrence of chlorite. Thin 

sections and XRD analysis indicate that the feldspar crystals are altered primarily to epidote, 

muscovite and trace zoisite. Epidote and zoisite are included in the anorthite calculation and 

muscovite is represented by the orthoclase calculation. Calcite comprises 0.7 to 4% of the 

mineral assemblage. The sulphide modal distribution (0.6-2%) was calculated by assuming all the 

sulphur occurred in pyrite. The equivalent iron was accounted for in the ferrous iron oxide 

concentration prior to normative calculations. Sulphur occurs in other sulphide minerals, 

primarily chalcopyrite and trace molybdenite, as identified in polished thin section. Other opaque 

minerals identified in polished thin section are magnetite and hematite. Sulphur may also occur in 
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sulphate minerals, however, the concentration of sulphate is relatively low (0.05 to 0.2%) in these 

samples. Petrology indicates that pyrite is the major form of sulphur present in these samples. 

Figure 4.7 presents the mineral modal distribution from Table 4.7 and CNNP (Figure 4.7a, 

b), NP (Figure 4.7c, d) and AP (Figure 4.7e, f). Although there is limited data, trends in these 

graphs suggest that with decreasing feldspar, primarily sodium-calcium silicates (albite, anorthite, 

epidote), there is an increase in calcite content and CNNP (Figure 4.7a to d). This may be 

attributed to the saussaritization of the silicates. Due to the assumptions for the calculations, 

there is an excellent correlation between AP and pyrite content (Figure 4.7f). The other minerals 

present are muscovite (potassium silicate), chlorite (magnesium-iron silicate) and quartz which do 

not affect the NP and AP values. 

The analysis of static prediction data, lithogeochemistry and mineralogical characterization 

has identified carbonate (calcite) and Na-Ca silicate (feldspar, epidote) minerals contributing to 

NP and pyrite contributing to AP. This provides a guide to the chemical parameters which can be 

monitored in the kinetic tests to evaluate NP and AP depletion. In this case, these parameters are 

calcium, sodium and strontium for NP and sulphate, iron, cobalt and manganese for AP. Other 

minerals identified, but not contributing to NP or AP in the static tests, are muscovite (potassium 

silicate), chlorite (magnesium-iron silicate) and quartz. Knowledge of the sample mineralogy 

allows for an improved interpretation of the static prediction data. Both carbonate and silicate 

minerals contribute to NP depending on the analytical method used. Since it is the buffering 

capacity of the carbonate minerals that is important in maintaining neutral pH conditions, the 

inclusion of silicates results in an overestimation of NP. In addition to a mineralogical 
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understanding, it is important to know the digestion conditions used during the static tests since 

NP values vary for the different static methods. For the Gibraltar samples these variations are 

small, however, they may be significant given the low values for NP. 

Samples included in this mineralogical analysis are from one surface layer of the Main 

Dam and extrapolating the findings to the entire tailings impoundment would be incorrect. 

Geologic descriptions indicate that sulphide mineralization varies from pit to pit which may lead 

to variations of AP within the tailings, depending on the production from the individual pits. 

Work by Gibraltar Mines Ltd. has identified variations in the tailings due to particle size. Also, 

mineralogical variations in the host rock may lead to differences in NP. 

These techniques demonstrate some of the methods used to characterize lithogeochemistry 

of geologic materials and how the data correlates with the static prediction data. The methods 

have identified calcite and calcium-sodium silicate minerals contributing to the NP and that pyrite 

is the principal mineral contributing to AP. Lime was not identified during the mineral 

characterization, although it is present in the tailings impoundment. With this understanding of 

mineralogy and lithogeochemistry, identification of the chemical parameters that would indicate 

NP and AP depletion during kinetic tests is available. 

4.4.2 K I N E T I C P R E D I C T I O N D A T A 

Three kinetic humidity cells were initiated in July 1992 as part of the Phase I of the ARD 

waste characterization studies described in Section 4.3.2. Testing of these cells continues today 
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and is planned for several more years. The test cycle is 3 days of dry air followed by 3 days of 

moist air and the final step is 1 day of leaching with 500 ml of distilled water. The leachate is 

collected, volume measured and analyzed by ICP for metals. Other measurements of the leachate 

include pH, alkalinity, acidity, conductivity and sulphate. Analysis frequency has decreased from 

weekly initially, to monthly intervals and is currently quarterly. Kinetic test data were made 

available for this project on Excel for Windows spreadsheets. The three samples selected for 

kinetic testing represent the range of NP:AP values from the static prediction data of Phase I. 

Table 4.8 presents the static test data for these samples from Wambolt et al (1995) and Lawrence 

and Wang (in prep) and the mineralogy from Section 4.4.1. 

The samples selected for kinetic testing represent the range of NP:AP ratios identified in 

the Phase I waste characterization with Cell 1 having the lowest ratio (0.5), Cell 2 having the 

highest (1.0) and Cell 3 having an intermediate value (0.7). An understanding of the mineralogy 

allows for an improved consideration of NP and AP. For example, one can account for the 

proportion of sulphur in sulphate minerals as well as account for the proportion of inorganic 

carbon, representing carbonate content, contributing to NP. With these components taken into 

account, various calculations, presented in Table 4.8, show differences in the NP:AP ratios and, 

although the ratios vary, Cell 1 has the lowest ratio and Cell 2 has the highest. In these samples 

selected for kinetic testing, the lowest NP:AP ratio is in the sample with the highest calcite and 

pyrite and lowest feldspar content. 
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Table 4.8: A B A Data for Gibraltar Kinetic Humidity Cells 

Cell 1 Cell 2 Cell 3 

Sample 54-2 8-10 8-2 

paste pH 7.87 8.38 8.36 

AP (t as CaCOj/kt) 60 15 18 

SAP 53 12 14 

NP (t as CaCOj/kt) 31 16 13 

CNNP (total) 34 14 10 

CNNP (inorganic) 33 11 9 

Net NP (t as CaC03/kt) -35 -1 -5 

NP:AP 0.5 1.1 0.7 

NP:SAP 0.6 1.3 0.9 

CNNP (total):AP 0.6 0.9 0.6 

CNNP (total):SAP 0.6 1.2 0.7 

CNNP (inorganic):AP 0.6 0.7 0.5 

CNNP (inorganic):SAP 0.6 0.9 0.6 

Mineralogy (%) quartz 43.7 39.5 40.8 

feldspar 23.5 38.6 38.4 

muscovite 10.0 7.1 7.4 

chlorite 5.7 4.0 3.8 

magnetite 4.0 4.0 2.5 

hematite 0.0 0.9 0.6 

calcite 4.3 1.2 1.4 

pyrite 1.9 0.6 0.6 
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Description of Data 

Based on the static prediction data analysis, identification of chemical parameters 

representing NP and AP depletion are calcium, sodium, and strontium for NP (from calcite and 

silicate dissolution) and sulphate, iron, cobalt and manganese for AP (from sulphide oxidation). 

Parameters considered in this study are sulphate, pH, alkalinity, calcium, strontium, sodium, iron, 

cobalt and manganese. Other parameters considered for this thesis are copper, molybdenum, zinc, 

lead, magnesium and phosphorus. 

The initial period of testing is characterized by fluctuating and elevated concentrations of 

parameters until an equilibrium state is reached. For these samples, this period is approximately 4 

to 5 months (16 to 20 weeks) and stable conditions are reached by November 1992. Most of the 

parameters have relatively constant leachate concentrations and neutral pH conditions from 1992 

to 1994. During the latter part of 1994 and into 1995, some of the parameter concentrations 

increased, principally in Cells 1 and 2. 

pH. Sulphate and Alkalinity 

Figures 4.8a, b and c present the pH and sulphate and alkalinity concentrations within the 

kinetic cells. The pH (Figure 4.8a) fluctuates, however, it remains neutral in the three cells. The 

sulphate concentration (Figure 4.8b) is relatively constant at 26 mg/L in Cell 1,11 mg/L in Cell 2 

and 10 mg/L in Cell 3. During 1995, however, there is an increase in concentration in Cells 1 and 

2 to 60 mg/L and 35 mg/L, respectively. This increase in sulphate concentration suggests an 

increase in sulphide oxidation. Table 4.8 indicates that the sulphate content inititally in these 

samples has been leached during the initial months of the test. The alkalinity (Figure 4.8c) has 
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fluctuated since 1992, however, the concentration within the three cells is between 10 to 20 mg as 

CaC(Vl. 

Calcium. Sodium and Strontium 

Figures 4.9a and b present the calcium and strontium concentrations within the kinetic 

cells. The calcium concentrations (Figure 4.9a) are relatively unchanged at 16 mg/L in Cell 1,11 

mg/L in Cell 2 and 10 mg/L in Cell 3, however, there is an increase during 1995 to 30 mg/L and 

20 mg/L in Cells 1 and 2, respectively. If sulphide oxidation is occurring, this increased 

concentration may be the result of acid neutralization through the dissolution of calcite. 

Strontium (Figure 4.9b) shows a similar trend to calcium with relatively constant concentrations 

of 0.02 mg/L in Cell 1 and Cell 2 and 0.01 mg/L in Cell 3 and increasing to 0.04 mg/L and 0.03 

mg/L in Cells 1 and 2. The sodium concentration is below detection limits in all three cells since 

1992. 

Iron. Cobalt and Manganese 

Figures 4.9c presents the concentration of manganese in the kinetic cells. The iron and 

cobalt concentrations in the three cells are below detection limits since 1993. Manganese 

concentration (Figure 4.9c) remained constant at 0.06 mg/L in Cell 1, 0.02 mg/L in Cell 2 and 

0.01 mg/L in Cell 3 and has increased to 0.25 mg/L in Cell 1 during 1995. If manganese is 

substituting for calcium, increased neutralization may account for the increase in manganese 

concentration. Increasing sulphate concentrations suggest that oxidation of the sulphide minerals 

is occurring, however, iron and cobalt remain below detection limits. This may reflect either the 

precipitation of secondary minerals within the cell limiting the concentration in solution or 

minimal oxidation of these sulphide minerals is occurring. 
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Figure 4.8c: Alkalinity Concentrations (mg CaC03/L) from Gibraltar Humidity Cells 1, 2 and 3 
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Figure 4.9b: Manganese Concentrations (mg/L) from Gibraltar Humidity Cells 1, 2 and 3 
108 



Copper. Molybdenum. Zinc. Lead. Magnesium and Phosphorus 

Figures 4.10a, b, c present the concentrations of other metals during the kinetic test 

period. Copper, lead, and phosphorus are below detection limits and not presented. The 

concentrations are relatively constant with molybdenum (Figure 4.10a) at 0.01 mg/L in Cells 1 

and 2, 0.02 mg/L in Cell 3, zinc (Figure 4.10b) at 0.01 mg/L in Cells 1, 2, and 3, and magnesium 

(Figure 4.10c) at 3 mg/L in Cell 1, 0.4 mg/L in Cell 2, and 0.26 mg/L in Cell 3. The only change 

noted is an increase in 1995 in the molybdenum concentration to 0.08 mg/L in Cell 2 and 0.12 

mg/L in Cell 3. 

Molar Ratio Analysis 

Molar ratios have also been used to interpret kinetic test data. Lapakko (1990) uses an 

increase of the molar ratio of sulphate to alkalinity to predict the on-set of decreasing pH in 

kinetic cells. Figure 4.11 presents the Gibraltar kinetic test data and during 1995 the sulphate to 

alkalinity molar ratio within Cell 1, and possibly Cell 2, is increasing and may indicate the on-set 

of ARD conditions within these cells. Other molar ratios considered in this analysis include 

(Figure 4.12a to f): calcium/sulphate, sodium/sulphate, iron/sulphate, calcium/sodium, 

calcium/iron, and sodium/iron in order to assess the value of using these ratios to determine NP to 

AP depletion and the preferential depletion of the neutralizing minerals. To assess the preferential 

oxidation of the sulphide minerals, molar ratios considered include (Figure 4.12 g to I): 

copper/iron, molybdenum/iron and manganese/iron. The molar ratios indicate the relative rate of 

leaching for the parameters and any changes to the ratio will reflect a mass gain, or loss, to 

solution. 
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Figure 4.10c: Magnesium Concentration (mg/L) from Gibraltar Humidity Cells 1, 2 and 3 
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Figures 4.12 a, b and c present the molar ratios of calcium, sodium and iron to sulphate. 

Calcium to sulphate (Figure 4.12a) increased during the initial five months and have remained 

relatively constant. The decrease in the sodium and iron to sulphate (Figure 4.12b, c) ratio in 

Cells 1 and 2 is attributed to the increase in sulphate concentration and unchanged sodium and 

iron concentrations (both are below detection limits). Figures 4.12d presents the molar ratios of 

calcium/sodium and indicates that in Cells 1 and 2 this ratio is increasing, indicating preferential 

leaching of the calcium. Figure 4.12e to i present the molar ratios of calcium, sodium, copper, 

molybdenum and manganese to iron. Changes in the calcium to iron ratio (Figure 4.12e) in Cells 

1 and 2 reflect the increased concentration of calcium and unchanged iron concentration in the 

leachate. The sodium to iron and copper to iron ratios (Figure 4.12f, g) are constant in all three 

cells since these parameters are below detection limits. The molybdenum to iron ratio (Figure 

4.12h) is increasing in Cell 2 and 3 reflecting the increasing molybdenum concentrations in these 

cells. The manganese to iron ratio (Figure 4.12i) is increasing in Cell 1 indicating a preferential 

leaching of manganese. 
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Figure 4.12b: Molar ratio of Sodium to Sulphate from Gibraltar Humidity Cells 1, 2 and 3 
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Figure 4.12c: Molar ratio of Iron to Sulphate from Gibraltar Humidity Cells 1, 2 and 3 
113 



6 

* A < 

o 
o 

o 
n 

BaBigg 8 fi 
© u 

• 
A A 

May-92 Nov-92 May-93 Nov-93 May-94 Nov-94 May-95 Oct-95 

Date 

OCelM • Cell 2 A Cell 3 

Figure 4.12d: Molar ratio of Calcium to Sodium from Gibraltar Humidity Cells 1,2 and 3 

1 -l 1 1 1 1 1 1 1 
May-92 Nov-92 May-93 Nov-93 May-94 Nov-94 May-95 Oct-95 

Date 

OCelM • Cell 2 A Cell 3 
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Figure 4.12g: Molar ratio of Copper to Iron from Gibraltar Humidity Cells 1, 2 and 3 
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The implications of the results of these kinetic tests include: 

1) Approximately 4 to 5 months (16 to 20 weeks) was necessary to remove the sulphate 

present at the start of testing and to reach a steady state; 

2) Some parameters are introduced to solution and occur above detection limits during 

steady state conditions. These ions are calcium, strontium, sulphate, magnesium, molybdenum, 

manganese and zinc inferring that oxidation and neutralization reactions are occurring; and 

3) Once stable conditions are attained in the cells, changes in the concentration and molar 

ratios would indicate the on-set of ARD conditions. Although pH conditions are neutral in all 

three cells, changes in concentration and molar ratio suggest that increasing oxidation and 

dissolution reactions may just be starting in Cells 1 and 2. 

NP andAP Depletion Rates 

The Gibraltar kinetic prediction tests have been established to verify the interpreted ARD 

potential from the static prediction testing of Phase I. The rate of sulphide mineral oxidation is 

determined by the occurrence of sulphate in the leachate assuming: all oxidized sulphur is released 

to solution, all the sulphur is completely oxidized to sulphate and precipitation of gypsum or other 

sulphate minerals does not limit the sulphate concentration. The rate of NP depletion can also be 

calculated using the concentration of ions in solution attributed to mineral dissolution. Both AP 

and NP depletion are considered in the following analysis with calculated rates summarized in 

Table 4.10 and shown in Figures 4.13 (Cell 1), 4.14 (Cell 2) and 4.15 (Cell 3). 
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Sulphide Oxidation Rate 

The sulphide oxidation rate, shown in Table 4.9, are expressed on a weight basis and 

determined using either measured sulphate concentration or calculated sulphate concentration 

from measured conductivity. The mean rates are 2 to 12 mg as CaC03/kg/week (or 1.9 to 11.5 

mg as S04/kg/week) since November 1992 (Table 4.9). During 1995, the rates have increased in 

Cells 1 (Figure 4.13) and 2 (Figure 4.14) to as high as 75 and 30 mg as CaCOs/kg/week, 

respectively. This increase in sulphide oxidation suggests the onset of ARD conditions within 

these cells. 

Calculations using these rates include the determination of AP depleted and the percent 

remaining based on the mean sulphide oxidation rates and the different AP values. These 

calculations are summarized in Table 4.10. In general, the depletion of AP has been minimal since 

November 1992 with over 95% of the original content still present. Ritchie (1994) and Kwong 

(1995) suggest that different sulphide minerals have different relative oxidation rates resulting in 

some sulphides, for example pyrite, being more stable than others, for example sphalerite. 

Although pyrite is the principal sulphide mineral in the Gibraltar sample, there may be preferential 

oxidation occurring of the trace sulphides (i.e. chalcopyrite, molybdenum, bornite) and other 

opaque minerals resulting in the time lag to pyrite oxidation. 
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Table 4.9: Calculated AP and NP Depletion Rates for Gibraltar Kinetic Humidity Cells 
from November 1992 to May 1995 

calculated A P depletion rate calculated NP depletion rate 
based on: based on: 

Cell S04 production Bradham and Carrucio (1990) 
(mg as CaC03/kg/week) (mg as CaC03/kg/week) 

n mean min max n mean min max 

1 138 11.98 -6.34 72.19 22 13.18 4.54 36.42 
2 138 4.25 -2.41 17.92 22 10.62 6.01 22.78 
3 138 2.19 -4.05 13.70 22 8.84 4.62 13.33 

calculated NP depletion rate based on: 
Cell Lapakko (1987) White and Jeffers; White et al (1994) 

(mmoles as CaC03/kg/week) (mg as CaC03/kg/week) 
n mean min max n mean min max 

1 22 0.13 0.05 0.36 22 15.61 5.22 39.62 
2 22 0.11 0.06 0.23 22 11.05 6.20 23.30 
3 22 0.09 0.05 0.13 22 9.06 4.74 13.55 

calculated NP depletion rate based on: 
Cell Morin et al (1995a) - carbonate ratio Morin et al (1995a) - silicate ratio 

(mg as CaC03/kg/week) (mg as CaC03/kg/week) 
n mean min max n mean min max 

1 18 18.01 5.65 41.81 18 14.99 5.49 38.15 
2 18 11.19 6.32 23.63 18 11.86 7.21 24.51 
3 18 8.81 4.82 13.69 18 9.67 5.67 14.43 



Table 4.10: Calculated Percent AP and NP Depleted in Gibraltar Humidity Cells 

A P Depletion Calculations Cell 1 Cell 2 Cell 3 

Mean sulphide oxidation rate from Table 4.9 11.98 4.25 2.19 

(mg as CaCOs/kg/week) 

Cumulative flux S from Nov. 1992 to May 1995 498 177 91 

(mg CaCOs/kg) 

Percent Remaining of Original using original % reported from: 

% total - S Wambolt etal (1995) 97.4 96.3 98.4 

this research 97.4 97.0 98.5 

% Sulphide - S Wambolt etal (1995) 93.8 94.7 97.0 

NP Depletion Calculations 
Mean NP Depletion rate from Table 4.9 using: 

(mg or mmoles as Bradham and Carrucio (1990) 13.18 10.62 8.84 

CaCOa/kg/week) Lapakko (1987) 0.13 0.11 0.09 

White etal (1994) 15.61 11.05 9.06 

Morin et al (1995a) carbonate ratio 18.01 11.19 8.81 

Morin et al (1995a) silicate ratio 14.99 11.86 9.67 

Cumulative flux CaC0 3 from Nov. 1992 to May 1995 using: 

(mg or moles CaCOJkg) Bradham and Carrucio (1990) 1713 1381 1149 

Lapakko (1987) 0.017 0.014 0.015 

White etal (1994) 2029 1437 1178 

Morin et al (1995a) carbonate ratio 2341 1455 1145 

Morin et al (1995a) silicate ratio 1949 1542 1257 

Percent Remaining of Original using calculations of: 

Calcite Bradham and Carrucio (1990) 96.0 88.3 91.6 

(from Table 4.7) Lapakko (1987) 96.0 88.3 91.6 

White et al (1994) 95.3 87.8 91.3 

Morin et al (1995a) carbonate ratio 94.6 87.7 91.6 

Morin et al (1995a) silicate ratio 95.5 86.9 90.8 
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Rate of Neutralization 

The rate of neutralization has been calculated by various methods reported in the 

literature. Lapakko (1987) uses calcium and magnesium concentration in solution (mmoles/L) to 

determine the dissolution rate of carbonate and silicate minerals. Carbonate dissolution rates were 

also considered by Bradham and Carrucio (1990) using calcium depletion rates (mg Ca/kg/week). 

White and Jeffers (1994) and White et al (1994) use calcium and magnesium leaching rates to 

determine NP depletion. Morin and Hutt (1994) and Morin et al (1995a) use sulphide oxidation 

rate and molar ratios (ions from neutralizing mineral dissolution to sulphate ions) to determine the 

type and rate of neutralization. Ions representing carbonate dissolution are calcium, magnesium, 

barium and strontium and ions from silicate mineral dissolution are calcium, sodium and 

potassium. NP depletion rates have been calculated and summarized in Table 4.10 and included 

in Figures 4.13, 4.14 and 4.15. In general, the rates are relatively similar at 9 to 19 mg 

CaCOj/kg/week. The similar rates may be attributed to the predominance of calcium ions in 

solution from neutralizing mineral dissolution. In the Gibraltar samples, NP is from carbonate 

and silicate minerals, however, given the pH conditions and knowing the higher relative reactivity 

of carbonate to silicate (Sherlock et al, 1995), the neutralization occurring is predominantly by 

calcite dissolution. Also, NP depletion rates respond to changes in the sulphide oxidation rates 

and there is an increase in Cells 1 and 2 during 1995 to approximately 40 and 25 mg as 

CaCOj/kg/week, respectively. 

Calculations of the amount of calcite depleted since November 1992 and the percent 

remaining are included in Table 4.10. The authors listed above of the different NP depletion 

calculations use either the original calcium content of the sample from ICP analysis or the NP of 
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the sample to calculate the amount of NP depleted as a percentage. Both carbonate and silicate 

minerals contain calcium and are contributing to NP as discussed in Section 4.1. Therefore, to 

calculate the amount depleted using either calcium content or NP would not be representative of 

the dissolution occuring, which is currently limited to carbonate dissolution. For this thesis the 

percentage of NP depleted is based on the amount of calcite present, identified through CTPW 

normative calculations and, based on mean NP depletion rates, approximate the calcite content 

remaining to be over 85% of the original calcite content. 

Relation between Static and Kinetic Prediction Data 

Assessment of static prediction data has indicated: 

1. NP values vary with digestion conditions of different static test methods. The differences 

identified in the Gibraltar samples are relatively small, but may be important given the low NP 

values; 

2. Sample mineralogy also affect AP and NP values. A mineralogical study identified pyrite as 

the principal sulphide mineral present contributing to AP with minor chalcopyrite, bornite and 

molybdenite. Sulphur also occurs in other species, namely sulphate, in the tailings but was not 

identified in the mineralogical study. Both carbonate and sodium-calcium silicates minerals 

are contributing to NP, however, the carbonate minerals would be the important buffering 

material in order to maintain a neutral pH. The identification of minerals contributing to AP 

and NP allows for the identification of chemical parameters that could be used to identify 

oxidation and dissolution reactions occuring within the humidity cells. In the Gibraltar case, 

calcium, strontium and sodium concentration in the leachate indicate NP mineral dissolution 

and iron, cobalt, manganese and sulphate concentration are due to sulphide mineral oxidation. 
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3. Differences in NP and AP values, due to differences in test method and/or mineralogy, lead to 

differences in interpretation depending on criteria used to differentiate potentially acid 

generating from non-acid generating. This is evident in the various interpretations of the static 

prediction data for the Gibraltar humidity cells where interpreted ARD potential differs 

between the methods. 

Assessment of kinetic prediction data has indicated: 

1. The leachate chemistry is highly variable in the first 16 to 20 weeks of the test during which 

time the existing sulphate would be leached. Once stable conditions were established certain 

chemical parameters occur in solution above detection limits, in this case, calcium, strontium, 

sulphate, magnesium, molybdenum, manganese and zinc, suggesting oxidation and dissolution 

reactions are occurring. Interpretation of these data suggest that oxidation of the trace 

sulphides is occurring and calcite dissolution is the predominant neutralization reaction. 

2. Changes in concentration and molar ratios, during the latter part of 1994 and 1995, suggest 

increased oxidation/neutralization reaction rates although the pH is still neutral. 

3. The oxidation and NP depletion rates can be determined from the measured leachate 

chemistry with the mean sulphide oxidation rate being 2 to 12 mg CaCOs/kg/week and the NP 

depletion being 9 to 19 mg CaCOs/kg/week. Using these rates, calculations indicate that over 

95% of the original sulphide content and over 85% of the original calcite content is still 

present in the cells after three years of kinetic testing. Also, there is an increase in sulphide 

oxidation during the latter part of 1994 and 1995 and a corresponding increase in NP 

depletion suggesting the on-set of ARD conditions within two of the cells. 
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An important limitation of static prediction tests is that the rates and extent of acid 

producing and neutralizing reactions are not determined and the methods do not distinguish the 

reactive acid generating and neutralizing minerals from the less reactive. Therefore, the 

interpretation of static data provides an indication if ARD will occur but not when and to what 

extent. An important purpose of kinetic tests is to verify the interpretations of the static tests and 

determine the rate of ARD generation. For example, the interpretation of static prediction data 

for the Gibraltar tailings indicated a potential for ARD and humidity cells were initiated. After 

approximately three years of leaching the pH is still neutral and sulphate and metal concentrations 

are relatively low. During 1995, there is an indication that ARD conditions may be starting in 

Cells 1 and 2, which have the lowest and highest NP.AP ratios, respectively. Also, the cell (1) 

with the highest NP and AP has the highest calculated AP and NP depletion rates. This same cell 

also has the lowest NP:AP ratio. 

With this assessment of the static and kinetic data, the next consideration is the on-site 

monitoring data and the relationship between it and the laboratory prediction data. 

4.4.3 ON-SITE MONITORING DATA 

Gibraltar has an extensive ground and surface water quality monitoring program at 

background stations, in the open pits and tailings impoundment, and downstream of the mine 

site. Fifty-four stations are established, sixteen of which are in the tailings impoundment area with 

the locations summarized in Table 4.1 and identified on Figure 4.3. Sampling follows accepted 

sampling and QA/QC protocols. Samples were analyzed on-site prior to 1992. Recent samples, 
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however, are analyzed by ICP, GFAA and other accepted methods at an independent commercial 

laboratory in Vancouver. 

The location of the monitoring sites are given in Figure 4.3 and the available data are 

summarized in Tables 4.1 and 4.2. For data presentation and discussion, the locations have been 

grouped into surface water sites (stations 101, 104, 105 and 114), finger drain sites (stations FD-

01, FD-06, FD-08, FD-09, FD-13, and FD-14) and observation wells (stations AW-1, 2, MW-6A, 

B, and MW-7A, B). These data were made available for this thesis by the environmental staff at 

Gibraltar on Excel for Windows spreadsheets. 

Description of Data 

The static and kinetic prediction data indicate that calcium, sodium, and strontium occur 

within minerals contributing to NP and iron, cobalt and manganese occur in minerals contributing 

to AP. Parameters considered for this thesis are sulphate, pH, alkalinity (Figures 4.16a, b, c to 

4.19a, b, c), calcium, strontium and sodium (Figure 4.20a, b, c to 4.22a, b, c) and iron and 

manganese (Figure 4.23 a, b, c to 4.24a, b, c). Other parameters include copper, molybdenum, 

magnesium and phosphorus (Figures 4.25a, b, c to 4.28a, b, c). Cobalt, zinc and lead are below 

detection limits and are not presented. 
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pH. Sulphate and Alkalinity 

Field pH (Figures 4.16a, b, c) conditions are neutral at most stations except within the 

tailings supernatant (station 105) which is more alkaline. These pH conditions exist in the 

supernatant due to the addition of lime to maintain tailings viscosity. Similar neutral pH 

conditions occur in the laboratory analysis of the same samples (Figure 4.17a, b, c). Sulphate 

concentration (Figure 4.18a, b, c) at the background surface water (station 101) is relatively low 

at 7 mg/L compared to the elevated concentration within the tailings supernantant (station 105) 

and seepage pond (station 111) at 650 mg/L. For unknown reasons the concentration at station 

105 (Figure 4.18a) has increased since 1989. The finger drain stations (Figure 4.18b) have 

elevated sulphate concentrations relative to the tailings supernatant at 700 to 1100 mg/L. In both 

surface water (station 104) and observation wells (stations MW6-A,B and AW-1,2) the sulphate 

concentration is elevated relative to background levels up to 100 to 350 mg/L. This increase 

below the Main Tailings Dam is attributed to leakage from the impoundment through the 

underlying Tailings Aquifer to discharge in East Fork Cuisson Creek. In the area of the East 

Saddle Dam sulphate concentrations are low at 3 to 10 mg/L. Alkalinity (Figure 4.19a, b) is 

monitored at the surface water and observation well stations and has a relatively constant 

concentration of 100 to 130 mg as CaCOVl in the surface water and 150 to 225 mg as CaCCVl in 

the ground water. 
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Calcium. Sodium and Strontium 

These parameters are unavailable for stations 104, 114, MW6-A, B and MW7-A, B. The 

calcium concentrations (Figure 4.20a, b, c) are elevated within the tailings supernatant (station 

105) and seepage pond (station 111), at 250 to 300 mg/L, relative to the background station 101 

at 30 mg/L. The finger drains (Figure 4.20b) have either similar or elevated concentrations (as 

high as 375 mg/L) relative to the tailings supernatant. Observation wells below the Main Dam 

(stations AW-1,2) have calcium concentrations of 80 to 100 mg/L. Sodium concentrations 

(Figure 4.21a, b, c) show similar trends to the calcium with background levels of 2 mg/L in the 

surface water (station 101) and elevated concentrations in the tailings supernatant (station 105), 

seepage pond (station 111) and finger drains at 80 to 110 mg/L, and observation wells (stations 

AW-1,2), at 30 to 40 mg/L. Strontium concentrations (Figure 4.22a, b, c) are 0.13 mg/L at the 

background surface water station (station 101), 0.5 to 1.0 mg/L in the tailings supernatant and 

finger drains and 0.5 mg/L in observation wells AW-1 and AW-2. 

Iron. Cobalt and Manganese 

Of these ions, cobalt is not monitored on-site and manganese is not available for stations 

104, MW6-A,B and MW7-A,B. Iron concentrations (Figure 4.23a, b, c) fluctuate significantly in 

the tailings supernatant, seepage pond and finger drains. This is particularly evident after 

December 1991, which corresponds to the time water quality analysis shifted from on-site to the 

contract laboratory. Since 1992, iron concentrations are from 0.08 to 0.14 mg/L at the surface 

water locations and below detection limits at observation well locations. The concentrations 

within the tailings supernantant (station 105) and seepage pond (station 111) are at or below 
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detection limits. In the finger drains, iron concentrations are between 0.03 to 0.9 mg/L, but has 

been as high as 3.5 mg/L. Manganese concentrations (Figure 4.24a, b, c) are 0.01 mg/L in the 

background surface water station (station 101) and elevated to 0.04 to 1.0 mg/L in the tailings 

supernatant and seepage pond. Manganese concentrations at the finger drains are 1 to 4 mg/L 

and below the Main Dam the observation wells are 0.02 to 0.07 mg/L. 

Copper. Molybdenum. Zinc. Lead. Magnesium and Phosphorus 

Similar trends between the stations are observed for copper, molybdenum, magnesium and 

phosphorus (Figure 4.25a, b, c to 4.28a, b, c). Zinc and lead are below detection limits at all 

locations and are not presented. At the background surface water stations (stations 101, 114) the 

range of concentrations are 0.006 mg/L copper, below or at detection limits molybdenum, 5 mg/L 

magnesium, and 0.01 mg/L phosphorus. Within the tailings supernatant (station 105) and seepage 

pond (station 111) these concentrations are elevated relative to the surface water background 

stations at 0.01 to 0.07 mg/L copper, 0.4 to 0.6 mg/L molybdenum, 5 to 12 mg/L magnesium and 

0.01 mg/L phosphorus. The finger drains have similar concentrations to the supernatant and 

seepage pond except station FD-14, where molybdenum concentrations are lower and copper and 

magnesium concentrations are higher. In the observation wells, copper is 0.002 to 0.004 mg/L, 

molybdenum is 0.002 to 0.01 mg/L, magnesium is 20 mg/L and phosphorus is 0.01 to 0.04 mg/L, 

except at MW6-A where phosphorus concentrations are approximately 1 mg/L. 
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Figure 4.26: Molybdenum Concentration (mg/L) at a) Surface Water Stations, b) Finger Drain 
Stations and c) Observation Well Stations Gibraltar Tailings Impoundment 
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In general, the on-site monitoring data indicates that the tailings supernatant has elevated 

concentrations of most parameters relative to the background surface and ground water 

concentrations and the finger drains of the Main Tailings Dam have elevated concentrations 

relative to the tailings pond supernatant. Given this trend in concentration from tailings pond 

supernatant to finger drains, there is a suggestion that ARD conditions may exist within the 

tailings impoundment resulting in the increase of concentration as water flows through it. In 

order to investigate this possibility, molar ratios were used to identify any mass losses or gains 

during migration from the tailings pond to the finger drains. 

Molar Ratio Analysis 

The molar ratios used to interpret the on-site monitoring data are similar to those 

presented in the kinetic test data analysis. The first ratio considered is sulphate to alkalinity 

(Figure 4.29a, b). The elevated ratio in the seepage pond (station 111) and observation wells 

MW6-A and MW6-B is the result of elevated sulphate concentration at these locations. For 

unknown reasons, there is a decreasing trend in this ratio at station 111 and an increasing trend at 

station MW6-B. 

Other molar ratios considered in this analysis include: calcium/sulphate (Figure 4.30a, b, 

c), sodium/sulphate (Figure 4.31a, b, c), iron/sulphate (Figure 4.32a, b, c), molybdenum/sulphate 

(Figure 4.33a, b, c), calcium/sodium (Figure 4.34a, b, c), calcium/iron (Figure 4.35a, b, c), 

sodium/iron (Figure 4.36a, b, c), copper/iron (Figure 4.37a, b, c), molybdenum/iron (Figure 

4.38a, b, c) and manganese/iron (Figure 4.39a, b, c). The significance of these ratios are that an 
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indication of the relative rate of leaching is available and any changes to the ratio would reflect a 

mass gain, or loss, to solution of the parameters. 

Figures 4.30a, b, c to 4.33a, b, c present the molar ratios of calcium, sodium, iron and 

molybdenum to sulphate. The calcium/sulphate (Figure 4.30a, b, c) ratio is relatively high at the 

background surface water station (station 101) due to the low sulphate content. The tailings 

supernatant, seepage pond, finger drains and observation wells below the Main Dam have similar 

ratios for calcium to sulphate. The sodium/sulphate (Figure 4.31a, b, c) ratio shows a similar 

trend as the calcium/sulphate with background values relatively high and similar, but lower than 

background values in the supernatant, seepage pond, finger drains and observation wells. Iron to 

sulphate ratios (Figure 4.32a, b, c) are low at all stations except at station 101. There is also an 

increase in this ratio in the surface water and finger drains stations corresponding to the time 

when zero discharge was initiated. Molybdenum to sulphate (Figure 4.33a, b, c) is used by 

Gibraltar to identify and track the migration of tailings water from the impoundment. Similar 

ratios exist between the tailings pond, finger drains and seepage pond, except at FD-14. The 

ratios at this location and at stations MW6-A,B are lower then the tailings impoundment. 
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Figure 4.29: Molar ratio of Sulphate to Alkalinity at a) Surface Water Stations and 
b) Observation Well Stations Gibraltar Tailings Impoundment 
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Since sulphate concentration is very high relative to the individual metals, Figure 4.34a, b, 

c presents the molar ratio of calcium/sodium to assess preferential leaching of the neutralizing 

minerals. This ratio is similar in the tailings supernatant, seepage pond and finger drains. 

Figures 4.35a, b, c to 4.39a, b, c present the molar ratios of calcium, sodium, copper, 

molybdenum and manganese to iron. The calcium/iron ratio (Figure 4.35a, b, c) in the tailings 

supernatant (station 105) and seepage pond (station 111) is higher then the background surface 

water (station 101) and the observation wells (stations AW-1,2), however, the finger drain ratio is 

either similar to background surface water and observation well concentrations (i.e. FD-9, 13) or 

similar to supernatant/seepage pond concentrations (i.e. FD-1, 6, 8 and 14). The sodium/iron 

ratio (Figure 4.36a, b, c) also indicates that the tailings supernatant and seepage ponds ratio is 

higher then the background levels and that the finger drains have ratios similar either to the 

background surface water and observation wells (i.e. FD-1, 9, 13 and 14) or to the tailings 

supernatant (i.e. FD-6, 8). The copper to iron ratio (Figure 4.37a, b, c) and molybdenum to iron 

ratio (Figure 4.38a, b, c) is relatively similar at all the monitoring stations. Also, there is a 

decreasing trend recognizable at most of the stations for both of these ratios suggesting an 

increase in iron concentration relative to copper and molybdenum. The manganese to iron ratio 

(Figure 4.39a, b, c) also indicates that the tailings supernatant and seepage pond has a higher 

value than the background surface water and observation wells, also, the finger drains have ratios 

similar either to the supernatant/seepage pond (i.e. FD-6, 8, 13 and 14) or to the background 

surface water and observation wells (i.e. FD-1, 9). 
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In general, the on-site monitoring data indicates that the concentration of most parameters 

is elevated in the tailings supernatant, seepage pond, and finger drains relative to the background 

surface water concentrations. The concentration of parameters in surface water and observation 

wells in the East Saddle Dam area are low indicating that leakage from the tailings pond to the 

area east of the impoundment is not occurring. In observation wells below the Main Dam, the 

concentrations are elevated relative to background levels due to leakage of water from the tailings 

impoundment through the Tailings Aquifer to discharge in East Fork Cuisson Creek. Also, the 

finger drain concentrations are elevated relative to the supernatant, however, molar ratios of 

parameters in the tailings supernatant and the finger drains are similar suggesting that there is no 

loss or gain of mass along the flow path. This suggests that the increase in concentration is the 

result of physical processes, for example, evaporation or dilution. However, some of the molar 

ratios are indicating that some parameters are losing or gaining mass during migration. For 

example, at monitoring stations FD-1, FD-9, FD-13, FD-14 and MW6-A,B. This change in mass 

could be due to chemical reactions occurring along the flow path and/or mixing of waters with 

differing compositions. Chemical reactions and processes could include oxidation and 

neutralization reactions occurring in the subaerial portion of the Main Dam. In the area of finger 

drains 1, 9, 13 and observation well MW6-A, B ground water elevations (Figure 4.4b) suggest 

that mixing of different waters may be occurring and may also be occurring in Finger Drain 14. It 

is difficult to assess whether it is mixing of waters or water-rock interactions during supernatant 

migration, or a combination of both, that result in the observed concentration changes without a 

better understanding of the hydrogeology in the tailings impoundment area. 
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Relationship between Laboratory Prediction Methods and On-site Water Quality 

The purpose of waste characterization is to determine the ARD potential for a site by 

addressing: 1) do the individual waste units have a potential for ARD?; 2) will this potential be 

realized and when?; 3) if ARD conditions do occur, to what level and time period?; and 4) how 

will water quality and environment be affected by ARD? The answers to these questions are 

based on the interpretation of the static and kinetic prediction data and, depending on those 

interpretations, used for site, mine and closure plans. 

Interpretation of the static prediction data can be based on either Net NP or NP:AP ratio, 

with the latter currently preferred. In British Columbia, Price and Errington (1995) propose that 

if the NP:AP ratio is less then 1, then the sample has a high potential for ARD. If the ratio is 

greater then 4, then the sample has a low potential. Those samples with NP:AP ratios between 1 

and 4 require further kinetic testing. The guidelines recognize these criteria as being conservative 

and are used until the proponent can show, through additional work, that the acid generating and 

neutralizing components are favourably balanced. The Gibraltar tailings have NP:AP values 

between 0.13 and 8.7 (mean is 1.25) for all samples and have been interpreted has having a 

potential for ARD (Patterson and Wambolt, 1994). Lawrence and Wang (in prep) have 

demonstrated that, for Gibraltar and other sites, the NP values vary when determined by different 

static methods. The Gibraltar samples included in this analysis have NP:AP values of 0.3 to 1.0 

(Wambolt et al, 1995) and Lawrence and Wang (in prep) report that these same samples have 

NP:AP ratios ranging from 0.2 to 3.9. The implication of a variable NP value is the resultant 

variation in the NP: AP ratio and corresponding interpretation depending on the criterion used. 
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Given the low values of NP and AP for the Gibraltar tailings, it was uncertain if the ARD 

potential would be realized and kinetic tests were initiated (Patterson and Wambolt, 1994). The 

initial period (16-20 weeks) of these kinetic tests is characterized by fluctuating and elevated 

concentration of parameters until stable conditions are established. It was once accepted practice 

that kinetic tests were completed in 20 weeks. Recently, waste characterization studies include 

much longer term tests, although 20 week tests are still specified for some assessments. 

Interpretation of the Gibraltar kinetic data suggests that sulphide oxidation and calcite dissolution 

has been occurring since the initiation of these tests. After three years of continued kinetic 

testing, recent increases in sulphide oxidation and calcite dissolution reactions rates suggest the 

on-set of ARD conditions in the cells. This infers that the kinetic tests have verified the 

interpretation of the static test data that a potential for ARD exists and that the potential has been 

realized after three years of kinetic testing. This potential is also realized on-site as interpretation 

of the water quality data suggests that oxidation and neutralization reactions are occurring in the 

subaerial portion of the Main Dam of the tailings impoundment. The Gibraltar study 

demonstrates the importance of establishing kinetic cells as early as possible to allow stable 

conditions to be established and the maximum amount of time for leaching. The significance of 

this is that, although the interpretation of static prediction data provides an indication of the ARD 

potential, it does not provide an indication of when ARD will occur. The kinetic laboratory tests 

suggests that, in this case, a three year period is needed before increased oxidation and 

neutralization reactions occur. On-site, however, it is impossible to determine the time-frame for 

these reactions due to the unknown conditions contributing to water quality. Thus, interpretation 

of static prediction data indicates the potential for ARD although the realization and time lag to 

the these conditions are only determined by long term, continued kinetic testing. 
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The next point of waste charaterization to address is at what rate and for what time period 

will ARD be generated by the Gibraltar tailings. Although static and kinetic test data indicate 

ARD conditions will establish in these tailings, current kinetic leachate water quality does not 

exceed British Columbia water quality guidelines for aquatic life (British Columbia Ministry of 

Environment, Lands and Parks, 1994). Only continued testing of the kinetic cells will determine 

the worst-case concentrations and rates that will be attained in the kinetic cell leachate. 

The interpretation of kinetic test data are principally the calculation of sulphide oxidation 

and NP depletion rates. By knowing the original AP and NP content and these depletion rates, 

the time required to deplete acid producing and neutralizing minerals in mine wastes can be 

calculated. Lapakko (1987, 1990), Bradham and Carrucio (1990), White and Jeffers (1994) and 

White et al (1994) have completed laboratory testwork in which NP depletion, from carbonate 

dissolution only, coincided with decreasing pH conditions. Additional work, however, is required 

to assess the accuracy of calculated mineral depletion rates and the validity of assumptions such as 

constant oxidation and dissolution rates over time. Acid generating and neutralizing minerals 

have variable composition and relative reactivity. This can result in an individual ion, for example 

calcium, being introduced to solution by dissolution of different minerals, for example, from 

calcite and plagioclase. In this case, the dissolution rates of these minerals differ with plagioclase 

being slower than calcite. Over time, therefore, neutralization by different minerals may lead to 

different NP depletion rates. A similar arguement can be made for the acid generating reactions 

since sulphides also exhibit different relative stabilities and oxidation rates (Ritchie, 1994; Kwong, 

1995). Suggested additional work is kinetic testing of samples with a prescribed mineralogy to 
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ensure the occurrence of a variety of sulphide oxidation and neutralization reactions. These tests 

could assess the assumptions of constant AP and NP depletion rates, although these tests would 

have the same limitations as most kinetic tests, namely the long time frame. 

Quantitative extrapolation of the controlled conditions of a laboratory to operating mine 

sites like Gibraltar, is tenuous due to constantly fluctuating environmental conditions. 

Interpretation of the Gibraltar monitoring data has indicated that a significant proportion of 

surface and ground water quality in the area of the tailings impoundment is affected by the tailings 

supernatant. The on-site monitoring data also indicates that the water quality changes during 

migration from the tailings pond to the finger drains and during leakage from the impoundment to 

the local ground water aquifers. These changes may be the result of physical processes, chemical 

reactions and/or mixing of waters with different compositions. These influences on ultimate water 

quality cannot be easily simulated in laboratory kinetic testing and can probably only be accounted 

for by the development of models that link geochemical reactions and hydrogeology. 

Some of the reactions contributing to the water quality changes are sulphide oxidation and 

neutralizing mineral dissolution. It would be impossible, however, to determine the rates of these 

reactions since the water quality is influenced more by the supernatant. This suggests that in the 

absence of more sophisticated approaches, the extrapolation of these laboratory data 

interpretations is more qualitative than quantitative. For example, identification of preferential 

depletion of minerals and the formation of secondary minerals in the laboratory tests can be used 

in the interpretation of existing and future water quality on-site, although the laboratory 

determined depletion rates cannot be extrapolated directly to the field. 
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The final consideration is related to the existing conditions of the tailings impoundment 

that determine the ultimate water quality of the area and its impact to the environment. One 

consideration at Gibraltar is that most of the tailings are currently underwater and only the Main 

Dam is subaerial and available for sulphide oxidation reactions. Although an ARD potential exists 

and it is realized in the laboratory tests and on-site, currently most of the tailings are subaqueous 

which prohibits sulphide oxidation. Interpretation of the on-site monitoring data also suggests 

that the local environment has some capacity to neutralize and immobilize some of the ions in 

solution. It is difficult, however, to assess whether it is mixing of waters or water-rock 

interactions during supernatant migration, or a combination of both, that result in the observed 

concentration changes without a better understanding of the hydrogeology in the tailings 

impoundment area. 
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5.0 RECOMMENDATIONS FOR ARD PREDICTION 
TESTING, REPORTING AND INTERPRETATION 

Waste characterization studies have evolved over the past few decades with the increasing 

awareness of the impact to the environment by ARD. Prior to the late 1970's the affect of ARD 

was not considered. During the 1980's and 1990's, regulatory agencies and mining companies 

have improved ARD prediction protocols by increasing the number and types of samples and 

analyses to characterize the mine material. Further refinements of waste characterization studies 

continue today resulting from increased knowledge and experience in ARD prediction, 

prevention, control and treatment. 

Reporting and interpretation of ARD prediction data has also evolved over the past few 

decades. What once took a page or two to discuss in the mine plan, now comprises large 

documents solely on waste characterization. Given that ARD reporting protocols have been 

developed independently, there are different approaches and interpretations to ARD prediction 

data. Many investigators and government agents are recognizing the need to improve data 

collection and reporting in order to completely assess current interpretive methods. 

With the review of DBARD and mine submission reports, various data and information 

pertinent to the review were identified, however, this information tends to be unreported or 

unrecorded. In an effort to aid groups involved with ARD prediction, the following is presented 

as a guideline to reporting ARD prediction data with recommended analytical and interpretive 

methods. 
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It should be noted that, although the sequence of the following analyses and tests 

represents the order in which they are often completed during waste characterization studies, 

ARD testing should be an iterative process. In many cases it is necessary to complete additional 

tests and analysis as a result of data and interpretation from subsequent tests. In addition, tests 

completed at a later stage of waste characterization can be used to re-interpret the results of 

earlier analysis. This applies particularly to the results of the kinetic tests which can often allow a 

more thorough interpretation of static test data and mineralogical analysis. 

5.1 M I N E R A L O G I C A L C H A R A C T E R I Z A T I O N 

An initial part of waste characterization is the division of the on-site waste units. This is 

usually based on the geologic units identified during the exploration and development phases of 

the site. During waste characterization these divisions are further refined and possibly divided 

differently based on the acid generation potential. Mineralogical characterization is based on 

geochemistry, mineralogy and, in some cases, particle size. 

5.1.1 GEOCHEMISTRY 

The geochemistry of a sample can be reported as element or oxide content depending on 

the analysis used. Common techniques used to determine the concentration of the major and 

trace elements are Induced Coupled Plasma (ICP), Atomic Adsorption (AA) and X-ray 

Fluorescence (XRF). Determining which technique to use will depend on the elements to be 

analyzed, detection limits required, number of samples and cost. Commonly, ICP analysis is used 

to determine elemental concentrations of a sample. 
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One important consideration in interpreting available geochemical data from ICP and A A 

is understanding the digestion conditions used in these analytical techniques. Digestions 

commonly used are aqua-regia or hydrofluoric-perchlorate-nitric. Aqua-regia digestions will not 

completely digest some of the minerals, particularly silicates. Although this affects the accuracy 

of the concentrations obtained, it does permit an interpretation of the static prediction data. For 

example, elements not completely digested by aqua-regia are aluminum, calcium, magnesium, 

potassium and sodium. This suggests, for example, that if calcium is present in a sample in both 

carbonate and silicate minerals, digestion by aqua-regia would introduce calcium from the 

carbonate predominantly. It is important to understand the analytical techniques completed given 

the recent trend to measure "indicator" (or "surrogate") elements. These elements correlate with 

the neutralization potential and, by using correlation equations, the neutralization potential can be 

calculated from elemental concentration. Indicator elements may also be applicable to 

determining the acid potential. It is recommended that any indicator elements also be used to 

monitor and characterize oxidation and dissolution reactions in kinetic testing. 

The various sulphur species have to be measured in order to establish the sulphide-sulphur 

content of the samples. This is accomplished by measuring the total sulphur content, determined 

by Leco furnace techniques, and sulphate content, determined by HCI dissolution techniques. The 

arithmetic difference between these two sulphur measurements represents the sulphide - sulphur 

content and this value is used to determine the Sulphide Acid Potential (SAP). Standard A B A 

uses the total sulphur content to determine the Acid Potential (AP). If barite is suspected in the 

sample it is necessary to estimate its content using barium analysis since barite is insoluble in HCI 

and would not be accounted for by these dissolution techniques. 
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Analysis of inorganic carbon content of samples is also recommended for the calculation 

of the carbonate mineral content. There are various forms of carbon present that must also be 

considered when analyzing for carbon content. Total carbon represents the organic and inorganic 

carbon content of the sample and is commonly determined by Leco furnace techniques. Of 

interest is the inorganic carbon content that can be used to calculate the Carbonate Neutralization 

Potential (CNP). Inorganic carbon content may also prove to be a useful indicator element at 

sites. 

5.1.2 MINERALOGICAL ANALYSIS 

An understanding of the mineralogy of the different lithologies is important in the 

collection and interpretation of prediction data. Methods used for mineralogical analysis range 

from simple visual examination of core or hand specimens, petrographic microscope techniques, 

to more sophisticated analysis such as x-ray diffraction (XRD). Normative calculations also 

provide an inferred modal distribution based on the geochemistry of a sample, although these may 

not be applicable at all sites since the calculations are based on the assumption of crystallization 

from a magma. It is recommended that mineralogical analysis include at least visual examinations 

and petrographic microscope techniques. 

Mineralogical features noted during the mineralogical analysis by visual and petrographic 

methods include components that are relevant to the ARD potential for example: 
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• types and modal distribution of sulphide/opague, carbonate, and silicate minerals 

• crystal size, fabric, habit, deformation and form 

• association and occurrence of the minerals 

• presence of secondary minerals as coating/replacement 

5.1.3 PARTICLE SIZE ANALYSIS 

Analysis or mineralogical examination of size fractions of tailings and other materials can 

provide useful information on the distribution of AP and NP, namely, does static test data 

correlate with particle size? This may occur, for example, if differential settling occurs along flow 

paths as tailings are disposed. This type of analysis includes sieving the samples, with very fine 

fractions separated using specific analytical techniques, and each size fraction undergoing 

mineralogical characterization and static prediction tests. In addition to mineralogic/lithologic 

descriptions, particle characteristics for the individual sieve fractions should include shape and 

angularity. If the particles are sufficiently large enough, for example from waste rock piles, then 

additional testing could include the particle competence and slaking potential. 

5.1.4 REPORTING OF DATA 

The various methods and techniques used to characterize the mineralogy should be 

specified. If non-standard techniques are used, these should be described in detail. Reporting of 

the mineralogical characterization should include: the laboratory where the analysis was 

completed and when; the analytical method; description of sample preparation; and digestion 

conditions where applicable. The data to be reported from the geochemical analysis includes: 
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• waste characterization unit 

• elemental analysis from ICP scan 

• sulphur species concentrations 

• inorganic carbon concentration 

The data to be reported from the particle size analysis includes the above list, if available, 

and: 

• sieve sizes used and % retained 

• particle shape and angularity 

• competence/slaking potential 

The mineralogical analysis should result in detailed descriptions of the individual units 

identified in the waste characterization studies. The description of each unit should include the 

full lithologic name and any abbreviations that will be referred to. Each unit should have a 

detailed lithologic summary based on the interpretations of the geochemical and mineralogical 

characterization focusing on the mineralogy, modal distribution, crystal size and form and the 

association of the minerals. 
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5.2 S T A T I C P R E D I C T I O N T E S T I N G 

5.2.1 TEST METHODS 

Of the various methods available, it is recommended that the Modified A B A (Lawrence, 

1990) test be used as other research (Lawrence and Wang, in prep) suggests it provides a more 

representative value of the neutralization potential. It is recognized that a preference is commonly 

given to the Standard A B A method given its practical aspects, namely the minimal laboratory time 

and space requirements. This test may be still be used, although it is important to have the "fizz" 

rating and digestion conditions used in each test noted. These data should also be reported for 

each Modified A B A test completed. 

It is also recommended that the inorganic carbon content measured be used to aid in the 

interpretation of the Modified or Standard ABA data. Since the inorganic carbon represents the 

carbonate content, it could be used to assess the overestimation of NP that may result from the 

Standard A B A tests and to verify the NP values from the Modified A B A tests. Inorganic carbon 

content of samples also indicates the proportion of NP attributed to carbonate dissolution. For 

example, if the neutralization potential exceeds the carbonate neutralization potential (determined 

from sample carbon content) it indicates that there may be an overestimation of NP due to silicate 

dissolution. If carbonate neutralization potential exceeds the neutralization potential it suggests 

the presence of siderite (iron carbonate) which does not contribute to the neutralization potential 

but would be included in the inorganic carbon content. 
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Paste pH should also be recorded in order to determine if a correlation exists between it 

and the static prediction data. If there is a correlation, using field measurements of paste pH 

allows for a quick, relatively inexpensive technique to approximate the ARD potential. 

Other information that should be reported by the laboratory completing the static 

prediction tests are the end pH of the digestion and the back titration curves. Both of these would 

provide an indication of the degree of digestion and the contributions of carbonate and silicate 

minerals to NP. 

5.2.2 CALCULATIONS AND TERMS 

The following terms and calculations are recommended for use in static prediction tests. 

All investigators, whether they use the following calculations or their own, should detail the 

calculations and terms used in their waste characterization studies. This information tends to be 

the least reported/recorded and is probably the most significant. 

The first consideration is the acid generating potential: 

Acid Potential: AP = (% S - total) x 31.25 
(kg as CaCOs/t) 

Sulphide Acid Potential: SAP = (% S - sulphide) x 31.25 
(kg as CaCOj/t) 

Mineralogical descriptions would indicate the type, availability, and associations of the sulphide 

minerals and provide a qualitative identification of the sulphide minerals contributing to the acid 
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potential. The SAP value quantifies the acid potential and represents of the amount of sulphide 

minerals present to oxidize. 

The second consideration is the acid neutralizing potential: 

Neutralization Potential: 
NP 

Carbonate Neutralization Potential: 
CNP 

= from Standard A B A or Modified 
A B A procedures 
(kg as CaCOj/t) 

= (%C02 - inorganic) x 22.73 
or 
(%C - inorganic) x 83.33 
(kg as CaCOj/t) 

In considering neutralization, qualitative identification of minerals contributing to NP can be 

determined from mineralogical characterization and the back titration curves. The above 

calculations quantify the available NP and the contributions of silicate and carbonate minerals. 

With AP, SAP, NP and CNP determined by laboratory methods, the following calculations 

are recommended to interpret the ARD potential: 

Net Neutralization Potential: NNP = 

Carbonate-Sulphide Net Neutralization 
Potential: CNNP 

Carbonate-Sulphide Neutralization Potential 
Ratio: CNPR 

N P - A P 
(kg as CaC0 3 /t) 

Neutralization Potential Ratio: NPR = N P / A P 

Refined Net Neutralization Potential: RNNP N P - S A P 
(kg as CaCOj/t) 

Refined Neutralization Potential Ratio: RNPR = N P / S A P 

C N P - S A P 
(kg as CaCOj/t) 

= CNP / S A P 
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Of these calculations, the CNPR is recommended for interpretation of the ARD potential 

as it represents the proportion of carbonate to sulphide content in the sample. 

5.2.3 R E P O R T I N G O F D A T A 

Information which should be included when reporting static prediction data includes: 

Sample I.D/Location % S - sulphide NP determination method NNP 

Waste Unit % S - total Fizz Rating NPR 

Sample/Analysis Date % S - sulphate Acid digestion (normality/volume) RNNP 

Laboratory AP pH after digestion RNPR 

Paste pH SAP NP CNNP 

% C - inorganic CNPR 

CNP 

5.3 KINETIC PREDICTION TESTING 

5.3.1 T E S T M E T H O D S 

Outlining the objectives of the kinetic testing is important given that these determine how 

the test and analysis is completed. Kinetic tests are used to: test the interpretation of the static 

test data; determine the rate of acid generation (sulphide oxidation) and metal leaching; determine 

water quality; test pr oposed control and mitigation measures; and, more recently, determine the 

depletion rate of the neutralization potential. As a result of these various objectives there are 

different types of kinetic tests and procedures. For example, humidity cells (Lawrence, 1990) can 

be used to determine the time-lag and worst-case reaction rates since procedures of these tests do 

not represent field conditions and are such that flushing removes all oxidation/neutralization 

products and washes all the particles. Interpretation of these data provides an indication of 

preferential depletion of the acid generating and neutralizing minerals. Larger scale trickle - leach 
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humidity cells (Broughton et al, 1992), column leach tests and on-site field plots provide a better 

indication of the water quality that would result from weathering since procedures are more 

representative of field conditions. Interpretation of field plot water quality data are often limited 

since insufficient data tends to be collected. This is particularly evident if the site is remote and 

not easily accessible. These larger scale kinetic tests can be modified to test proposed mitigation 

measures and resultant water quality. An important feature of the test method selected is that it 

should be consistent with the objective of the test. 

In detailing the objectives of the the kinetic testing, it is important to fully outline the 

procedure of the kinetic tests and the selection and preparation of samples included in the testing. 

Kinetic testing should be initiated as soon as possible in waste characterization studies to allow 

stable conditions to be established and the maximum amount of time for leaching. Although an 

absolute time frame for these tests cannot be recommended, it is recognized that these tests often 

require approximately 20 to 30 weeks just to reach stable conditions. 

It is important to identify the analytical techniques used to determine the leachate water 

quality. ICP and A A techniques are commonly used and recommended. Noting analytical 

techniques is important, particularly if correlation equations are used to estimate the concentration 

of one parameter from the measurement of another. For example, one approach is to use 

measured conductivity value to calculate sulphate concentration. Care should be used when using 

concentrations determined by these correlation techniques, to calculate depletion rates as it may 

not be representative of the actual concentration and rate. Another consideration is the use of 

data below detection limits to calculate depletion rates. This also requires special consideration 
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when using this data to calculate depletion rates as assuming values at detection limits, or at some 

proportion of the detection limits, may not represent the true concentration and rate. 

An important consideration of the kinetic testing is the sampling interval. Many test 

procedures are based on weekly sampling intervals, however, with more and more tests completed 

over a long term (i.e. years), weekly samples may prove to be too detailed and costly. It is 

recommended that sampling interval initially be weekly until stable conditions are reached and 

continued at this interval until these conditions are characterized. Some parameters, such as pH, 

conductivity, temperature and redox potential, can be monitored simply and inexpensively on a 

weekly basis for the duration of the test. Other parameters, namely the ICP analysis, may have a 

reduced sampling frequency, to monthly or even quarterly, once stable conditions are attained. 

These sampling intervals should be reviewed if: 1) test conditions change, for example if testing 

stops for a period and is re-initiated or if cells are moved to another location, and 2) water quality 

changes, for example if oxidation and neutralization reaction rates are increasing. 

The parameters in the leachate analysis should include: 

• pH 

• alkalinity/acidity 

• conductivity 

• sulphate concentration 

• individual metal concentrations 

Redox potential can also be measured, although measurements of low ionic strength solution are 

often erratic from week to week and interpretation should be carried out carefully. In determining 
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the metals to include in the analysis, the multi - elements included in a typical ICP scan provide an 

overall indication of the water quality. If indicator elements have been identified, the analysis 

could be limited to these parameters. If there are metals of concern, for example, mercury, 

selenium, arsenic, antimony and base metals, not available in the ICP analysis, these should also be 

included in the sampling and analyzed by more sensitive or accurate techniques such as AA. It is 

recommended that the ICP scan be utilized, in addition to any indicator or metals of concern not 

included in this analysis. This provides an overall water quality, parameters to calculate depletion 

rates and may provide information needed as a result of changing regulations and permit 

requirements. 

Parameters to be included in the analysis, together with the sampling interval, should be 

reviewed periodically to ensure that testing is meeting the objectives of the test and remains cost 

effective. 

5.3.2 C A L C U L A T I O N S AND T E R M S 

Recommended calculations and terms for use in kinetic testing are presented in the 

following. All investigators, whether they use the following calculations or their own, should 

detail the calculations and terms used for manipulating kinetic test data in their waste 

characterization studies. 

The first consideration is the sulphide oxidation rate and the time until sulphide is depleted 

which is calculated using the leachate sulphate concentration values and the sulphide-sulphur 

content of the sample at the start of the test. 

176 



Cumulative S0 4 Produced = 

Sulphide oxidation rate 

% S - sulphide remaining 

cumulative total of: 
(SQ4 concentration per cycle x leachate volume) 

sample weight 
(mg as SOAg) 

(cumulative S0 4 extracted from one cycle -
cumulative SOi extracted from an earlier cycle) 

time difference between cycles 
(mg as SOVkg/week) 

((original % S-sulphide x sample weight x 106-
(cumulative SCX, x 32/96)) xlOO 

(original % S-sulphide x sample weight x 106) 

Time to Deplete AP (% S-sulphide remaining x 
(original %S-sulphide x sample weight x 106)) 

sulphide oxidation rate x 32/96 
(weeks) 

The next consideration is the leaching rates of the individual metals. These calculations 

should focus on the identified indicator elements and metals of concern in order to characterize 

the reactions introducing them to solution. 

Cumulative Metal Produced 

Metal leaching rate 

% metal remaining 

= cumulative total of 
(metal concentration per cycle x leachate volume) 

sample weight 
(mg as metal/kg) 

= (cumulative metal extracted from one cycle -
cumulative metal extracted from an earlier cycle) 

time difference between cycles 
(mg as metal/kg/week) 

= ((original % metal x sample weight x 106) -
cumulative metal) x 100 

original % metal x sample weight x 106 

Time to Deplete metal (% metal remaining x 
(original % metal x sample weight x 106)) 

metal leaching rate 
(weeks) 
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There are two proposed methods to calculate the NP depletion. The first is based on the 

leaching of calcium and/or magnesium using the calculations for the individual metals presented 

above. The second method uses molar ratios of ions from neutralizing minerals to sulphate and 

the calculated oxidation rate. The molar ratio to use for these calculations will depend on the 

predominant neutralizing mineral present, that is carbonate or silicate. The calcium to sulphate 

ratio is sufficient to calculate neutralization depletion rates if the minerals contributing to 

neutralization cannot be distinguished. 

Molar Ratios to calculate: 

carbonate ratio = ((Ca concentration/40.08) + 
(Mg concentration/24.31) + 
(Sr concentration/87.62) + 
(Ba concentration/137.34)) 

(S0 4 concentration/96) 

silicate ratio 

calcium to sulphate ratio 

NP depletion rate 

Cumulative NP Produced 

% NP remaining 

Time to Deplete metal 

((Ca concentration/40.08) + 
0.5(Na concentration/22.99) + 
0.5(K concentration/39.09)) 

(S0 4 concentration/96) 

(Ca concentration/40.08) 
(S0 4 concentration/96) 

selected molar ratio x 
sulphide oxidation rate x (100/96) 

(mg as CaCOs/kg/week) 

cumulative S0 4 produced x (100/96) x 
selected molar ratio 

(mg as CaCOj/kg) 

(original NP - cumulative NP) x 100 
original NP 

(% NP remaining x (sample weight x 106)) 
NP depletion rate 

(weeks) 
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It has been recognized that the initial 20 to 30 week period is often characterized by 

elevated and fluctuating concentrations due to the flushing of existing oxidation/neutralization 

products. Calculations completed using this data may not represent oxidation and neutralization 

reactions that are occurring. It is recommended that running averages of the last five calculated 

sulphide oxidation, metal leaching and NP depletion rates be completed in order to "smooth" the 

data. These running averages should be used in determing the percent remaining and time to 

depletion. 

The NP depletion calculations presented follow the procedures of the original authors. An 

improvement to these calculatives is using the original mineralogical content rather than the 

original calcium (used for % remaining calculations based on metal leaching rates) or NP (used 

for % remaining calculations based on molar ratios and sulphide oxidation rate). Calcium and NP 

values may reflect both carbonate and silicate contributions, thus using the original modal 

distribution provides a more representative calculation of its depletion. 

Calculations can be carried out to determine other molar ratios which represent the 

proportion of moles in solution. Molar concentrations are calculated by dividing the leachate 

concentrations by the ion molecular weight and using the molar concentrations to determine the 

molar ratio. The ratios to calculate depend on the "indicator" elements identified and the 

following molar ratios are recommended, but not limited to: 

sulphate / alkalinity - an increase in this indicates the on-set of increased 
oxidation and neutralization reaction rates and 
ARD conditions 

calcium / sodium or magnesium - to determine preferential leaching of neutralizing 
minerals 
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calcium or magnesium or sodium or potassium / sulphate 
- to characterize dissolution and oxidation reactions 

calcium or magnesium or sodium or potassium / iron 
- to characterize dissolution and oxidation reactions 

Other calculations that can be carried out include saturation index values for secondary 

minerals that may precipitate. This would apply principally to sulphate minerals which would limit 

the concentration of sulphate and calcium in the leachate and lead to erroneous rate calculations. 

5.3.3 R E P O R T I N G OF D A T A 

Prior to reporting the kinetic test data, there should be a compilation of information 

related to the samples included in the kinetic testing. This would principally be the static 

prediction data, geochemical analysis and mineralogic/lithogic description. 

Data to report kinetic tests includes: 

Laboratory Calculated sulphate production rates and cumulative total 

Date/Cycle Number Calculated individual metal leaching rates and cumulative total 

Leachate Volume Calculated NP depletion rate and cumulative total 

Conductivity % S, metal and NP remaining 

Redox time to deplete AP, NP and metals 

pH Molar ratios 

Alkalinity / Acidity 

Sulphate concentration 

Individual metal concentrations 

180 



5.4 I N T E R P R E T A T I O N A N D W A S T E C H A R A C T E R I Z A T I O N 

Since waste characterization is iterative and tends to be phased, it is important to identify 

the individual phases included in the waste characterization as each phase tends to have individual 

objectives. It is also important to identify and describe the work completed for each phase since 

interpretations from one phase may be either applied to previous work for re-interpretation or 

used to determine additional test work. Each phase of the waste characterization should be 

identified by its objective(s), time of completion, the number of samples collected and analyses 

completed, and findings/conclusions. 

The criteria used to interpret static and kinetic prediction data should also be presented. 

As a guideline it is recommended that for Neutralization Potential Ratio (=NP/AP) and Refined 

Neutralization Potential Ratio (=NP/SAP) values less than 1 be interpreted as acid generating, 

values greater than 3 as non-acid generating and those values between 1 and 3 as uncertain 

potential. It is recommended that the Carbonate Sulphide Potential Ratio (=CNP/SAP) be used 

to interpret the ARD potential. In this case the zone of uncertainty would lie between 1 and 2. 

These guidelines should be used as an initial classification for the data and used in conjunction 

with other geologic and non-geologic factors of the sample, and on-site, to determine site specific 

interpretation criteria for the ARD potential. If investigators use other criteria to distinguish acid 

and non-acid generating components, then a detailed description of their derivation or source 

should be given. 

Interpretation of the kinetic test data is dependent on the objectives and procedures of the 

test and the discussion should address the individual objectives of the test. The interpretation 
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could include, but not limited to, the oxidation and neutralization reactions rates and time to 

depletion, the leaching rates of indicator elements and metals of concern, the characterization of 

mass gains or losses and preferential depletion from molar ratios, and the resultant water quality 

from weathering. 

Following the discussion of the static criteria used and the discussion of the kinetic test 

data interpretations, there should be a summary of the on-site waste units and their interpreted 

ARD potential. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

This chapter will summarize the findings of this thesis by discussing each of the objectives, 

presented in Section 1.0. 

The first objective of this thesis was to investigate the relationship between static 

prediction parameters and lithogeochemistry and geologic deposit type. This was completed with 

a review of DBARD and a detailed study of the tailings impoundment at Gibraltar. The review 

of DBARD has indicated that adjacent sites, or sites of a similar deposit model, cannot be 

compared directly when determining ARD potential from static prediction data. However, 

experience from previous work at other sites could aid new sites in determining waste 

characterization programs. Paste pH provides a quick indication of NP:AP values and should be 

used as an ARD charaterization tool. This indicator is site specific and the correlation between 

paste pH and NP:AP would need to be established at individual sites. 

The review of DBARD also indicated that NP determination from static prediction tests 

are dependent on mineralogy (i.e. whole rock chemistry) particularly the concentration of calcium, 

magnesium and carbon. These dependences would need to be established on a site specific basis 

as there is a correlation of these factors with lithology. The detailed study at Gibraltar has 

identified correlations between NP and calcium, carbon, strontium and sodium as well as between 

AP and iron, cobalt and manganese. In this case, minerals that may be contributing to AP are 

pyrite and minor chalcopyrite, bornite and molybdenite. Minerals contributing to NP are calcium 

carbonate and sodium-calcium silicate minerals. Identification of minerals contributing to AP and 

NP has been incorporated in the Gibraltar study by identifying chemical parameters that can be 
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used in the interpretation of kinetic test data and on-site monitoring data to characterize 

oxidation and dissolution reactions. The DBARD review and detailed study suggests that an 

understanding of the mineralogy/lithology of the waste characterization units is essential to 

interpret ARD prediction data. 

The Gibraltar tailings have NP:AP values between 0.3 and 1.5 and have beeen interpreted 

as having a potential for ARD. For Gibraltar, and other sites, Lawrence and Wang (in prep) 

suggest that NP values vary with different static test methods depending on the digestion 

conditions and the sample mineralogy. The implication of this is that the resultant variation of the 

NP:AP ratios and corresponding interpretation of the ARD potential depend on the classification 

criterion used. 

The second objective of this research was to assess current interpretations of kinetic 

prediction data and their relation to the static prediction data. Although the kinetic tests in 

DBARD are relatively short term (less then 20 weeks), the review indicates that the static 

prediction data do not correlate with either the minimum pH values or the mean rates of sulphide 

oxidation from the kinetic tests. There are proposed calculations for NP depletion rates using 

either: 1) metal leaching rates for calcium and magnesium or 2) various molar ratios and sulphide 

oxidation rates. Although similar rates are determined by these methods, additional work is 

needed to assess the accuracy of these calculated depletion rates and the validity of assuming 

constant rates over time. 
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The Gibraltar study indicates that the kinetic leachate chemistry is highly variable in the 

first 16 to 20 weeks of testing until stable conditions are established. More recent waste 

characterization studies have incorporated longer term kinetic tests than the previously accepted 

20 week test. Once stable conditions were established in the Gibraltar cells, certain chemical 

parameters occur in solution above detection limits, in this case, calcium, strontium, sulphate, 

magnesium, molybdenum, manganese and zinc, suggesting sulphide oxidation and calcite 

dissolution reactions are occurring. In addition, changes in concentration and molar ratios in the 

cell leachate indicate increased oxidation and neutralization reactions rates and the possible on-set 

of ARD conditions. The Gibraltar study demonstrates the importance of establishing kinetic cells 

as early as possible since to allow stable conditions to be established and the maximum amount of 

time for leaching. The interpretation of the static test data indicates a potential for ARD and the 

realization and time lag to these conditions can only be determined by long term kinetic testing. 

Calculated sulphide oxidation and NP depletion rates indicate that, after three years of testing, 

approximately 95% of the original sulphide and 85% of the original calcite are still present in 

these Gibraltar samples. 

The third objective of this thesis was to determine the ability of static and kinetic 

prediction methods to identify on-site water quality using the detailed study of the Gibraltar 

tailings impoundment. Interpretation of the on-site monitoring data has indicated that a 

significant proportion of surface and ground water in the tailings impoundment area is affected by 

the tailings supernatant. These data also indicate that the water quality changes during migration 

from the tailings pond to the finger drains of the Main Dam and during leakage from the 

impoundment to the local ground water aquifers. These changes may be the result of physical 
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processes, chemical reactions and/or the mixing of waters of different compositions. These 

factors all contribute to the ultimate water quality on-site. Although the static prediction data 

interpretations indicate that a potential for ARD exists within the tailings which is subsequently 

identified in laboratory kinetic tests, extrapolation of laboratory interpretations is more qualitative 

than quantitative. For example, the calculated depletion rates cannot be directly extrapolated to 

the field. The identification of preferred mineral depletion and formation of secondary minerals 

identified in the laboratory tests can be used, in conjunction with the understanding of other 

factors on-site, to interpret existing and future on-site water quality. 

The fourth objective of this thesis was to assess current interpretive and reporting 

methodology used to assess ARD prediction data. The review of DBARD has indicated that 

ARD reporting protocols have been developed independently and, as a result, there are different 

approaches and interpretations of ARD prediction data. Data and information that are either 

unrecorded or unreported were also identified. In an effort to aid groups involved in ARD 

prediction, a guideline to waste characterization testing, data collection, interpretation and 

reporting is presented. The steps recommended include: 

1. Mineralogical characterization summarizing the geochemical, mineralogical and particle size 

analyses completed to describe the minerology/lithology of the individual waste units. 

Recommended procedures include ICP to determine the geochemistry and visual descriptions 

and petrographic microscope methods to identify mineralogy; 

2. Static prediction characterization summarizing the tests completed and the calculations used 

to interpret the data. Recommended tests are the Modified A B A or Standard A B A with 

digestions conditions, end pH, and back titration curves reported. Inorganic carbon content 
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and indicator elements should also be determined. Interpretation of the ARD potential should 

be based on the carbonate to sulphide ratio (CNPR). 

3. Kinetic prediction characterization summarizing the objectives, procedures, leachate water 

quality and calculations completed. The test and analyses used should be consistent with the 

required objectives. Although a maximum time cannot be recommended, these tests should be 

considered long term tests as approximately 20 to 30 weeks are required to establish stable 

conditions. Initially sampling should be carried out at weekly intervals and include the 

analysis of alkalinity/acidity, pH, conductivity, sulphate concentration and individual metal 

concentrations (from ICP). The sampling interval and analysis should be reviewed after stable 

conditions occur, if test conditions change, or as water quality changes. Calculations should 

include cumulative flux, leaching rate, % sulphur, metal and NP remaining, and time to deplete 

for both acid and neutralization potential. Other information to be derived from the leachate 

water quality can include molar ratios using the indicator elements to characterize the 

oxidation and neutralization reactions; and 

4. Waste Characterization summarizing the criteria used to interpret the static and kinetic test 

data and the classification of the waste units on-site based on the interpreted ARD potential. 

As a guideline, the CNPR should be used to interpret the static test data with values less than 

1 considered acid generating greater than 3 as non-acid generating and between 1 and 3 as 

uncertain. These criteria should be used as an initial interpretative tool and used in 

conjunction with kinetic test data and other geologic and non-geologic components of the 

samples and on-site to assess the ARD potential 

187 



7.0 BIBLIOGRAPHY 

Alpers, C.N. and Nordstrom, D.K., 1990. Stoichiometry of Mineral Reactions from Mass Balance 
Computations of Acid Mine Waters, Iron Mountain, California, in Acid Mine Drainage: 
Designing for Closure, J.A. Malick, S.J. Day and J.W. Gadsby (eds.), G A C - M A C Annual 
Meeting, Vancouver, Canada, pp. 23-33. 

B C A M D Task Force, 1989. Draft Acid Rock Drainage Technical Guide, Volume 1. 

BC A M D Task Force, 1992. Field QA/QC Protocols for Monitoring and Predicting Impacts of 
Acid Rock Drainage. 

Bierens de Haan, S., 1991. A Review of the Rate of Pyrite Oxidation in Aqueous Systems at Low 
Temperature. Earth Science Reviews, Vol. 31, pp. 1-10. 

Blanchard, R., 1984. Interpretation of Leached Outcrops. Nevada Bureau of Mines, Bulletin 66, 
A. Carlisle and Company, Nevada, 196p. 

Blowes, D.W. and Ptacek, C.J., 1994. Acid-neutralization in Inactive Mine Tailings, in The 
Environmental Geochemistry of Sulfide Mine-Wastes, D.W. Blowes and J.L. Jambor 
(eds.), Mineralogical Association of Canada, Short Course Handbook, Vol 22, pp. 271-
292. 

Blowes, D.W., Cherry, J.A. and Reardon, E.J., 1987. The Hydrogeochemistry of Four Inactive 
Tailings Impoundments: Perspectives on Tailings Pore-water Evolution, in Proceedings of 
the 1987 National Symposium on Mining, Sedimentology and Reclamation, Lexington, 
Kentucky. 

Blowes, D.W., Jambor, J.L., Appleyard, E.C. , Reardon, E.J. and Cherry, J.A., 1992. Temporal 
Observations of the Geochemistry and Mineralogy of Sulphide-rich Mine-tailings 
Impoundment, Heath Steel Mines, New Brunswick. Exploration and Mining Geology, 
Vol., l ,No. 3, pp. 251-264. 

Blowes, D.W., Reardon, E.J., Jambor, J.L and Cherry, J.A., 1991. The Formation and Potential 
Importance of Cemented Layers in Inactive Sulphide Mine Tailings. Geochimica et 
Cosmochimica Acta, Vol. 55, pp. 965-978. 

Boorman, R.S. and Watson, D.M. , 1976. Chemicial Processes in Abandoned Sulphide Tailings 
Dumps and Environmental Implication for Northeastern New Brunswick. CIM Bulletin, 
pp. 86-96. 

Bradham, W.S. and Caruccio, F.T., 1990. A Comparative Study of Tailings Analysis Using 
Acid/Base Accounting, Cells, Columns and Sohxlets, in Proceedings for the 1990 Mining 
and Reclamation Conference and Exhibition, Charleston, West Virginia, pp. 19-25. 

188 



Brady, K.B.C. , Perry, E.F., Beam, R.L., Bisko, D . C , Gardner, M.D. and Tarantino, J.M., 1994. 
Evaluation of Acid-Base Accounting to Predict the Quality of Drainage at Surface Coal 
Mines in Pennsylvania, U.S.A., in Proceedings of the International Land Reclamation and 
Mine Drainage Conference and Third International Conference on the Abatement of 
Acidic Drainage, United States Department of the Interior, Bureau of Mines Special 
Publication SP 06A-94, pp. 138-147. 

British Columbia Ministry of Environment, Lands and Parks, 1994. Approved and Working 
Criteria for Water Quality - 1994, 44p. 

Brodie, M.J., Broughton, L . M . and Robertson, A. MacG., 1991. A Conceptual Rock 
Classification System for Waste Management and A Laboratory Method for ARD 
Prediction from Rock Piles, in Proceedings of the 2nd Conference on Abatement of Acidic 
Drainage, Montreal, Canada, pp. 119-135. 

Broughton, L . M . , Chambers, R.W., and Robertson, A. MacG., 1992. Mine Rock Guidelines, 
Design and Control of Drainage Water Quality. A report completed for Saskatchewan 
Environment and Public Safety, Mines Pollution Control Branch, Report No. 93301. 

Bysouth, G.D., Campbell, K.V. , Barker, G.E. and Gagnier, G.K. in press. Gibraltar - Tonalite-
Trondhjemite Fractionation of Peraluminous Magma and the Formation of Syntectonic 
Porphyry Copper Mineralization. CIM Special Publication 46. 

Campbell, R.W., Dave, N.K., McTaggart-Cown, I., Cooper, J.M., Kaiser, G.W. and McNall, 
M.C.E . , 1990. The Birds of British Columbia, Volume 1. Royal British Columbia 
Museum, Victoria, British Columbia, pp. 54-144. 

Claridge, P.G. and Downing, B.W., 1993. Environmental Geology and Geochemistry at the 
Windy Craggy Massive Sulphide Deposit, Northwestern British Columbia. CIM Bulletin, 
Vol. 86, No. 966, pp. 50-57. 

Coastech Research Inc., 1991. Acid Rock Drainage Prediction Manual. M E N D Report, Project 
1.16.1b. 

Davis, M . , 1995. Personal communication. Department of Civil Engineering, University of British 
Columbia, Vancouver, Canada. 

Day, S.J. and Cowdery, P.H., 1990. Prediction of Oxidizable Sulphide Content and Neutralization 
Potential in Acid Generation Studies at Metal Mines, in Acid Mine Drainage: Designing 
for Closure, J.A. Malick, S.J. Day and J.W. Gadsby (eds.), G A C - M A C Annual Meeting, 
Vancouver, Canada, pp. 141-151. 

Downing, B.W. and Giroux, G.H., 1993. Estimation of a Waste Rock ARD Block Model for the 
Windy Craggy Massive Sulphide Deposit, Northwestern British Columbia. Exploration 
and Mining Geology, Vol. 2, No. 3, pp. 203-215. 

189 



Drever, J.L, 1988. The Geochemistry of Natural Waters, 2nd edition. Prentice Hall, New Jersey, 
437p. 

Drummond, A.D., Sutherland Brown, A., Young, R.J. and Tennant, S.J., 1976. Gibraltar -
Regional Metamorphism, Mineralization, Hydrothermal Alteration and Structural 
Development in Porphyry Deposits of the Canadian Cordillera, A. Sutherland Brown 
(ed.), CIM Special Volume, 15, pp. 195-205. 

Errington, J.C. and Ferguson, K.D., 1987. Acid Mine Drainage in British Columbia Today and 
Tomorrow, in Proceedings of Acid Mine Drainage SeminarAVorkshop, Halifax, Canada, 
pp. 67-87. 

Evangelou, V.P., Roberts, K. and Szekeres, G.W., 1985. The Use of an Automated Apparatus for 
Determining Coal Spoil Carbonate Types Content and Reactivity, in Symposium on 
Surface Mining, Hydrology, Sedimentology and Reclamation, University of Kentucky, 
Lexington, Kentucky, pp. 163-165. 

Evans, A . M . , 1980. An Introduction to Ore Geology. Blackwell Scientific Publications, London, 
231 p. 

Ferguson, K.D. and Morin, K.A. , 1992. The Prediction of Acid Rock Drainage - Lessons from 
the Database, in Proceedings of the International Symposium of the Abatement of Acid 
Mine Drainage, Montreal, Canada, pp. 85-106. 

Ferguson, K.D. and Robertson, J.D., 1994. Assessing the Risk of ARD, in Proceedings of the 
International Land Reclamation and Mine Drainage Conference and Third International 
Conference on the Abatement of Acidic Drainage, United States Department of the 
Interior, Bureau of Mines Special Publication SP 06A-94, pp. 2-11. 

Gould, W.D., Bechard, G. and Lortie, L. , 1994. The Nature and Role of Microorganisms in the 
Tailings Environment, in The Environmental Geochemistry of Sulfide Mine-Wastes, D.W. 
Blowes and J.L. Jambor (eds.), Mineralogical Association of Canada, Short Course 
Handbook, Vol 22, pp. 185-199. 

Harries, J.R. and Ritchie, A.I.M., 1981. The Use of Temperature Profiles to Estimate the Pyritic 
Oxidation Rate in a Waste Rock Dump from an Opencut Mine. Water, Air and Soil 
Pollution, Vol. 15., No. 4, pp. 403-423. 

Helsel, D.R., 1987. Advantages of Nonparametric Procedures for Analysis of Water Quality Data. 
Hydrological Sciences, Vol. 32, No. 2, pp. 179-190. 

Hem, J.D., 1992. Study and Interpretation of the Chemical Characteristics of Natural Water, third 
edition. U.S. Geological Survey Water-Supply Paper 2254, 263p. 

Hering, J.G. and Stumm, W., 1990. Oxidative and Reductive Dissolution of Mineral, in Mineral-
Water Interface Geochemistry, M.F. Hochella Jr. and A.F. White (eds.), Mineralogical 
Society of America, Vol. 23, pp. 427-459. 

190 



Jambor, J.L., 1994. Mineralogy of Sulfide-rich Tailings and Their Oxidation Products, in The 
Environmental Geochemistry of Sulfide Mine-Wastes, D.W. Blowes and J.L. Jambor 
(eds), Mineralogical Association of Canada, Short Course Handbook, Vol 22, pp. 59-
102. 

Kirchner, J.W., 1992. Heterogeneous Geochemistry of Catchment Acidification. Geochimica et 
Cosmoschimica Acta, Vol. 56, pp. 2311-2327. 

Kleinmann, R.L.P., Crerar, D.A. and Pacelli, R.R., 1981. Biogeochemistry of Acid Mine Drainage 
and Methods to Control Acid Formation. Mining Engineering, March, pp. 300-305. 

Klohn Leonoff Ltd., 1992. Preliminary Hydrogeology Study. A report completed for Gibraltar 
Mines Limited. 

Klohn Leonoff Ltd., 1993. Gibraltar Mine Hydrology Study. A report completed for Gibraltar 
Mines Limited. 

Klohn-Crippen Consultants Ltd., 1994. Gibraltar Mine, 1993 Tailings Dam Performance Review. 
A report completed for Gibraltar Mines Limited. 

Kwong, Y . T . L . , 1993. Prediction and Prevention of Acid Rock Drainage from a Geological and 
Mineralogical Perspective, M E N D Report, Project 1.32.1. 

Kwong, Y.T.J. , 1995. Influence of Galvanic Sulphide Oxidation on Mine Water Chemistry, in 
Proceedings of Sudbury '95, Mining and the Environment, Sudbury, Canada, pp. 477-483. 

Lapakko, K.A. , 1987. Prediction of Acid Mine Drainage from Duluth Complex Mining Wastes in 
Northeastern Minnesota, U.S.A., in Acid Mine Draiange Seminar/Workshop, Halifax, 
Canada, pp. 187-220. 

Lapakko, K.A. , 1990. Solid Phase Characterization in Conjunction with Dissolution Experiments 
for Prediction of Drainage Quality, in Mining and Mineral Processing Wastes, Proceedings 
of the Western Regional Symposium on Mining and Mineral Processing Wastes, Berkeley, 
U.S.A., pp. 81-86. 

Lapakko, K.A. , 1994. Evaluation of Neutralization Potential Determinations for Metal Mine 
Wastes and a Proposed Alternative, in Proceedings of the International Land Reclamation 
and Mine Drainage Conference and Third International Conference on the Abatement of 
Acidic Drainage, United States Department of the Interior, Bureau of Mines Special 
Publication SP 06A-94, pp. 129-137. 

Lasaga, A . C , 1984. Chemical Kinetics of Water-Rock Interactions. Journal of Geophysical 
Research, Vol 89, pp. 4009-4025. 

191 



Lawrence, R.W., 1990. Laboratory Procedures for the Prediction of Long Term Weathering 
Characteristics of Mining Wastes, in Acid Mine Drainage: Designing for Closure, J.A. 
Malick, S.J. Day and J.W. Gadsby (eds.), G A C - M A C Annual Meeting, Vancouver, 
Canada, pp. 131-140. 

Lawrence, R.W., 1994a. Database for ARD Research and Monitoring on Waste Rock Dumps, 
M E N D Report, Project 1.41.2. 

Lawrence, R.W., 1994b. DBARD, Database for Acid Rock Drainage, M E N D Report, Project 
1.12. la and BC A M D Task Force No. 1.20. 

Lawrence, R.W. and Harries, L . M . , 1995. DBARD for Paradox: Developments in DBARD - the 
Database for Acid Rock Drainage. MEND Report, Project 1.12. lb. 

Lawrence, R.W. and Sherlock, E.J., 1995. Databases for Acid Rock Drainage Prediction and 
Monitoring, in Proceedings of the Third Canadian Conference of Computer Applications 
in the Mineral Industry, CAMI '95, Montreal, Canada, pp. 825-833. 

Lawrence, R.W. and Wang, Y. in preparation. Critical Evaluation of Procedures to Determine the 
Potential of Mining Wastes to Produce Acid Rock Drainage. A Report of Laboratory 
Investigations prepared for Environment Canada and Hudson Bay Mining and Smelting. 

Lawrence, R.W., Sherlock, E.J. and Wang, Y., 1994. A Critical Evaluation of Static Test 
Procedures for the Prediction of Acid Rock Drainage, in Proceedings of Geological 
Association of America Annual Meeting, Seattle, U.S. A, pp. A-34. 

Lister, D., 1994. An Assessment of Acid Rock Drainage Potential of Waste Rock and 
Implications for Long Term Weathering of the North Dump at Island Copper Mine, Port 
Hardy, B.C. Unpublished M.A.Sc. thesis, Faculty of Graduate Studies, Department of 
Mining and Mineral Process Engineering, University of British Columbia, 217p. 

Lowson, R.T., 1982. Aqueous Oxidation of Pyrite by Molecular Oxygen. Chemical Reviews, Vol 
82, No. 5, pp. 461-497. 

McMillan, W.J., Hoy, T., Maclntyre, D.G., Nelson, J.L, Nixon, G.T., Hammock, J.L, Panteleyev, 
A., Ray, G E . and Webster, I.C.L., 1991. Ore Deposits, Tectonics and Metallogeny in the 
Canadian Cordillera. British Columbia Ministry of Energy, Mines and Petroleum 
Resources, Paper 1991-4, 276p. 

Memorial University, 1994. NewPet, Version 94.01.07. Department of Earth Sciences, Centre for 
Earth Resources Research. 

Morel, F . M . M . and Hering, J.G., 1993. Principles and Applications of Aquatic Chemistry, John 
Wiley and Sons, Inc., New York, 588p. 

192 



Morin, K.A. , 1990a. A Case Study of Data Quality in Routine Chemical Analysis of Acid Mine 
Drainage, in Acid Mine Drainage: Designing for Closure, J.A. Malick, S.J. Day and J.W. 
Gadsby (eds.), G A C - M A C Annual Meeting, Vancouver, Canada, pp. 415-425. 

Morin, K.A. , 1990b. Problems and Proposed Solutions in Predicting Acid Drainage with Acid-
Base Accounting, in Acid Mine Drainage: Designing for Closure, J.A. Malick, S.J. Day 
and J.W. Gadsby (eds.), G A C - M A C Annual Meeting, Vancouver, Canada, pp. 93-107. 

Morin, K.A. and Cherry, J.A., 1988. Migration of Acidic Groundwater Seepage from Uranium-
tailings Impoundments, 3. Simulation of the Conceptual Model with Application to 
Seepage Area A. Journal of Contaminant Hydrology, Vol. 2, pp. 323-342. 

Morin, K.A. and Hutt, N.M. , 1993a. DBARD Version 2.0 User's Manual, 47p. 

Morin, K.A. and Hutt, N.M. , 1993b. The Use of Routine Monitoring Data for Assessment and 
Prediction of Water Chemistry, in Proceedings of the Seventeenth Annual British 
Columbia Mine Reclamation Symposium, Port Hardy, Canada, pp. 191-201. 

Morin, K.A. and Hutt, N.M. , 1994. Observed Preferential Depletion of Neutralization Potential 
Over Sulfide Minerals in Kinetic Tests: Site-specific Criteria for Safe NP:AP Ratios, in 
Proceedings of the International Land Reclamation and Mine Drainage Conference and 
Third International Conference on the Abatement of Acidic Drainage, United States 
Department of the Interior, Bureau of Mines Special Publication SP 06A-94, pp. 148-156. 

Morin, K.A. , Cherry, J.A., Dave, N.K., Lim, T.P. and Vicyruka, A.J., 1988a. Migration of Acidic 
Groundwater Seepage from Uranium-tailings Impoundments,, 1. Field Study and 
Conceptual Hydrogeological Model. Journal of Contaminant Hydrology, Vol. 2, pp. 271-
303. 

Morin, K.A. , Cherry, J.A., Dave, N.K., Lim, T.P. and Vicyruka, A.J., 1988b. Migration of Acidic 
Groundwater Seepage from Uranium-tailings Impoundments, 2. Geochemical Behaviour 
of Radionuclides in Groundwater. Journal of Contaminant Hydrology, Vol. 2, pp. 305-
322. 

Morin, K.A. , Gerencher, E . , Jones, C.E. amd Koneswich, D.E., 1991. Critical Literature Review 
of Acid Drainage from Waste Rock, MEND Report, Project 1.11.1. 

Morin, K.A. , Home, I.A., and Flather, D., 1993. The Appropriate Geochemical Monitoring of 
Toe Seepage from a Mine-rock Dump, in Proceedings of the Seventeenth Annual British 
Columbia Mine Reclamation Symposium, Port Hardy, Canada, pp. 119-129. 

Morin, K.A. , Hutt, N.M. and Ferguson, K.D., 1995a. Measured Rates of Sulfide Oxidation and 
Neutralization in Kinetic Tests: Statistical Lessons from the Database, in Proceedings of 
Sudbury '95, Mining and the Environment, Sudbury, Canada, pp. 525-536. 

193 



Morin, K.A. , Hutt, N.M. and Ferguson, K.D., 1995b. Measured Rates of Copper and Zinc 
Leaching in the International Kinetic Database, in Proceedings of the Nineteenth Annual 
British Columbia Mine Reclamation Symposium, Dawson Creek, Canada, pp. 255-263. 

Morse, J.W., 1983. The Kinetics of Calcium Carbonate Dissolution and Precipitation, in 
Carbonates: Mineralogy and Chemistry, R.J. Reeder (ed.), Mineralogical Society of 
America, Reviews in Mineralogy Vol. 11, pp. 227-264. 

Morwijk Enterprises Ltd., 1992. Bell 92 Project, Closure Plan, Support Document E , Mine Rock 
and Tailings Geochemistry and Prediction of Water Chemistry, 384p. 

Moss, P.D. and Edmunds, W.M., 1992. Processes Controlling Acid Attenuation in the 
Unsaturated Zone of a Triassic Sandstone Aquifer (U.K.), in the Absence of Carbonate 
Minerals. Applied Geochemistry, Vol. 7, pp. 573-583. 

Nicholson, R.V., 1994. Iron-sulfide Oxidation Mechanisms: Laboratory Studies, in The 
Environmental Geochemistry of Sulfide Mine-Wastes, D.W. Blowes and J.L. Jambor 
(eds.), Mineralogical Association of Canada, Short Course Handbook, Vol 22, pp. 163-
184. 

Nickel, E .H. , 1983. Weathering of Sulphide Bodies, Generalized Gossan Profile, in Geochemical 
Exploration in Deeply Weathered Terrain, R.E. Smith (ed.), Short Course/Workshop 
Floreat Park, Western Australia, pp. 73-76. 

Ott, W.R., 1990. A Physical Explanation of the Lognormality of Pollutant Concentration. Journal 
of Air and Waste Management Association, Vol. 40, pp. 1378-1383. 

Pari, B., 1967. Basic Statistics. Garden City, New York. Doubleday and Company Inc., 175p. 

Patterson, R.J. and Wambolt, G.T., 1994. Gibraltar Mines Ltd. Environmental and Reclamation 
Report for 1993. A report completed for British Columbia Ministry of the Environment. 

Poulin, R., Hadjigeorgiou, J. and Lawrence, R.W. in press. Layered Mine Waste Co-mingling for 
Mitigation of Acid Rock Drainage. Trans. Institute of Mining and Metallurgy. 

Price, W.A. and Errington, J.C., 1995. ARD Guidelines for Mine Sites in British Columbia. 
British Columbia Ministry of Energy, Mines and Petroleum Resources, Mine Review and 
Permitting Branch, 29p. 

Ritchie, A.I.M., 1994. The Waste-rock Environment, in The Environmental Geochemistry of 
Sulfide Mine-Wastes, Mineralogical Association of Canada, D.W. Blowes and J.L. Jambor 
(eds.), Short Course Handbook, Vol 22, pp. 133-162. 

Rock, N.M.S., 1988. Numerical Geology - A Source Guide, Glossary and Selective Bibliography 
to Geological Uses of Computers and Statistics. Lecture Notes in Earth Sciences, 
Springer-Verlag, Germany, 427p. 

194 



Sherlock, E.J., Lawrence, R.W. and Poulin, R., 1995. On the Neutralization of Acid Rock 
Drainage by Carbonate and Silicate Minerals. Environmental Geology, Vol. 25, No. 1, pp. 
43-54. 

Sobek, A.A. , Schuller, W.A., Freeman, J.R. and Smith, R.M., 1978. Field and Laboratory 
Methods Applicable to Overburdens and Minesoils. U.S. Environmental Protection 
Agnecy, EPA 600-2-78-054, 203p. 

Stumm, W. and Morgan, J.J., 1981. Aquatic Chemistry, An Introduction Emphasizing Chemical 
Equilibria in Natural Waters, 2nd ed., Wiley-Interscience, New York, 583p. 

Sutherland-Brown, A., 1973. Gibraltar Mine, in Geology, Exploration and Mining in British 
Columbia, British Columbia Department of Mines and Petroleum Resources, pp. 299-318. 

Sverdrup, H.U., 1990. The Kinetics of Base Cation Release due to Chemical Weathering. Lund 
University Press, Sweden, 245p. 

Taylor, B.E. and Wheeler, M.C. , 1984. Stable Isotope Geochemistry of Acid Mine Drainage: 
Experimental Oxidation of Pyrite. Geochimica et Cosmochimica Acta, Vol. 48, pp. 2669-
2678. 

Terjesen, S.G., Erga, O., Thorsen, G. and Ve, A., 1961. Phase Boundary Processes as Rate 
Determining Steps in Reactions Between Solids and Liquids: The Inhibitory Action of 
Metal Ions on the Formation of Calcium Bicarbonate by the Reaction of Calcite with 
Aqueous Carbon Dioxide. Chemical Engineering and Science, Vol. 14, pp. 277-288. 

Thornber, M.R., 1983. Weathering of Sulphide Bodies, The Chemical Processes of Gossan 
Formation, in Geochemical Exploration in Deeply Weathered Terrain, R.E. Smith (ed.), 
Short Course/Workshop Floreat Park, Western Australia, pp. 67-72. 

Tipper, H.W., 1971. Glacial Geomorphology and Pleistocene History of Central British Columbia, 
Geological Survey of Canada, Bulletin 196, 89p. 

Wambolt, G.T., Blair, H. and Mathias, D., 1995. 1994 Annual Environmental and Reclamation 
Report for McLeese Lake Operation. A report completed for British Columbia Ministry of 
the Environment. 

White III, W.W. and Jeffers, T.H., 1994. Chemical Predictive Modeling of Acid Mine Drainage 
from Metallic Sulfide-Bearing Waste Rock, in Environmental Geochemistry of Sulfide 
Oxidation, American Chemical Society, pp. 608-630. 

White III, W.W., Trujillo, E . M . and Lin, C , 1994. Chemical Predictive Modeling of Acid Mine 
Drainage from Waste Rock: Model Development and Comparison of Modeled Output to 
Experimental Data, in Proceedings of the International Land Reclamation and Mine 
Drainage Conference and Third International Conference on the Abatement of Acidic 
Drainage, United States Department of the Interior, Bureau of Mines Special Publication 
SP 06A-94, pp. 157-166. 

195 



Wieland, E . , Wehrli, B. and Stumm, W., 1988. The Coordination Chemistry of Weathering: III. A 
Generalization on the Dissolution Rates of Minerals. Geochimica st Cosmochimica Acta, 
Vol. 52, pp. 1969-1981. 

196 



APPENDIX 1 

Summary Table of Descriptive Statistics for Static Test Data in DBARD 
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APPENDIX 2 

Summary Table of Kinetic Test Data in DBARD 
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APPENDIX 3 

Analysis of Gibraltar Tailings Samples: 

1. Back titration curves from Lawrence and Wang (in prep) 

2. XRF analysis 

3. XRD analysis 
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