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Abstract 

The physical disruption of sulphide-bearing rocks in humid environments leads 
to the oxidation of the two most common iron-sulphide minerals, pyrite (Fe% and 
pyrrhotite (Fe,-,S), and the generation of acid rock drainage (ARD). ARDT also called 
acid mine drainage (AMD), is typically associated with mining operations that create 
waste rock piles and failings impoundments. However, it also occurs in any area that 
causes physical disruption of the bedrock, such as highway construction, quarry 
operations, and urban development or expansion. The resulting drainage from these 
areas generally has acidic pH values in the range of 2 to 4, and high contents of 
potentially harmful elements that are toxic to local ecosystems. 

ARD chemistry, and the overall intensity and duration of the drainage, very 
much depends on local conditions and the mineralogical components of the bedrock. 
Acidic drainage from bedrock dominared by pyrite may be very different from bedrock 
dominated by pyrrhotite, since pyrrhotite reacts much more quickly than pyrite. In 
pyrrhotite-rich areas, this difference in reactivity rate could lead to toxic "pulses" of 
low pH waters released into surrowiding waterways. 

The area selected to test these hypotheses is southem Nova Scotia, which 
includes the site of one of the most serious cases of ARD in Eastern Canada, the 
Halifax International Airport. In this sîudy , sulphide mineral textures, compositions . 
and associations were analysed in detail throughout an area of several hundred square 
kilornetres. Monoclinic pyrrhotite, with varying proportions of pyrite, are the 
predominant sulphide minerals. The location of pyrrhotite can be detected by magnetic 
susceptibility measurements made with a hand-held meter, field-scale magnetometer 
surveys , and regional-scale, airbome magnetic surveys . 

Regional-scale stratigraphie, structural. and geophysical data that are presently 
available in digital form, were incorporated into a geographical information system 
(GIS), and used as evidence to predict areas that have a high potential of generating 
ARD. The potential or "favourability" maps generated through expert-driven Boolean 
logic and fuuy logic, as well as data-driven, weights of evidence modelling proved 
very useful for outlining areas that may produce ARD in the future, if the bedrock is 
disrupted and exposed to surface oxidizing conditions. Due to the high cost of ARD 
treatment, and the limited success of presently available treatment technulogy, 
prediction and avoidance is the best option. in areas where avoidance is impossible. 
derailed mineralogical studies are necessary in order to plan for, and establish, the best 
approach to treatment and amelioration. 

The conclusions of this study should be applicable in other areas of the world 
underlain by sulphidic-rich black slate, including the carbonaceous and sulphidic slate 
of the Anakeesta Formation in North Carolina and Tenessee (southem Appalachians). 
and the black shale formations of the Karelia Supergroup in eastem Finland. 
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Chapter 1 

Introduction 

1.1 General Statement 

Acid rock drainage (ARD), also called acid mine drainage (AMD) , results From 

the oxidation of sulphide minerals such as pyrite ( F e 9  and pyrrhotite (Fe,.,S). ARD is 

typicaily associated with mining operations that create waste rock piles, expose bedrock 

in open pits and create tailings impoundments. However, ARD occurs wherever 

sulphide minerals are exposed to oxidizing conditions. In the Meguma Supergroup of 

Nova Scotia, the disruption of sulphide-bearing rocks is mainly by construction 

activities . The exposed sulphide minerals create low pH drainage water with high metal 

content resulting in extensive and costly environmental problerns. Probabiy the best 

known case of ARD in Nova Scotia occurs at the Halifax international Airport (HIA) 

where the construction of runways and taxiways has resulted in acid runoff containing 

high Ievels of heavy metals (King, 1987; Lund, 1987; Worgan, 1987). In addition to a 

general detenoration in surface water quality, ARD throughout the Meguma 

Supergroup has caused fish kills, fish hatchery closures, disruption of public water 

supplies, contamination of private wells, and damage to engineering works (Hennigar & 

Gibb, 1987). Once started, ARD may iast tens to hundreds of years depending on the 

local conditions, and is difficult to stop and expensive to treat. 

The preferred solution to the ARD problem would be to avoid the disruption of 

sulphide-bearing rocks in the f k t  place. The focus of this thesis is on factors that 
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influence the development of ARD in the Megurna Supergroup, and methods that can 

be used to detect and predict where ARD will occur. Once these parameters are 

understood, avoidance or treatment wiii be much more effective than has been in the 

past. This thesis demonstrates that GIS is an effective tool in analysing geological, 

rnineralogical, and geophysical data to predict where ARD is likely to occur . 

1.2 Background Of Meguma Supergroup And Acid Rock Drainage 

1.2.1 Meguma Supergroup 

The Meguma Supergroup of southem mainland Nova Scotia consists of a 12-14 

km thick suite of Cambro-Ordovician metasedirnentary rocks (Fig. 1.1). The 

Supergroup is comprised of the lower Goldenville Group (mainly thickly bedded 

greywackes with lesser slate interbeds) and the upper Halifax Group (rnainly slate and 

siltstone) (Schenk, 1983; Schenk, 1995). The Goldenville and Halifax Groups have 

been further subdivided into formations in the southwestem area (Mahone Bay area, 

Fig 1.1) and in the northwestem area of Nova Scotia (Schenk, 1995). In the Mt. 

Uniacke area of central mainland Nova Scotia (Fig. 1. l), recent mapping has oudined 

geological units that have been correlated with those in the Mahone Bay area, but 

because of the preliminary nature of this work, these geological units have not been 

formally subdivided into formations at this tirne (Ryan et al.. 1996). Figure 1.2 shows 

the stratigraphic tenninology of the geological formations (and preliminary units) that 

comprise the western and central Meguma Supergroup. According to Schenk (1995), 

the general mode1 for deposition of the Meguma Supergroup is one of overall shoaling 
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Figure 1.2 Summary of stratigraphie terrninology for the Meguma Supergroup. Western 
Nova Scotia after Schenk (1995), and central NOM Scotia affer Ryan et al. (1996). 



upwards towards the base of the overlying Annapolis Supergroup. The Meguma 

Supergroup developed from submarine fans, through a channel-levee complex, to a 

prograding wedge, ending with shelf and nearshore lithologies . Each of the formations 

retain overall c haractenstics that were developed in this changing depositional 

environment. 

In the Goldenville Group, the New Harbour Formation consists of thickly 

bedded, fine grained metawacke interbedded with thin green to grey , sandy slate. These 

rocks formed by deposition of voluminous sandy turbidite sequences. The Risser's 

Beach Formation consists of black slate at its base, followed by thiniy suatified, very 

fine grained sandstones. The West Dublin Formation consists of thickly bedded, fine 

grained sandstone. Both the Risser's Beach and West Dublin Formations defme a 

sedimentary transitional zone towards the overlying Mosher's Island Formation. 

In the Halifax Group, the Mosher's Island Formation contains one of the best 

marker horizons within the Meguma Supergroup. It is a relatively thin, laminated, grey 

slate that is e ~ i c h e d  in manganese and other metals including lead, copper, zinc, and 

barium (Zentilli et al., 1986). The formation is locally calcareous, and contains 

coticutes that are composed mainly of spessartine gamet and quartz. The Mosher's 

Island Formation also contains carbon and sulphide minerals and generally is the 

equivalent of the Goldenville Halifax Transition zone (GHT) referred to by Zentilli et 

al. (1986). However, it should be noted that the GHT is defmed as a "geochernical 

transition zone" between typical Goldenville and Halifax Groups and therefore may 

also include parts of the Risser's Beach and West Dublin Formations, as well as pans 
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of the Cunard Formation. 

The Cunard Formation is a thick date sequence interbedded with fine grained 

siltstone and sandstone. The slates are generaily black and rich in carbon, and sulphide 

rninerals are common in al1 lithologies of this formation. The Feltzen Formation is 

compnsed of light grey to dark grey slate interbedded with thinly bedded, grey 

sandstone. This formation is generally poorer in sulphide minerals than the underlying 

Cunard Formation (O'Brien, 1986). The Delanceys and Rockville Notch Formations 

consist of slate to silty slate, pelitic laminite, and mudstone (diamîctite). In general, the 

Feltzen, Delanceys, and Rockville Notch Formations were deposited in well- 

oxygenated, shallower water environments than the underlying Cunard and Mosher's 

Island Formations which were deposited in an anoxie environment. The abundance and 

distribution of sulphide mineralization reflects this changing depositional environment 

with the Mosher's Island and Cunard Formations containing the most abundant suiphide 

mineralization. 

It is important to note here that in the eastern part of mainland Nova Scotia (Fig. 

1. l), the Meguma Supergroup has been formally subdivided into only the Halifax 

Group and Goldenville Group (using recent terminology of Schenk, 1995). Individual 

formations or units have not k e n  mapped out in detail. However, equivalents of the 

Mosher's Island and Cunard Formations are relatively easy to identiw based on their 

distinctive character. It is unknown if equivalents to the upper formations of the Halifax 

Group (Feltzen. Delanceys, and Rockville Notch Formations) eùst in the eastem pan 

of the Meguma Supergroup. Also, in the eastern area, the Goldenville Group rernains 
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undivided. For this thesis, which concentrates almost exclusively in the eastem part of 

the Meguma Supergroup, it is the undivided Goldenville Group and the Mosher's Island 

and Cunard Formations (or their metamorphosed equivalents) of the Halifax Group that 

have k e n  sampled. 

1.2.2 Acid Rock Drainage in the Meguma Supergroup 

In southern mainland Nova Scotia, the best known ARD problems occur rnainiy 

within the lower Halifax Group because these well-cleaved rocks commonly contain up 

to 10% pyrrhotite andor pyrite. The sulphide minerals are subjected to surficial 

oxidizing conditions where bedrock is exposed as a result of urban development, quarry 

operations, or highway and runway construction. Figure 1.1 shows some of the 

locations where serious ARD has occurred, or is still occurring, in the Meguma 

Supergroup. These sites have experienced fish kills or presently are served by active 

ARD treatment facilities. Figure I -3 shows examples of roadside quarries and exposed 

roadside outcrop where ARD potential is high and/or is actively occurring at the 

present time. 

Fish kills resulting from construction at the HIA, have k e n  traced back as far 

as the late 1950s (Table 1.1 showing events from 1957-1976), however, most of the 

previous work relating to ARD did not start until the middle to late 1970s. Table 1.2 

shows a list of some of the better-known studies on ARD in the Meguma Supergroup. 

Table 1.3 is a list of ARD student research projects. Much of the work performed prior 

to the inception of this thesis, was related either to ARD ueatment, or to investigations 



Figure 1.3 Photographs of ARD sites and roadside outcrops showing examples of waste rock piles 
and ARD ponds. A) pH 2.69 in quarry at Mt. Uniacke, B) pond in a quarry in the Mahone Bay 
area showing ihat the size of ARD ponds from quarry operations can be significant, C) quamy in 
the Mahone Bay area showing the typical nature of waste rock piles left open to oxidizing 
conditions, D) roadside outcrop near the city of Halifax where bedrcxk lefi "in-situ" is exposed 
to oxidizing conditions. 



Table 1.1 History of fish kills and date disturbances at the Halifax International 
Airport for the penod 1957 to 1976 (Environmental Protection Service, 1976). 

1 Slate Disturbances Date Major Fish Kills 

1 Terminal and runways 1957-1960 September, 1960 

Imperia1 Oil 

IMP Hangar (large) 

IMP Hangar (small) 

Air Canada Hangar 

Air Halifax Hangar 

Highway slate needs 

Avis Service Station 

Highway slate needs 

Halifax Flying Club 

Mobil Oil Hangar 

Highway Overpass 

Aircon Tank Farm 

EPA Hangar 

1959- 1960 

1959 

1961 

1961 

1961 October, 196 1 

1965 October, 1965 

1966 September, 1966 

1968 November, 1968 

1970 

1972 

1974 August, 1974 

1975 October, 1975 

1976 Septemkr, 1976 



Table 1.2 Summary of some of the previous publications on ARD in the Meguma 
Supergroup. Most publications are cited in the text of this thesis. See the 
reference list for full citation. 

1. 

Environmental Protection A report on the causes of fish kills in the Shubenacadie River at Enfield. 1976 
Nova Scotia. 

. - - - - -- - -- - -- - - - -- -- - - -- - -- - 

Thompson. B.D. An investigation of Meguma bedrock Ieaching in the Shubenacadie - 1978 
Stewiacke river basin. 

Union Square. Lunenburg County: a statistical evaluation of the effect of 1979 
acid leachate on water quality. --- 

II Kerekes et al. Cornparison of the characteristics of an acidic eutrophic. and an acidic 1984 

- - 
oligotrophic lake near Halifax. Nova Scotia. 

- - -- - -- . - - - . - - -- ---- - - ---- II Opcien. J.G. & Machell. 1. Ionic and mass balancer in a diiute acidified brown water Iake. 
-- --- 

1985 
--- 

King, M. Acid drainage and the acidification of Nova Scotia waters. 1985 
----- - 

Nova Scoria Research Test geophysical methods to detect shallow sulphide mineralirarion in 1985a 
Corporation. Cambro-Ordovician slates near Halifax International Airport. 

- -- -- 

I I  Nova Scotia Research The evaluation of some geophysical methods for the detection of shallow 1985b 
Foundation Corporation. sulphide mineralization (Final Repon). II - -  

- - - . A - -- -- - - - - - - - . - - . - - . - - .  

Lutwick. G.D. Mineral composition and acid consuming potential of Nova Scotia shales, 1986 II - - -  
- - . . - - - - - - - - . . - - - - a - - , -- - --- . - - - - - - 

Manchester. K. A survey of quarry pits in Halifax Formation rock of Southwestern Nova 1986 
Scotia. II - - -- 

II King. M. & Han. W. Contribution of acidity and heavy metals IO surface and groundwater by 1987 
pyritiferous slates in the vicinity of the Halifax Airpon. 

--- p- - -- - 

I I  Lund et 
Impact of acid drainage pollution from mineralized slate at Halifax Airpon. 1987 - -  ---- . - -  - .- - 2  - - 

11 Aibright. R. Prediction of Acid Drainage in Meguma Slates. 1987 -- - -- -- - - - - -  - 

Il Guilcher. M. Acid mine drainage in reactive slates: "The Halifax Airport Case". -- - - -- - - - - - -- - -- 

Hemigar T.W. & Gibb, Surface and groundwater impacts of acid mine drainage from the Meguma 1987 
dates of Nova Scotia. 

- - - - - - - - - - - - - - - - - . . - - - - . - II Lund. O.P. Acid drainage from rnineraiired slate at Halifax Airport. 
- -  --- -- - - - - - - 

1987 
- .  

II McCready, R.G.L. A review of the physical, chernical and biological rneasures ro prevent acid 1 9 0  
mine drainage: An application to the pyritic Halifax shaies. - - -  - -- P 

II Worgan. J . Acid mine drainage in reactive sIates: 'The HaiIfax International Airpon 19û7 
Case" Transport Canada perspective. 

- - -  - - .-- y --- - -- - -- - - - - .- - - . 
Murray et al. Laborafory and field testing of a salt-supplemented clay cap as an 1988 

impermeable seal over pyritic slares. 
- 

II Silver. M. Construction of a wetland vegecated system designed to decrease acid and 1988 
toxic metal loadings from quarry effluents. - - - ---- - - - - -- - - - - - -  -- - 

Il King, M. & Han. W. Groundwater contribution CO acid drainage from the Halifax Formation in 1990 
Nova Scotia. 

- - -- -- - 

1 Bechard et al. Microbial treatment of acid mine drainage at Halifax Infernational Airpon. 1995 



Table 1 -3 List of ARD-related theses dealhg with the Meguma Supergroup. 

md+t QfZ= General Tom& - 

Roberts. J.D. - 1986 Master of Environmental Studies Use of peat for ARD treaiment 

-- -- 
(MES) - Dalhousie University - - - - - - - - ------ - - 

King. M. W. G. - 1987 Master of Applied Science - Technical Acidity and heavy metals to surface and 
University of Nova Scotia groundwater near HIA 

. - - - - - - - - - -- - - - -- - - - - - - - -- 

Bechard. G.M. - 1993 Phi3 - Carleton University ARD treaunent using microbiological 
processes 

- - - - - - -  + - - -  

Sarnostie. A. - 1994 Master of Environmental Studies GIS for predicting ARD risk 

- - -  - -  - (MES) - Dalhousie University ---- - - - - - - 

Bottaro. C.S. - 1994 BSc - St. Mary's University Inhibiting sulphide oxidation - - - - - - - -- - ----- -- - - -  - - 

Knee. K. - 1995 BSc - Dalhousie University Mineralogy and magnetic susceptibility 
- -- PL - ---y---- -- - - - 

Robinson. C. - 1996 BSc - Dalhousie University Mineraiogy and acid base accounting 
-- -- - -- 

Brown. J.C.S. - 1997 Master of Environmental Studies Precautionary principle as applied to acid 
(MES) - Dalhousie University rock drainage regulations -- - --- - 

Jones. R.A. - 1997 BSc - Dalhousie University Relative sulphide oxidation rates 
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on the extent of the problem and outiining the level of contamination and influence on 

the local ecosystems. Little work had been done on the mineralogically-related causes 

or controls, or on the problem of ARD prediction techniques. The current view of 

many practitioners who work on the treatment of ARD is that ARD m o t  be properly 

treated without a thorough understanding of the causes and controls. Also, avoidance 

and planning will not be effective without a proper understanding of ARD prediction 

techniques. It is in ulis context that the present research project was undertaken. 

It is important to note here that ARD problems not specifically related to the 

rnining industry also occur in other areas of the world. For example, trout streams in 

the Great Smoky Mountains (North Carolina and Tennessee in southeastern United 

States) have been contaminated by ARD resulting from highway construction through 

the Anakeesta Formation (Bacon and Maas, 1979). The Anakeesta Formation consists 

of carbonaceous and sulphidic slate and mica schists with varying arnounts of pyrite. In 

addition, Schaeffer and Clawson (1996) perfomed work on the identification and 

treatment of potential acid-producing rocks along a transmission line through the 

Anakeesta, Nantahala, and Amrnons Formations in the Blue Ridge Province of 

southwestern North Carolina. 

in eastem Finland, black shale formations of the Karelia Supergroup have 

been suggested as the probable source of contamination of mercury in pike in Lake 

Kolmisoppi (Loukola-Ruskeenierni , 1990). The black shales are rich in carbon, 

sulphur, and other metals (e.g., copper, zinc, nickel) as well as mercury, and generally 

contain between 1 % to 3% pyrite. Natural weatherhg and sulphide oxidation were 
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suggested as the cause of the mercury contamination (Loukola-Ruskeeniemi, 1992). 

These examples discussed above indicate that the potential for ARD exists 

wherever sulphide-bearing rocks are exposed to oxidiung conditions. This includes 

both mining and non-mining related areas where sulphide-bearing bedrock is disrupted. 

The results of this thesis should be applicable to other areas throughout the world were 

similar bedrock occurs, and the ARD problem is not restricted to the Meguma 

Supergroup of Nova Scotia. 

1.3 Purpose And Objectives 

During the initial stages of this research it was recognized that, even though 

ARD problems in Nova Scotia have been known to occur for many years, there has 

been little or no work done on the basic mineralogical causes and controls of ARD in 

the Meguma Supergroup. For example. the presence and abundance of pyrrhotite in the 

Halifax Group has been known for many years (e-g., McGrath, 1970), but until 

recently, its relationship to ARD had not been studied in detail (Knee, 1995; Robinson, 

1996; Fox et al., 1997; Jones. 1997). This thesis attempts to answer the following 

questions. Firstly, what is the mineralogy (prirnary and secondary) of rocks of the 

Meguma Supergroup and how does this affect the development of ARD? Secondly, how 

can the mineralogy and geology be used to predict more accurately where ARD will 

occur? Thirdly, can one effectively integrate field and laboratory data and analyse these 

using the tools of geographic information systems (GIS)? 



1.4 Methodology 

Sulphide minerals were studied in detail at Dalhousie University using polished 

thin sections and reflected light microscopy, electron microprobe rnicroanalysis (Bob 

McKay, technologist), and X-ray difiaction (Keith Taylor, technologist). The data are 

used for basic mineral identification, and for determinhg the major- and trace-element 

mineral chernistry. 

Relative sulphide reactivity rates were determined at Dalhousie University by an 

experimental design using two sets of polished thin sections treated with: 1) a natural 

water sample of ARD containhg bactena, and 2) a sterile sample of ARD. Reactivity 

was monitored using photomicrographs and scanning electron rnicroscopy (see Chapter 

3) - 

The chernical prediction of ARD was studied by acid-base accounting techniques 

using sulphur and carbon analyses, and acid-base titrations (Chapter 5 ) .  Chemical 

analyses were performed by the author at Dalhousie University or at the Materials 

Engineering Centre, DalTech Campus, Dalhousie University (Cyril Cole analyst). 

Geophysical surveys including terrain conductivity, magnetometer, VLF 

electromagnetic, spontaneous potential, and induced polarization, for locating shallow 

sulphide mineralization were used based on surveys carried out in 1985 by Ken 

Howells (then of the Nova Scotia Research Foundation Corporation) (see Chapter 6). 

Magnetic susceptibility of rock sarnples was measured using a hand-held, mode1 K-2 

meter (Scintrex Limited) (see Chapter 5). 

A GIS-based study consisting of booiean logic, fuPy logic, and weights of 



15 

evidence modelling for ARD prediction was carried out at the College of Geographic 

Sciences (COGS) (see Chapter 7). The digital data used in the GIS study were provided 

by the Nova Scotia Department of Natural Resources (Brian Fisher). Data-driven and 

knowledge-driven map modelling techniques were performed using the SPANS GIS 

package (TYDAC, Inc.) on Pentium-based systems in the NT/OS environment. 

The author proposed, designed, and co-supervised the Honours Theses of Knee 

(1 995), Robinson (1 W6), and Jones (l997), and their data have been revised, 

expanded, and incorporated in this thesis. 

1.5 Organization 

After the general introduction in this chapter, the outline and organization of the 

remaining thesis is as follows. Chapter 2 is entitled "Pyrrhotite and associated sulphides 

and their relationship to acid rock drainage in the Halifax Group, Meguna Supergroup, 

Nova Scotia" . This chapter presents details on sulphide mineral chemistry , textures, 

and pyrrhotite compositions. The chapter was published in Atlanric Geology, Volume 

33, Number 2, in September, 1997, and is one of six papers of a Special Issue on 

" Environmental Geology of the Meguma Supergroup " . Chapter 2 has k e n  CO-authored 

with Clare Robinson and Marcos Zentilli (Fox et al., 1997) and has not been re-written 

from the original publication. 

Chapter 3 is entitled " Relative rates of sulphide mineral reactivity, and the role 

of mineralogy and texture in the development of acid rock drainage from the Meguma 

Supergroup, Nova Scotia". This chapter presents the results of a laboratory expriment 
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designed to determine the relative rates of reactivity of comrnon sulphide minerals in 

rocks of the Meguma Supergroup (Fox and Jones, in prep). 

Chapter 4 is entitled "Secondary minerais and their relationship to acid rock 

drainage in the Meguma Supergroup, Nova Scotia". This chapter focuses on the 

importance of seconàary minerals and their role in the overall ARD process. The 

secondary uon minerals, rozenite and schwemnannite have been positively identified. 

Chapter 5 is entitled 'Static tests and acid base accounting for the prediction of 

acid rock drainage in the Meguma Supergroup, Nova Scotia". Static tests have become 

important for ARD prediction and their use is required, in some form or another, as 

part of environmental regulations in many areas of the world. In Nova Scotia, static 

testing is required before disposal of sulphide-bearing materials. This chapter compares 

several methods of determining neutralization potential of rock samples and presents an 

account of how to measure the acid potential. A new technique is introduced for 

determining the acid potential using a magnetic susceptibility meter. 

Chapter 6 is entitled 'Geophysical methods for detecting shallow sulphide 

mineralization in metasedimentary rocks of the Megurna Supergroup, Nova Scotia". 

This chapter is CO-authored with Dr. Ken Howells (HowelIs and Fox, in press) and has 

been submitted for publication in A~lanfic Geology in a Special Issue on "Current 

Environmental Geology Research in Atlantic Canadaw edited by Dr. Ian Spooner and 

Dr. Sandra Barr of Acadia University. Al1 the original data collection was prefonned 

under the direction of Ken Howells, then of the Nova Scotia Research Foundation 

Corporation. My contribution has been the re-interpretation of the geophysical data in 
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terrns of mineraîogy and ARD, and in the cirafting of al1 figures from original paper 

copies. 

Chapter 7 is entitled "GIS-based howledge-driven and data-driven modelling 

for the prediction of acid rock drainage in the Meguma Supergroup, Nova Scotia". This 

chapter deals with the use of existing digital geologicai data, combined with various 

cornputer-assisted map m o d e h g  techniques to produce ' ARD predictive rnaps " that 

show areas in Nova Scotia where there is a likelihood of ARD development if the 

bedrock is disrupted and exposed to oxidizing and weathering conditions. Modelling 

procedures that are covered include boolean logic, fuuy logic, and weights of evidence 

methods of combining rnap layers. Input data layers were regional geology, regional 

metamorphism, contact metamorphism, vertical gradient airbome magnetics, regional 

scale anticline axial traces, and location of the Goldenville-Halifax transition zone 

(GHT). 

1.6 General Thesis Conclusions 

1) Sulphide type, mineral associations, texture, grain size and trace element content are 

al1 important aspects of the causes and severity of ARD. Monoclinic pyrrhotite is the 

dominant sulphide mineral in the samples collected for this thesis. in general, pyrrhotite 

has been found to be one of the fastest sulphide minerals to oxidize. On the other hand, 

the most cornmon fom of pyrite found in the Meguma Supergroup, is relatively non- 

reactive in the short term. 
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2) Secondary iron minerals such as rozenite are relatively soluble and provide either a 

sink or source for iron and sulphate ions, depending on the prevailing local conditions 

at the time. Schwertmannite originates from precipitation of iron-nch solutions and its 

presence can be used as an indicator for the conditions of ARD. Both these minerals 

have been identified in ARD areas in the Meguma Supergroup. 

3) Static tests, including acid base accounting, are usefûl for pre-screening rocks for 

ARD potential. The use of carbonate content to calculate the neutralization potential can 

be misleading for rocks in the Meguma Supergroup because of the presence of iron and 

manganese carbonate minerals. Magnetic susceptibility is an important and easily 

measured parameter of rock samples. As a first approximation, a linear equation 

derived from susceptibility vs wt% total sulphur content can be effectively used to 

predict total acid potential (TAP). Error deviation is caused by the contribution of 

sulphur from the presence of non-magnetic sutphide minerals including pyrite. This 

simple method can be indexed by routine mineralogical observations. 

4) Geophysical surveys including terrain conductivity, magnetometer, and VLF 

eIectromagnetic can be used to locate shallow sulphide mineralization. In particular, 

magnetic surveys can be used to locate pyrrhotite which is a major cause of short term 

ARD in the Halifax Group. Again, these techniques must be accompanied by routine 

rnineralogical observations to be useful. 
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5) Digital geological data can be used with various map modelluig techniques to 

produce ARD prediction maps. The ARD predicîion maps produced in this thesis cover 

most of the Meguma Supergroup in eastern mainland Nova Scotia. The maps are of 

regional-scale, and show areas of high, medium, and low potential o f  the bedrock to 

produce ARD if the rocks are exposed to oxidizing conditions. Boolean logic, fuzy 

Iogic, and weights of evidence modehg al1 inâicate that most of the high risk areas are 

located within the lower Halifax Group and Goldenviile Halifax Transition zone 

(GHT). 



Chapter 2 

Pyrrhotite and associated sulphides and their relationship to acid 
rock drainage in the Halifax Group, Meguma Supergroup, Nova 

Scotia 

2.1 Introduction 

The physical disruption of sulphide-bearing metasedimentary rocks of the 

Halifax Group leads to oxidation of iron-sulphide minerals and the generation of acid 

rock drainage (ARD). Although pyrrhotite occurs in many places throughout the 

Halifax Group, previous ARD studies have not considered in detail the mineral 

chemistry, texrure, and distribution of this mineral nor how these factors may 

potentially influence the development of ARD. For this study, pyrrhotite-bearing 

samples of the Halifax Group were collected in the field and from drill core at four 

locations in southwestern Nova Scotia. Samples were taken from different geological 

setcings, such as proximal and distal to granitic intrusions and from different 

stratigraphie positions, to obtain a variety of mineral assemblages. Petrographic, 

microprobe and X-ray diffraction work indicate that the pyrrhotite in al1 samples is 

mainiy monoclinic Fe&, and its composition is relatively homogeneous regardless of 

geological environment. inclusions of chalcopyrite and detectable quantities of As, Co 

and Ni are cornmon. In regionally metamorphosed, greenschist facies areas, pyrrhotite 

is preferentially aligned along cleavage planes and thus is easily accessible to oxidizing 

air and fluids. Because pyrrhotite is regionally developed, contains potentially toxic 

trace elements, and occurs dong cleavage planes, it is considered to play a significant 
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role in ARD development in the Halifax Group. Nso,  pyrrhotite oxidizes substantially 

faster than many other sulphide rninerals and may be especiatly significant in the early 

stages of ARD. 

2.2 Background 

Acid rock drainage (ARD) results mainly from the oxidation of iron-sulphide 

minerals. Pyrite (FeSa and pyrrhotite (Fe,-,S) are two of the most cornmonly 

encountered iron-sulphide minerals in areas where ARD is prevalent. However, other 

sulphide minerals such as sphalerite (Zn(Fe)S), gaiena (PbS), arsenopyrite (FeAsS) and 

chalcopyrite (CuFeSa are also important, especially for the possible release of trace 

elements into the environment. It is now well established that different sulphide 

minerals have different relative rates of reactivity and it is widely accepted that 

pyrrhotite oxidizes substantially faster than pyrite, under both chernically and 

biologically controlled oxidizing conditions (e-g.,  Bhatti et al., 1993; Jambor, 1994; 

Nicholson, 1994; Nicholson and Scharer, 1994; MacInnis et al., 1994). For exarnple. 

under controlled laboratory conditions (22°C and atmospheric concentrations of O,), 

the abiotic oxidation rate of pyrrhotite was found to be on the order of 100 times faster 

than the oxidation rate of pyrite (Nicholson and Scharer, 1994). Therefore, an 

abundance of pyrrhotite bas the potential to oxidize and create ARD in the surrounding 

environment at much faster rates than pyrite. This situation could have a detrimental 

affect on the surrounding ecosystem by creating toxic pulses of metal-rich ARD in 

shoner periods of tirne compared to pyrite. 
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According to Nicholson and Scharer (1994), the oxidation of pyrrhotite is not a 

welI understood process compared to that of pyrite, and the rate controls on the 

reactions and the oxidation products are poorly known. Recently however, pyrrhotite 

has become the focus of much research (e.g . , Jones et al., 1992; Bhatti et al., 1993; 

Nicholson, 1994; Mycroft et al., 1995; Pratt et al., 1996). in its sirnplest form, the 

overall oxidation of pyrrhotite by oxygen is illustrated by the general equation 

(Nicholson, 1994) : 

In this equation. x represents the iron-deficiency in pyrrhotite and can Vary from 0.0 to 

0.125. At the end member where x = O (troilite - FeS) no H' ions are produced. 

However, the end-member where x = 0.125 (monoclinic pyrrhotite - FqSd leads to the 

maximum amount of H' ions produced. In this case, one mole of Fe& leads to 114 

moles of H' ions k i n g  produced. Therefore. for pyrrhotite, the number of H+ ions 

released into solution depends on its composition (and therefore structural type). In 

theoretical terms based on simple balanced chemical reactions, of al1 the possible types 

of pyrrhotite minerals, monoclinic pyrrhotite (FqS3 will result in the highest amount of 

acidity released into the surrounding environment. However, it should be noted that 

with a typical value of x = 0.1 in pyrrhotite, oxidation still only produces about one- 

tenth as much acid as pyrite (Nicholson, 1994). Pyrrhotite oxidation may be especially 
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important in the early stages of ARD development. 

It has been speculated that the iron-deficiency in the pyrrhotite crystal structure 

may have an affect on pyrrhotite oxidation kinetics and that monoclinic pyrrhotite 

oxidizes faster than hexagonal pyrrhotite although no estimation of the actual rates was 

given (Nicholson, 1994). More recently , it has k e n  shown that specific surface area of 

pyrrhotite crystals a p p r s  to be a dominant control on reaction kinetics under 

conditions of oxidation by femc iron, oxidation by dissolved oxygen and non-oxidative 

dissolution (Janzen et al., 1997). The race of pyrrhotite oxidation, and perhaps more 

importantly the oxidation of sulphide muierals in association with pyrrhotite, may also 

be affected through galvanic processes (Natarajan, 1990; Kwong and Lawrence, 1994). 

Under galvanic conditions, the rate of oxidation may depend on such factors as the type 

and size of sulphide minerals in contact with pyrrhotite, as well as the nature and 

duration of the contact (Natarajan, 1990). It has also been suggested that trace metal 

content in sulphide minerals can affect oxidation rates (Kwong and Lawrence, 1994). 

Regardless, an understanding of the trace metal content is also important due to their 

possible release into the surrounding environment. 

These factors that may affect pyrrhotite oxidation and ARD development are 

further complicated by the fact that, in nature, pure pyrrhotite phases are relatively rare 

and most crystals consist of intergrowths of monoclinic and hexagonal phases (e.g., 

Arnold, 1967). The type and abundance of intergrowths depends on rnany factors but 

prevailing thermal conditions, availability of hydrothermal solutions and degree of 

anisotropic stress (Le., rnetamorphic and structural history) are important (Lianxing and 
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Vokes , 1996). 

wrrhotite is known to be regionally distributed throughout much of the Halifax 

Group in Nova Scotia. Although a quantitative estimate of pyrrhotite abundance for the 

entire Halifax Group is impossible, mainly because of lack of detailed rnapping and 

attention to sulphide miwrals in general, previous workers have generally estimated up 

to 10 wt. % in specifk areas (e.g., Schwarz and McGrath, 1974; Bioney et ai., 1986; 

Haysom et al., 1997). The purpose of this paper is to present the results of a study of 

the pyrrhotite mineralogy in a suite of samples selected from a diverse range of 

geologic environments within the Halifax Group. The focus is on the determination of 

texture, structural type, and major and trace element content of pyrrhotite and other 

sulphide minerals associated with pyrrhotite. The actual development of ARD under 

natural conditions depends on a number of factors including prevailing environmental 

conditions (e-g . , temperature, arnount of rainfall) , availabiIity of oxidants such as O2 

and Fe3'. and the presence or absence of bacteria. Therefore we view this study as a 

first step that will lead to a bener understanding of the acid generating process in the 

Halifax Group, and may also aid in the prediction, prevention and eventual remediation 

of ARD sites. 

2.3 Regional Geology 

The Cambro-Ordovician Meguma Supergroup crops out throughout much of 

southern Nova Scotia (Fig. 2.1) and consists of an interstratified assemblage of clastic 

metasedimentary rocks approximately 12 to 14 km thick (Schenk, 1970). The Meguma 



Granitic Rocks 

Meguma Supergroup 
Halifax Group 

Goldenville Group 

Figure 2.1.  Simplified geological map of Nova Scoiia sliowing the distribution of ihe Mcguiiiii Supeqroup and 
grrnitic rocks (modified from Keppie, 197%). 
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Supergroup consists of a lower unit of thickly bedded metasandstone with thin slate 

interbeds (Goldenville Group) and an upper unit of slate with thin metasiltstone 

interbeds (Halifax Group) . The transition between the two formations is informally 

referred to as the Goldenville-Halifax Transition zone (GHT) (Zentilli et al., 1986). 

The GHT contains a distinctive marker unit consisting of finely larninated, 

manganiferous argillite that contains calcareous or calc-silicate nodules and spessanine 

coticules (Graves and Zentilli, 1988). Thickness of the GHT varies from less than 50 m 

ar Eastville (Bimey et al., 1986) to 2 km in the Mahone Bay area (O'Brien, 1986). 

During the Devonîan Acadian Orogeny, the Meguma Supergroup was intruded 

by granitoid rocks, the largest body of which is the South Mountain Batholith (e.g., 

Fairbairn et al., 1960). Regional metamorphisrn from greenschist to amphibolite facies, 

as well as contact metamorphisrn related to the granitoid intrusions, has affected the 

Meguma Supergroup (Taylor and Schiller, 1966). Major, kilometer-scale, upright fol& 

trending east-west are developed throughout the Meguma Supergroup, with axial traces 

approximately parallel to the coastline of southwestern Nova Scotia (Keppie, 1979b). 

Spaced cleavage is well developed in metasandstone of the Goldenville Group and slaty 

cleavage is well developed throughout the Halifax Group (Henderson et al., 1986). 

2.4 Acid Rock Drainage From The Halifax Group 

Disruption of the sulphide-bearing metasedimentary rocks of the Halifax Group 

results in the development of ARD that has caused serious and costly environmental 

problems in Nova Scotia (e.g., King, 1985; Manchester, 1986; Hennigar and Gibb, 
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1987; Worgan, 1987). For example, ARD resulting fiom construction activities is a 

serious problem at the Halifax International Airpon (HIA). Acidic drainage at the 

airport site has probably occurred since construction began in the mid 1950s although 

the first recorded fish kill in the Shubenacadie River, approximately 6 km north of the 

HIA, occurred late summer of 1960 (Worgan, 1987). Eight fish kills correlating to 

construction activity at the HIA were recorded in the Shubenacadie River between 1960 

and 1976 (Worgan, 1987). It has also been demonstrated that ARD from the HIA has 

resulted in severely degraded water quality and aquatic habitat in receiving streams in 

the headwater region of the 50 kmZ Salmon River watershed to the south (Porter Dillon 

Limited, 1985). in this area, ARD is treated through a lime treaunent facility before 

discharging into McDowell Brook; however. only about 50% of ARD actually gets 

treated (Lund et al., 1987). Unueated ARD by-passes the treatment facility through a 

stormwater interceptor drain and through groundwater leakage. Lund et al. (1 987) 

estimated approximately 16,000 kg/year Al and 250.000 kglyear acidity by-pass the 

treatment facili ty and discharge directly into McDowell Brook. Total expenditures for 

remediation efforts at the HIA are unknown but millions of dollars have been spent. 

Examples include the capping of a waste rock pile at a cost of $800,000. construction 

of a treaunent faciiity ($500,ûûû), and operation and maintenance of the treaunent 

facility that has cost $240,000 annuaily since 1982 (Worgan, 1987). 

Additional problem areas in Nova Scotia relating to ARD fiom the Halifax 

Group have also been documented. ARD bas resulted fiom construction of Highway 

107 near Petpeswick Lake (approximately 20 km east of the city of Halifax), where a 
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trenc h approximately 0 -5 km in length exposed continuous outcrops of the Halifax 

Group up to 5 m high (Jacques, Whitford and Associates Limited, 1990). Remedial 

efforts included capping of the exposed slate with shotcrete and the construction and 

operation of a small treatment facility. In 1977, fish kills in the Mahone Bay area of 

southwestern Nova Scotia resulted when crushed slate was used to re-surface a 

secondary road (Thompson, 1978; Pettipas, 1979). Manchester (1986) found an average 

pH of 3.78 in standing water bodies in 50 slate quarries in the Mahone Bay area. 

Kerekes et al. (1984) docurnented the acidification (mean pH of 3.6 and 4.0) of two 

lakes located approximately 15 km north of the city of Halifax and attributed this to 

sulphide oxidation from exposed slate in the drainage basin. Also, a wetland vegetated 

system has k e n  installed at a quarry near the HIA (Silver, 1988). These examples of 

ARD areas in the Halifax Group suggest that some ARD problem areas are still 

undocumented, and that the uue magnitude of the problem has yet to be addressed. 

The seriousness of these accidents and the high cost of abatement and 

ameliorative procedures have 1ed to the "Sulphide Bearing Material Disposai 

Replations " by the Nova Scotia Department of the Environment which require 

lithological sarnpling and predictive test procedures before allowing physical dismption 

of sulphide-bearing rocks (Environment Act. 1994-95, c. 1, S. 1). 

2.5 Abundance And Regional Distribution Of Sulphide Minerals In The Halifax 
Group 

AIthough ARD ftom the Halifax Group has been well known for many years, 
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there is a lack of information conceniing the detailed mineralogical aspects of this 

problem. In particular, the abundance, type, texture, size, trace element content and 

regional distribution of sulphide minerals, as well as their relationship to carbonate and 

silicate minerals has not k e n  well docunented. For example, it is only recently that the 
- 

mineralogy of drill core samples from the HIA have k e n  studied in detail (Knee, 1995; 

Pasava et al., 1995). Both shrdies have concluded that monoclinic pyrrhotite is the 

predominant sulphide minerai but pyrite, marcasite, arsenopyrite and chalcopyrite are 

also present. 

Regional-scale magnetic anomalies over the Halifax Group in Nova Scotia are 

caused by the presence of pyrrhotite (McGrath, 1970; Schwarz and Broome, 1994; 

King, 1997). Average concentrations of 6 to 12 wt. % (determined by geophysical 

modelling techniques) and 2 wt. % (detennined in a small number of surface sarnples) 

have been suggested (Schwarz and Broome, 1994). The discrepancy in estimated 

pyrrhotite concentrations is discussed in detail by Schwarz and Broome (1994) and may 

be due to weathering of surface samples or by limitations of the geophysical modeIline 

technique used. 

Schwarz and Broome (1994) citing P. McGrath (personal communication) 

considered that magnetic anomalies in the Halifax Group near granitic intrusions likely 

result from local concentrations of magnetite but no mention was made of the 

occurrence of sulphide minerals in such areas. However, O'Brien (1986) reported that 

pyrite and pyrrhotite are the common sulphide minerals in contact metamorphic 

aureoles, although the relative abundance of each was not estirnated. Sarnostie (1994) 
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reported that pyrite is virtually absent from the Halifax Group within 2 km of granitic 

intrusions, and concluded that risk of ARD in these areas is greatly reduced. However, 

no mention of pyrrhotite or other sulphide minerals was given, although an adequate 

assessment of ARD risk can only be done after al1 mineralogical details are known. 

Hence, the need for more mineralogical observations in contact metamorphosed rocks 

of the Halifax Group is vital for the assessment of ARD in such areas. 

Lithologies within the GHT also have the potential to cause ARD problems. 

Based on a regional sampling prograrn, the GHT was found to be a significant control 

for metals (Graves and Zentilli, 1988). Some calcareous argillite and black slate units 

are preferentially enriched in Mn, total C, Ba, Pb, Zn, Cu, Mo, W, and Au over 

average crustal values and other GHT lithologies (Graves and Zentilli, 1988). In 

general, the highest concentration of metals was found to be associated with iron- 

sulphide minerals but the average abundances of the sulphide minerals were not 

determined. Within the GHT at Eastville, a bed of black slate 5 to 15 m thick contains 

5 to 10% pyrrhotite (Bimey et ai., 1986). 

2.6 Methods 

A total of 15 rock samples from exposed outcrops and drill core were collected 

from four areas of the Halifax Group (Fig. 2.2). Two of the areas (Halifax and Mount 

Uniacke sites) are within 0.5 km of the South Mountain Batholith and were chosen to 

represent areas aflected by contact metamorphism. Samples from the Beaverbank 

Hig hway site are representative of Halifax Group rocks affected by regional greenschis t 
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facies metamorphism. Drill core from the Eastville site was sampled mainly within the 

GHT as interpreted by MacInnis (1986). 

Samples were chosen on the basis that they contained visible sulphide 

mineralization and pyrrhotite was specifically targeted using a K-2 magnetic 

susceptibility meter. The pyrrhotite suucniral types of interest in this study give at least 

some susceptibility response because of their iron-deficiency. Polished thin sections 

were made from al1 sarnples and minerals were studied using peuographic and ore 

microscopic techniques. 

A JEOL 733 electron microprobe at Dalhousie University was used to determine 

the composition of selected grains. The microprobe is equipped with four wavelength 

dispersive spectrometers and an Oxford Link eXL energy dispersive system which was 

used for al1 elements. Resolution of the energy dispersive detector was 137 eV at 5.9 

KeV. Each spectrum was acquired for 40 seconds with an accelerating voltage of 15 kV 

and a beam current of 15 nA. Probe spot size was approximately 1 micron. The raw 

data were corrected using Link' s ZAF matrix correction program. Instrument 

calibration was performed on cobalt metal. Instrument precision on cobalt metal 

(n = 10) was f O S  % at one standard deviation. Relative accuracy for major elements 

was f 1.5 to 2.0%. Geological standards, including arsenopyrite, chalcopyrite, 

pyrrhotite , and sphalerite, were used as controls . Approximate detection lirnits in 

weight % are as follows: Fe (0.15), S (0.30), As (O.SO), Zn (0.50). Ni (0.25), Co 

(0.30), Cr (0. 15), Cu (0.30) and Ti (0.10). 

X-Ray diffractograms were collected on selected pyrrhotite mineral separates 
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using a Philips PW lO5O/37 instrument with Co-Ka radiation. Most pyrrhotite was 

separated magnetically, with the exception of pyrrhotite in sampIe CR-95-003. 

Pyrrhotite in that sample was very coarse grained and a pyrrhotite "chip" was easily 

obtainable. The XRD instrument is equipped with a diffracted-beam monochromator 

and fully automated through the X ' PERT hardware - software system (Philips, 1993). 

Each sample was counted in steps of 0.02" 20 for 1 second per step. Operathg 

conditions of 40 kV and 45 mA were used for generator tension and generator current, 

respectively . 

2.7 Geology Of The Sample Sites 

2.7.1 Halifax site 

Three samples (CR-95-001 to CR-95-003) were collected near the Bayers Lake 

Business Park, near the city of Halifax. Samples were collected within 0.5 km of the 

contact with the South Mountain Batholith (Fig. 2.2). In general, the outcrops consist 

of medium to dark grey, massive homfels. Bedding is still discernable in spite of well 

developed homfelsic texture. Any pre-existing cleavage has k e n  destroyed by contact 

metamorphism. Large (up to 1.5 cm in length) andalusite porphyroblasts are easily 

distinguishable in outcrop, and cordierite is also present. Sulphide minerals are difficult 

to detect due to very fme grain size. Detailed mapping has not been done in this area 

but the samples may be from metamorphosed contact equivalents of the Cunard or 

Moshers Island members of the Halifax Group, as mapped by O'Brien (1986) in the 

southwestern part of Nova Scotia. 



2.7.2 Mount UNacke site 

At the Mount Uniacke site (Fig. 2.2), two samples (CR-95-004 and CR-95-005) 

were collected fkom a slate quarry and one sample (CR-95-06) from a road-side 

outcrop. Al1 samples were collected within 0.5 km of the contact with the South 

Mountain Batholith. Thick bedding (1 metre scale) is visible in outcrop and some 

individual beds are dominated by andalusite and cordierite porphyroblasts. Thin 

bedding (mm and cm scale) is visible in some hand samples. The appearance of these 

samples varies from fuie to medium grained, from medium to dark grey, and from 

massive to spotted hornfels that reflects original bedding. Cleavage is present in the 

spotted hornfels but not in the massive homfels. Recent detailed mapping suggests these 

rocks are contact metamorphosed equivalents of the Cunard unit of the Halifax Group 

(Ryan, 1994; Ryan et al., 1996; Haysom et al., 1997). 

2.7.3 Beaverbank Highway site 

Four samples (CR-95-007 to CR-95-0 10) were taken from the Beaverbank 

Highway site (Fig. 2.2), located about 15 km from the mapped contact with the South 

Mountain Batholith. Sample locations lie within the Uniacke syncline (Haysom et al., 

1997) and the sarnples were chosen to represent typical Halifax Group rocks affected by 

regional greenschist facies metamorphkm (Keppie and Muecke, 1979). This area of the 

Meguma Supergroup has k e n  the focus of recent detailed geological mapping and the 

stratigraphy is presented elsewhere (Ryan, 1994; Ryan et al., 1996; Feetharn et al., 

1997; Haysom et al., 1997). Samples CR-95-007, CR-95-008 and CR-95-010 are from 



35 

the Cunard unit and sample CR-95-009 is located in the lower Beaverbank unit (see 

Haysom et al., 1997). Samples CR-95-007 and CR-95-008 are medium to light grey, 

fine grained metasiltstones. Sample CR-95-010 is black slate with well developed 

cleavage. Sarnple CR-95-009 is Mn-rich. dark to medium grey metasiltstone. In this 

sample, spessartine gamet is abundant and thin beds are tightly folded on a centimetre 

scale. The satnple is typical of the calcareous coticule layers described at various other 

localities in the Meguina Supergroup (e.g . , MacInnis. 1986; Graves and Zentilli, 1988; 

O'Brien, 1988). 

2.7.4 Eastville site 

At Eastville, stratabound base metals occur in the basal portion (GHT) of the 

Halifax Group (Bimey et al., 1986; Macinnis, 1986; Sangster, 1990). Five sarnples 

(CR-95-0 1 1, CR-95-012, CR-95-014, CR-95-016 and CR-95-017) were taken of drill 

core from the Eastville site (Fig. 2.2). The sarnples are from drill holes 224-12, 224- 

13, 224-8 and 224-24, which are located more than 3 km from the closest known 

contact with granitoid intrusions. The samples are of quartz rnetawacke or calcareous 

quartz metawacke and contain variable amounts (up to 35 %) of spessartine gamet. 

Samples are from either within or very close to the rnanganiferous unit of the GHT, as 

interpreted by MacInnis (1986). 

2.8 Sulphide Mineralogy And Textures 

Table 2.1 is a summary of sulphide mineral abundances in the sarnples examined 



Table 2.1. Abundance of sulphide minerais. 

Sarnple Site Sample Number Po CPV Asvv Sv1 iMa 

Halifax 
Halifax 
Halifax 

Mount Uniacke CR-95-004 A C M 
Mount Uniacke CR-95-005 M C M 
 moun nt Uniacke CR-95-006 A M 

Beaverbank H ighway CR-95-007 A C M 
Beaverbank Highway CR-95-008 A C M 
Beaverbank Highway CR-95-009 A M 
Beaverbark Highway CR-95-010 A C M 

Eastville 
Eas tville 
Eastville 
Eastviile 
Eastville 

Po = pyrrhotite; qt = pyrite; Cpy = chalcopyrite; Aspy = arsenopyrite; 
Spl = sphaierite; Ma = rnarcasite. 

A = abundant ( > 5 % ) ;  C = common (1 - 5 %); M = minor ( < 1 %). 
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in this study. Pyrrhotite is by far the most abundant sulphide rnineral and varies from 

approximately 1 to 15 % . In samples not affected by contact metamorphism, pyrrhotite 

is typically elongate in the plane of cleavage, forming a well defrned rnineral lineation, 

and ranges in length from less than 1 mm up to 1 cm (Fig . 2.3 A,B). In contact 

metamorphosed samples, pyrrhotite is typically much smaller (less than 2 mm in length) 

and is more commonly disseminated throughout the ma&. A pyrrhotite rnineral 

lineation is evident in some places (Fig. Z3C, D). in the samples frorn Eastville 

exarnined in this study, pyrrhotite occurs in two textures. One occurrence is mainly 

massive but confined to individual beds and fills spaces between gamet grains (Fig. 

2.3E). The other occurrence consists of tiny (< 0.5 mm) pyrrhotite grains in the center 

of individual gamet porphyroblasts, or larger pyrrhotite aggregates surrounded by 

aggregates of gamet. The latter texture is cornmon in the Mn-rich layers of the GHT in 

the Meguma Supergroup and was also observed in sample CR-95-009 in the 

Beaverbank Highway site (Fig. 2.3F; see also Feetham et al., 1997). More detailed 

studies of pyrrhotite mineralogy and texture at Eastville were presented by Jenner 

( 1982) and Bimey et al. (1 986). 

Alteration of pyrrhotite to marcasite (and/or pyrite?) occurs in several of the 

samples from the Beaverbank Highway site (Fig. 2.3G) and appears to be confined to 

rocks with well developed cleavage (see also Haysom et al., 1997). This type of 

replacement texture has been described in mine tailings (Jambor, 1994) and is common 

in the formation of "birds eye" textures (Ramdohr, 1969). The new mineral formed in 

the replacement texture is cornmoniy called marcasite but according to Ramdohr 



Figure 2.3. Photomicrographs of various sulphide mineral assemblages. 

(A) Sample CR-95d08, Beaverbank Highway site. reflected light. Pyrrhorite @O) with 
long axis parallel to cleavage plane. Scaie bar represents 0.62 mm. 

(8) Same as A but plane polarized light, crossed nicols. 

(C) Sample CR-95-003, Halifax site, reflected light. Fine-grained pyrrhotite (po) in 
contact metarnorphic aureole of the Sou th Mountain Batholith. Scale bar represents 0.62 
mm. 

(D) Same as C but plane polarized light, crossed nicols. Andalusite (AND) and 
cordierite (CRD) porphyroblasts are cornmon. 

(E) Sample CR-05-01 1, Eastville site, reflected light. Pyrrhotite (po) fills space 
between gamet (gnt) porphyroblasts. Scale bar represents 0.62 mm. 

(F) Sample CR-95-009, Beaverbank Highway site, reflected light. Aggregate of 
pyrrhotite (po) rimmed by aggregates of spessartine gamets (gnt). This is a common 
feature of the coticules in the GHT throughout the Megurna Supergroup. Scale bar 
represents 0.155 mm. 

(G) Sample CR-95-010, Beaverbank Highway site, reflected light. Pyrrhotite (po) 
rimmed by marcasite (ma) andior pyrite?. Scale bar represents 0.62 mm. 

(H) CR-95-007, Beaverbank Highway site, reflected light. Euhedral pyrite (py) 
associated with anhedral pyrrhotite (po). Scale bar represents 0.62 mm. 



Figure 2.3 (Continual) 



Figure 2.3 (Con tinued) 
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(1969), pyrite either coexists or is the only secondary mineral present. Replacement 

rims of ilmenite andor rutile (anatase?) are cornmon around pyrrhotite and occur in 

nearly al1 samples. Also in virtually al1 sarnples, pyrrhotite crystals contain abundant 

inclusions of silicate, oxide and other sulphide minerals. In several cases, inclusion 

trails are aligned and curved parallel to the cleavage direction; in other samples the 

inclusions are entirely random. The curved inclusion trails appear to be confined to low 

grade. regionally metamorphosed rocks such as at the Beaverbank Highway site and 

have been observed in samples taken at the HIA (unpublished data). 

Pyrite is the next most abundant sulphide mineral, comprising less than 5 %  of 

al1 samples. It comrnonly occurs as large (0.5 cm or more across) euhedral grains with 

s harp crystal edges (Fie . 2.3 H). Inclusions in these crystals are much less abundant 

than in pyrrhotite. Marcasite (ancilor pyrite?) is a minor component and was observed 

only in samples CR-95-008 and CR-95-010. Marcasite nms pyrrhotite in boch cases 

forrning a repiacement texture (see above). The secondary marcasite in this texture 

coritains abundant inclusions and is anhedral, with embayed or corroded crystal edges. 

Other sulphide minerals that are common but occur in oniy minor amounts (less than 

1 70) include chalcopyrite, sphalerite and arsenopyrite. In addition, sample CR-95-006 

contains the arsenic mineral, Iollingite (FeAsJ. Typically, these minerals occur as 

inclusions in pyrrhotite. 

2.9 Sulphide Mineral Chemistry 

Average analyses of pyrrhotite crystals are presented in Table 2.2. The majority 



Table 2.2. Pyrrhotite compositions (wt . %)' . 

Sample Site Sampte Number Fe S As Ni Co Total Fe" S" 

Halifax CR-95-001 (2) 59.49 38.70 0.24 0,03 0.24 98,97 7.062 8.000 
Halifax CR-95-002 (1) 59.76 38.01 0.32 0.35 0.40 98.89 7.224 8.000 
Halifax CR-95-03 (2) 59.14 38.60 0.21 0.13 0.29 98,53 7.038 8.000 

Mount Uniacke CR-95-004 (5) 60.00 39.83 0.19 0.07 0.20 100,43 6.920 8.000 
Mount Uniacke CR-95-006 (2) 59.75 38.66 0.22 0.05 0.22 99,01 7.100 8.000 

Beaverbank Highway CR-95-007 (3) 60.37 39.24 0.25 0.05 0.30 100.34 7.067 8.000 
Beaverbank Highway CR-95-08 (2) 61 .O8 39.20 0.40 0.02 0.05 100.89 7.157 8.000 

Beaverbank Highway CR-95-009 (2) 59.03 38.74 0.23 0.38 0.24 98.96 7.000 8,000 
Beaverbank Highway CR-95-010 (7) 60.05 39.70 0.24 0.05 0.19 100.42 6.949 8,000 

Eastville CR-95-011 (6) 60.11 39.94 0.20 0.18 0.32 100.91 6.912 8.000 
Eastville CR-95-012 (5) 60.00 39.88 0.22 0.06 0.27 100,Sl 6.912 8.000 

Eastville CR-95-014 (5) 59.54 39.94 0.28 0.19 0.20 10.29 6,848 8,000 

* Values are averages. Number of analyses given in parentheses. 
** The two last columns for Fe and S represeiit atoniic proportions in the formula of pyrrhotite. 
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of analyses cluster around the monocliaic pyrrhotite end-member (Fe&), the mos t 

magnetic and iron-deficient phase (Fig. 2.4). The similarity in compositions indicate 

that, for the crystals analyzed in this study, pyrrhotite composition is relatively uniform 

(monoclinic type) regardless of the specific geological environment. The average 

composition of most pyrrhotite is near 46.5 atomic % Fe, in the ideal monoclinic 

pyrrhotite range (Fig. 2.4b). The average stoichiometric proportions of Fe and S ran_ee 

from Fe,.9,2S,-, to Fe,.&,., (Table 2.2). These values are sirnilar to analyses of 

pyrrhotite from samples from drill core taken at the HIA, which cluster around 46.5 

atomic % Fe (Fig. 2.5). The average stoichiometry of pyrrhotite from the HIA site was 

calculated to be Fe,,&,, indicative of monoclinic pyrrhotite (Pasava et al., 1995). 

Trace element contents in pyrrhotite (Table 2.2) are mostly below or very close 

to detection limits ; however some pyrrhotite contains significant concentrations of 

arsenic, nickel and cobalt. Although only in trace amounts, these elements may have 

environmental implications considering the relatively high rate of reactivity of 

pyrrhotite compared to some of the other sulphide minerals such as pyrite, arsenopyrite 

and sphalerite (e-g., Jarnbor, 1994; Nicholson, 1994). Trace eiement contents are also 

@en for pyrite, arsenopyrite, chalcopyrite and sphalerite (Table 2.3) and indicate that 

arsenic and cobalt are significant in pyrite and cobalt is significant in arsenopyrite. 

2.10 X-ray Diffraction Analyses 

Stoichiometric pyrrhotite (troili te) contains equal proportions of iron and 

sulphur and is represented by the formula FeS (or Fe&). However, most pyrrhotite in 



Composition of Pynhotite (This Study) 
Number of Analyses = 42 

Fe& Hexagonal Pyrrhotite 

- Fe,& Orm@wmbic(?) Pyrrtiotite 

O CR-95001 to Oûô (contact metamorphic) 

CR-95007 10 017 (regional metarnorphic) 

FeS Troilite 
( (~exa~onal)  

Atomic % Fe 

Histogram of Atomic % Fe 

Pyrrhotite (This Study) 

45 46 47 48 49 50 
Atomic % Fe 

Figure 2.4. (A) Plot of atomic 56 S against atomic % Fk for pyrrhotite analyzed in 
this snidy. Several ideal pyrrhotite compositions are plotted for reference (stnictural 
types from Craig and Scott, 1974). Most pyrrhotite clusters around monoclinic 
Fe& (B) A histograrn showing that the majority of crystals contain between 46 and 
47 atomic % Fe. 



Composition of Pyrrhotite (HIA) 
Number of Analyses = 38 

%ioa-: Fe& Hexagonal Pyrrhotite 

,FeS Troilite 
- (Hexagonal) 

45 46 47 48 49 50 
- 

Atomic % Fe 

Histogram of Atomic % Fe 
in Pyrrhotite (HIA) 

Atomic % Fe 

Figure 2.5. (A) Plot of atomic % S against atornic % Fe for pyrrhotite 
crystals from drill core taken at the Halifax International Airport (data from 
Knee, 1995). The majority of pyrrhotite is monoclinic Fe$,. (B) Histogram 
showing that the majority of crystals contain between 46 and 47 atomic % Fe. 
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nature is iron-deficient and cm be expressed by the simplified formula Fe,_,S where x 

ranges from 0.0 to 0.125 (i.e., compositions from Fe& to Fe$$. Troilite is 

non-magnetic and is relatively rare, occurring mostly in meteontes, but it has been 

described in some sulphide ores from various localities throughout the world (e-g., 

Carpenter and Desborough, 1964; Lianxing and Vokes, 1996). The structure of troilite 

is hexagonal and is a derivative structure of the NiAs mineral nickeline (Wuensch, 

1974). Al1 pyrrhotite minerals are considered to be derivatives of the NiAs structure 

through suppression of the symmetry operation translation (Wuensch, 1974). This 

situation leads to larger-than-normal unit cells called supersuuctures. Because of the 

range of Fe-deficiency (non-stoichiometry) for most pyrrhotite minerals, a variety of 

superstmcntres are possible, such as 4C monoclinic, 1C hexagonal, 5C hexagonal and 

1 1 C orthorhombic (e.g., Carpenter and Desborough, 1964; Fleet, 197 1 ; Craig and 

Scott, 1974; Morimoto et al., 1975). For the purposes of this study, the traditional 

classification of hexagonal and monoclinic structural types (Arnold, 1967; Vaughan and 

Craig, 1978) is used. 

X-ray diffraction powder peaks in the 50" to 52 O 20 range (Co Ka)  can be used 

to determine the pyrrhotite structural state (Arnold, 1966, 1969). Two closely spaced 

reflections of approximately equal intensity are indicative of monoclinic pyrrhotite, 

whereas a single peak indicates hexagonal pyrrhotite (Vaughan and Craig, 1978). 

Arnold (1966) showed that for double-peak profiles, increasing intensity of the lower 

20 peak corresponds to an increase in the abundance of hexagonal pyrrhotite in 

monoclinic-hexagonal mixtures. 
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Five samples of pyrrhotite from this study were analysed by the X-ray 

diffraction powder method (Fig . 2.6). Al1 five samples show near-equal intensity 

double peaks, indicating that the majority of the pyrrhotite has monoclinic structure. 

However, double-peak intensities in the same sample Vary slightly. Samples CR-95-003 

and CR-95-006 show a more intense lower (left side) 20 peak, possibly reflecting a 

minor component of hexagonal pyrrhotite. The other samples (CR-95-00 1, CR-95-007 

and CR-95-01 1) show more intense higher (right side) 20 peaks. This is consistent with 

so-called "anomalous" pyrrhotite described by Clark (1966). Little is known about 

"anomalous" pyrrhotite in terms of its stability field but it is apparently common in 

low-temperature, sedimentary environments. Like hexagonal pyrrhotite, it is considered 

to be antiferromagnetic but may have a trichic(?) structure (Clark, 1966). Taylor 

(1971) has s h o w  that one possible way in which anomalous pyrrhotite foms is by 

oxidation of hexagonal pyrrhotite, although he also indicated that it has been described 

as forming borders or rims on monoclinic pyrrhotite. 

The XRD analyses presented here suggest that the main pyrrtiotite type is 

monoclinjc Fe&. This is consistent with results from microprobe analyses presented 

above although some variation in Fe and S proportions occur. Hexagonal pyrrhotite 

may be present in minor amounts and anomalous pyrrhotite may occur, but more 

detailed work needs to be done to further validate this Little-known pynhotite type. In 

tems of chemical behaviour and ARD development, the distinction between monoclinic 

and anomalous pyrrhotite types may not be signifiwit, as the proportions of Fe and S 

are very similar. 
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Figure 2.6. Püwder XRD difhctograms for five representative samples 
from this snidy. Al1 pattern show typical double peaks indicative of 
monoclinic Fe&. See text for hirther discussion. 



2.1 1 Discussion 

The data and observations presented above have important implications for 

understanding the processes involved in the production of ARD from Halifax Group 

rocks. Firstly , identification of the major sulphide minerals in the Halifax Group, 

including the abundance and regional distribution of monoclinic pyrrhotite (Fe&) is of 

fundamental importance. The higher reactivity of pyrrhotite compared to pyrite (and 

most other sulphide minerals) makes its proper identification essential. In simple terms, 

high reactivity and an abundance of pyrrhotite lead to high production of ARD under 

the right oxidizing conditions. This is especially me in the initial stages of ARD 

deveiopment. The pyrrhotite examined in this study appears to be almost purely 

monoclinic, with only rninor arnounts of hexagonal and possibly anomalous pyrrhotite 

types. The monoclinic variety may be the fastest to oxidize and will theoretically 

contribute the maximum amount of acidity compared to other pyrrhotite form. 

Oxidation tests are currently in progress to test these hypotheses and it should be 

ernphasised that actual oxidation kinetics under field conditions can be assessed only on 

a site-specific basis. 

Secondly, mineral texture is an important factor. in regionally metamorphosed 

(greenschist facies) areas of the Halifax Group, pyrrhotite is commoniy coarse grained 

and occurs along cleavage planes. When these rocks are disrupted by activities such as 

construction or quarrying, they tend to break naturally dong the cleavage planes, 

exposing an increased amount of pyrrhotite to oxidation processes. Such activities may 

also result in grain size reduction of pyrrhotite. Grain size reduction may also lead to 
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increased oxidation rates by exposing higher surface areas of the pyrrhotite crystals. 

Natural weathering processes may also lead to increased pyrrhotite oxidation because of 

the easy access of fluids to pyrrhotite surfaces by fluid migration along cleavage planes. 

In contact metamorphosed rocks, pyrrhotite texture is quite different. Pyrrhotite 

is finer grained and evenly disseminated throughout the matrix. The smaller grain size 

means higher surface area but fluid access to crystal surfaces is limited because 

cleavage is not well developed. Consequently, ARD development in these areas may be 

less significant than in regionaIly metamorphosed areas but this has to be assessed on a 

site specific basis. For example, this may be the case under natural weathering 

conditions as in a roadside outcrop. However, these textural observations may be less 

important in a tailings environment where al1 grains are reduced to silt size particles. 

The pyrite obsewed in this study is typically euhedral with sharp crystal edges 

and does not form along cleavage planes. Jones and Fox (1997) and Jones (1997) have 

determined that euhedral pyrite is considerably resistant to oxidative dissolution under 

acidic conditions (over a six week period). Under natural field conditions, given its 

relative resistance to oxidation and its textural features. pyrite may not pose as 

significant a risk as pyrrhotite, especially in the short term. Secondary marcasite 

(and/or pyrite?) replaces pyrrhotite and has only been observed in the low grade, 

ereenschist facies rocks. The marcasite is anhedral with highly corroded crystal edges . - 
occurs along cleavage planes, and would therefore be easily accessible to fluids. The 

other sulphide minerals (chalcopyrite. arsenopyrite, and sphalerite) typically occur as 

inclusions in pyrrhotite crystals and it is possible they are galvanically protected from 



oxidation. 

Thirdly, in addition to sulphide mineral identification and texture, trace element 

abundances are also important. Arsenic, for example, will not be released from 

arsenopyrite if that minera1 is not reactive. Trace amounts of arsenic in pyrrhotite, 

however, may easily be released into the surrounding environment considering that 

pynhotite is highly reactive. As presented above, pyrrhotite c m  also contain detectable 

concentrations of Ni and Co. These elements have been found in very high 

concentrations, for example. in pore water (Ni: 181-188 mglL; Co: 93-105 mglL) and 

seepage (Ni: 23-43 mg/L; Co: 4.5-9.8 rng/L) from the waste rock pile at the HIA 

(Lund et al., 1987). These observations suggest that pyrrhotite is a contributor to the 

ARD problem at the HIA and an understanding of that minera1 should be a part of any 

remediation effort, as well as future planning processes. 

ARD from the Halifax Group has k e n ,  and continues to be, a very expensive 

environmental problem in Nova Scotia. Sulphide-rich rocks are widespread throughout 

the province and avoidance is difficult, especially for large scale construction projects 

such as highway development, municipal expansion, or any other projects that require 

disruption of the bedrock. For example, the entire city of Halifax is underlain by the 

Halifax Group and avoidance is impossible. Mineralogical and geological research such 

as this study is fundamental to the understanding of ARD development, and through 

this type of approach successfbl remediation effons may be applied. ARD problems are 

unlikely to be fixed if it is not understood how they develop in the first place. 

Predicting which rocks and areas are susceptible to ARD can only be accomplished 



through a thorough understanding of the mineralogy . 

2.12 Conclusions 

The predominant sulphide mineral in the samples from the Halifax Group 

examined in this study is pyrrhotite. Also present, in lesser amounts, are pyrite, 

marcasite, chalcopyrite , arsenopyrite and sphaierite . Microprobe data indicate that the 

pyrrhotite is the monoclinic variety (Fe&). The compositions of al1 pyrrhotite crystals 

probed are between 45.5 and 47.5 atomic % Fe, in the ideal monoclinic pyrrhotite 

range. Data from pyrrhotite in drill core samples from the Halifax International Airpon 

overlap with the data from this study. 

XRD analyses of pyrrhotite from five samples show typical, almost equal 

intensity double peaks, indicative of monoclinic pyrrhotite. These data confirm the 

results of the microprobe work. Cornparisons of pyrrhotite compositions arnong 

samples taken from different geological settings (Le., within and outside the contact 

rnetamorphic aureoles of granitic intrusions) suggest there is little to no regional 

variation in pyrrhotite composition. 

This study confirms a risk of ARD is present throughout the lower Halifax 

Group (including the GHT) in central Nova Scotia. Whether or not ARD actually 

occurs depends on numerous factors and can only be assessed on a site-specific basis. 

Thorough sampling and accurate testing to predict ARD potential, including detailed 

mineralogical studies, are an essential step in land use planning throughout the Halifax 

Group. 



Chapter 3 

Relative Rates Of Sulphide Mineral Reactivity, And The Role Of 
Mineralogy And Texture In The Development Of Acid Rock 

Drainage From The Meguma Supergroup, Nova Scotia 

3.1 Introduction 

The intensity and duration, and hence, the environmental impact of acid rock 

drainage (ARD) can be atuibuted, to a large degree, to the relative rate of reactivity of 

the sulphide minerals present. Simply , if pyrite is non-reactive, and is the only sulphide 

minera1 present, no ARD will develop. On the other hand, the release of Cu from 

chalcopyrite will oniy be possible when that mineral begins to react, and can only be 

released until al1 the chalcopyrite is consumed. Clearly the relative rate of reactivity is 

important for the prediction of ARD chernisuy as well as for ARD remediation. 

Unfortunately, there is no single, unique reactivity sequence for sulphide 

minerals . Perhaps the only generality that appears to hold under natural settings. and in 

tailings impoundments, is that pyrrhotite is more susceptible to reaction than pyrite 

(Jambor, 1994). Table 3.1 shows the differences in relative reactivities of some 

cornmon sulphide minerals and it is clear that the differences are substantial. As 

presented by Jambor (1994), marcasite can be highly reactive or  relatively unreactive; 

pyrrhotite however, is nearly always one of the first sulphide minerals to react. In a 

snidy of sulphide oxidation in samples from three mines owned by Placer Dome Inc.. 

Kwong and Lawrence (1 994) demonstrated the mineralogy-related factors that influence 

the rate and extent of sulphide oxidation. They ranked the factors as follows: formation 



Table 3.1 - Relative rtactivity of some cornmon sulphide rninerals (from Jambor, 1994) 
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of a galvanic couple > defects density > grain size > bacterial coverage > trace and 

minor element content > crystallographic orientation > abundance of acid-neutralizing 

neighbour. Wowever, these factors depend on the local circumstances, and it therefore 

becomes a matter of snidying the details of mineralogy, M e r a l  chemistry, textures, 

and mineral associations for each local area in order to determine the relative rates of 

sulphide reactivity . 

The purpose of this part of the study was to determine the relative order of 

reactivity (both chemical and microbially assisted) of the following representative 

su1 phide minerais from the Meguma Supergroup : monoclinic py rrhotite (Fe&), 

hexasonal pyrrhotite (Fe&), pyrite (FeS2), arsenopyrite (Fe AsS) , chalcopyrite 

(CuFeS?), galena (PbS) and sphalerite (ZnS). These minerals were identified using a 

petrographic microscope, along with microprobe analyses, and x-ray diffraction data . 

This study is significant because there were no previous studies of sulphide oxidation in 

rocks of the Meguma Supergroup in Nova Scotia. Therefore, there was a Iirnited 

knowledge-base about the factors that control the developrnent of ARD in these rocks. 

In general, sulphide minerals exposed to unfiltered, biologically active ARD 

dissolve faster than in filtered ARD. In the microbial treatment, the relative degree of 

reactivity among sulphide minerals was galena > hexagonal pyrrhotite > monoclinic 

pyrrhotite > marcasite > > arsenopyrite, sphalerite > pyrite > chalcopyrite. In the 

sterile treaunent, the relative degree of reactivity was galena > marcasite > 

monoclinic pyrrhotite > > hexagonal pyrrhotite, arsenopyrite, sphalerite > pyrite > 

chalcopyrite. 
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Based on the overall abundance (up to IO% by volume), and the relative 

reaction rates, monoclinic pyrrhotite is one of the most important sulphide minerals 

contrïbuting to acidity in the short tem, and initial stages of ARD development. 

Marcasite reacted very quickly, but was a minor component, found in only one sample 

of this study. Hexagonal pyrrhotite also was quick to react but its abundance and 

distribution within the Meguma Supergroup has not been well defmed. in general, more 

field studies including sulphide mineralogy are needed within the Meguma Supergroup 

to better understand the distribution and abundance of these minerals. 

A temporal pattern of possible trace metal release into the surrounding 

environment is implicated with Pb > > As, Zn > Cu. although this does not indicate 

in any way the mobility or solubilities of these elements under various environmental 

conditions in the field (see Section 3.5 for further discussion). 

3.2 The Role of Sulphur- And Iron-Oxidizing Bacteria In Sulphide Oxidation 

The general field of "geomicrobiology" has received much attention lately as 

evidenced by recent short courses by the Mineralogical Society of Arnerica (Banfield 

and Nealson, 1997) and the Mineralogical Association of Canada (McIntosh and Groat, 

1997). Specific to sulphide mineralogy, reviews are presented within the short course 

volumes on the geomicrobiology of sulphide mineral oxidation (Nordstrom and 

Southam, 1997) and the role of bacteria in the breakdown of sulphide minerals 

(McIntosh et al., 1997). The intent here is to present a brief overview of bacteria, and 

the main role played in the development of ARD. 
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The metabolisrn (abbreviated as the sufix "-trophyn) of sulphur- and iron- 

oxidizing bacteria involves a c h e m i ~ l  energy source (abbreviated as the prefix 

"cherno-") instead of light energy ("photo-"), they use inorgaeic electron donors 

("litho-" ) instead of organic ('organe-") and they reduce their own carbon from CO, 

(auto- ") instead of assimilating carbon from other organisms (" hetero- ") . Therefore, 

sulphur- and iron-oxidizing bacteria are said to be "chemolithoautotrophiçW . 

Specificaily, these bacteria can oxidize (remove elecuons from) reduced sulphur 

compounds or ferrous iron, and reduce (add elecuons to) molecular oxygen. Also, the 

bacteria Thiobacillrrs ferrooxidans (Nordstrom, 1982), T. thiooxidans and Sulfolobics 

acidocaldarius (Brock and Gustafson, 1976, cited in Nordstrom, 1982) can use ferric 

iron as an electron acceptor in the absence of oxygen. Table 3.2 lists some of the 

bacteria found associated with ARD. According to Nordsuom and Southam (1997), one 

of the most widely studied bacteria linked to pyrite oxidation is T. ferrooxidans. Figure 

3.1 shows a schematic diagram for pyrite oxidation and the role of bacteria. The 

diagram gives an indication of the overall sequence of reactions, and the interaction 

between oxidizing agents, catalysts, and mineral products (Nordstrom, 1982). 

An overall, but highiy simplified reaction showing the oxidation of pyrite can bc 

described by the following equation (Nordstrom, 1982): 

(3.1) FeS, + 1514 4 + 7/2 H20 --> Fe(OH), + 2 H,SO, 

For every mole of pyrite oxidized, one mole of femc hydroxide and two moles of 

sutfuric acid are produced. The rate of oxidation of ferrous to fenic iron by the 

following reaction: 



Table 3.2 - Some membm of the Bacteria gcnera niiooclcillrs, Leprospirillum. and 
Su~obacilluc. Acidophilic species are underlined. Also shown are the inoganic 
subsfances the Bacteria utilize. and four Archaea spp. that are known to be associared 
pyrite! oxidation and acid rock drainage (compilation taken from Nordstrom and 
Soutbam, 1997; original sources: Egorova and Deryugina. 1963; Kelly and Harrison, 
1984; Wood and Kelly, 1991 ; Bamn et al., 1993). 



Figure 3.1. Schematic mode1 for pyrite oxidation. and the relationships behveen 
oxidizing agents. secondary minerais and catalysts (from Nordstrom, 1982). 
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(3.2) Fe2+ + 1/4 O? + H' ---> Fe3+ + 'h H,O 

was shown to be a function of pH in abiotic systems (Singer and Snimm, 1970). At pH 

> about 4.5, the rate is increasingly faster while at pH < about 3.5, the reaction rate 

is nearly independent of pH. At pH < 3.5, the oxidation rate is catalyzed by T. 

ferrooxidans and is increased by at least several orders of magnitude. The oxidation of 

ferrous to ferric iron was suggested to be a major rate-determinhg step in the overail 

sequence of ARD formation (Singer and Stumrn, 1970). 

Pyrite can also be oxidized by femc iron according to the reaction: 

(3.3) FeSz + 14 Fe3' + 8H20 --- > 15 FeL- + 2 SO,'- + 16 H- 

This reaction requires acidic conditions since ferric iron is insoluble at circurnneutral 

pH (Nordstrorn and Southarn, 1997). 

This overall summary of pyrite oxidation is quite simplified and some of the 

more complicated details that occur in natural environrnents are presented in Nordstrom 

and Southam, (1997). Two factors that are noteworthy here are that: 

1 )  elemental sulphur is an intermediate between reduced suiphides and sulphuric acid, 

and may f o m  during either nonoxidative dissolution, or partial oxidation of a sulphide 

(Ahonen and Tuovinen, 1992). 

2 )  the oxidation products are not necessarily pure ferric hydroxide, but can include 

other phases, or mixtures of phases, including goethite, jarosite, ferrihydrite, and 

schwerunamite. Secondary mineralogy is discussed further in Chapter 4 of this thesis. 

As shown in Figure 3.1, bacteria c m  play either a direct or indirect (or both) 

role in the oxidation of pyrite. The direct mechanism means that the bacterium is acting 
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directly on the mineral surface (attached), whereas the indirect rnechanism involves the 

oxidation of ferrous to femc iron (equation 3.2) and subsequent oxidation of pyrite by 

ferric iron (equation 3.3). The relative importance of these two mechanisms is dificuit 

to establish because they depend on factors such as the type of bacteria, degree of 

attachment, supply of nutrients and oxygen, pH, Eh, and temperature (McIntosh et al., 

1997). Nordstrom and Southam (1997) suggest that the main role of iron- and sulphur- 

oxidizing bacteria is in the oxidation of ferrous iron. The ferric iron that is produced 

can then rapidly oxidize pyrite. The rate of oxidation of ferrous iron to ferric iron and 

the rate of oxidation of pyrite by ferric iron is similar. 

3.3 Sample Locations And Descriptions 

Six representative sarnples were selected from locations throughout the Meguma 

Supergroup (Fig. 3.2) to represent the major sulphide minerals that occur. Sarnples 

were chosen from both the Goldenville and Halifax Groups and contain a variety of 

textures and minerai associations. 

Sample RJ-96-001 was collected from a dark grey to black, thinly bedded slate 

and siltstone unit within the Halifax Group, on Tancook Island, in the Mahone Bay area 

of southwestern Nova Scotia. The sample contains large (2mm) euhedral pyrite (up to 

15 5%). with sparse fractures, and with thin rims of pyrite of the same composition. The 

sample also contains rare (less than 1 %) marcasite with abundant, very fine grained 

inclusions, associated with chalcopyrite and thin rims of Fe-Ti oxide minerals. 

Sample FU-96-002 is from a rock dump of the Montreal Slate Belt within the 



X Sample Location 

a Granitic Rocks 

Meguma Supergroup 

Halifax Group 

[zj Goldenville Group 

Figure 3.2.  Siniplified gcological iiiap of Nova Scotia show ing the distribution of the Meguina Supergroup 
aiid grrnitic rocks (iiiodified from Keppie, 1979a). 
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Mt. Uniacke Gold District. The Mt. Uniacke area lies within the Goldenville Group 

which is known to contain slate units at many of the gold districts. The main sulphide 

minera1 is large (1-5m) elongate arsenopyrite, slightly fractured, with pressure 

shadows of quartz. A minor amount of subhedral pyrite is also present. 

Sample RJ-96-003 was collected from drill core obtained at the Caribou Gold 

District, and is suatigraphically iocated near the top of the Goldenville Group. The 

sample is a vein of massive sulphide, mostly hexagonal pyrrhotite (distinguished from 

monoclinic pyrrhotite by XRD analysis), with chalcopyrite rims, and inclusions of 

salena, chalcopyrite, arsenopyrite and oxides. Subgrains of hexagonal pyrrhotite are 

visible under crossed polars and Vary from large and equant to small and elongate. Rare 

fractures cut across subgrains. 

Sample BH-20-1 is from drill core taken of the Halifax Group at the Halifax 

International Airport. The sample contains large, elongate (approximately 1x5 mm). 

monoclinic pyrrhotite oriented parallel to cleavage and cross-cutting bedding. Short 

sides of grains are irregular and commonly rimmed with rutile. Long sides are 

smoother. Minor sulphide inclusions in pyrrhotite include chalcopyrite, sphalerite, and 

trace galena. SmalI (O. 1 - 0.3 mm) euhedral pyrite grains are scattered throughout the 

matrix. Elongate, irregular subgrains of monoclinic pyrrhotite are visible under crossed 

polars. 

Sample CR-95-002 is a contact metamorphic hornfels collected within 0.5 km of 

the contact with the South Mountain Batholith. Large andalusite porphyroblasts (up to 

1.5 cm in length) comprise up to 30% of the sample. The suiphides consist of small 
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(0.1-0.4 mm) monoclinic pyrrhotite associated with ilmenite and rutile, and rare 

inclusions of (Co,Ni)AsS (solid solution between gersdorfflte and cobaltite). 

Sample CR-95-016 is dark grey date from the transition zone between the 

Goldenville and Halifax Groups. The sample was collected from drill core of the 

Eastville zinc-lead deposit (Binney et al., 1986). The sulphides are pyrite, monoclinic 

pyrrhotite, and rninor chalcopyrite. The rock is thinly bedded with the following 

sulphide textures: pyrite and pyrrhotite form fine beds of large elongare grains (up to 

0 -4 x 1 .O mm) that are interfingered in places, pyrrhotite forms globular grains rirnmed 

by gamet (0.1 to 0.4 mm in diameter), pyrrhotite forms small eIongate grains parallel 

to bedding. 

3.4 Experimental Design And Procedure 

At every stage of the experiment, aseptic techniques were used in order to avoid 

contamination of the sarnples. Two polished thin sections from each of the six samples 

were made from adjacent slices of rock so that the pair would be as similar as possible. 

The slices were cut extra thickly (approximately 1 mm instead of the standard 30um) tri 

allow for volume loss during oxidation and repolishing. Initially, the thin sections were 

photographed in reflected light to document the surface appearance. Al1 thin sections 

were sterilized by soaking in methanol which leaches water out of cells and denatures 

proteins, effectively killing bacteria (Dr. M. Silver, pers. comrn., 1996). Success of the 

sterilization process was confirmed by using a conuol sarnple. 

The medium used for the oxidation experiment was ARD (pH 3.0-3.5) collected 
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from a pond in a slate quarry near the Halifax International Airport. Although the 

specific, possible types of bacteria in the ARD were not determined, the presence of at 

least an iron-oxidizing type was confirmed within several hours afier starting the 

experiment (Fig. 3.3). Since the ARD medium was collec<ed from a natural setting. it is 

likely that there was a mixture of bacteria types present. ARD for the steriie treaunent 

was double filtered using a pre-stenlized, Nalgene filterpack with a 0-2 micron filter to 

physically remove bacteria. ARD for the bacterial treatment was not filtered. 

The apparatus was designed to contain 13 thin sections (6 in the bacterial 

treaunent, 6 in the sterile treatment, and 1 conuol of the overall sterilization procedure) 

covered with ARD, and with a constant supply of air. The temperature was held 

constant at 25°C to encourage microbial growth. Thirteen, 500 mL mason jars 

individuaIIy held each thin section, and a sterile air supply continuously aerated the 300 

mL of ARD in each jar. The air was sterilized with an in-line polytetrafluoroethylene 

(PTFE) 50 mm membrane filter with an average pore size of 0.2 microns. The bubbles 

entering the water caused gentle turbulence, so all the water was uniformly oxygenated. 

After soaking in methanol, thin sections were rinsed in sterile ARD to remove the 

residue, and transferred to the sterile jars. 

To observe the thin sections under a microscope, they were transferred to plastic 

petri dishes with 25 rnL filtered A R .  (just enough to cover the thin section surface). 

Observations and photographs were taken through the cover of the dish. To photograph 

the sulphide surfaces in the bacterial ueatment, the organisms had to be removed with a 

fine brush. The experiment was allowed to nin for 42 days (six weeks). 



Figure 3.3. (a) Rust-coloured precipitate in the microbial trearinent. (b) No precipitate in the 
steri le treatment , indicating that filering has removed bacteria. 
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Photomicrographs were taken before the experiment began, 2 days into the experiment, 

and at 42 days. At the end of the experiment, sulphide mineral surfaces were also 

documented using a scanning electron microscope (SEM). 

In each thin section, the relative amount of reactivity was judged by surface 

appearance. In reflected Iight, colour changes and etched scratches, fractures or pits 

were interpreted as oxidation or corrosion. In general, suonger or darker colours and 

darker polishing scratches indicated a greater degree of corrosion. The use of colour to 

observe oxidation is supported by the work of Steger (1982), who found that pyrrhotite 

followed a sequence of colour changes with increasing oxidation: steel-grey to orange- 

brown to blue-purple to blue-green to orange-brown. Steger further suggests that the 

blue-purple is due to an insoluble secondary product of FeZ' oxidation, such as 

Fe(OH)(SO,) * x H 0 ,  the orange-brown is due to femc oxide, and the other colours 

are mixtures of the two precipitates. Blue, purple, orange, yellow or brown tarnish 

have also been noted on chalcopyrite (Chen et al., 1980; Kwong and Lawrence, l9%), 

pyrite, and sphalerite (Kwong and Lawrence, 1994). SEM images confïrm that tamish 

is associated with corrosion, because more strongly coloured and etched sulphide grains 

had lower and more irregular topography, consistent with loss of material. 

3.5 Results 

3.5.1 Sample BH-20-1 

Figure 3.4 shows monoclinic pyrrhotite (cream), pyrite (white), chalcopyrite 

(yellow) and sphalerite (grey) at 0, 2, and 42 days in the rnicrobial treatment. It is clear 



Figure 3.4. Pbotom icrographs of sample BH-20-1 from the rn icrobial treatrnent, taken in 
reflected, plane polarized light with a blue filter, showing surface characteristics at (a) O days (b) 
2 days and (c) 42 days of oxidation. Monoclinic pyrrhotitr (mpo),  which developed etched 
polishing scratches and çolour changes, clearly oxidized m u ç h  more than euhedral pyrite (çpy),  
sphalerite (s),  or chalcopyrite (ch). Sphalerite and pyrite developed slight signs of oxidation 
(discolourarion and scratches), but chalcopyrite rcmained unchanged. 
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by the colour changes (from cream to multicolours to black) and appearance of etched 

polishing scratches that monoclinic pyrrhotite has changed much more than pyrite, 

chalcopyrite or sphalerite. Sphalerite has a little discolouration, in pyrite the polishing 

scratches became visible after 42 days but is otherwise unchanged, and chalcopyrite is 

still perfectly clean. SEM images clearly illustrate the topographical differences among 

monoclinic pyrrhotite, chalcopyrite and sphaleri te (Fig . 3.5). The monoclinic pyrrhotite 

exhibits crystallographicalIy oriented lamellar intergrowths that terminate abruptly at 

sub-grain boundaries. This intergrowth texture may have developed by exsolution of 

monoclinic pyrrhotite from hexagonal pyrrhotite upon cooling (e.g., Lianxing and 

Vokes, 1996). Figure 3.6 is a simplified temperature-composition diagram showing the 

stability fields for the main sulphide rninerals in the FeS - FeS, system. The arrow 

shows a possible example of a compositional path upon cooling. Hexagonal pyrrhotite 

can exsolve pyrite during cooling at temperatures above approximately 254°C. Upon 

further cooling, monoclinic pyrrhotite can be exsolved as the temperature drops rapidly 

across the upper boundary of the two-phase field for monoclinic + hexagonal 

pyrrhotite. In the example from this study (Fig. 3.5). the phases have not k e n  

deterrnined. However, note the preferential loss of material along the darker phase. 

Further work is needed on this type of texture to clearly define the phases and oxidation 

rates. 

In the sterile treatment, monoclinic pyrrhotite is the most darkly coloured in 

cornparison to chalcopyrite, sphalerite and pyrite, but it is not as suongly oxidized as 

the monoclinic pyrrhotite in the microbial treatment. Also, pyrite and sphalerite have 



Figure 3 -5. SEM image of sample BH-20-1 from the microbial ueatment showing surface features 
after 42 days of oxidation. Monoclhic pyrrhotite (mpo) has a much lower topography than that 
of chalcopyrite (ch) or sphalerite (s) , indicating greater los of material. Subgrains of mpo are 
clearly defined showing surface roughness anâ advanceci oxiâation arOUllCi subgrain botdaries. 
Noce the preseuce of lamellar intergrowth texture in the monoclinic pydotite. 



hexagonal varieties 
of pyrrhotite 

300 

O 
O 

2 200 
3 
d 

E 
a2 
a 

$ 
100 

hexagonal 
pyrrhotite 
+ troilite 

O 
50 

Troilite 
FeS 

1 hexagonal pyrrhotite 
fL + pyrite 
/ /' 

/ -1 

monoclinic pyrrhotite 
+ pyrite 

hexagonal + monoclinic 
pyrrhoti te 

L 

Pyrite 
FeS, 

Atomic % Fe 

Figure 3.6 Simpliiied composition - temperature diagram showing a possible 
cooling path for hexagonal pyrrhotite. Upon cooling below 254 OC, 
hexagonal pyrrhotite eventually can exsolve monoclinic pyrrhotite. 
(modified from Klein and Hurlbut. 1985). 



73 

less visible effects in the stenle treatment. Chalcopyrite is very similar in the two 

treatments. however, in the sterile treatment it appears to have a very small amount of 

tarnish. Pyrite is smooth compared to the etched scratches in the microbial treatment. 

3.5.2 Sarnple RJ-96-003 

Figure 3 -7 A and B shows hexagonal pyrrhotite (crearn), chalcopyrite (yellow). 

and galena (light grey) in crossed polars (to show subgrains) and plain polarized light 

(to show initial colours) respectively. Figure 3.7 C and D shows the sarne minerals at 

two days (C) and at six weeks (D) of oxidation in the microbial treatment. The 

hexagonal pyrrhotite turned dark brown, and then almost black indicating very strong 

oxidation . The chalcopyrite remained clean bright yellow . Galena oxidized faster than 

the hexagonal pyrrhotite. At only two days, it is recognizable only by its dark outline 

within the hexagonal pyrrhotite. SEM images indicate differences in surface texture 

amon2 chalcopyrite, hexagonal pyrrhotite and galena. Chalcopyrite is as smooth as the 

matrix. and the other two are covered with tiny crystais of possible secondary minerals. 

Galena has corroded much more than pyrrhotite. This sample also contains a small 

amount of arsenopyrite that did not alter at all, even after six weeks. 

In the sterile treaunent, the relative order of oxidation among the minerals is the 

sarne, but hexagonal pyrrhotite has oxidized much less than in the microbial treaunent. 

At two days, galena has nirned black, but the hexagonal pyrrhotite is only slightly 

discoloured in patches. At six weeks, a secondary mineral coating covered the 

hexagonal pyrrhotite, but not the galena, and clean unoxidked hexagonal pyrrhotite can 



Figure 3.7. Photomicrographs of sample RI-%-O03 fiom ihe microbial treatment, taken in 
reflected light with a blue filter. showing surface characteristics ai (a) O days (under c r o d  
polars) (b) O days (under ppl) (c) 2 days (under ppl) and (d) 42 days (under ppl) of oxidaiion. 
Chalmpynte remained unaltered, hexagonal pyrrhotite (bpo) conoded strongly (dark. with 
scratches), and galena (gal) corroded the most . 
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be seen surrounding the galena where the coating was thin. This could be an example of 

a galvanic effect discussed further in Section 3.6.2. SEM images indicate that the 

ealena has k e n  substantially more corroded than pyrrhotite, and both have different - 
surface textures than in the microbial treatment. 

3 - 5.3 Sarnple RJ-96-00 1 

This sample contains marcasite and euhedral pyrite. The pyrite changed very 

little over six weeks. In the microbial treatment some polishing scratches became 

visible (Fig. 3.8), but not in the sterile treaunent. The marcasite produced extremely 

different results. At two days there was little change, but by six weeks the marcasite 

had turned black (Fig. 3.9), and its location was visible only by conuast with the 

adjacent unchanged chalcopyrite. In reflected light, the marcasite looked 

indistinguishable between the sterile and rnicrobial treatments in reflected light. 

However, SEM images suggest that the rnicrobial treatment sample has been corroded a 

little more than the sterile treaunent. The surfaces are both very irregular. Figure 3.10 

shows an SEM image of the marcasite surface from the microbial treaunent indicating 

the topography of the minera1 is lower than that of the matrix or inclusions. Note the 

texture is sirnilar to the lamellar intergrowth texture of pyrrhotite shown in Figure 3.5. 

If this texture results from exsolution, the exsohed phase and host phase have not been 

determined. Several microprobe analyses from this grain indicate a composition of 

FeS,, however possible exsolution lamellae may be too fine to distinguish using the 

microprobe with a spot size of approximately 1 micron. 



Figure 3.8. Pûaomicrog;iphs of euhedral pyrite in simple RI-96001 fiom tbe microbial 
treatment. taken in reflected. pl- polarized light aith a blue filta. JhowiDg surface 
characteristics P (a) O days a d  (b) 42 days of oxiâation. Note the a p w  of polishing 
scratches. 



Figure 3.9. Photomicrographs of marcasite and chalcopyrite (ch) in sample RI-%-O01 from the 
sterile matment, talten in reflected, plane polarized light with a blue filter, sûowing surface 
characteristics at (a) O &ys and (b) 42 days of oxidation. The marcasite tu& black, iodicating 
very strong corrosion, in sharp contrast to chalcopyrite which rernaiaed unchanged. 



Figure 3.10. SEM images of marcasite in sample RI-%-O01 from the microbial treatment showhg 
the surface after 42 &YS of oxidation. (a) An overview of possible larnellar intergrowth(?) texture. 
(b) Detailed image showhg surface roughness, rouaded oxide (ox) inclusions provide a baseline 
for topographie cornparison, assuming the oxides have not changed and represent the level of the 
original polished surface. 
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3.5.4 Sample W-96-002 

Arsenopyrite was oxidized visibly, but not as much as the pyrrhotite in samples 

BH-20-1 or RJ-96-003. Brown discolouration and corrosion occurred to a greater 

degree in the microbial treatment than in the sterile ueament. In the rnicrobial 

treatment, there was evidence for differential corrosion across sub-grain boundaries 

within a larger grain, indicating that ga ins  of different orientations oxidize at different 

rates (Fig. 3.11). 

3.5 -5 Sample CR-95-016 

The sulphides present in this sample are pyrite, monoclinic pyrrhotite. and 

chalcopyrite. Chalcopyrite did not oxidize in either ueaunent, as in the other samples. 

Pyrite remained fairly white at two days, although some grains developed a secondary 

coating after six weeks. Monocluiic pyrrhotite appeared to oxidize differentially. Many 

grains turned a uniform light brown, however sub-grains from the microbial treatment 

nirned very di fferent colours, ranging from crearn to dark purple or blue (Fig 3.12). 

Separate pyrrhotite grains also oxidized at very different rates. again with a range of 

colour from deep blue-purple to light orange (Fig. 3.13). Polishing scratches were 

more visible on the deep blue grains indicating stronger oxidation. 

3.5 -6 Sample CR-95-002 

The sulphides in this sample are monoclinic pyrrhotite with rare tiny inclusions 

of a sulphide compositionally intermediate between cobaltite and gersdorffite. Both 
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treaunents of this sample behaved sirnilarly, with slightly stronger oxidation in the 

microbial treatment. The tiny inclusions remained white and unoxidized. At two days 

pyrrhotite oxidized strongly and a well-developed, larnellar intergrowth texture became 

visible. At six weeks, the lamellae tumed black, while the surrounding host phase was 

still brown. SEM images (Fig. 3.14) give fürther evidence that this colour difference 

was due to differential oxidation rates, because the lamellae are significantly lower than 

their host. 

3.5.7 Surnmary of reactivity rates 

Table 3.3 describes the relative order of oxidation among sulphide minerals in 

each sample. Overall, the relative order of oxidation of sulphide minerals in the 

microbial treatment was galena > hexagonal pyrrhotite > monoclinic pyrrhotite > 

marcasite > > arsenopyrite, sphalerite > pyrite > chalcopyrite. In the steriIe 

rreatment, the relative order was galena > marcasite > monoclinic pyrrhotite > > 

hexagonal pyrrhotite, sphalerite, arsenopynte > pyrite > chalcopyrite. The apparent 

rate of oxidation between hexagonal pyrrhotite and monoclinic pyrrhotite was 

substantial enough between the microbial and sterile treatrnents to cause the order in the 

overall sequence to change. However, this conclusion should be treated with caution 

because the two pyrrhotite type were from different thin sections. Further work is 

necessary to confirm the results of this experirnent. 

Based on the overall reactivity sequence, toxic elements could be released from 

sulphide minerals in the following order: Pb (galena) > > Zn, As (sphalerite and 



Figure 3.14. SEM images of  hmellar intergrowth texture in pyrrhotite in sample CR-95- 
002 fiom the sterile treaîment showing the surface alter 42 days of  oxidation. (a) Overview 
of the grain. (b) Larnellar have two predominant orientations. (c) Larnellar end at subgrain 
boundaries. (d) Subgrains have different depths of etching. 



Table 3 -3.  Relative rate of reactivity among sulphide minerals for each sample. 

sterile r- 
RI-96-00 1 

microbiai 

l 1 sterile 

1 FU-96-002 
1 microbiai 

sterile 

/ RI-96-W3 1 microbial 

sterile r-- 
1 0 2  

( microbial 

I 1 sterile 
1 

1 CR-95-016 1 microbial 

1 1 sterile 

gaiena > monoclinic pyrrhotite > > sphalerite > 
euhedrai pyrite > chalcopyrite 

monoclinic pyrrhotite > > euheâral pyrite, 
chalcopyrite 

marcasite > > euhedral pyrite 

marcasite > > euhedral pyrite 

arsenopyrite 

arsenopyri te 

galena > hexagonal pyrrhotite > > arsenopyrite, 
chalcop yri te 

galena > > hexagonal pyrrhotite > arsenopyrite, 
chako~vri te 

monoçlinic pyrrhotite 

monociinic ~vrrhotite 

monoclïnic pyrrhotite > pyrite > chalcopyrite 

monociinic ~vrrhotite > ~vrite > chalco~vrite 
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arsenopyrite) > Cu (chalcopynte). Note this does not consider the mobility or relative 

solubilities of various secondary Pb, Zn, As, or  Cu minerals that may develop under 

the changing environmental conditions possible in the field. This is based on only the 

reactivity sequence of the sulphide minerals observed in this study. For example, 

although galena appears to be one of the first minerals to react, the common secondary 

Pb minera1 anglesite (PbSO,) is considered to be insoluble and can cause attenuation of 

Pb close to the source of sulphide oxidation (Alpers et al., l994a). Therefore the 

precipi tation of anglesite can prevent significant Pb from entering into the surroundin_e 

environment. Also this ignores possible trace abundances of Pb, Zn, As, and Cu in 

other sulphide minerals, as well as other processes such as non-oxidative dissolution 

that could play a role in the release of these elements. Further work is necessary to 

determine the possible paths of these elements through the local environment. 

Most sulphides (monoclinic pyrrhotite, galena, sphalerite, arsenopyrite, and 

pyrite) oxidized significantly more in the rnicrobial than in the sterile ueatment. 

Exceptions were hexagonal pyrrhotite, which displayed an extreme difference, 

marcasite, which was very strongly oxidized in both treatments, and chalcopyrite, 

which was unoxidized throughout. 

3.6 Discussion 

Conuols on the reactivity rate of sulphide minerals are varied and can be 

difficult to measure because many controls cm be acting on a single sample. This study 

is further complicated in that the acidic medium used for the leach experiments is a 
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natural sample of ARD and possibly contains a variety of bacteria types. Also, the rock 

samp1es contain a vanety of sulphide types as well as different mineral textures, 

resulting in complex systems. However, many of the observations presented above. 

give strong evidence for galvanic interaction, crystal lattice effects (including surface - 
area. grain boundaries, and crystallographic orientation), and the presence or absence 

of bacteria as factors that strongly affect the rate of reactivity of the samples studied. 

3.6.1 Eh and pH as environmental controls 

The breakdown of many of the common sulphide minerals is predorninantly 

controlled by oxidation - reduction reactions involving the iron and sulphur systerns. 

Not surprisingly, the two most important controls on the stability of sulphide rninerals 

are Eh (oxidation potential) and pH (hydrogen activity). Eh - pH diagrams, based on 

chernical equilibrium thermodynamics, exist for many sulphide minerals and in general, 

c m  be used to predict the conditions under which the minerals are expected to 

breakdown (e.g., Garrels and Christ, 1965). For example, Figure 3-15 shows an Eh - 

pH diagram for the iron oxide and iron sulphide system (Fig. 3.15 a), along with a 

sirnilar diagram showing stability lirnits for natural aqueous environments (Fig. 3.15 b). 

ARD (mine water) is highly oxidizing with low pH, and sulphide minerals are 

thermodynamically unstable in such environments. In order for efficient minerai 

oxidation to proceed, there must be a large difference between the oxidation potential of 

the medium compared to that of the sulphide mineral. 

In microbial systems, there are also optimal Eh - pH conditions for which 



Figure 3.15. Eh - pH diagrams showing (a) stability fields of iron oxides and iron sulphides in 
water at 2S°C, 1 atmosphere total pressure. with an activity of dissolved sulphur of 10". and 
(b) stability fields for various aqueous environments (modified after Garrels, 1960). Mine 
waters (box shown in b) and acid rock drainage (ARD) occur at high Eh (oxidizing conditions) 
and low pH. 
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certain bacteria are metabolically active, since they derive their energy fiom electrons- 

Figure 3.16 shows the environmental Eh - pH conditions of the sulphur- and iron- 

oxidizing bacteria (Fig . 3.16 a), and an Eh - pH diagram for the chalcopyrite-water 

system (Fig . 3.16 b). Figure 3. Ida shows that T. ferrooxidans are stable in highly 

oxidizing. low pH conditions. Figure 3.16b shows the measured stability limits for T. 

ferrooxidans in the leaching of chalcopyrite. The presence of bactena drives the Eh of 

the solution upwards, iikely through a process that involves the oxidation of ferrous 

iron. In general, <bis figure indicates that the electrochemical conditions for efficient 

bacterial leaching need to include an optimal Eh that considers both the bacteria as well 

as the sulphide mineral. 

Although Eh - pH diagrams are useful for a generalized prediction of 

environmental conditions under which sulphide minerals oxidize, they do not include 

kinetic factors that influence the rate of reactions. Sulphide minerals can exist 

rnetastably in their environment and although the theoretical data may suggest 

instability, breakdown may not occur because reaction rates are too slow. Other factors 

are needed to explain why some sulphide rninerals react differently than others. 

3.6.2 Galvanic interaction 

As explained by Natarajan (1990) and Kwong (1995), two contacting sulphide 

minerals in an oxygenated aqueous medium can form a galvanic ceil, with one sulphide 

behaving like the cathode and the other like the anode. Preferential oxidation will occur 

at the anode (the sulphide with lower rest potential, Le., the equilibrium electrode 
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potential when the net anode or cathode current is zero), protecting the cathode from 

oxidation. Rest potentials for some common sulphide minerals are presented in Table 

3.4. As an example, in a system containhg pyrite and pyrrhotite in contact with other. 

the oxidation of pyrrhotite (lowest rest potential) will be galvanically enhanced. The 

foliowing reaction, using a bivalent metal sulphide (MS) as an example, would occur at 

the anode (Kwong, 1995): 

(3.4) MS ---- > M2+ + S* + 2e- 

and the cathodic reaction is: 

(3.5) lh O, + 2H' + 2e- ---> HtO 

Natarajan (1990) notes that systems containing more than two sulphide minerals in 

contact are more complex. However, two principles c m  be applied: 

1) a sulphide with the most negative potential will always be the anode. while the 

mineral with the most positive potential will always be the cathode, and; 

2) intermediate sulphides nearer the anode will tend to be more cathodic and those 

nearer the cathode will tend to become more anodic. 

The most compelling example of galvanic interactions in this study is the 

cornrnon occurrence of chalcopyrite within pyrrhotite, where the chalcopyrite is 

consistently resistant to reaction (e-g., Figs. 3.4 and 3.7). It is well known that 

chalcopyrite in contact with pyrite is more prone to oxidation than chalcopyrite by itself 

(e. g . , Ahonen and Tuovinen, 1992). Figure 3.17 shows schematic diagrams for the 

galvanic mechanisms involved in the breakdown of chalcopyrite in contact with pyrite 

(a), and the galvanic protection of chalcopyrite in the presence of pyrrhotite (b). The 



Table 3.4. List of rest potentials of some common sulphide minerals (fiom Kwong, 
1995). Note that rest potentials c m  change depending on the solution chernisuy and the 
specific mineral chemistry . 

Mineral Formula Rest Potential Solution Temperature 
(Volts vs. Standard 

Hydrogen Electrode) 

Pyrite FeS, 0.63 1 .O M H,SO, 25°C 

Chalcopyrite CuFeS, 0.52 1.0 M H,SO, 20°C 

Chalcocite Cu2S 0.44 1 .O M H$O, 20°C 

Covellite CuS 0.42 1 .O M H2S04 25°C 

Galena PbS 0.28 1 .O M H,S04 20°C 

Sphaleri te ZnS -0.24 1.0 M H$O, 20°C 

Pyrrhotite FeS -0.28 1 .O M H,SO, 20°C 
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P . . . . . . . .  * . . * . .  . . . . . . . . .  . . S . . . .  . . _ . . . . . .  Pyrite - FeS, - - - - - .  - - - - . . . . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  Cathode . . . . . . .  . . . . . . . .  ' . . . . . . . . .  (more inert) .-.-...-..... . . . . . .  

. . . . . . . . . . . .  . . . . . . . . . . . . . .  

Figure 3.17. Galvanic reactions that take place when chalcopyrite occurs 
within pyrite (A). and when chalcopyrite occurs within pyrrhotite (B). 
(Diagrams modified from Mclntosh et al., 1997; Natarajan. 1990). 
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representation in Figure 3.17b is the important mode1 for the samples from the Meguma 

Supergroup observed in this study. Other possible examples of galvanic interactions 

observed in this study are pyrite in contact with pyrrhotite (pyrrhotite preferentially 

oxidized), and srnall arsenopyrite grains within pyrrhotite (pyrrhotite preferentially 

oxidized) . 

3.6.3 Crystal Lattice Effects 

Crystal lattice structure can be internipted by irnpurities. vacancies, 

dislocations, fractures, or grain boundaries, al1 of which affect the stability of the 

minera1 (Callister, 1993). For example, grain boundaries are less stable than the 

interior because the grain boundary atoms do not bond beyond the boundary Iimit. 

Therefore al1 bond locations are not satisfied. Figure 3.5 shows an SEM image of 

monoclinic pyrrhotite with highiy corroded subgrain boundaries where preferential 

oxidation has occurred. This is strong evidence that the existence of subgrain 

boundaries has an affect on the reactivity of the pyrrhotite in this study. 

Experimental evidence from this snidy also indicates differential reactivity of 

various crystal lattice orientations within pyrrhotite. Figure 3.12 shows that different 

pyrrhotite subgrains have oxidized at different rates (indicated by colour differences). 

In their study of sulphide samples from three different mine sites owned by Placer 

Dome Inc.. Kwong and Lawrence (1994) argued that the apparent control on sulphide 

oxidation by crystallographic orientation is an anifact of the thin sectioning process. In 

other words, few of the orientations in the thin section would occur in natural grab 
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samples. However, in the pyrrhotite from the Meguma Supergroup, the different 

crystallographic orientations occur in various subgrains in larger, metamorphically 

recrystallized grains. The different subgrain orientations are not thin section artifacts 

and they occur in the natural samples. Therefore the orientation affect is applicable to 

pyrrhoti te samples examined in this study . 

Several more examples of the possible influence of crystal lanice effects Ui 

minerals from this snidy are shown in Figures 3.5, 3.10 and 3.14. In these examples, 

pyrrhotite and marcasite reacted quickly compared to most of the other sulphide 

minerals. The common link between these two minerals is the surface texture that may 

be related to lamellar intergrowths. The pyrrhotite texture shown in Figure 3.14A is 

remarkably sirnilar to the intergrowth texture described by Lianxing and Vokes (1996) 

that developed by exsolution of monoclinic pyrrhotite from hexagonal pyrrhotite upon 

cooling. The orientation of the intergrowth texture is crystallographically controlled and 

changes direction abmptly at subgrain boundaries (Fig. 3.5). Clearly there has been 

differential oxidation between lamellae and host (Fig. 3.14B), however in this case the 

phases have not been detennined. Although the orientations of the larnellae appear to be 

crystallographically controlled, ultimately the chernistry and type of lamellae is 

determined by temperature and composition of the host. An important consideration in 

oxidation rates is the possibility of galvanic effects due to different mineral 

compositions in contact with other (Section 3.6.2). 

For the marcasite (Fig. 3. IO), the texture appears similar to that of the 

pyrrhotite (Figs. 3.5 and 3.14). However, it is not clear that this texture is definitely 
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due to lamellar intergrowths. Again, possible phases have not been determined in this 

study . One of the recommendations in Chapter 8 of this thesis is that more detailed 

work be carried out on sulphide mineral compositions and textures. Clearly this type of 

texture is important in that the minerals that oxidized the fastest overall appear to 

contain siniilar textures. 

It should be noted here that an alternative explanation of the marcasite texture is 

rhat it is caused by fractures, which have the overall affect of increasing the surface 

area. Janzen et al. (1997), found similar textures on 12 pyrrhotite samples collected 

from a variety of locations throughout North Arnenca. They concluded the texture was 

due to fractures along cleavage planes and that surface area and preferential oxidation at 

areas of high strain appears to be the most influential factor affecting the oxidation rate 

of the pyrrhotite. The possibility of exsolution and lamellar intergrowths was not 

discussed. 

3.6.4 Influence of bacteria 

The overall affect of bacteria on sulphide reactivity in this study was that 

bacterial presence enhanced the rate of reactivity. For the most part, the order of 

reactivity did not change with the exception of monoclinic and hexagonal pyrrhotite. 

Kwong et al. (1994) also found that microbial mediation enhances sulphide oxidation 

rates, but the order of reactivity did not change. An important factor to consider here is 

that the presence of bacteria such as T. ferrooxidans shifts the Eh for al1 sulphide 

minerals in a positive direction, likely by enhancing the efficiency of ferric iron 



oxidation (Natarajan, 1990). Therefore, the principles of galvanic interactions for 

example, remain the same in the presence or absence of bacteria but, as noted by 

Kwong and Lawrence (1994). in the presence of bacteria, the efficiency of galvanic 

reactions may be enhanced. 

Regarding the large différence between the treatments for the monoclinic and 

hexagonal pyrrhotite, one possible reason is that catalysis by microorganisms was 

facilitated by a higher concentration of iron, favouring the oxidation of hexagonal 

pyrrhotite over monoclinic. Another complexity of pyrrhotite is that the minera1 

contains both Fe2' and Fe3+. In order to maintain an electrically neutral crystal 

stmcture, an ideal formula for pyrrhotite can be wrinen as (Fe2+,.,,Fe3',)V,~, where V 

represents vacancies in the cation position (Klein and Hurlbut, 1993). The presence of 

Fe3- has been confirmed spectroscopically by Pratt et al. (1994), who found 32% Fe3+ 

and 68 '% ~ e ' '  in research grade, monoclinic pyrrhotite from Mexico. The ratios of 

ferrous to ferric iron in the monoclinic and hexagonal pyrrhotite from this study are 

unknown, but presumably different ratios could affect the behaviour of iron-oxidizing 

bacteria. 

3.7 Conclusions 

Detailed image analyses of pyrite, monoclinic and hexagonal pyrrhotite, 

arsenopyrite, galena, and sphalerite, at various stages of oxidation over a six week 

period, has led to important information about the controls of reactivity rates. Galvanic 

interactions play a significant role, especially in the galvanic protection of chalcopyrite 
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within pyrrhotite. Pyrite and arsenopyrite, when in contact with pyrrhotite, may also be 

galvanically protected, although these occurrences are much rue r  than that of 

chalcopyrite within pyrrhotite. 

Crystal lattice affects (fractures, crystal orientations, subgrain boundaries) are 

also significant. Subgrain formation is well developed in al1 pyrrhotite, and in some 

arsenopyrite observed in this study . Different subgrains oxidize at different rates, and 

subgrain boundaries appear to be more highly oxidized than the subgrain centers. 

The presence of bacteria has the overall affect of increasing the reaction rates 

for most sulphide minerals studied. In general, the order of reactivity between sterile 

and rnicrobial treatments did not change with the exception of monoclinic and 

hexagonal pyrrhotite. Hexagonal pyrrhotite, containing more iron than the monoclinic 

type, oxidized faster in the presence of bacteria, possibly reflecting an enhanced 

oxidation of ferrous to ferric iron. 

The overall affect that the lamellar intergrowth texture has on the bulk minera1 

oxidation rate for pyrrhotite and marcasite is not clear. There is a definite difference in 

the rate of oxidation between host and lamellae and it is noteworthy that the rninerals 

that have this texture oxidized relatively quickly overall. The significance of this 

requires further study . 

It is clear that an accurate prediction of the intensity and duration of acid rock 

drainage mus? involve a detailed snidy of the minerals involved. because many of the 

controls are mineralogically related and site-specific. 



Chapter 4 

Secondary Minerals And Their Relationship To Acid Rack 
Drainage In The Meguma Supergroup, Nova Scotia 

4.1 Introduction 

The formation of secondary minerals from the oxidation of sulphide rninerals is 

a necessary stage in the generation of acid rock drainage (ARD). As presented in 

Chaprer 3, the overall reaction for the oxidation of pyrite can be described by the 

following equation (Nordstrom, 1982); 

(4.1) FeS, + 1514 0, + 712 H,O - > Fe(OH), + 2 H,SO, 

For every mole of pyrite oxidized, one mole of "ferric hydroxiden and two moles of 

sulfuric acid are produced. The secondary ''ferric hydroxide" forms as a solid phase 

and precipitates out of solution. However, in nature, the reactions involved are more 

complex than as shown in equation 4.1 and the solid phase that actually forms depends 

on factors such as the type of sulphide reacting, host lithology, pH, presence or absence 

of bacteria, and time. Considering al1 the possible sulphide minerais, there are a 

multitude of possible secondary minerals that can form. This chapter focuses o n  

secondary %onn minerals resulting from oxidation of pyrite andor  pyrrhotite since 

these are the primary sulphide minerals present in the Meguma Supergroup (see 

Chapter 2). Secondary minerals from the oxidation of Pb, Zn, and Cu sulphides are not 

discussed here. but may be locally important in the Meguma Supergroup. especially in 

areas such as the Eastville lead-zinc deposit (Binney et al., 1986). 

The identification and characterization of secondary iron minerals is important 
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for several reasons. Firstly, they are known to control, at least partially , the pH of the 

resulting ARD. For example, Alpers and Nordstrom (1991) found that the pH at bon 

Mountain in California could be àriven below zero by precipitation of melanterite 

(FeSO, * 7Hz0). Secondly, secondary minerals are known to control the activity of 

trace elements such as Cu and Zn. Alpers et al. (1994b) show that the seasonal 

concentrations and variations of Zn and Cu from portal effluent at Iron Mouatain are 

partially controlled by precipitation and dissolution of Zn-Cu-bearing melanterite. In 

general, geochernical models for the development of ARD, as well as remediation 
C 

techniques must include an understanding of the secondary mineralogy. 

In this part of the study, several secondary minerals have been identified, 

including schwertmannite, chat has not previously k e n  described from ARD areas in 

the Meguma Supergroup. 

4.2 Background of Secondary Iron Mineralogy 

Figure 3.1 (Chapter 3) presents a generalized mode1 for the oxidation of pyrite, 

and shows some of the secondary iron minerals, as well as the processes in which they 

form. In general, the minerals c m  be divided into two groups "hydrated ferrous/ferric 

sulphates* and "femc oxide/hydroxides". Table 4.1 shows the mineral names and ideal 

chemical formulas for these two groups. 

According to Nordstrom (1982), the hydrated sulphate minerals typically form 

yellow to white, efflorescent crusts, on or near sulphide rninerals. They form by 

evaporation during dry periods, when dissolved ferrous and sulphate ions reach 



Table 4.1. Some of the common, secondary iron sulphate and oxide/hydroxide 
minerals that c m  develop from the oxidation of iron sulphides (data modified 
from Alpers et al., 1994a; Bigham, 1994). 

Ferrous/Femc Su- Ferric Oxide/Hvd roxides 

szornolnokite FeSO, * H20 goethite a FeOOH 

rozenite FeSO, * 4H20 lepidocrocite y FeOOH 

siderotil FeSO, * 5H@ feroxyhyte 6 FeOOH 

fe rrohexahy dri te FeSO, * 6H20 ferrihydrite Fe,OH, * 4H,O 

melanteri te FeSO, * 7H,O schwerunannite Fe,O,(OH),SO, 

rhomboclase (H,o)F~~+(soJ, * 3H,O jarosite KFe3(OH)&S04)2 

ioquimbite Fq3+(S0,), * 9Hz0 

zopiapite Fe2+~e3  '(SO,),(OH)~ * 20H,O 
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saturation with respect to melanterite. Upon further dry hg, melanterite dehydrates to 

rozenite or szomolnokite. Oxidation of these rninerals can result in the formation of 

copiapite and coquimbite (oxidation of FeZ' to Fe3'). The crusts that are associated 

with oxidizing sulphide minerals may contain various combinations of al1 these sulphate 

minerals. Al1 the hydrated sulphate rninerals discussed here are highiy soluble. During 

rainstorrn events, the minerals easily dissolve and may add to the increased acidity and 

dissolved solids loading in receiving strearns (Nordstrom, 1982). When al1 the Fe2- in 

solution is oxidized to Fe3+, the ferric oxide/hydroxide rninerals begin to precipitate. In 

the past, the secon- oxidelhydroxide minerals have been referred to as "amorphous 

ferric hydroxide" and were grouped under the general term "ochre" deposits (e-g , 

Bigham. 1994; Murad et al., 1994). Their very fine grain size and poor crystallinity has 

made identification di fficult , however, various techniques can be used for identification 

purposes including colour, crystal shape, and X-ray diffraction (Bigham, 1994; Murad 

et al., 1994). Table 4.2 shows the main minerals that make up many ochre deposits and 

lis ts their characteristics . Typical X-ray diffraction profiles for ferrihydrite , 

schwertmannite, goethite, and jarosite are s h o w  in Figure 4.1. 

Schwertrnannite, an iron oxyhydroxysulphate, was approved as a new mineral in 

1992 (Bigham et al., 1994). The minera1 has an ideal chernical formula of 

Fe,O,(OH),(SO,) (Bigharn et al., 1994; Schwertmann et al., 1995). The minera1 is 

believed to have a tunnel structure sirnilar to that of akaganeite [FeO(OH,Cl)]. 

However, sulphate (S0:-) occurs as the stabilizing element instead of chloride. 

Depending on the degree of saturation with SO:', the chernical formula may range CO 



Table 4.2. Characteristics of some common secondary iron oxidelhydroxide minerals 
associated with acid rock drainage (taken from Bigham, 1994). 

Most iman 
XRD rpriop (A) 
M* IR 
brnQ (cm'') 

N&l cmp. (K) 

Migwic bypcrfiw 
field (T) ii: 
29SK 
77K 
4.2K 

Tripal 

8 = 5.0) 
c - 9.4 

Rsddirb b m  
(SYR-7.SYR) 

SpôcrÙJ 

Poar 

234, 2.24, 
1.97* l.73* 8-47 

Nil 

21-11Sl 

- 
C 43.1 
16.5-50,O 



Figure 4.1. Reprcsentative X-ray diffiactograms for somc cornmon. secondary femc 
iron rninerals (taken from Bigham. 1994). 
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Fe808(OH)4,5(S0,)I-7Z (Bigham et al., 1996). It also has a unique "pin-cushion" 

morphology in which needle-like structures radiate from large spherical to ellipsoidal 

aggregates (Bigham et al., 1994). 

Bigham (1994) has outlined a generalized, biogeochemical mode1 for the 

formation of the common ferric oxidelhydroxide minerals (Fig . 4.2). Schwertmannite is 

typically associated with ARD that has a pH in the range of 3.0 to 4.0. Jarosite forms 

in a pH range of 1.5 to 3.0 and ferrihydrite forms from solutions with a pH over 5.0. 

Al1 minerals except ferrihydrite are considered to result, at least partially, through 

oxidation of ferrous to ferric iron by bacteria (Thiobacillus ferrooxidans). in general. 

the most stable mineral is goethite, and al1 ohers are metastable, but overall these 

minerals are more stable than the iron sulphates described above. Nordsuom (1982) 

notes that ferrihydrite and jarosite are not stable longer than a season. 

4.3 Sample Descriptions and Methods 

Two cornmon types of secondary mineral precipitates occur in al1 areas of ARD 

investigated in this study. One type is a red to orange cmst that can be observed at the 

bottorn of standing water bodies in quarries, and on the surfaces of shotcrete and 

ditches at the Petpeswick Lake ARû site. The other type is a thin, white coating that 

occurs on, or near, sulphide mineral surfaces and along outcrop fractures and bedding 

planes. Figure 4.3 shows examples of both types. King (1985) also found that both 

types of secondary minerals occurred in many of the 27 quarries he snidied in the 

Halifax Group of southwestern Nova Scotia. 



Jarosite Schwertmannite 

Figure 4.2. Biogeochemical mode1 for the formation of secondary ferric iron minerals 
associated with ARD (taken from Bigham, 1994). 



Figure 4.3 Photographs of secondary iron precipitates, schwertmannite and rozenite. A) 
and B) precipitate at Petpeswick Lake ARD site, C) schwertmannite sample in quarry at 
Mt. Uniacke, D) rozenite formed on pyrite surfaces. 



Figure 4.3 Continued 
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A sarnple of the red precipitate was taken from a slate quarry near Mt. Uniacke 

in lune, 1995 (Fig. 4.4). The abundance of the precipitate on rock surfaces permitted 

the collection of relatively large pieces without fùrther laboratory refinement. The 

sample was allowed to dry completely at room temperature. The mineral was hand 

picked with the aid of a binocular microscope in order to avoid other mineral particles 

or rock chips which were inevitably present. The very fine grain size and delicate 

nature of the minera1 separate allowed for light hand-crushing in a mortar and pestal. 

Samples of the white, sulphide minera1 coatinss were taken from the surfaces of rock 

samples collected from quarries near the Halifax International Airport and in the 

Mahone Bay area of southwestern Nova Scotia (see Fie. 1.1). 

XRD was performed on a Philips PW1050/37 instrument using CU-Ka 

radiation. The instrument was equipped with a diffracted-bearn monochromator and 

fully automated through the X'PERT hardware - software system (Philips, 1993). The 

sample was counted in steps of 0.02" 28 with count times of 1 second per step. 

Operating conditions of 40 kV and 45 rnA were used for generator voltage and 

Zenerator current respectively. Back-scattered electron images were collected using the 

SEM facilities in the Faculty of Science at Dalhouise University. 

The pH measurements were taken with a Fisher Scientific, Accumet 1003 

handheld meter calibrated with standard buffers 1.68 pH and 4.00 pH. Measurements 

were taken by placing the electrode directly into the pond in the quarry. 



i- + + +3. . . + +:Lx- r Slate~uany 
i Sample Location + + +  +t+;: - 

1 a' t + +- + + -+ w ,  

GranÏtic Rocks 

Meguma Supergroup 

i Halifax Group 

1-j Goldenville Group 

Figure 4.4: Generalized geological map of the Mount Uniacke area 
showing the location of the Schwertmannite sample site 
(Geology adapted fiom M.C. Corey, 1987). 
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4.4 Resuits 

A pH of 2.72 was measured in the field where the red minera1 precipitate was 

collected. A back-scattered SEM image of the precipitate is shown in Figure 4.5 and 

shows a fibrous or "pin-cushion" morphology that is typical of schwertmannite samples 

from around the world (Bigham, 1994). Figure 4.6 shows the XRD profile obtained for 

this mineral. Overall. the profile consists of seven, broad peaks with the main, 

identifiable peaks near d-spacings 3.33, 2.55 and 1.51. The generat shape of the profile 

matches that of schwertmannite as shown in Figure 4.1. The broadness of the XRD 

peaks suggest poor crystallinity and reflects the very fine grain size of the mineral. 

The white precipitate has been identified as rozenite (Fig. 4.7). This particular 

sample is from a quarry in Mahone Bay and the sulphide minera1 that the precipitate 

coats has been identified as pyrite (Fig . 4.7). 

4.5 Discussion And Conclusions 

Aithough the number of samples collected for this part of the study is limited, 

the importance of secondary minerals c m o t  be overstated. The identification of 

rozenite (and the hydrated iron sulphate minerals in general) is important in that it 

identifies one of the processes of ARD formation, and is an intermediate step towards 

the formation of the more stable ferric oxide/hydroxide minerak. The iron sulphate 

minerals are hydrous compounds and their stability range is defined by temperature and 

water activity (Alpers et al., 1994a). Evaporation is an important mechanism in their 

formation. and in Nova Scotia they will form mainly during dry periods, in the summer 



Figure 4.5. SEM image showing the fibrous or "pin-cushion" morphoiogy 
of the schwertmannite collected from the Mt. Uniacke quarry- 



Schwertmannite 
Mount Uniacke, NS 

Figure 4.6 X-ray difhctogram of schwemnannite coiiected at Mt. Uniacke 



Rozenite 

Pyrite - DLF-001 

Figure 4.7 X-ray diffractograms for rozenite and pyrite 
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and early fa11 months. Generally, the hydrous iron sulphate rninerals form close to their 

source and the rozenite observed in this study formed either on, or close to, sulphide 

minera1 surfaces, and along fractures, cleavage and bedding planes. Therefore , during 

dry periods, the formation of rozenite acts as a sink for iron and sulphate close to the 

orizinal source of oxidizing sulphide minerals. 

Although easily precipitated, the hydrated iron sulphate minerals also are readily 

soluble during wetting events. They are a sink for iron and sulphate only on a 

temporary basis . According to Nordstrom ( l982), the high dissolution of these minerais 

may add to the acidity and total dissolved solids loading into nearby streams, especially 

a fter rains t o m  events . Rozenite formation and dissol ution, during dry ing and wetting 

events respectively, is a mechanism for an increase in iron and sulphate loading in 

streams. This has important implications for predicting the intensity and duration of 

ARD in that seasonal variations must also be taken into consideration. For example, 

during dry periods it may be expected that iron and sulphate concentrations would be 

relatively iow in sueams affected by ARD. However, this should not be taken as 

conclusive evidence for a lack of sulphide oxiàation. It may be reasonable that these 

elements are temporarily stored in the secondary hydrous iron sulphate minerais. 

With respect to the formation of the ferric oxide/hydroxide minerals, one of the 

important considerations is the overall effect on the amount of hydrogen ions (and 

hence pH) produced. The following three reactions have been reported to occur from 

the experimental oxidation of pyrrhotite (Bhatti et al, 1993): 



(4.2) Fe3+ + 2H,O --- > FeOOH + 3H' (oxyhydroxide formation) 

(4.3) K+ -t 3Fe3' + 2SO:- + 6H,O -> KFq(S0J2(0H), + 6H' (jarosite formation) 

(4.4) 8Fe3' t S0,'- + 14H,O - > Fe,O,(OH),SO, + 22H' (schwerunannite formation) 

By the dissolution of hydrous iron sulphate rninerals such as rozenite during wetting 

events, ferrous iron is eventually released into streams where it can be oxidized to 

ferric iron. Clearly, the precipitation of various ferric oxidelhydroxide minerals has the 

ability to lower the pH, especially in the precipitation of schwertrnannite (equation 4.4). 

In general, the ferric oxide/hydroxide rninerals form farther from the original source of 

sulphide oxidation, and are less soluble than the hydrous iron sulphates. Therefore, 

they are less Iikely to adversely affect water quality after their initial development 

(Alper et al., 1994). Also, note that for the dissolution of schwerunannite for example 

(reverse of equation 4.4), a considerable amount of H' ions are consumed and under 

the right conditions, an increase in overall Stream pH could result. This may or may not 

be beneficial because a release of trace elements from the ferric oxide/hydroxides is 

also possible (see below). 

Another important consideration in the formation of secondary minerals is their 

ability to retain metals such as Cu and Zn, either through solid solution or by sorption. 

As an example of solid solution, Alpers et al. (I994b) determined that ZnKu ratios in 

acid water from Iron Mountain. California, were controlled by the precipitation and 

dissolution of Cu-Zn-bearing melanterite [(Fet+,Zn,Cu)SO, * 7H20)]. Seasonal 

variations in the ZdCu ratios were related to seasonal cycles of precipitation and 
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dissolution of melamerite that, in this particular case, was found to have incorporated 

Cu in preference to Zn. 

In addition to solid solution, the concentrations of trace eiements also are 

affected by sorption and coprecipitation with the ferric oxide/hydroxide minerals. This 

is a result of their very fine grain size and high specific surface area. In general, these 

minerals are more stable than the hydrous iron sulphates, however, they are still soluble 

and under the right conditions may release trace elements in the environment over 

longer periods of time. 

In conclusion, the secondary minerals resulting from sulphide oxidation can be 

properly identified, and due to their different solubilities, an effort should always be 

made in this direction. The seasonal variations in iron, sulphate, and pH in any given 

system will depend on the abundance and type of secondary rninerals. Any attempt at 

geochemical modelling of ARD must include the formation of these relatively unstable 

secondary minerals. Trace element distributions can also be affected by secondary 

mineral precipitation, oxidation, and dissolution. 

It is clear that a proper understanding of secondary minerals is necessary to 

understand the overall processes involved in the formation of ARD in the Meguma 

Supergroup of Nova Scotia. Precipitation and dissolution reactions c m  have both a 

beneficial and detrimental effect in the local ecosystem and one of the key elements 

controlling these reactions is seasonal variation. Future considerations chat involve the 

study of secondary iron minerals in the Meguma Supergroup should include a much 

larger sample set taken over various tirne periods, and in different hydrological 
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regimes, in order to detennine what minerai transformations may occur, and under 

what conditions. 



Chapter 5 

Static Tests And Acid-Base Accounting For The Prediction Of 
Acid Rock Drainage In The Meguma Supergroup, Nova Scotia 

5.1 Introduction 

Sulphide-bearing rocks of the Meguma Supergroup typically contain various 

proportions of pyrrhotite and pyrite and therefore have the potential to produce acid 

rock drainage (ARD). However, this does not necessarily mean the rocks are overall, 

net acid producers. Other minerals, including carbonates, some silicates, and 

phosphates (primarily apatite) have the ability to consume or neutralize, at least 

panially , the acid produced by the oxidation of sulphide rninerals (e-g., Sherlock et al., 

1995). 

One method of assessing whether rocks are net acid producers, and to better 

quanti@ the nature of ARD in general, is by static testing. Static tests measure the 

quality and quantity of different constituents in a sample, at one point in time, and 

include parameters such as major and trace elernent content, paste pH, mineralogy, and 

acid-base accounting (ABA) (Price, 1997). ABA is a standard procedure developed to 

analytically estimate the amount of acid potential (AP) and neutralization potential (NP) 

in a sample. The net neutralization potential (NNP) is the difference between acid 

porential and neutralization potential (NNP = AP - NP). 

This chapter presents the results of static testing performed on a suite of samples 

collected from various locations in the Meguma Supergroup. The samples include the 
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Caribou drill core (stratigraphie section from Halifax Group through the GHT into the 

top of the Goldenville Group), Beaverbank Highway samples (GHT samples), Eastville 

drill core (random sarnples), and a collection of samples mainly from contact 

metarnorphic rocks near the South Mountain Batholith (Fig. 5.1). In addition, a method 

for rapidly estimating the total acid potential (TAP) is introduced that uses rnagnetic 

susceptibility of a rock sample measured with a handheld meter (Section 5.5)- Although 

not highly accurate, this method is very rapid and can provide useful information on a 

"first pass" basis. 

This part of the study shows that in general, rocks in the Meguma Supergroup 

have very low neutralization potential. Some rocks do contain carbonate minerals and 

appear to have high neutralization potential. However, this should be interpreted with 

care because some of the carbonate minerals may be Fe and Mn-bearing, which are not 

good ARD neuualizers due to slow reaction rates. Also, hydrolysis of the Fe and Mn 

creates acidity that can effectively consume any alkalinity that may be generated by the 

presence of carbonate. 

5.2 Background O n  Static Tests And Acid-Base Accounting (ABA) 

The most complete and up-to-date procedures for static testing in ARD studies 

are siven in drafi form in "Guidelines and recommended methods for the prediction of 

rnetal leaching and acid rock drainage at minesites in British Columbian (Price, 1997). 

In that document, a detailed anaiysis is given for the uses and interpretation of many 

static test procedures for ARD prediction. In terrns of ABA, the recommended method 
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is the U . S. Environmental Protection Agency ' s Acid-Base Accounting procedure (also 

called Sobek method or EPA-600 method) (Sobek et al., 1978). However, there are 

many ABA procedures available, and there is no one clear method that works the best. 

Probably the two most widely accepted ABA procedures are the B. C. Research 

Initial Test (BCRIT, also referred to as the Duncan test) (Bruynesteyn & Duncan, 1979) 

and the Sobek method. The major difference between these two methods lie in their 

determination of the neutralization potential (NP). The BCRIT has been used in the past 

in Nova Scotia (Albright, 1987; Lund, 1987), and is still used today (C. Cole, persona1 

communication, 1998); however, the Sobek procedure appears to be the most favored 

eisewhere (Price, 1997). Controversy exists over which of these two tests provides the 

best results for predicting ARD (e-g., Calow et al., 1995). Figure 5.2 shows a plot of 

the neuualization potential for eight samples of tailings from an abandoned gold mine 

and shows significant differences between the two N P  methods. The Sobek method 

consistently gave the highest NP values. In another study, Lawrence and Wang (1 997) 

found that the standard Sobek method consistently overestirnated the N P  values of 120 

samples (mostly waste rock and tailings) from mines around the world. However, the 

BCRIT method was not included in their study. One of the main factors cited for the 

overestimate, is the extreme conditions of the Sobek method (i.e., strong acid and 

boiling procedure - see below for fürther discussion on methodology). 

In addition to the two ABA procedures presented above, Lawrence and Wang 

(1 997) propose another method of detennining the N P  value of a sample that is based 

on the CO2 content. The NP is called Carbonate NP, and is discussed further below. 



Abandoned Tailings of a Canadian Gold Mine 
(Caiow cc ai.. 1995) 
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Figure 5.2 Cornparison of Neutralization Potential (NP) for the BCRIT and Sobek 
methods. Samples are from abandoned tailings of a Canadian gold mine (modified from 
Calow et al., 1995). Units for the BCRIT and Sobek methods are kg H,SO,/tonne and 
tonnes CaCO, equivalents/1000 tonnes respectively . 



124 

The overall objective in ABA is to calculate the net neutralization potential 

(NNP) which can give insights into the potential of a rock to produce acidity. Whether 

a site actually produces acidity in the field is based on a number of factors inctuding 

reaction rates and oxidizing conditions. However, ABA is usefbl for an initial 

assessment and is especialiy effective when combined with kinetic data obtained 

through long-term kinetic testing. 

5.2.1 BCRIT Method 

The complete methodology for the BCRIT method is given in Appendix A. The 

acid potential (AP) is a theoretical value calculated from a total sulphur analysis and is 

based on the following equation (Duncan, 1972; Bruynesteyn & Duncan, 1979): 

The method relies on the assumption that al1 sulphur in a sample occurs as pyrite and a 

one-to-one conversion factor is assumed. In this reaction, two moles of sulphuric acid 

are produced per mole of pyrite oxidized. Alternatively, one mole of sulphuric acid is 

produced per mole of sulphur (Le.. a one-to-one conversion factor). The ratio of H,SO, 

(MW = 98) to sulphur (MW = 32) is 3.06. Therefore, 1 g of sulphur is equivalent to 

3.06 g of H,SO,. Using units of kghome: 

( 5 . 2 )  Sl lOO * 3 .O6 * 1ûûû = wt % sulphur * 30.60 = AP (kg H2S04 / tome) 
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The neuîralization potential (NP) is obtained by a titration method. A sample is 

prepared by grinding to 100% passing through -100 mesh. A 10 gram portion of 

slurried sarnple is tiuated directly with rwm temperature, sulphuric acid to an endpoint 

of pH 3.5 for four hours. The amount of sulphuric acid used in the titration is 

converted to units of kg H,SO, per tonne of sample and compared to the acid potential 

(AP) values. 

5 -2.3 Sobek Method 

The detailed methodology for the Sobek method is presented in Appendix A. 

This acid-base accounting procedure was developed at West Virginia University (Sobek 

et aI., 1978) and is based on the following reaction: 

This reaction shows that one mole of pyrite (1 FeS, = 64g of sulphur) is neutralized b\* 

2 moles of calcite (2 CaCO, = 2 0 0 ~ ) .  This corresponds to a ratio of lg sulphur to 

3.125g of CaCO,. Using units of "tonnes per 1000 tonnes" means that 3 1.25 tonnes of 

CaCO, equivalent is needed to neuualize 1000 tonnes of rock containing 1 .O wt. % 

py ritic sulphur. Therefore, the total wt % sulphur value is multiplied by 3 1 -25 to get 

the acid potential (AP) value in units of tonnes CaCO, equivalent / 1000 tonnes). 

As in the BCRIT method, the NP value is obtained by titration, however there 

are several notable differences. The Sobek method uses HCI as opposed to H2S0,, a 
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back tiuation using sodium hydroxide is used, and the sample is boiled. Also the 

arnount of acid added is determined by a fiu test (Appendix A). There are clearly 

major differences between the two methodologies . 

An additional parameter that is commonly collected along with the Sobek 

method is paste (crushed) pH. Paste pH is a pH measurement of a paste created from a 

crushed sample (usually 2 g of < 250 Fm grain size) rnixed with distilled water. The 

amount of water added is just enough to wet the entire sample to fonn a paste without 

allowing excess water to pool on the sample (Sobek et al., 1978). 

5 -2 .3  Carbonate NP 

Another method that c m  be used to determine the NP of a sample is based on a 

measurement of the inorganic carbon content (Lawrence and Wang, 1997). The 

calculation of Carbonate NP is a measure of the maximum theoretical neutralization 

capacity if ail carbonates in a sample react like calcite (Price. 1997). The calculation is 

as follows: 

(5.3) Carbonate N P  = %CO2 * (100.09 / 44.01) * 10 
(units in tonnes CaCO, equivalent / 1OOO tomes). 

Total carbon can be used if there is no significant organic carbon in the sarnples. As 

presented in Chapter 1, many of the rocks examined in this study are from the Cunard 

or Mosher's Island Formations and are black slates rich in organic carbon. Therefore 

Carbonate NP values have lirnited use for these rocks (see Section 5.4.4 for further 



discussion). 

5.3 Sample Locations And Descriptions 

A total of 78 sarnples were used for this study and were chosen based on 

stratigraphic position within the Meguma Supergroup, as well as availability of 

addi tional information including thin section descriptions, major and trace eiement 

chemistry, and microprobe data. General sample locations are shown in Figure 5.1. 

Detailed locations and descriptions of al1 CR sarnples are presented in Chapter 2. Al1 

M F  samples are from the Beaverbank Highway section and detailed geochernistry and 

petrography are given by Feetharn (1996). These samples are from a section of the 

GHT and were collected as pan of a geochemical study to characterize the GHT in that 

area. Al1 CB sarnples are from the Caribou drill core (Fig. 5.1) and have k e n  

described in detail by Burns (1997). The Caribou drill hole is the most complete section 

through the lower Halifax Group stratigraphy and represents a major portion of the 

Halifax Group, the GHT, and the upper pan of the Goldenville Group. General 

descriptions of al1 MF and CB samples are presented in Appendix B. 

5.4 Results And Discussion 

The measured and calcuiated parameters are presented in Appendix C. The data 

are in a spreadsheet format that has been set up as a Meguma Supergroup ARD 

database, and at this stage, not al1 parameters have k e n  measured. 
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5.4.1 Acid Potential 

In the calculation of the AP value, it is important to know the sulphur species 

present in the sample, and to differentiate between wt% total sulphur and wr% sulphide 

sulphur. Specifically, the AP value should be caiculated only from the sulphur content 

contained in sulphide minerals. Barite (BaSOJ and gypsum (CaSOJ for example, 

contain significant amounts of sulphur but do not contribute to ARD. In the Meguma 

Supergroup, it is reasonable to use wt% total sulphur because neither barite or gypsum 

are common phases. Note that caution must be used when sampling because, as 

presented in Chapter 4, various types of secondary iron sulphate minerals are known to 

occur, and could contribute to the overall sulphur content. This is of concern, only if 

sampling highly weathered rock. Figure 5.3 shows a plot of wt % sulphide sulphur vs 

wt% 'ootal sulphur from a set of samples collected by Jacques, Whitford and Associates 

Limited (1990), at an ARD site in the Meguma Supergroup. Sulphide sulphur content is 

identical to total sulphur content and there are no other sulphur species present. For the 

present study, it is assumed that al1 sulphur is contained in sulphide rninerals. Since 

wt% total sulphur is used to calculate the AP values, they are termed total acid potential 

(TA P) . 

Wt% total sulphur has been analysed for al1 78 samples in t h i s  study . Overall, 

the values range from 0.01 to 6.12 wt % with a mean value of 1.07. However the 

samples are From various locations and stratigraphy, and a more useful analysis is 

shown in Figure 5.4 where wt % total sulphur is plotted against depth for the Caribou 

and Beaverbank Highway samples. For the Caribou sarnples, the highest sulphur 



wt% S (Sulphide) vs wt% S (Total) 
Petpeswick Lake - ARD Site 

1 2 3 4 5 
Wt% Total Sulphur 

Figure 5.3 Plot of wt% total sulphur against wt% sulphide sulphur for samples 
taken at Petpeswick Lake ARD site (data taken from Jacques, Whitford and 
Associates, Limited, 1990) 
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Figure 5.4 Plot of Wh total sulphur verses depth for the (A) Beaverbank Highway 
GHT samples (MF), and (8) Caribou drill hole samples (CB). (data for Beaverbank 
Highway samples taken from Feetharn, 1996). 
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contents are in the lower part of the Halifax Group, and there is an overall decrease in 

sulphur with increasing depth from the Halifax to the Goldenville Groups. Sulphur 

content for the Beaverbank Highway GHT samples are generally in the range of O to 2 

wtrc. 

5 . 4 2  Paste pH 

Figure 5.5 shows a plot a paste pH against wt% total sulphur for 21 samples. 

Except for two samples, there is a decreasing trend of paste pH with increasing sulphur 

content. This may , in part, reflect the fact that samples with increased amounts of 

sulphide minerals generally contain little or no carbonate minerals. The two samples 

(CR-95-01 1 and CR-95-014) that have high wt% total sulphur and high paste pH 

contain calcite (see Appendix C). The lower paste pH of the samples with high wt% 

total sulphur rnay indicate that weathering has affected the samples and the crushed 

particles are coated with secondary minerals that are acidic. Price and Kwong (1997) 

suggest a similar process, and also show that panicle size has an effect on paste pH 

with the finer panicle size fraction having a lower paste pH. 

It is evident that, even though the paste pH is a simple and quick laboratory test, 

it can be used as pan of the assessrnent phase in a preliminary analysis of ARD 

prediction. Price and Kwong (1997) concluded that a paste pH measurement may 

indicate, to a certain extent, the degree of weathering in different panicle sizes, as well 

as effects of residual alkalinity . 



CR Sarnples 

Beaverbank Highway 

wt % Total Sulphur 

Figure 5.5 Plot of paste (crushed) pH against wt% total sulphur for Beaverbank 
Highway (MF) and CR samples (n = 21). The two samples with high sulphur and 
paste pH contain calcite. 



5.4.3 Neutralization Potential 

A total of 20 CR samples and Beaverbank Highway samples (MF) were 

analyzed for N P  by both the Sobek and BCRIT methods. Figure 5.6 shows a plot of 

Sobek vs BCRIT NP values for the 20 sarnples. In general, the BCWT method gives 

higher N P  values, however, overall the values are considered to be in the low category 

for N P  and the differences between the two tests are not significant. Since the samples 

have Iow NP in general, care must be taken in assessing the ARD potential, and further 

kinetic testing should be performed. One of the problems with low NP  rocks is that low 

sulphur content. and small amounts of sulphide minerals become increasingly 

important. This is of particuIar concern when the sulphide minerals that are present. 

react quickly, and there is Iittle chance of neuualizing the acidity produced. 

5.4.4 Carbonate N P  

An important consideration in calculating the carbonate N P  value is to determine 

if the wt 5% total carbon c m  be used, or if considerable organic carbon is present, only 

the carbonate carbon content is appropriate. Figure 5.7 shows a plot of wt% total 

carbon (expressed as CO,) vs wt% organic carbon (expressed as CO9 for 5 1 samples 

including CR, Beaverbank Highway (MF), and the Caribou drill core (CB) (see 

Appendix C). The plots show there is considerable organic carbon present in many of 

the samples, and therefore only the carbonate carbon content should be used to calcufate 

carbonate NP. Figure 5.8 shows calculated carbonate NP values plotted against total 

acid potential (TAP) for the 51 samples. In general, many of the samples contain very 



-10 O 10 20 

NP - BCRlT Method 

Figure 5.6 Plot of neutralization potential (NP) values determined by the Sobek 
method and the BCRIT method (units are tonnes CaC03 I 1000 tonnes). Number 
of sarnples = 20 and include CR and Beaverbank Highway samples. 



wt % Total C (as C02) 

Figure 5.7 Plot of organic carbon against total carbon. Data show a significant 
portion of the carbon is organic. Note: wt% C recalculated as CO,. 
(A) Samples include some CR. MF, and CB samples. 
(8) X-axis scale change to show more clearly the data trend of samples with 
lower total carbon content. 
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Total AP 
(tonnes CaCO, 1 1000 tonnes) 

Figure 5.8 Plot of carbonate NP vs total acid potential (TAP). (A) shows al1 samples, 
(B) y-axis sa le  changed to show trends more clearîy. 
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little carbonate NP. However, some samples do contain considerable amounts of 

carbonate NP, and these samples also contain very little TAP. Figure 5.9 shows a 

similar plot of over 200 samples collected rnainly from the GHT throughout the 

Meguma Supergroup (data from Graves and Zentilli, 1988). There is a similar trend for 

these GHT samples. The samples with high carbonate NP values are known to contain 

carbonate rninerals. However, care must be used when assessing these high carbonate 

N P  values. Firstly, in addition to calcite, some of the carbonate rninerals in the GHT 

are known to range in composition from kutnahorite - CaMn(C0,)2 to rhodochrosite - 

MnC03 ( e - g . .  Hingston, 1985; Maclnnis, 1986). As presented by Price (1997). when 

iron and manganese carbonates weather, subsequent hydrolysis of the iron and 

manganese creates acidity, and overall there is no net generation of alkalinity. 

Secondly, the amount of calcite, if present. is generally insignificant and typically 

occurs only in thin veinlets or small nodules. Therefore, the amount of calcite present 

in rocks of the Meguma Supergroup will not be significant enough for long term ARD 

neutralization. Thirdly, even where calcite is present, its reaction rate is so fast that it 

wiIl onIy be effective for neutralization in the short terrn. 

5.3.5 Net Neutralization Potential (NNP) 

In order to assess the net neutralization potential of the sarnples, the simple 

method is to subtract AP from NP (NNP = NP - AP). If A P  exceeds NP, the net 

neutralization potential is negative and, at least in theory, the sample is considered to be 

acid-generating . However, this is a simplistic approach and in practice, NN P numbers 
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are rated according to specified criteria which are difierent in different jurisdictions. As 

presented by Jambor and Blowes (1998). it can generally be considered that NNP 

values > 20 are iow risk, NNP values of -20 or less are considered to be acid- 

producinq, C and values between +20 and -20 are uncertain. 

An alternative way of presenting the NNP values is by using ratios. For 

example, various values of neutralization potential ratios (NPR = NP I AP) are used as 

screening criteria in British Columbia (Table 5.1). Figre  5.10 shows a log-log plot of 

w t k  sulphide sulphur versus the NP/AP ratio and the screening criteria used in British 

Columbia. A < 0.3 wt% sulphide sulphur cutoff value is used for rocks that are 

unlikely to be acid-generating and samples with >0.3 wt% are ranked according to the 

NPIAP ratios. Figure 5.1 1 shows log-log plots for the samples of this snidy . In the case 

of Nova Scotia, a 0.4 wt% sulphide sulphur is used as the cutoff (Environment Act. 

1995). As discussed above, wt% total sulphur instead of sulphide sulphur is used in this 

study. In general, the majority of samples are acid-generating. Also, care should be 

taken when assessing samples containing between 0.1 and 0.4 wt% total sulphur 

considering the relatively low NP capacity as presented above. In al1 likelihood, a 0.4 

wt% cutoff may be too high considering the overall low NP capacity of rocks in the 

Meguma Supergroup exarnined in this study . It is suggested that there is no need for a 

cutoff value in the Meguma Supergroup, especially for areas that are suspected to have 

high ARD potential based on factors such as geology, metamorphic grade, and 

magnetic signatures as presented in Chapter 7. 



Table 5.1 Acid-base accountuig scrccning criteria for the generation of ARD (data from 
ARD Guidlines for British Columbia - Rice et al., 1997). 

Potentiai 
NP/AP for ARD Commcnts 

>4: 1 none no fÙnher ARD tening requihd unlus materiais am to be useci as a 
source of alkaiinity 

2:l to4:l low not potentially ARD-ga>aaUig das signifis~t pttfcrential 
exposure of suifides dong fkme planes, or cxmxnely rristive 
suifides in combination with inntfficimtly d v e  NP 

2: I to 1 : 1 possibly possibly ARD-gcncdng if NP is insufficimtly -ive or is 
depletcd at a fastcr rate than suifidu 

Figure 5.10 Example of a log-log plot of wt% sulphide sulphur verses NP / AP ratio. The 
plot shows guidelines for probable ARD generation (British Columbia - Rice et ai.. 1991). 
Samples containing < 0.3 wt% sulphide sulphur are likely not to be acid-generating. For 
samples above the 0.3 wt% cutoff, ratings Vary according to the NP IAP ratios. 
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TAI' < NP 

TAP = NP 

TAP > NP 

Figure 5.11 (A) plot of Sobek NP / TAP ratio vs wt% total sulphur, (B) plot of 
BCRIT NP / TAP ratio vs wt% total sulphur. Note half the total number of samples 
were analyzed by the Sobek method. 
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5.5 Using Magnetic Susceptibility To Determine Acid Potential 

As presented in Chapter 2, considerable amounts of monoclinic pyrrhotite occur 

in the Halifax Group. Since monoclinic pyrrhotite is magnetic, it is reasonable to 

assume that magnetic susceptibility c m  be used to detect monoclinic pyrrhotite, and that 

the sulphide sulphur (total sulphur) content can be estimated by susceptibility 

rneasurements. En this study , magnetic susceptibility was measured with a hand-held, K- 

2 meter (Scintrex Limited) on 36 rock samples. The readings were taken on flat 

surfaces and the maximum value of five readings from different surfaces was recorded. 

A preliminary test was performed using only the first reading, as well as an average of 

five values. but these were found to be unsuitable. Depending on the location and 

distribution of pyrrhotite within the rock sample, the magnetic susceptibility values are 

highly variable and in many cases the surfaces gave a value of 0.00 (104 SI). As 

presented in Chapter 2, pyrrhotite occurs along cleavage planes and is not randomly 

distributed throughout the sample. This anisotropic distribution of pyrrhotite is reflecred 

in the variability of the susceptibility readings with the highest values obtained where 

the face of the meter is the closest to mineralization. 

Figure 5.12 shows a plot of susceptibility versus total acid potential (TAP) 

calculated from wt% total sulphur content. A least squares linear regression line 

through the data gives an equation of: 

(5 .5)  y = 97.44 (k 11.96) (x) + 13.03 (+ 4.76) 



Magnetic Susceptibility 
(10' SI) 

Figure 5.12 Plot of magnetic susceptibility vs total acid potential (TAP) for 36 
simples. y = total acid potential, X = magnetic susceptibility. 
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where x = magnetic susceptibility (SI units of 104) and y = TAP. This equation can be 

used to estimate the TAP provided some assumptions are made. It is assumed that al1 

sulphur is in monoclinic pyrrhotite, however, other sulphide minerals may also be 

present. This simple test does not consider the intensity of magnetic susceptibility 

relative to mineral anisostropy . In other words, the same amount of pyrrhotite aligned 

along cleavage planes, may give higher magnetic susceptibility values than pyrrhotite 

that is randomly distributed throughout the sarnple. These factors lead to a medium R' 

value of 0.66 and account for some of the variation of the data points. Although the use 

of magnetic susceptibility to measure TAP may not be highly accurate, in the case of 

the Meguma Supergroup rocks, it is highiy recommended because it is such an easy 

parameter to measure. Hundreds of measurernents can be taken in several hours and it 

is a very useful tool, especially in preliminary ARD prediction investigations. 

5.6 Discussion And Conclusions 

In general, rocks in the Megurna Supergroup (lower Halifax Group) examined in 

this study contain little neutralizing potential. Differences between N P  values 

determined by the Sobek method and the BCRIT method are interpreted to be of Iittle 

significance, mainly because of the overall low NP values. In rocks where the 

neutralizing potential is significant, fùrther mineralogical studies should be undertaken 

to access the type of carbonate minerals present. Iron and manganese carbonates are 

cornmon, especially within the GHT (Mosher's Island Formation), and the overall 

presence of carbonate minerals should not be used as a "safen indicator that the rocks 



wifl not be net acid-generating. 

Based on previous mineralogical studies (see Chapter 2), one of the cornmon 

sulphide minerals present in the Halifax Group is monoclinic pyrrhotite. The reaction 

rate of this minera1 is relatively fast compared to pyrite (Chapter 3) and, in the field, 

acidity can be produced quickly in the short term. Because of the low neutralizing 

potential, the rocks do not have significant capacity to neutralize the acid produced. 

This leads to surges of acidity which, as in the case of the Meguma Supergroup in Nova 

Scotia. cm lead to fish kills and degradation of surrounding ecosysterns. 

It is not the intention here to disregard the usefulness of static ARD testing, but 

rather to draw attention to the fact that mineralogy must be considered an integral 

component of ARD prediction. As described by Price and Errington (1994): 

"Where there is a potential for the generation of acid drainage or metal release through 
weathering or dissolution, the proponent should determine the range, variability, and 
central tendencies for the following properties: elemental composition; mineralogy; 
readily soluble constituents; sulphide types (amount, reactivity, and spatial 
distribution); carbonate types (amount, reactivity, and spatial distribution); and 
mineralogical and rock-fabric characteristics that will influence weathering. " 

Price et al. (1997), also discussed by Jambor and Blowes, (1998) expanded these 

requirements into the following information list: 

1 > identification of potential acidity and metal sources, with particular emphasis on 
sulphide mineralogy; 

2) determination of potential contribution of barite to the sulfates measurement; 

3) identification of the potential neuualization sources, with particular emphasis on 
carbonate mineralogy and ant potentially signifiant slow-release alkaline 
aluminosilicate sources; 

4) identification of clay or carbonate (e .g. , siderite and ankerite) minerals which 
contribute to the NP value measured in the lab, but may not provide similar 



contributions in the field; 

5 )  evaluation of the most reactïve acid-generating and neutrabation sources 
(sulphides and carbonates) and their potential to  occur preferentially dong 
fracture planes and in the fine-size fraction, where they are available to 
contribute to geochernical reactions ; 

6 )  identification of readily soluble constiments; and, 

7) identification of any mineralogical or rock-fabric characteristic that will 
influence weathering . 

Jambor and Blowes (1998) also discuss the routine use of XRD, SEM, and microprobe. 

arnong other techniques, for routine work in developins a mineralogical database 

needed in environmental studies. More details regarding the use of mineralogy in the 

assessrnent of ARD can be found in the two sources listed above. 

Considering reactions 5.1 and 5.3 which are the basis for the BCRIT and Sobek 

methods respectively, it is important to note that some significant assumptions are made 

and that the reactions are somewhat hypothetical. Some of the assumptions include 

(Morin and Hutt, 1994): 

1 ) al1 sulphur occurs in the solid phase only as SzZ-, 
2) SZ2- oxidizes completely to sulphate, 
3) al1 S is included only in pyrite, 
3) the only oxidants are uiolecular oxygen and water , 
5) al1 iron oxidizes to the ferric (Fe3+) state, and 
6) al1 iron precipitates as Fe(OH),. 

auma From a mineralogical point of view, assumption 3 is significant in tenns of the Me, 

Supergroup because not al1 sulphur is retained in pyrite. Pyrrhotite is also a significant 

phase but the static acid prediction tests do not distinguish between the two types of 

sulphide rninerals. Table 5.2 shows a hypothetical situation that mineral assemblages 

would have on ARD prediction. Given similar acid potential (AP) and wutralization 



147 

potential (NP) values, the rates of both acid generation and acid neutralization will be 

substantially different (Jambor and Blowes, 1998). The difierences in final results are 

related to the slower reactivity rate of pyrite relative to pyrrhotite, and the faster 

reactivity rate of calcite relative to siderite. A further consideration of the Fe and Mn 

carbonates is the relatively small (or zero) net acid consumption related to their 

dissolution. For example, siderite can consume acidity by the following reaction 

(Jambor and Blowes, 1998): 

(5.6) FeCO, + 2H' --> FeZ' + CO, + H,O 

or, at near-neuual conditions by the reaction (MEND, 199 1) : 

(5.7) FeCO, + 5/2 H,O + 1/402 - > Fe(OH), + H C 4 '  + H' 

Therefore, siderite is not considered to be an effective acid neutralizing mineral. 

Based on the dîscussions presented above it is clear that detailed mineralogical 

analyses should always be perfonned in conjunction with any static ARD prediction test 

program. The mineralogical databse can aid in the overall interpretation of acid- 

generating potential. 



Chapter 6 

Geophysical Methods For Detecting Shallow Sulphide 
Mineralization In The Halifax Group, Meguma Supergroup, Nova 

Scotia 

6.1 Introduction 

The presence of pyrrhotite and its magnetic properties at the scale of hand 

samples have been introduced above (Chapters 2 and 5). In this part of the study, the 

geophysical signature at the scale of outcrop or 'construction depthsn is investigated. In - 
late 1984, Environment Canada approached the Geophysics Division of the former 

Nova Scotia Research Foundation Corporation (NSRFC) to investigate the use of 

eeophysical methods for the detection of shallow sulphide mineralization in Meguma - 
Supergroup metasedimentary rocks close to Halifax international Airpon (Fig. 6.1). 

The "shallowness" of the mineralization specifically referred to construction depths 

(Le., within a few meters of the surface) as it was known that the exposure and 

subsequent oxidation of the sulphide muieralization in the Halifax Group rocks caused 

acid rock drainage (ARD). 

Reconnaissance geophysical test measurements were carried out over two grids 

(Fia. 6.1) in January , 1985 (NSRFC, l985a). During April and May. 1985. test pits 

were excavated and rock samples collected at selected geophysical anomalies on both 

grids (NSRFC, 1985b). The previously unpublished NSRFC reports for this 1985 
C 

project documented one of the first, if not the first. environmental geophysics 

investigations of this type in Nova Scotia. The resulü of this pan of the study indicate 
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that a combined terrain conductivity, magnetic and VLF EM survey appears to be a 

practicable method for detecting near surface sulphide rnineralization in the Halifax 

Group rocks of Nova Scotia. 

6.2 Acid Rock Drainage In The Meguma Supergroup Metasedimentary Rocks 

The Meguma Supergroup in Nova Scotia (Fig. 6.1) consists of Lare Carnbrïan- 

Early Ordovician greywackes interbedded with minor green to grey slates of the 

Goldenville Group and Early Ordovician black slates and minor greywackes of the 

Halifax Group. The Halifm Group rocks are known to contain substantial amounts (up 

to 1 O % by volume) of sulphide minerals. The major sulphide minerals are pyrrhotite 

and pyrite together with lesser arnounts of chalcopyrite and arsenopynte (McGrath, 

1970; Schwarz and McGrath, 1974; Schwarz and Broome, 1994; King, 1997; Fox et 

al.. 1997). The Goldenville Group is also known to contain sulphide minerals (e .g. ,  

pyrite, pyrrhotite and arsenopyrite) in thin slate beds in areas of gold occurrences 

(Sangster, 1990). However, the recomaissmce geophysical test grids are wholly 

situated on Halifax Group outcrop (Fig. 6.1). 

For more than thirty years, ARD due to the oxidation of sulphide minerals in 

rocks of the Halifax Group has been recognized in various parts of Nova Scotia 

(Pettipas, 1979; Hennigar and Gibb, 1987; Lund et al., 1987; King and Hart, 1990; 

Pasava et al., 1995). ARD, characterized by a low pH (2 - 4) and a high dissolved 

meta1 content, anses from the exposure of the Halifax Group rocks due to construction 

activities such as highways and other development projects. The most publicized 
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exarnple of ARD in Nova Scotia resulted from the construction of Halifax international 

Airpon (Fig. 6-11, which commenced in the mid 1950's. Major amelioration efforts 

have been ongoing at the Airpon from at least 1982 to the present Worgan, 1987; S. 

Hicks, persona1 commUIljcation, 1998). Though ARD in the Goldenville Group, to Our 

knowledge, has not been studied in detail, there is the potential for its taking place, 

particularly in areas of gold occurrences. 

As a result of the ever present ARD problem, the Nova Scotia Department of 

the Environment (NSDOE), in association with Environment Canada, wrote 

"Guidelines for Development on Slates in Nova Scotia" in 1985. These were 

subsequently revised in 199 1. Recently , NSDOE has passed the " Sulphide Bearing 

Material Disposa1 Regulations " of the Environment Act (Environment Act, 1994-95, 

c. 1,  S. 1). These regulations require ARD predictive chemical tests be carried out prior 

to construction activities which will expose the rocks to oxidizing conditions. Examples 

of these tests include the British Columbia Research initial Test (Bmynesteyn and 

Duncan, 1972) and the EPA-oOO acid base accounting procedure (Sobek et al., 1978). 

However, these chemical tests are only useful if the rock can be sampled from outcrops 

or by drilling and trenching. Non destructive tests for the detection of sulphide minerals 

using geophysical methods are not included in the regulations. 

6.3 Physical Roperties Of Sulphide Minerais In Halifax Group Rocks 

Pyrrhotite has a crystal structure that is deficient in iron, leading to the general 

formula Fel-,S, where X can range from O to 0.2. Ln order to maintain an electrically 
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neutral crystal structure. an ideal formula for pyrrhotite can be written as ( ~ e "  ',- 

,,F~'',)V,S, where V represents vacancies in the cation position (Klein and Hurlbut. 

1993). The presence of ~ e ~ '  has k e n  confmed  spectroscopically by Pratt et al. 

(1 994), who found approxirnately 30 % Fe3+ in the pyrrhotites they studied from 

Mexico. 

The iron deficiency and vaçancy ordering in the pyrrhotite crystal structure 

gives the minerai its magnetic properties. One of the most iron-deficient end members 

is rnonoclinic pyrrhotite (Fe,S& where X = 0.125. Hence, the monoclinic pyrrhotite is 

ferrimagnetic while the other comrnon hexagonal phases such as Fe& and Fe,,S12 are 

antiferromagnetic (Thnlop and Ozdemir, 1997). Previous studies (Pasava et al., 1995 : 

Fox et al., 1997) have shown that monoclinic pyrrhotite, with an approximate formula 

of Fe,&, is present in the Halifax Group rocks near the Halifax International Airport. 

Pyrite, in the f o m  of large (1-2 cm) pyrite crystals (or their outlines), also occurs in 

the date exposures. 

Although pyrrhotite was known to occur in the Halifax Group rocks in 1985, the 

prevalent view of personnel in Environment Canada at the time of the geophysical 

investigation described in this paper was that pyrite oxidation was the main cause of 

ARD. However, it is now known that pyrrhotite is a major contributor to ARD. The 

oxidation rate of pyrrhotite can be as much as 100 times faster than that of pyrite (e.g.. 

Nicholson and Scharer, 1994). Therefore, "pulses" of ARD, which may cause adverse 

environmental effects (e.g., fish kills), can occur when Halifax Group rocks are 

exposed during construction activities . 
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Significant total field magnetic anomalies are known to be associated with the 

Halifax Group rocks (Geological Survey of Canada Aeromagnetic Series Maps 790G 

and 785G; 1960). Magnetic anomaly amplitudes Vary between 300 and 600 nanotesla 

over the thick slate units of the Halifax Group. A dam site investigation (Howells and 

McKay , 1985) noted that the magnetic " fabric" of the Goldenville Group was delineated 

by detailed ground magnetic surveys due to the smaller magnetic anomalies associated 

widi thin slate units within the greywackes. These smaller magnetic anomalies are, in 

cornparison, tens of nanotesla in amplitude. 

The magnetic anomalies over the dates of the Halifax Group are primarily 

caused by pyrrhotite whereas in the Goldenville Group greywackes they result from a 

single magnetic phase of magnetite (McGrath, IWO). These findings have since been 

confirmed by other workers (Schwarz and McGrath, 1974; Cameron and Hood, 1975: 

King. 1997). McGrath (1970) also concluded that magnetite was the dominant magnetic 

mineral in the highly metamorphosed contact aureoles surrounding the Devonian 

granites intruded into the Meguma Supergroup metasedirnentary rocks. 

The magnetic susceptibility ranges of pyrrhotite and magnetite ores are given as 

1 x 103 to 1 x 10" and 7 x IO-' to 14 SI respectively (Parasnis, 1986). In contrast. 

pyrite ore has a magneùc susceptibility range of only 1 x 10'' to 5 x 10'' SI and is 

relatively non-magnetic. King (1997) reported mean susceptibilities ranging from a 

minimum of 0.1 1 x 10.) (undivided Goldenville Group) to a maximum of 1 -68 x 1 O-' SI 

(upper beds, Goldenville-Halifax Transition zone) for rocks in the Mepma Supergroup 

of central Nova Scotia. 
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The elecaical conductivity of slates may Vary benveen 2 . 5 ~  1 O" and 1 -7 

millimhos/metre (Telford et al., 1976). in contrast, sulphide minerals are relatively 

good (elecuonic) conductors. The elecmcal conductivities of pyrite, chalcopyrite and 

pyrrhotite are 102- 107, 104- 107, and 106- 1 O8  rnillirnhos/metre respectively . We may 

conclude that significant sulphide mineralization in the Halifax Group will result in 

more conductive zones. Graphite, another g w d  conductor (10-102 millimhoslmetre; 

Telford et al., 1976), also occurs in the Halifax slates and will contribute to increased 

conductivi ties. However, graphite bas a Iow (negative) magnetic susceptibility . 

Magnetite, if present, is also quite conductive (102-105 rnillimhos/metre; Telford et al,. 

1976) and will increase the overall rock conductivity . 

These mineral properties were used to conclude that the detection of shallow 

sulphide mineralization in the Halifax Group would require geophysica1 methods 

capable of measuring conductivity (or resistivity) anomalies. It was also recognised that 

magnetometer surveys were needed to measure magnetic intensity or susceptibility 

variations. However, considering the more recent work on sulphide mineralization in 

the Meguma rocks it is apparent that the magnetic measurements will also measure the 

effect of the pyrrhotite content in the HaIifax Group. 

6.4 Selection Of The Geophysical Survey Methods 

The following geophysical methods were selected for evaluation based on the 

discussion of conductivity/resistivity variations: Continuous Reading Ground 

Conductivity meter; Very Low Frequency (VLF) Electromagnetic (EM) meter; and an 
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hduced Polarization system. 

Consideration of the magnetic susceptibility contrasts necessitated the inclusion 

of a rnagnetometer survey to provide a cornparison with the conductivity (resistivity) 

rneasurements and the results of previous ground magnetometer measurements over 

Mesuma Supergroup rocks (e.g . , Golder Associates, 1983). NSRFC (198%) 

commented that the magnetometer survey "would indicate any correlation or lack of 

correlation between anomalies due to variations in magnetic susceptibility and electrical 

conductivity (or resistivity) " . 

In addition, a spontaneous polarization survey was proposed to masure any 

naturaI or spoiitaneous potentials in the subsurface associated with the weathering of the 

sulphide-rich zones. 

6.5 Geophysical Instrumentation 

Geophysical equipment selection was consuained by the availability of local. or 

in house. instruments or rental equipment. The ground conductivity instrument selected 

was a Geonics EM3 1 -D non-contacting terrain conductivity meter (McNeill, 1980). 

This horizontal twin loop system has an intercoil spacing of 3.7 meters and an 

operating frequency of 9.8 kHz. Its measurement accuracy is +/- 5 % at 20 

millimhos/m. It must be emphasised that this instrument was chosen to address the main 

purpose of the investigation (Le., the detection of sulphide mineralization within 

cons tmction depths below the ground surface). The effective exploration depth lunit for 

the EM3 1-D is 3 meters when operated in the horizontal dipole configuration and 6 



meters in the vertical dipole configuration. 

A Very Low Frequency (VLF) Electromagnetic (EM) receiver measures in 

phase and out of phase (quadrature) components as percentages of the primary field. 

The Geonics VLF EM16 instrument utilizes 16-24 kHz signals broadcast by marine and 

air navigation systems. VLF EM surveys are an integral part of most minera! 

exploration programs and are particularly useful for delineating conductive fault and 

shear zones. Its effective exploration depth is several tens of meters. 

lnduced polarization (IP) effects were measured with a McPhar Dual Frequency 

System. This equipment measures both apparent resistivity (ohm-meters) and the 

induced polarization effect ("metal factor" in mhos/m). Disseminated sulphides with as 

little as 0.5% by volume "metallics" have k e n  successfblly identified as k i n g  the 

cause of IP anomalies. 

The spontaneous potential equipment consisted of non-polarizing electrodes and 

a high irnpedance digital millivoltmeter. The non-polarizïng electrodes were porous 

pots filled with copper sulphate solution. The high input irnpedance (more than 108 

ohms) digital voltmeter was necessary so that negligible current was drawn from the 

ground during the rneasurements. 

The total field magnetic measurements were made with a Scintrex MP-2 digital 

proton precession magnetometer which has a reading accuracy of +/- 1 nanotesla over 

its operating range. 



6.6 Test Sites And Geophysical Survey Methods 

6.6.1 Test Sites 

The two test sites (Figs . 6.1, 6.2 and 6.3) were selected by Environment Canada 

personnel so as to sample different parts of the Halifax Group in the vicinity of Halifax 

International Airpon. Site A (Fig. 6.2), which lies in Aerotech Park, to the east of 

Highway 102. had already k e n  cleared and lay close to an area of previous 

geotechnical investigations. Site B (Fig. 6.3), which is situated near the former Grand 

Masters Winery building, to the West of Highway 102, had previously cut lines within 

i ts boundaries . 

On both sites, Environment Canada personnel chained and staked two 

perpendicular lines of suitable length along the existing or newly cut lines. Al1 ground 

measurements were in feet with station intervals at 25 foot (7.62 meters) spacing. Both 

test sites are located on relatively flat lying ground. The staked lines on each test site 

were configured so as to be, very approximately, either parallel or perpendicular to the 

bedding plane strike of the Halifax Group rocks. 

6.6.2 Geophy sical Survey Methods 

Total field magnetic measurements were read at each station and magnetic 

diurnal variations rernoved by repeating measurements at base stations at short time 

intervals. The diurnal magnetic variations were found to be relatively subdued during 

the survey. 

Due to time and weather limitations, and the reconnaissance nature of the 
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geophysical surveys, the terrain conductivity measurements were carried out at waist 

height in the vertical dipole configuration (6 meters effective penetrarion depth) at each 

station. Hence, conductivity layering beneath the surface was not measured. The VLF 

EM survey consisted of in-phase and out-of-phase (quadrature) rneasurements at each 

station. 

The induced polanZation equipment was employed in the dipole-dipole electrode 

configuration using steel electrodes. Some difficulties were encountered with this 

method which, at the tirne, were attributed to high surface resistivities and the winter 

ground conditions (i.e., frozen ground surface). Therefore, induced polarization 

measurements were only attempted on line 1 A at both 12.5 (3.8 1 meters) and 25 (7.62 

me ters) feet dipole intervals. 

The porous pots of the spontaneous potential system were buried a few inches 

(centimeters) in the ground and allowed to "sit" for a few minutes to obtain a good 

contact. Expanding spread measurements were acquired by keeping one electrode fixed 

at a base station while the second electrode was moved to successive locations along the 

suwey line. Spontaneous potential gradients were measured by simultaneously moving 

both electrodes while maintaining a fixed horizontal distance between them. Expanding 

spread spontaneous potentials and gradients were successfblly measured on iine 1 A .  

6.7 Geology Of The Test Site Areas 

The geology map (Faribault, 1909) of the area shows both test sites are located 

on the Halifax Group metasedimentary rocks. The slates have been folded into a 
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syncline with steeply dipping or vertical beds close to the syncline axis. The whole area 

is covered with a clayey-silt to silty-clay glacial till whose thickness varies from O to 

more than 4 meters. 

DetaiIed geotechnical and other investigations were carried out within site A 

(Fig . 6.2) by Nolan, Davis and Associates (1983). Golder Associates (1983) and 

Jacques, Whitford and Associates (1981). These studies report near vertically dipping 

slate beds with the strike varying between 240" and 253". A thin till, ranging from O - 

3.42 meters in thickness, overlays the bedrock. However, its average thickness is less 

than 2 meters, Whilst carrying out magnetometer measurements, Golder Associates 

(1 983) reported that "bedrock is exposed at the ground surface more frequently than 

was initially envisaged". A thin (O - 0.53 meters) soi1 overlays both till and bedrock. 

Sarnples from test pits at site A show the pyrite is randomly distributed within the rocks 

and the rnineralization is irregular both along strike and with depth (Nolan, Davis and 

Associates, 1983). 

Prior to the geophysical tests described in this paper, there was little or no 

detailed geological information available for site B (Fig . 6.3). Extensive peat-like 

deposits were found to occur to the southwest of site B during land clearing operations. 

6.8 Geophysical Survey Results 

6.8.1 Site A, line 1A 

This NW-SE line is approximately perpendicular to the bedding suike of the 

dates (Fig. 6.2). A relatively large (38 mmhos/m) conductivity anomaly (Mc on Fig. 
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6.4) occurs close to 100 feet (30.48 m) with a subsidiary anomaly , Nc, (26 mmhos/m) 

at 50 feet (15.24 m) directly to the south of Mc. The steep gradients indicate a shallow 

source for the conductivity anomaly. A coincident magnetic dipole anomaly is observed 

on the magnetometer profile (Mm on Fig. 6.4) which rnay be interpreted as king 

caused by a prism shaped body cenued close to 125 feet (38.10 m). 

Expanding spread and gradient spontaneous potential measurements were also 

carried out along Iine 1A. The expanding spread profile delineated a large (-300 

millivolts) anomaly cenued at 100 feet (30.48 m) shown as Mp on Fig. 6.4. Similarly. 

large spontaneous potential horizontal gradient fluctuations occur close to this location. 

We conclude that the causative body is both magnetic and conductive. Mineralized 

bodies almost always produce negative spontaneous potentials at their upper surfaces. 

The VLF EM measurements show a coincident in-phase negative anomaly 

between 260 and 100 feet (79.25 and 30.48 m) indicative of a conductive body (Mv on 

Fig. 6.4). The in-phase profile has been filtered using a method described by Fraser 

(1969). The filter converts "crossovers" to positive anomalies and reverse "crossovers" 

to negative values while, at the same t h e ,  smoothing the data. The resulting filtered in- 

phase profile also gives a large positive anomaly at 112.5 feet ( 34.3 m.) which agrees 

with the conductivity anomaly , Mc. 

Induced polarization measurements were carried out over that part of line 1 A 

where magnetic or conductivity anomalies were not detected (approximately 225 to 285 

feet or 68.58 to 86.87 m). A sirnilar pattern occurs for both dipole spacings (12.5 and 

25 feer or 3.81 and 7.62 m.). The relatively large, near surface apparent resistivities 
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decrease rapidly with depth together with a near surface, relatively small, apparent 

induced polarization effect which increases slowly with depth. 

6.8.2 Site A, line 2A 

This line is almost parallel to the bedding strike (Fig . 6.2). As a result, not 

surprisingly, the magnetic profile shows low gradients and a relatively small increase 

(about 100 nanotesla) indicative of low susceptibility contrasts andor causative bodies 

at depth (Fig. 6.5) .  The conductivity profile reveals an anomaly , approximately 5 

mmhos/m in amplitude, centred at 100 feet (30.48 m). This anomaly is labelled Pc on 

Fig. 6.5. 

The VLF EM profile suggests the presence of a conductor at about 212 feet 

(64.62 m) Iabelled as Qv on Fig . 6.5. Filtering of the in-phase profile suggests the 

conductor is at 162.5 feet (49.5 m). 

6.8.3 Site B, line 1B 

This line is approximately perpendicular to the strike of the bedding (Fig. 6.3) .  

Three prominent magnetic anomalies are seen in Fig. 6.6. The largest, Rm, is a 

positive anomaly approximately 2400 nanotesla in amplitude with steep gradients 

suggesting a relatively shallow source. Anomaly Sm is of smaller amplitude (about 

t700 nanotesla) with less steep gradients. Anornaly Um is about + 1ûûû nanotesla with 

gradients of intermediate slope. These three magnetic anomalies are sufficiently close 

that they interfere with each other. 
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On the conductivity profile (Fig. 6.6), a 7 rnmhos/m conductivity anomaly , Rc. 

is direcdy correlated with the magnetic anornaly Rm. Though appearing to be offset 

horizontally by a short distance, the 5 rnmhos/m conductivity anomaly, Sc, is 

sufficiently wide to be correlated with the magnetic anomaly Sm. However, the 

magnetic anomaly Um appears to have no corresponding conductivity anornaly whereas 

the conductivity anomaly Tc, at the southeast end of Line l B ,  has no corcesponding 

rnagnetic anomaly . 

The VLF EM profile (Fig. 6.6) has detected in-phase/out-of-phase conductor 

crossovers and anomalies corresponding to al1 the conductivi ty and magnetic anomalies 

(labelled Rv, Sv, UV and TV in Fig. 6.6). The filtered in-phase profile confirms this 

interpretation. 

6.8.4 Site B, line 2B 

Line 2B is approximately parallel to the bedding strike (Fig. 6.3). As would be 

expected, the magnetic profile (Fig. 6.7) is relatively featureless with the exception of 

the dipole anomaly, Vm, whose positive part is centred at 237 feet (72.24 m) and which 

has an amplitude of only 400 nanotesla. This anomaly is superimposed on a small 

increase in the total magnetic field from SW to NE. 

The conductivity profite (Fig. 6.7) displays a very small(1 mmholm) 

conductivity anomaly, Vc, offset by about 55 feet (16.6 m) to the northeast of the peak 

of Vm. From 200 feet (60.96 m) to the SW end of the profile, there is an increase of 

about 8 rnmhos/m with the maximum at O feet (WC). There is no corresponding 
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magnetic anomaly . 

The VLF EM profile (Fig. 6.7) displays a significant in-phase/out-of-phase 

cross over at approximately 250 feet, labelled Vv, to show its correspondence to the 

related magnetic and conductivity anomalies, Vm and Vc. Small in-phase and out-of- 

phase increases, labelled Wv on Fig. 6.7, may be the VLF EM anomaly expression of 

conductivity anomaly WC. The filtered in-phase profile shows t h t  its positive peak at 

200 feet (61 m) is Iikely due to the same causative body as for Vm and Vc. Part of a 

fiItered in phase positive anomaly is located close to Wv and WC but is at the southwest 

limit of the data. 

6.9 Rock Sampling On The Test Grids 

Rock sampting was carried out, based on the results of the previously described 

geophysical measurements. The purpose of the rock sampling was to measure sulphide 

mineralization variation and to correIate the results with observed geophysical 

anomalies. This phase of the investigation used a backhoe to excavate rock sarnples at 

the locations shown in Figs. 6.2 (HA1 and HA2) and 6.3 (HB1 to HB4) which 

correspond to selected geophysical anomalies on lines 1A and 1B. These excavations 

were carried out in April. 1985. 

Bsdrock depths and overburden thickness vaned over both lines (Fig. 6.8). At 

HB2, the bedrock surface was close to the 3 metre excavation limit of the backhoe. At 

each excavation, rock samples were obtained from bedrock. The intent was to obtain 

rock samples at different depths in each pit but this was not possible in pits HBL and 
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HB2 due to large overburden thicknesses (Fig. 6.8). As a result of the overburden 

thickness variation, the rocks were sampled at widely varying depths beiow the ground 

surface in each pit. 

6.10 Rock Sample C hemical Analyses 

Environment Canada persomel specified the chemical analyses to be carried out 

for each rock sample. These were reported as follows: 7c weight for the total sulphur, 

pyritic sulphur, non-pyritic sulphide, magnetite and graphite content. The total sulphur 

content was measured using a Leco Automatic Sulphur Analyser. Pyritic sulphur 

content was determined using the ASTM D 2492 method which is the standard test for 

forrns of sulphur in coal (American Society for Testing and Materials, 1990). Iron is 

measured frorn a dilute nitric acid extraction performed on the residue remaining after 

the sulphate extraction with dilute hydrochloric acid. The pyritic sulphur is calculated 

from the iron analysis assurning ideal FeSz and a stoichiometric ratio of sulphur to iron 

equal to 1.148. The non-pyritic sulphide content was determined by measuring acid 

evolution by back titration. "Magnetite" content was calculated from the Fe3', 

determined by wet chemical methods. Graphite content was determined by measuring 

the amount of carbon insoluble in hydrochloric acid. Total acid potential, in units of 

tonnes CaCO, / 1000 tonnes, is calculated by multiplying the total sulphur content by 

3 1 .25 (Price, 1997). The assumption made is that al1 of the total sulphur occurs in the 

form of pyrite and that al1 pyrite reacts by the following equation: 



In NSRFC (1985b), the total acid potential values were presented as "acid producing 

potential" and given in units of lbs/ton. Table 6.1 gives the results of the chemical 

analyses and the total acid potential has k e n  recalculated in units of tonnes 

CaC0,/1000 tonnes. In 1985, it was interpreted that the arnounts of non-pyritic 

sulphides measured were insufficient to determine the identity and amount of individual 

non-pyritic sulphides as had been anticipated pnor to the analyses. 

6.11 Limitations Of The Rock Sample Chernical Analyses 

The % weight total sulphur content is an accepted and valid measurement and 

can be used to calculate the total acid potential (Price, 1997). The analytical procedure 

(ASTM D 2492) used to determine the % weight "pyritic sulphur" content was 

designed to measure forms of sulphur in coal (American Society for Testing and 

Materials, 1990). The term "pyritic sulphur" is a simplification as, in the coal industry , 

i t  is usually not necessary to differentiate between and identify individual sulphide 

minerals. According to the test specifications, this procedure is a measure of the iron 

content afier a nitric acid leach. It includes the iron content from other iron-bearing 

minerals in the rock samples. As previously described, considerable arnounts of 

pyrrhotite and other sulphide rninerals occur in the Halifax Group rocks (Fox et al., 

1997). However, iron is also a constituent part of minerals such as biotite, chlorite, 

ilmenite, gamet and carbonates, al1 of which occur in the Halifax Group rocks 



Table 6.1. Chernical Analyses of Rock Samples 

lab Grld Sampk Description % wt. Total AcM Potentlal % wt. % wt. % wt. % wt. 
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(Hingston, 1985; MacInnis, 1986; Feetham et al., 1997) . Hence, "pyntic sulphur* is a 

misnomer and a more appropriate term is 'nitric acid leachable iron". For similar 

reasons, the "non-pyntic sulphide" values are inappropriate in that the terminology is 

not sufficiently specific to determine exactly what the "non-pyrïtic" content represents. 

The analytical methods to determine the Fe2+ and Fe3+ content are valid. 

However, to calculate "total % weight magnetite content" using the Fe3 + values is 

probably incorrect again due to the substantial amounts of pyrrhotite and other iron- 

bearing minerals in the Halifax Group including chlorite, biotite, gamet, ilmenite and 

carbonate. al1 of which can contain Fe3'. 

The total % weight "graphitic carbon" in Table 6.1 should refer oniy to the 92 

weight "non-carbonate carbon" present in the rock samples as other f o m s  of 

carbonaceous material in addition to graphite are known to occur in the Halifax Group 

(MacInnis, 1986). 

6.12 Rock Sample Resistivity Measurements 

The electrical resistivities of some test site rock samples were measured using 

both tinfoil and copper electrodes. The rock samples were cut into rectangular blocks 

with their lengths ar least four times greater than their widths and heights. Each 

specimen was water saturated for 12, 16 and 48 hours in water obtained from the grid 

sites. Saturation was achieved by placing the sample in a container of groundwater at 

room temperature and pressure and, in addition, at room temperature and in vacuo (for 

12 hours). 
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Rock conducîivities measured using the tinfoil electrodes have higher values at 

HA 1 ( 1 -5 - 7.7 rnmhos/m) compared to HA2 (0.23 - 1 .O mmhodm) on grid A (Fig . 

6.8). The measured increase confirms the increase as measured by the ground 

conductivity meter (Fig. 6.4: Mc and Nc). The difference in amplitude between the 

laboratory and field conductivity values may be explained by the survey measurements 

being the result of the contribution from the entire conductive zone whereas the 

laboratory measurements are for individual rock specimens. Conductivity values for 

HB1. HB3 and HB4 on grid B (Fig. 6.8) are 0.5 - 2.3; 0.04 - 3.6; and 0.2 - 2.3 

mmhos/m respectively. Each of these holes sampled locations at which elevated survey 

conductivity values were rneasured (Fig. 6.6). The copper electrodes gave higher but 

inconsistent conductivity values for the rock specimens. 

6.13 Discussion 

6.1 3.1 The Geophysicat Measurements 

The magnetic, terrain conductivity and VLF EM conductivity anomalies 

measured on grid sites A and B demonstrate three types of relationships: 

6.1 3.1 - 1  Coincident magnetic and conductivity anomalies 

Examples of coincident magnetic, terrain conductivity and VLF EM anomalies 

are Sm, Sc, Sv and Rm, Rc, Rv on line 1B (Fig. 6.6) and Mm, Mc, Mv on line 1A 

(Fig . 6 -4). These anomalies, taken together, suongly suggest the presence of 

conductive and magnetic minerals close to the ground surface. In fact, the depth 
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detection lirnit of the terrain conductivity meter requires that the mineralization be 

within 6 meters of the ground surface. The large conductivity anomaly , Mc, on line 1 A 

(Fig. 6.4) is coincident with a negative, spontaneous potential anomaly with steep 

gradients (Mp on Fig . 6.4) which confirms the presence of a shallow conductor . A 
C 

crude depth estimate to the top of the conducting body, using the spontaneous potential 

anomaly, gives a value of 6 meters. Simple depth estimates of this type are usually 

overestimates. Pyrrhotite is both a conductive and magnetic and is the likely cause of 

these anomalies. 

6.13.1.2 Conductivity anomalies for which there are no coincident magnetic anomalies 

Conductivity anomalies WC and Wv on line SB (Fig. 6.7) and Pc on line 2A 

(Fig. 6.5) are exampIes of terrain and VLF EM conductivity anomalies for which there 

appear to be no corresponding rnagnetic anomalies. Unfortunately, both examples are 

towards the end of survey lines and are incomplete anomalies. The conductivity 

anomalies suggest the presence of non magnetic conductors. Pyrite and graphite are 

examples of rninerals which satisfy these criteria. 

6.13.1.3 Magnetic anomalies for which there are no coincident terrain conductivity 

anomalies. 

Magnetic anomaly Vm, on line 2B (Fig. 6.7), has no corresponding terrain 

conductivity anomaly, though there is a small(1 mrnho/m) terrain conductivity increase 

(Vc) about 50 feet (15 in) to the northeast. However, there is a coincident VLF EM 
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anomaly (in phase/out of phase crossover Vv). Similarly, magnetic anomaly Um (line 

1 B, Fig . 6.6) has no corresponding terrain conductivity anomaly but does have a 

coincident VLF EM anomaly. The s d l  increase in magnetic values on line 2A (Fig. 

6.5) are centered over the VLF EM crossover at Qv and may also be an example of this 

third relationship. 

One of the conclusions of NSRFC (198Sb) was that there was "little, or no, 

correlation between the magnetic anomalies and the conductivity anomalies". This 

conclusion was reported by Albright (1987) and was used by Samostie (1994) to state 

that "previous research indicated little correlation between magnetic anomalies and 

bedrock mineralization" . However, the purpose of the geophysical investigation was to 

detect "shallow sulphide mineralization in the Meguma metasediments" (Le., within 

construction depths of a few meters from the ground surface). The terrain conductivity 

rneter, used in the vertical dipole configuration, has an effective penetration depth of 6 

meters. Hence, in the case of coincident magnetic and VLF EM anomalies with no 

accornpanying terrain conductivity anornaly, we are detecting magnetic and conductive 

bodies which lie below the maximum 6 m exploration depth of the terrain conductivity 

meter. For instance, simple infinite line pole depth estirnates for Um and Vin give 

depths to the causative body of 3143 m and 15-28 m respectively. These bodies are 

probably not of significance to any construction activities. 

In Iight of the above. we must correct the NSRFC (1985b) report conclusion to 

state chat there is some correlation between the magnetic and conductivity anomalies. 

Any lack of correlation may either be due to the depth of the causative bodies and the 



178 

maximum exploration depth of the terrain conductivity meter (chosen to investigate 

down to construction depths only) or may be the result of bodies which are conductive 

but not magnetic. It is incorrect to state that there is little correlation between magnetic 

anomalies and bedrock mineralization (Sarnostie, 1994) considering the known 

abundance of pyrrhotite in the Halifax Group. 

6.13.2 Correlation of the Geophysical Anomalies and the Rock Sample Analyses 

The % weight total sulphur and carbon alone have k e n  used for the geophysical 

and geochemical correlations given the previous discussion on the limitations of the 

chemical analyses. 

On line 1A (Fig. 6.2), bedrock samples from HA1 were collected at three 

depths (approximately 0.2, 1.2 and 1 -8 m below the ground surface: Fig. 6.8). Bedrock 

was covered by a very thui (O. 1 m) overburden layer at this pit. HA1 is located at the 

centre of the 36 mmhosh terrain conductivity anomaly Mc, and at one of the crossover 

points of the VLF EM anomaly, Mv (Fig . 6.4). The filtered in-phase peak also 

coincides with these anomalies. The rock analyses (Fig. 6.9) show relatively large 

amounts of total sulphur and corresponding total acid potential, for samples at al1 three 

depths. The magnetic dipole anomaly (Mm), the conductivity anomalies (Mc and Nc) 

and the chemical analyses for HA1 (Figs. 6.4 and 6.9) suggest the presence of minerais 

which are both conductive and magnetic. The most iikely candidate is pyrrhotite. 

Test pit HA2 was selected so as to sample an area of extremely low terrain 

conductivity readings (approximatel y 2 mmhos/m) directly N W of anomalies Mc, Mv 
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and Mm (Fig. 6.4). As might be expected, the total sulphur content and, hence, total 

acid potentials are extremely low (Fig . 6.9). The samples from this test pit were taken 

at greater depths (1.1, 1.8 and 2.7 m in Fig. 6.8) than for HA1 due to the increase in 

overburden ttiickness (0.9 rn in Fig. 6.8). 

As a cornparison with the field measurements, multi-layer theoretical response 

calculations (McNeill, 19ûû) were carried out for the terrain conductivity meter in the 

vertical dipole configuration at a height of 1 metre above the ground surface for line 1A 

at pits HA 1 and HA2 For HA2, a conductivity of 1 mmho/m was obtained for the 

rocks with minor rnineralization which lay beneath 1 metre of overburden (with an 

assumed conductivity of 5.5 mmhos/m). For HA1, the mode1 gave a mineralized slate 

conductivity of 40 rnmhos/m using the same overburden conductivity and an 

overburden thickness of O. 15 m. These theoretical calculations also gave apparent 

conductivities at the surface of 2.1 and 37.5 mrnhodm for the non-mineralized and 

mineralized slates respectively . 

On line IB, grid B (Fig. 6.3) overburden thickness is quite variable, ranging 

from a minimum of 0.3 m at HB3 to a maximum of 2.9 m at HB2 (Fig. 6.8). Hence, 

rock samples were collected at considerably diffèrent depths in test pits HB 1 to HB4. 

The locations of these test pits were chosen to sample rocks at which conductivity and 

magnetic anomalies were measured (HB1: Tc and TV; HB2: Um and UV; HB3: Sm. Sc 

and Sv; HB4: Rm, Rc and Rv in Figs. 6.3 and 6.8). For pits HB3 and HB4, where the 

overburden is thinner and sarnples taken from shallower depths compared with HB 1 and 

HB2. elevated levels of total sulphur and total acid potential were measured (Fig. 6.9) 
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with the exception of the shallowest (0.8 m) sample from HB3. This is in good 

agreement with the conductivity and magnetic anomalies measured over both pits. The 

lower gradients of the anomalies at HB3 compared with HB4 may reflect the lack of 

mineralization in the topmost metre of bedruck at HB3. HBl , coincident with the large 

terrain conductivity anomaly, Tc, also displays elevated total sulphur content (Table 

6.1). However, rock samples from HB2, where there is no terrain conductivity 

anomaly, give low total sulphur values (though only the top of the rock surface was 

sampled due to the deeper overburden at this location). 

At HB2, the rock sample Fe3+ content may be used to estimate magnetic 

susceptibility as approximately 500 x IO4 cgs units if the ~ e ~ '  content is equated with 

an assumed magnetite content of 4%, (HeiIand, 1963). Assuming the magnetic 

anomaly, Um, is caused by a vertically polarized, infinite, horizontal cylinder 

(Nettleton, 1940) of radius 12.2 m and depth to centre 15.2 m and that the earth's 

magnetic field is 50,000 nanotesla, we arrive at a magnetic anomaly amplinide of about 

100 nanotesla neglecting remanent magnetization. The magnetic anomaly, Um (Fig. 

6.6). is approximately 1000 nanotesla. Therefore, the major contribution to this 

magnetic anomaly must be explained by a mineral which is both conductive (VLF EM 

anornaly UV, Fig. 6.6) and magnetic and which attains a significant percentage by 

weight below the 6 m effective exploration depth of the terrain conductivity meter. We 

rnay conclude that it is likely that pyrrhotite mineralization is present in significant 

quantities at a depth of greater than 6 m in order to explain the large magnetic and VLF 

EM anomalies at HB2. 
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We have suggested that the horizontal and vertical distribution of magnetic and 

conductive sulphides in the Halifax Group are the cause of the apparent conductivity 

and magnetic anornaIies. However, some conductivity variations may also be due to 

other factors such as graphite content, changes in bedrock depth (overburden 

thickness), moisture content, rock and overburden porosity, concentration of dissolved 

elecuolytes in the contained moisture, temperature and phase state of the pore water. 

amount and composition of colloids and subsurface layer thickness and conductivity 

contrasts (McNeill, 1980). An example is conductivity anomaly WC at the southwest 

end of line 2B (Fig. 6.7). This anomaly is shown as a gradua1 conductivity increase 

towards the end of the line. As there is no sample conuol (test pits) on this Iine, an 

alternative interpretation is that this conductivity increase is the result of increasing 

overburden conductivity, decreasing overburden thickness or a combination of both 

effects. 

6.14 Conclusions 

Reconnaissance geophysical surveys on two grids near Halifax International 

Airport have demonstrated that conductivity and magnetic anomalies have defined zones 

of sulphide rnineralization within construction depths from the ground surface in the 

Halifax Group bedrock. This has been proved by chernical analyses of rock samples 

excavated from test pits located on selected geophysical anomalies. Increased levels of 

total sulphur were measured at al1 test pits where terrain conductivity anomalies are 

present. Two test pits, one on each grid, deliberately chosen to sample areas where no 
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terrain conductivity anomaly occurred, gave extremely low levels of total sulphur . 

A combination of terrain conductivity meter, mgnetometer and VLF EM rneter 

is the most effective instrument package to carry out this type of environmentally 

oriented survey. Readings can be recorded rapidly by one person using automated data 

recording systems. The effective exploration depth limit of the terrain conductivity 

meter ensures that any terrain conductivity anomalies recorded are within construction 

depths in the surveyed area. Though the spontaneous potential equipment also defmed 

conductivity anomalies, it, and the induced polarization equipment required longer 

equipment deployment times and additional personnel for effective operation. 

Three types of relationships were observed from combinations of terrain 

conductivity, magnetic and VLF EM anomalies. The first consists of coincidental 

terrain conductivity, magnetic and VLF EM anomalies which defines conductive and 

magnetic rnineraiization within 6 m of the ground surface as defmed by the terrain 

conductivity meter. We suggest the main minera1 responsible for this combination of 

anomalies is pyrrhotite with or without pyrite. The second comprises terrain 

conductivity anomalies with no coincident magnetic anomalies (though VLF EM 

anomalies may also occur). Pyrite and/or graphite mineralization within 6 m of the 

oround surface may cause this combination of anomaly types. The third consists of 2 

magnetic and VLF EM anomalies with no coincident terrain conductivity anomalies. 

These result from magnetic and conductive mineralization, probably pyrrhotite with or 

without pyrite, at depths greater than 6 m. 

As with al1 remote sensing methods, ground tnithing is essential for the 
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interpretation of the geophysical data. Chernical and mineralogical analyses of rock 

samples obtained fiom outcrop, test pits and boreholes ensure the validity of any 

conclusions drawn fiom the geophysical interpretation. Geophysical surveys will 

rapidly define trends, amplitudes and widths of sulphide rnineralization in the Meguma 

rocks of Nova Scotia in advance of construction projects. Hence, there is a strong case 

for including these types of geophysical surveys for construction activities in the 

Environment Act- Geophysical surveys would point the site investigation to critical 

areas where the exposure of sulphide mineralization may generate ARD. This should 

reduce the costs of subsequent treatment. 

It is acknowledged that in built up areas, electromagnetic and magnetic surveys 

may not be practicable due to interference from power lines, buildings and other 

electromagnetic and magnetic sources. Also, the presence of sulphide mineralization 

does not necessarily imply that ARD will occur. The overall assessrnent of ARD must 

also include consideration of such factors as oxidizing conditions, temperature effects, 

rainfall amounts, and the presence or absence of bacteria. In other words, the 

development ARD is site specific. 

It is important to note the reconaissance nature of this work and that the number 

of bedrock samples collected, and extent of the geophysical grids are lirnited. Although 

this limitation does not invalidate the results of the study, we recognize more work 

would be heIpful to more rigorously defme the correlation between sulphide 

mineralization and geophysical anomalies. Future considerations should include 

expanded grid size and more bedrock sampling for mineralogy and geochemistry. As 
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discussed in Chapters 2 and 5 ,  detailed rnineralogical studies cornbined with 

geochernical analyses are essential in the assessrnent of ARD and such studies would 

considerably irnprove the ability to interpret geophysicai surveys more precisely. 



Chapter 7 

GIS-Based Knowledge-Driven And Data Driven Modelling For 
The Prediction Of Acid Rock Drainage In The Meguma 

Supergroup, Nova Scotia 

7.1  Introduction 

ln previous chapters, several methods of assessing ARD potential in the 

Meguma Supergroup have been outlined. For example, total acid potential (TAP) of a 

rock sample c m  be calculated from a total sulphur analysis (Chapter 5). Also, 

arguments have k e n  presented for the use of magnetic susceptibility of rock samples to 

detect the location of monoclinic pyrrhotite which is an imponant acid producing 

mineral (Chapter 5). However, these methods are usefül mainly for a detailed 

assessrnent of ARD potential, on the scale of individual rock samples, coflected from 

exposed bedrock or from drill core. A database containhg magnetic susceptibility 

measurements or total sulphur analyses over large areas within the Meguma Supergroup 

is not available, and much of the area does not have exposed bedrock, so the direct 

measurement of ARD potential is not possible in many areas. 

The best solution to the ARD problem is avoidance. Once ARD begins, it is 

difficult to stop and remediation is expensive. Considering large scale construction 

activities, such as the building of highways or the constniction of a pipeline, it is 

important to Iocate in a regional sense, the areas with high ARD potential so they can 

be avoided. In cases where avoidance is impossible, plans can be prepared for more 

detailed evaluation, but it is still important to know in the first phase of planning, 

186 
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" where? " and 'how many?" areas may require such derailed work. 

The objective of this chapter is to define broad areas in the southeastern part of 

the Meguma Supergroup (Fig. 7.1) that have high ARD potential- The concepts used in 

minerai exploration, and the development of 'rnineral potentiai" or "favourability " 

maps, are used to predict areas that may cause ARD, "if the rocks are dismpted and 

exposed to oxidizing conditions". An important underlying assumption used for 

predicting ARD, is that the mere presence of sulphide mineralization will lead to ARD 

generation. in the field, this may or may not be the case depending on a variety of 

factors such as abundance and type of sulphide minerais, presence or absence of 

bacteria, and access to oxidizing fluids. The ARD conditions referred to here, are those 

that develop from exposed bedrock, waste rock piles, open quarries, or any sirnilar 

conditions that expose bedrock to oxidizing conditions. This does not inchde mine sire 

tailings impoundments where rocks are processed to fuie-grained material. In such 

areas, rnineral textures, associations, and grain size al1 are changed substantially from 

their original state, and under these conditions, the potential for ARD generation must 

be assessed at each site. 

In order to predict ARD potential on a regional s a l e  within the Meguma 

Supergroup, a number of factors corne into play. For example, monoclinic pyrrhotite 

c m  be located using airborne vertical gradient magnetic data, but only within the 

Halifax Group. Magnetite is hown to exist in the Goldenville Group (Chapter 6). 

Therefore, data from various sources (in this example, geology and magnetic data) must 

be integrated, and there is no one single database that can be used. For this study, six 
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reg ional-scaie , digital maps including geology , reg ional rnetamorphism, contact 

metamorphism, location of anticlines, location of Goldenville-Halifax Transition zone 

(GHT), and vertical gradient magnetics have k e n  used. Al1 of these geological factors 

are interpreted to have, at least some, influence on the potential for the bedroçk to 

produce ARD. The rationale for choosing these particular data layers is explained in 

more detail in the next sections. 

The data are integrated using Boolean and fuuy logic (knowledge-driven) and 

weig hts of evidence (data-driven) rnap modelling techniques. Each of these techniques 

have their own suengths and weaknesses. The Boolean rnethod is simple and easy to 

apply, but lacks the ability to weight different input map layers or map classes. The 

output map shows oniy those areas that do have ARD potential or do not have ARD 

potential, based on the input criteria. The fuzzy logic technique has the ability ro weight 

individual maps, as well as the classes of each map. Both the Boolean and m y  Iogic 

map integration techniques are expert-driven, and are subjective in that the output maps 

reflect the criteria chosen by the expert. On the other hand, the weights of evidence 

method is a data-àriven technique and is a more objective approach in that it uses the 

location of known mineral occurrences, in combination with evidence maps, to 

statistically estimate weights (W' and W-) for each map. The weights are then used to 

calculate a posterior probability of ARD potential . 

7.2  Previous Work 

There has been little work performed on the regional-scale prediction of ARD in 



190 

the Meguma Supergroup with the exception of two studies. The first siudy was camed 

out by Porter-Dillon Limited (1987), in the Mahone Bay area of southwestem Nova 

Scotia. In that study, geologicai factors including lithology, metarnorphic grade, and 

mineral occurrences were combined with mthropogenic activities (quarries and 

potential land use) to produce an ARD risk map. The influencing factors were laid out 

in fI owchart format, and manually combined to produce a map showing low, medium, 

and high ARD nsk areas. 

In the second study, Samostie (1994) used a GIS to produce ARD risk maps for 

the entire province of Nova Scotia. That study included ARD risk from mining areas, 

in addition to disturbance of bedrock of the M e m a  Supergroup. Samostie's work 

differed from the first study in several important aspects. Firstly, the input criteria 

consisted of Iess geoiogical data (mainly bedrock geology), and included location of 

mining areas, roads, land use, Stream and Iake sediment geochemistry , and surface 

water chemistry. Secondly, the risk maps were produced within a GIS and interaction 

matrices and classification algorithm were used to combine the data. 

The present study differs from these two studies in two important aspects. The 

first lies in the definition of ' riskn assessment. The previous studies placed an emphasis 

on land use and bedrock disturbance in assigning high risk areas. For example, 

Samostie removed al1 sulphide mineral occurrences from his database that were not 

mined or exploited, on the assumption that if lefi undisturbed, there is no ARD risk. In 

the present study, the emphasis is on predicting where ARD "may occur if the bedrock 

is exposed to oxidizing conditions". In this sense, it is not an environmental risk 
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assessrnent that is king performed, but rather answering the question "What is the 

potential for ARD to develop?". Local efTects and the risk to the environment from 

existing ARI) areas are not coasidered in this study. 

The second aspect where this study differs, is in the use of GIS and the map 

modelling techniques used to combine layers of evidence. Samostie used a lcnowledge- 

driven approach where specific areas were rated as high, medium or low risk, and the 

input maps were combined to create a final composite map. Different methods of 

combining data layers were not explored. 

In terms of using GIS to produce favourability maps for minera1 exploration, 

details on concepts and methodology, as well as examples for gold potential in the 

Meguma Supergroup in Nova Scotia, are presented in Bonham-Carter et al. (1988). 

Bonharn-Carter (1989), Bonham-Carter et al. (1990). and Bonham-Carter (1 994). Much 

of the background information presented in this chapter is from those sources. 

According to Wright and Bonham-Carter (1996), the overall process of producing 

favourability maps using GIS can be outlined in four main steps: 

1) establish a conceptual model, 
2) build a spatial database, 
3) process that data, and 
4) generate the favourability maps through integration modelling. 

Each of these steps is discussed in more detail in the following sections. 

7.3 Conceptual Mode1 

A single model for al1 sulphide mineralization in the Meguma Suprgroup does 
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not exist, and the type of mineralization that may be responsible for ARD generation 

cornes from a variety of sources, each with its own possible mode1 of formation. For 

example, sulphide mineralization is known to be associated with gold rnineralization in 

gold districts, mainly in the Goldenville Group (e.g . , Graves, 1976; Malcolm, 1976; 

Kontak et al., 1990); lead-zinc mineralization is associated with pyrite and pyrrhotite 

within the GHT (e-g., Binney et al., 1986; Macinnis, 1986); and stratigraphically 

controlled pyrrhotite and pyrite mineralization occurs mainly in the Halifax Group and 

GHT (see Chapter 2). For this study, it is intended that only major, regional-scale 

feamres be used to predict ARD areas; not the local features that may be developed at 

single mineral deposits. For exarnple, the entire GHT is used as a possible source for 

sulphide rninerals, and no attempt is made to determine variations within the GHT that 

may lead to local differences in abundance or type of mineralization. The data used, 

and the rationale for choosing the data, are discussed in more detail in the following 

section. 

7 .4  Data Sets 

In order to predict where ARD generation is possible within the Meguma 

Supergroup, it is necessary to fmd the areas that contain sulphide mineralization. In 

addition to the presence or absence of mineralization, minera1 texture and type of 

sulphide minerals are also important considerations (see Chapter 2) .  The bedrock 

geology map is useful in that the Halifax Group is known to contain abundant pyrrhotite 

and pyrite (Chapter 2). and the Goldenville Group contains sulphide mineralization in 
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gold districts. 

In the Halifax Group, pyrrhotite typically occurs along cleavage planes (Chapter 

2). The location of granitic intrusions is important in this respect because the rocks in 

contact metamorphic aureoles do not contain a well-developed cleavage. in these areas, 

movement of oxidizing fluids to pyrrhotite mineral surfaces is more restricted compared 

to well-cleaved rocks that have developed fractures or joints parallel to the cleavage. 

This is especially important, for example, where freezelthaw cycles c m  easily break the 

bedrock along cleavage or parallel joints/fractures, exposing pyrrhotite to oxidizing 

conditions. The regional metamorphic grade is important for similar reasons. Low 

grade, greenschist facies rocks have a well-developed cleavage which provides much 

easier access of oxidizing fluids to pyrrhotite. 

The location of the GHT is important because it contains signifiant sulphide 

mineralization, and is a conuol for elevated trace element content (Graves and Zentilli , 

1988). 

In terrns of structure, it has k e n  suggested that pyrrhotitelpyrite mineralization 

in the Halifax Group increases in abundance towards the centers of major structural 

feamres (Cameron and Hood, 1975). Also, in the Goldenville Group, gold districts are 

spatially related to major anticlines. 

For the magnetic data, the pyrrhotite within the Halifax Group and GHT is the 

rnonoclinic variety which is the most magnetic of ail pyrrhotite types (Chapter 2). 

Therefore, high magnetic zones indicate the presence of this minera1 (Chapters 2, 5, 

and 6). Based on these generalized observations, the followïng datasets have k e n  used: 



Bedrock Geolagy - geological map of Nova Scotia compiled by Keppie (1979). 
Scale 1 : 500 000 (EOO format). 

Re~ional Mernomhm - metamorphic map of Nova Scotia compiled by Keppie and 
Muecke (1 979). Scale 1 : 1 000 000 (EOO format). 

Contact Metarnomhu - distribution of granitic polygons taken from the geological 
map. 

Anticline Axial Traces - stnictural map of Nova Scotia compiled by Keppie (1979). 
Scale 1 : 1 000 000 (EOO format). 

GHT - linears extracted from the geological map. 

Vertical Gradient Airborne m e t i c  Survey - Geological Survey of Canada, airbome 
survey. Data subsequently processed by D.A. Raymond (at the College of Geographic 
Sciences - COGS), convened to PiX format and scaled to 8 bit. 

The "raw" GIS data layers were supplied on CD-ROM to the Center of Geographic 

Sciences (Tim Webster) by the Nova Scotia Department of Natural Resources in 

Archfo EOO format. 

7.5 Data Processing 

One of the problems of using the regional scale digital data in this study is that it 

is not precisely known how accurate the data is in terms of spacial location and 

"inferred" geology. For exarnple, the geological map (Keppie, 1979) was compiled 

from a variety of sources, and the geological boundaries are likely to be inferred in 

many cases, and where the boundaries are shown, the possible locational error is 

unknown. As another example, the GHT is inferred to be located between the Halifax 

and Goldenville Groups but it has not k e n  mapped in detail throughout the study area. 
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However, it is known from studies in southwestern Nova Scotia, to have a maximum 

thickness of about 2 km (O'Brien, 1986). The necessary approach taken to deal with 

unknown accuracy and infened geology , is to simplify the data. This takes the fom of 

reclassification to simpliw some of the data (geology, regional metamorphism, 

magnetics) and to create buffer zones or proximity maps for the line data (GHT, 

anticlines, and contact metarnorphism) . 

Lookup tables were used to reclassiQ and simplify the geological map into the 

following classes: 1) water, 2) other, 3) Goldenville, 4) HaIifax, and 5) granites. The 

lookup tables are shown in Table 7.1. The map of regional metamorphic grade was 

reclassified interactively, and simplified to show classes of: 1) greenschist facies - 

chiorite grade, 2) greenschist facies - biotite grade, 3) arnphibolite facies, 4) granite, 

and 5) water. The vertical gradient magnetic map was reclassified into three equal 

interval classes of low, medium, and high magnetic response. 

Three proximity maps were created including: 1) proximity to granitic 

intrusions (to outline contact metamorphic aureoles), 2) proximity to GHT, and 3) 

proximity to anticlines. Al1 the reclassified and proximity maps are shown in Figure 7.2 

and the classes defined for each map are shown in the map legends. Further details 

about how each of the classes are used and the justification of weighting the classes to 

define AKD potential are presented below for each of the modelling techniques used. 

7.6 Data Integration And Map Modelling 

The final step in producing the ARD prediction maps involves integration of the 



Table 7.1 Attribute tables used to create simplified geological rnap used in the 
modelling . 

Digital M ~ D  Code ed Code 

Wat 
?DC 
CC 
DCNM 
ECCNSM 
EDK 
EJM 
g 
gd 
H-C 
LCPB 
LT 
SA 
EK 
LTBNM 
LTWNM 
LTWSM 
TJNM 
LCSV 
cm 
ECW 
ECWaSM 
ECWbSM 
ECWcSM 
ECC 
ECH 
ECHB 
ECS 
COG 
COGg 
COGm 
COH 
COHm 
Ca 
Dcg 
Dcgd 
Dcgt 
Dcmg 
Dgd 

Water 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Other 
Clay/Silica Sand 
Fundy Gp 
Fundy Gp 
Fundy Gp 
Fundy Gp 
Pictou Gp 
Canso Gp 
Windsor Gp 
Windsor Gp 
Windsor Gp 
Windsor Gp 
Horton Gp 
Horton Gp 
Horton Gp 
Horton Gp 
Goldenville Fm 
Goldenville Fm 
Goldenville Fm 
Halifax Fm 
Halifax Fm 
Granitoid 
Granitoid 
Granitoid 
Grani toid 
Granitoid 
Granitoid 



Sim~iified Code (Kevfield) 
For intermediate step 

Water 
Other 
CIay/Silica Sand 
Fundy Gp 
Pictou Gp 
Canso Gp 
Windsor Gp 
Horton Gp 
GoIdenville Fm 
Halifax Fm 
Granitoid 

Simplified Code 
Final k g e n d  

lifed Dwtal Ma . . Leggnd For M 

"O: Water" 
" 1 :Othern 
"2:Goldenville Fm" 
" 3 :Halifax Fm " 
"4:GranitoidU 



Figure 7.2 Input maps used as evidence for map modelling. A) simplified 
geology, B) regional metamorphism, C) buffered anticlines, D) buffered GHT, 
E) contact metamorphism (buffered granitoids), F) vertical gradient magnetics. 



Figure 7.2 (Continued) 



Figure 7.2 (Continued) 
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input maps (layers of evidence). For this study, the modelling techniques used are 

Boolean, fuuy logic, and weights of evidence. The final input rnaps are geology, 

reg ional metarnorphism, buffered granites, buffered anticlines, buffered GHT, and 

vertical gradient rnagnetics. The modelling techniques were performed through the use 

of model equations (Appendix D). Atuibute tables containing three columns of class, 

Boolean, and fuuy mernbership (mi) values were created for use with the model 

equations. The values were chosen based on geological experience and field 

observations of rocks in the Megurna Supergroup. There are no set criteria or standards 

for ARD prediction, and the criteria presented here are essentiaily based on subjective 

Oemen t . jud, 

7.6.1 Boolean Logic Modelling 

Boolean logic involves sets where each object of the set has membership values 

of 1 (TRUE) or O (FALSE). Boolean logic rnap modelling involves combining a set of 

input maps to produce a single binary output map, where class 1 represents areas that 

satisw al1 the criteria (in this case, high ARD potential), and class O represents al1 the 

remaining areas. The methods of combining the sets are defined by Boolean algebra 

that has three operations (Bonham-Carter, 1994): AND (logical intersection), OR 

(logical union), and NOT (complementation). 

In this study, Boolean values for each class in the input maps are set to either O 

(no ARD potential), or 1 (ARD potential is present) as shown in Table 7.2. The values 

were chosen to be conservative, and to include as much of the criteria as possible but 
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Table 7.2 Boolean values used for the Boolean model. Class numbers correspond to 

Simplified Geology 

Class Boolean Value Naune 

1 O Water 

2 O Other 

3 O Goldenville 

4 1 Halifax 

5 O Graniioid 

Chlorite Facies 

Biotite Facies 

Amphibolite Facies 

Granite 

Magnetics Low 

Medium 

High 

Contact Metamorphisrn 0.5 km 

1.0 km 

1.5 km 

2.0 km 

Granite 

> 2.0 km 
.. . 

Anticlines 

GHT 



also to remain within scientific reason. 

The Halifax Group, chlorite and biotite zones (greenschist facies), high 

magnetic areas, within 0.25 km of anticlines, and within 0.5 km of the GHT were al1 

given values of 1, indicating a potential for ARD development- For the contact 

metamorphic map, al1 areas except granites were given a value of 1 indicating that 

contact metamorphism does not influence the potential for ARD. Sulphide 

mineralization and ARD does occur within contact metamorphic zones (see Chapter 2). 

In this case the map could be omitted, however it is used in the fuuy logic modelling 

discussed below (Section 7 -6.2)  and is included here for cornparison. 

The Boolean AND operator is used to combine the geology, magnetic, regional 

metamorphic, and contact metamorphic maps. Considering the Boolean values assigned 

to each map class, this combination scheme essentially shows al1 areas where there is 

high magnetic signatures in the Halifax Group, in the lowest regional metamorphic 

grade areas. Based on the data presented in previous Chapters, this will define areas 

containing pyrrhotite and associated sulphide minerais including pyrite, marcasite. and 

chalcopyrite as presented in Chapter 2. The results of this operation are then combined 

with the anticline and GHT maps using the Boolean OR operator. It is known that the 

GHT contains sulphide minerats and an elevated metal content (Graves and Zentilli. 

1988). and the anticline map is used to define the areas that have the potential to contain 

sulphide rnineralization through the association with gold deposits. The final output is a 

binary map with a value of 1 where the criteria are met (ARD potential) and O 

otherwise (no ARD potential). The Boolean program used to produce the final binary 
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map is presented in AppendUr D. The output map for the Boolean model is showa in 

Figure 7.3. 

One of the benefits of the Boolean approach is its simplicity and it is relatively 

practical and easily applied. However, a drawback to the approach is that the criteria 

used cannot be given weights that depend on their relative significance. In other words. 

there is no possibility of "may-be" areas of ARD generation. For example, it may be 

argued that areas classified as "medium" on the magnetic rnap, or areas within 1.5 km 

(instead of 0.25 km) of anticlines could contain sulphide mineralization. A zone of 

pyrite within the Goldenville Group and not near a major anticline, would not be 

defuied by the criteria used here. This is a limitation of the method and it should be 

ernphasized that the output map is not guaranteed to defuie ail areas with ARD 

potential. However, if used in the broad sense, the map certauily defines areas that 

would warrant further detailed investigation. To refme the critena, and to model areas 

based on a ranking scale from high to low ARD potential, the fuzzy logic method can 

be used. 

7.6 .2  F u u y  Logic Modelling 

Fuuy logic modelling is an expert-driven approach in that the weighting of 

input evidence is controlted by the expert. in classical set theory, a set is a collection of 

objects, and objects are either a member of a set (membership value = l ) ,  or not a 

member of a set (membership value = O). The futzy logic approach uses f u u y  set 

theory, which allows for each object of a set to have continuous membership values 
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between O and 1 (O = hl1 non-membership and 1 = full membership), depending on 

the "degree of membership". Simply, a fuzzy set is a set of paired values, the first 

value representing the object of the set, the second vaIue representing the grade or 

degee of membership (Zadeh, 1965). A fuzzy set c m  be defmed in the following way. 

If X = (x)  defines a space of objects, then A is the fuzzy set in X and is defined as the 

set of ordered pairs in the following equation: 

where x E X and p,(x) is the membership function (An et al., 199 1 ; Wright and 

Bonham-Caner, 1996). Using an example from this study, let A represent the pixels of 

a map containing sulphide mineralization, and X = (x) is the space of objects reflecting 

vertical gradient magnetic values. The membership function for A could be represented 

as shown in Table 7.3. 

Table 7.3 Fuuy membership values for vertical gradient magnetics used in this study. 

Magnetic Intensity Class Fuzzy Membership (p,(x)) 

low 1 o. 1 

medium 2 0.6 

high 3 1 .O 

The flexibility of fuuy logic modelling lies in the different methods of 

combining the fuzzy membership values. Five of the main combination functions are 
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fuzzy AND, fuuy OR. fuay algebraic product (FAP), fuzzy algebraic sum (FAS). and 

the gamma operation. The fuzzy AND and OR fùnctions are basically the minimum and 

maximum of the membership values of each of the input maps respectively. The FAP is 

the product of al1 membership values of the input maps and the result tends to be small 

(decreasive), due to multiplying values less than 1 together. The output value is always 

smaller than, or equd to, the smallest contributing input membership value. The FAS 

has a complementary effect to the FAP function, and the output is always greater than, 

or equal to. the largest contributing membership value (increasive). The following 

equation shows how to calculate the FAS: 

where a and b are membership values for two maps a and b. 

The gamma operation is defmed in terms of the FAP and the FAS by the 

following equation: 

where Y is the gamma operator and has a value between O and 1. Choosing a low value 

for gamma. the hinction is decreasive and FAP predominates, whereas for a high value 

of gamma, the operation is increasive and the FAS predorninates. If gamma equals 1, 

the output is the sarne as the FAS, whereas if gamma equals O, the output is the same as 



the FAP (Fig. 7.4). 

For this study, the fuzzy membership values chosen for each input rnap are 

shown in Table 7.4. The choice of values for each map class is entirely subjective and 

is based partly on new data presented in previous chapters of this thesis, as well as 

geological knowledge about the Meguma Supergroup obtained from the literanire. The 

rationale for the value choices is similar in some respects to that of the Boolean model. 

The factors that are considered to be most important for defrning ARD potential are 

oiven values of 1 (full membership). The rest of the classes are scaled to values less 2 

than 1 depending on how much of an influence the input rnap is considered to have. For 

example, in terms of geology and magnetics, the Halifax Group with a high magnetic 

signature has high ARD potential based on the abundance of monoclinic pyrrhotite 

(Chapter 2). Therefore, both the Halifax Group and the "High" class on the magnetic 

rnap are given fuzzy membership values of 1 (full membership). The zones within 0.5 

km of the GHT are also given values of 1 with the rest of the classes of the GHT rnap 

scaled below 1. The values assigned to each class on the anticline rnap is based on the 

interpretation that it is less likely to encounter sulphide mineralization near anticlines in 

the Goldenville Group than it is to encounter pyrrhotite in the Halifax Group. 

Therefore, the highest membership value given on the anticline rnap is 0.5 (within a 

distance of 0.25 lan of major anticlines). Arguably, the actual values chosen for any of 

the input maps in this study may differ depending on the expert assigning the values. 

However, the most important point about assigning fuzzy membership values is the 

relative ranking of classes rather than if a certain class is assigned a 0.5 or 0.6. 
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Figure 7.4 Graph of furty membership, 14, obtained by combining two h i u y  
memberships, pA and pB, versus y .  The graph shows the effect of variations in y for 
the case of combining wo values. p, = 0.75 and p~ = O.S. In the case where y =O, the 
combination equals the fuuy algebraic product. In the case where y = 1. the 
combination equals the hiny aigebraic sum. (From Bonham-Carter, 1994). 



Table 7.4 Fuzzy membership values used for the fuuy model. Class numbers 

C l w  Fuzzy Mtmberships Name 

1 0.0 Water 

2 0.0 Other 

3 0.6 Gotdenvilie 

4 1 .O Halifax 

5 0.0 Granitoid 

Chlorite Facies 

Biotite Facies 

Amphibolite Facies 

Granite 

correspond to the legends 
Input Maps 

Sirnpiified Geology 

Regional Metamorphism 

Magnetics 

Contact Metamorphism 

Low 

Medium 

High 

in the input maps shown in Figure 7.2 

- 

0.5 km 

1.0 km 

1.5 km 

2.0  km 

Granite 

> 2.0 km 
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The inference network to combine the input maps used in this study is shown in 

Figure 7.5 .  Geology and magnetics are combined using the f u z y  AND operator. 

Considering the membership values in Table 7.4, the results of th is  operation (Map A) 

are that the highest ranking is assigned to the Halifax Group where it contains a high 

magnetic signature. The rest of the areas are ranked below the highest value, according 

to the mernbership values of each class. The GHT and anticline maps are combined 

using the fuzzy OR operator. This has the effect of seiecting both the GHT and the 

anticline areas separately, based on their fiizzy membership values (Map B). Map A 

and Map B are then combined with the regionai metamorphic and contact metamorphic 

maps using the gamma operation with a gamma value of 0.5. This essentially averages 

the four input maps to create the final ARD prediction map. The program used to run 

the h z z y  logic modelling is presented in Appendix D. The program was written such 

that a gamma value could be entered interactively. The output map is presented in 

Figure 7.3. 

7.6.3  Weights of Evidence Modelling 

The weights of evidence method is a data-driven technique that uses the location 

of known minera1 occurrences to estimate weights that are based on a measured 

association between predictor map patterns and the location of the mineral occurrences. 

Detailed discussions of weights of evidence modelling are presented in Bonham-Carter 

et al. (1988, 1989), Bonham-Carter (1994). and Wright and Bonharn-Carter (1996). 

The following introduction is taken from these sources. 



Contact 
Reg ional Metamorphism 

Metamorphism 

MAPA L MA? B 

1 I 1 

Magnetics 

Figure 7.5 A simply inference network for predicting acid rock drainage using fuzzy logic as the 
inference engine. The knowledge base is contained within map attribute tables containing fuzzy 
membership functions. Modified from Bon ham-Carter (1 994). 



216 

In the selected study ara ,  each sulphide mineral occurrence is assigned to a unit 

ce11 of area u km2 and the total study area represented by t km? The nurnber of unit 

cells containing an occurrence is given by N(D), where N( ) is the count of cells and D 

is the presence of deposits. The total area of the region is represented by N(T) = th 

unit cells. The prior probability of a ce11 containing an occurrence is P(D) and can be 

taken as the ratio N(D)/N(T). Posterior probability is equal to the pnor probability 

times a factor that is estirnated frorn evidence. Evidence may be present or absent 

depending on the favourability of the evidence. Therefore, postenor probability may be 

larger or smaller than the pnor probability, depending on 'how favourable" the 

evidence is. 

Evidence in this case cornes from predictor maps that are commoniy reduced to 

binary form resulting in an area that is more favourable for sulphide mineral 

occurrences (pattern present) and an area that is less favourable for sulphide minera1 

occurrences (pattern absent). Considering a binary predictor map B,, the "pattern 

present" area is N(B,) unit cells, and the "pattern absentn area is 

N(B;) = N(7) - N(Bj). 

Given the presence of the j-th binary pattern, the posterior probability that a ce11 

contains an occurrence is: 

(7.4) PCD I q) 

ivhere = absence of deposirs. Given the absence of the j-th binary pattern. the 



posterior probability that a ce11 contains an occurrence is: 

The posterior log odds of a ce11 containhg a deposit, given the presence of the j-th 

binary pattern is: 

(7.6) posterior log oddc (D (Bi) = prior log odds (D) + Wj* 

and given the absence of the j-th binary pattern is: 

(7.7) posterior log O& (D 1%) = prior log O& (D) + y-- 

The positive and negative weights of evidence are defined as: 

and 

(7 -9) 

respectively. The overall measure of spatial association between minera1 occurrences 

and the binary pattern is the contrast, C, that is defined as: 

(7.10) C, = 1 Wj* - Wj- 1 

In the case where n binary predictor maps are used as evidence, the posterior log odds 



can be expressed as: 

n 

(7.11) posterior log odds (D) = prior log oddr (D) + WP<7 
j -1 

where y&' is positive for the presence of the j-th binary pattern, and negative for the 

absence of the j-th binary pattern- The posterior probability used to create the final 

ARD potential map cm then be calculated from the posterior log odds. An important 

assumption made in this study is that the binary input maps used as evidence are 

condicionally independent. Conditional independence is necessary to satisw Bayesian 

probability theory when combining two or more maps by this data-driven technique. 

For this study, a total of 121 sulphide minerai occurrences, and five input maps 

were used as evidence including geology, regional metamorphism, buffered anticlines. 

buffered GHT, and vertical gradient rnagnetics. The contact metamorphic map, used in 

the fuuy logic approach, was not used in the weights of evidence modelling because ir  

is known that sulphide rnineralization does occur in contact metamorphic areas (Chapter 

2 ) .  The location of approximately half of the minera1 occurrences were extracted from 

the Nova Scotia Department of Natural Resources Minerai Occurrence Database. rnost 

of which are gold occurrences. It is important to note here that although these are 

defined as gold occurrences in the database, there is a known association of gold with 

sulphide rnineralization. Therefore, for this study, these locations are considered to be 

sulphide mineral occurrences and the presence or absence of gold is not important in 

this context. The rernaining sulphide mineral occurrences were either selected from a 
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variety of sources including Hingston (1985) and King (1994), or were areas visited 

during the course of study (Chapter 2). The underlying assumption for al1 the mineral 

occurrences used here is that ail sulphide minerals are treated the same (Le., there is no 

attempt to distinguish between pyrrhotite, pyrite, or chalcopyrite). 

Evidence maps used in weights of evidence modelling are usually reduced to 

binary form through a process of pattern optirnization. For the five input maps used as 

evidence for this study, three (proximity to anticlines, proximity to GHT, and vertical 

gradient magnetics) were optimized ia order to rnaximize the spatial association 

between the sulphide minera1 occurrences and the predictor pattern of the evidence 

map. The optimization process involves calculating weights for each successive class. 

using cumulative areas and the number of sulphide mineral occurrences in each class. 

For each class, the contrast, C, is then calculated which represents the measure of 

association between the pattern and mineral occurrences. Table 7.5 shows the results 

using an example for the proximity to anticline map. The table shows the cumulative 

area, number of occurrences, positive (w +) and negative (w-) weights. and contrast for 

each class. The total land area is 8121.37 lan2 for the smdy area. Figure 7.6 shows a 

plot of contrast against distance showing that the maximum contrast value occurs at a 

distance of 0.25 km (class 1) from the center of anticlines. This indicates that the 

highest spatial association occurs within 0.25 km of anticlines and a binary map is 

produced using this 0.25 value as the optimum threshold value between pattern present 

and pattem absent. 

For the two categorical maps (geology and regional metamorphism), the class 



Table 7.5 Summary of weights for cumulative distances from the center of major 
anticline structures using a unit ce11 of 1 M. The contrast (C) bas a 
maximum value at a distance of 0.25 km from the center (at class 1). 

CIass Distance Cumulative Cumulative w+ w- C 
Area (km2) Sulphide 

Occurrences 

5 4.0 km 5749.78 99 O. 15 -0.48 0.63 

- - - - - - - - - - - - - - - - - - - - - - - - - - -  
>4.0 Total = 8121.37 121 



I 1 1 1 1 

0.25 1 2 3 4 

distance from anticlines (km) 

Figure 7.6. Graph of contrast versus distance from anticlines. The maximum contrast occurs 
at 0.25 km, which is taken as the cutoff between binary classes for this evidence map. 
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corresponding to the highest contrast value was chosen to represent 1, and al1 other 

classes within each map were taken as O, in order to produce the binary maps. A 

sumary of the calculations showhg class, positive and negative weights, and contrast 

values for al1 five evidence rnaps are show in Table 7.6. The calculations were 

performed in spreadsheet format following the cornputer program presented in 

Appendix 2 of Bonham-Carter (1994)- Several published examples were used to check 

the spreadsheet calculations. 

The weights of evidence mode1 equation used to calculate posterior probabilities 

is presented in Appendix D. The final posterior probability map (or ARD potential 

map) showing areas that are favourable for the generation of ARD is presented in 

Figure 7.3. 

7.7 Cornparison Of Favourability Maps 

The resulu of the three modelling techniques. Boolean logic, fuzzy logic, and 

weights of evidence, show some broad similarities. Figure 7.7 shows four areas 

(numbered 1 to 4) that have been visited during the course of this snidy and are known 

to have ongoing ARD problems. AIl four areas have been outlined by al1 the rnodelline 

methods used in this study, and show either moderate to high ARD potential. Al1 four 

areas are associated with rocks belonging to the Halifax Group andor the GHT. and as 

well, are in high magnetic areas. Conversely. wifhin the study area. there are no areas 

thar are known to have ARD, that have k e n  defuied as having low ARD potential by 

any of the methods. However, it is important to note that this should not be taken as the 



Table 7.6 Summary of weights of evidence calculations d e t e a d  for each input 
evidence map. The positive and negative weights are used in the mode1 
equation (Appendix D) to gewrate a posterior probability map showing 
ARD potential. Using geology as an example, the positive weight 0.92 is 
used for pattern present, and the negative weight -0.37 is used for pattern 
absent in the binary map. 

Class Class Description Positive Negative Contrast Evidence Map 
Weight Weight (0 
(w+) (w-) 

Halifax Group 0.92 -0.37 1.29 geolog~ 

within 0.25 km O. 89 -0.10 0.99 anticlines 

11 2 biotite facies O. 18 -0.16 0.34 reg ional 
II me tamo rp hi sm 

within 0.5 km 0.22 -0.03 0.25 GHT 



Figure 7.7. Geological map showing location of four ARD sites (numbered 1 to 4). Location 5 
discussed in text (geology modified from Keppie, 1979a). 
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final analysis. For exarnple, in theory, ARD could develop in the Goldenville Group 

where there is extensive pyrite rnineralization that is not associated with either a gold 

occurrence or anticlines. In such a case, based on the evidence used in this study, the 

area could be defmed as having low ARD potential. Sunilarly, pyrite or rnarcasite 

mineralization in the Halifax Group, that is not associated with magnetic pyrrhotite, and 

not close to the GHT, could be defmed as having low ARD potential. 

Comparing the results of the three modelling methods also reveals some major 

differences. This is especially important in comparing the results of the Boolean logic 

method with the results of either the fuuy logic or weights of evidence methods. For 

the Boolean logic method, evidence is assigned either a "yes" or 'no* value, and the 

resulting map shows either ARD potential or no ARD potential. However. for the fuzzy 

logic and weights of evidence methods, A R û  potential is ranked (or scaled) from low to 

high. The result of these differences means that some areas on the Boolean map are 

defined as having no ARD potential, whereas for the fuuy logic or weights of evidence 

maps, the areas are defmed as having at least some ARD potentiai. An example of this 

occurs at the center of area 5 on Figure 7.7, which shows no ARD potential in the 

Boolean logic mode1 (Fig. 7.3 A) but is defmed as having at least moderate ARD 

potential in the fuzzy logic and weights of evidence models (Figs. 7.3 B and C). The 

rocks in this area belong to the Halifax Group, are not highly magnetic, and there are 

no major anticlines at this location (Fig. 7.2 C ). Such areas should be ùiterpreted with 

caution and more detailed work is necessary. This is a clear example showing that it is 

important to use al1 available data to assess ARD potential, and that no single method is 
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the best. The Boolean me- should not be used by itself without comparing the 

results to the fuzzy logic and weights of evidence rnethods. 

This leads to the final question as to how the ARI) potential maps should be 

used. The intention is that they be used in a broad, regional sense, as a " first passw 

indication of possible ARD areas. For example, this could be important in the initial 

planning stages of major construction activities such as the building of a pipeline or 

highway. Areas that show high ARD potential should be viewed as requiring further 

detailed work, and it is likely that such areas would eventually require drilling and 

detailed sampling for chernical analyses. It is also likely that plans would be required 

for ARD remediation and/or prevention. Areas defined as having medium to low ARD 

potential are not guaranteed to be "safe" and may stili require more detailed analy sis. 

One of the most important aspects of determining if a specific area has the potential to 

produce ARD is geoiogical mapping. This can be done on any scale from 

reconnaissance to detaiied, and should always be performed in any ARD study. 

7.8 Summary And Conclusions 

Each of the map modelling techniques, Boolean logic. fuuy  logic, and weights 

of evidence, used in this study have advantages and disadvantages. The Boolean logic 

method is simple and easy to apply, but it is not flexible in its ability to assign weights 

for different classes. The output map shows only those areas that have ARD potential 

or do not have ARD potential . There is no flexibility in assigning "possible" or 

" maybe* areas. This approach would be the best method if every factor concerning 
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ARD potential was known. However, it is important to note that there are still many 

uncertainties with respect to the generation of ARD and there is plenty of scope for 

further work in defining what factors affect ARD potential in the Meguma Supergroup. 

The fuzzy logic technique is more flexible in its ability to assign weights to 

individual evidence maps and map classes. This knowledge-driven technique is better 

than the Boolean method in its ability to handle uncertain or imprecise data. Through 

the use of the fuuy membership function, each of the evidence layers c m  be assigned 

values so that the importance of each layer is ranked. The fuvy logic method is also 

relatively simple to use and easy to implement, but is also robust. Complex inference 

engines can be implemented depending on the complexity of the problem to be solved. 

The weights of evidence method is the only technique used in this study that is 

entirely driven by the data used, and of5ers a good cornparison to the expert-driven, 

Boolean and fuzzy logic methods. The posterior probability map showing ARD 

potential, defines sirnilar 'high-risk" areas compared to the expert-driven techniques. 

However, the method relies on the known location of sulphide minera1 occurrences to 

calculate weights for each evidence layer, and may not be appropriate in situations 

where there is a limited number of known occurrences. The method also requires that 

the evidence layers be conditionally independent which is assurned in this study. This is 

a limitation in this study and generally should be checked for as one of the steps in the 

weights of evidence modelling procedure. 

In al1 maps produced by the techniques presented in this thesis, in general the 

areas showing the highest potential to develop ARD are associated with the Halifax 
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Group andor the GHT, and are areas having the highest magnetic signatures. This 

results from the presence of monoclinic pyrrhotite that is well-known to be problematic 

for producing ARD. However, as a final caution, there are no guarantees that al1 

possible ARD producing areas have been outlined, and in the final analysis the 

prediction of ARD potential should always include the decisions of experts. 



Chapter 8 

Conclusions And Future Work 

1) By far, the predominant sulphide mineral in the samples of sulphidic slates from the 

lower Halifax Group examined in this study is pyrrhotite. Also present, in lesser 

amounts are: pyrite, marcasite, chalcopyrite, arsenopyrite and sphalente. Microprobe 

data indicate that the pyrrhotite is mainiy the monoclinic variety (Fe&. The 

compositions of al1 pyrrhotite crystals probed are between 45.5 and 47.5 atomic % Fe. 

in the ideal monoclinic pyrrhotite range. Data from pyrrhotite in drill core samples 

from the Halifax International Airport also suggest the pyrrhotite is predominantly 

monoclinic Fe$,. Common impurities in the pyrrhotite, detected with the microprobe, 

are Ni, Co, and As. 

XRD analyses of pyrrhotite from five samples show typical, almost equal 

intensity double peaks, indicative of monoclinic pyrrhotite. These data confirm the 

results of the microprobe work. Cornparisons of pyrrhotite compositions among 

sampIes taken from different geological settings (Le., within and outside the contact 

metamorphic aureoles of granitic intmsions) suggest there is little to no regional 

variation in pyrrhotite composition. 

2) Detailed image analyses of pyrite, monoclinic and hexagonal pyrrhotite, 

arsenopyrite, galena, and sphalente, at various stages of oxidation over a six week 

period, has led to important information about the controls of reactivity rates. Galvanic 
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interactions play a significant role, especially in the galvanic protection of chalcopyrite 

within pyrrhotite. Pyrite and arsenopyrite, when in contact with pyrrhotite, may also be 

galvanically protected, although these occurrences are much rarer than that of 

chalcopyrite within pyrrhotite. 

Crystal lanice affects (e. g . , intergrowth textures, crystal orientations, subgrain 

boundaries) are also significant. Lamellar intergrowth textures have k e n  observed 

within pyrrhotite and possibly rnarcasite, and both rninerals react significantly faster 

relative to pyrite, arsenopyrite, chalcopyrite, and sphalerite, al1 of which have smooth 

surfaces. The intergrowth texture is crystallographically controlled and differential 

oxidation occurs between lamellae and host. Subgrain formation is well developed in 

al1 pyrrhotite aggregates, and in some arsenopynte observed in this study. Different 

subgrains oxidize at different rates, and subgrain bounâaries appear to be more highly 

oxidized then the subgrain centers. 

The presence of bactena has the overall affect of increasing the reaction rates 

for most sulphide rninerals studied. h general, the order of reactivity between sterile 

and rnicrobial treatments did not change with the exception of monoclinic and 

hexagonal pyrrhotite. Hexagonal pyrrhotite, containing more iron than the monoclinic 

type, oxidized faster in the presence of bacteria, possibly reflecting an enhanced 

oxidation of ferrous to ferric iron. 

3) The secondary minerals resulting from sulphide oxidation can be properly 

identified, and due to their different solubilities, an effort should always be made in this 
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direction. The seasonal variations in iron and sulphate in any given system will depend 

on the abundance and type of secondary minerals. Any attempt at geochemical 

modelling of ARD must include the formation of these unstable secondary minerals. 

Trace element distributions c m  also be affected by secondary mineral precipitation, 

oxidation, and dissolution. 

4) In general, rocks in the Meguma Supergroup contain little neutralizing potential. In 

places where the neutralizing po tential is significant , further mineralog ical studies 

should be undertaken to access the type of carbonate minerals present. Iron and 

manganese carbonates are cornmon, especially within the GHT, and the overall 

presence of carbonate minerals stiould not be used as a "safe" indicator that the rocks 

wilI not be net acid-generating. The most common sulphide minera1 present in the 

Halifax Group is moaoclinic pyrrhotite. The reaction rate of this mineral is relatively 

fast and, in the field, acidity can be produced quickiy in the short term. Because of the 

low neutralizing potential, the rocks do not have significant capacity to neutralize the 

acid produced. This leads to surges of acidity which cm lead to fish kills and 

degradation of surrounding ecosy stems. 

In the rocks examined in this study, differences between NP  values detennined 

by the Sobek method and the BCRiT method are interpreted to be of little significance, 

mainly because of the overall low NP values. Detailed mineralogid analyses should 

always be perforrned in conjunction with any static test program, and can aid in the 

overall interpretation of the potential for rocks to be net acid-generating. 
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5) Reconnaissance geophysical surveys on two gnds near Halifax hternational Airport 

have demonstrated that conductivity and magnetic surveys can define zones of sulphide 

rnineralization within bedrock of the lower Halifax Group. This has been demonstrated 

by chemical analyses of rock sarnples excavated from test pits located on selected 

geophysical anomalies. lncreased levels of total sulphur were measured at nearly al1 test 
C 

pi ts where terrain conductivity and magnetic anomalies (derived fiom magnetic 

pyrrhotite) are present. 

6) GIS rnap modelling has proven to be an effective method of outlining areas within 

the Meguma Supergroup that rnay cause acid rock drainage in the future. Boolean 

modelling is simple and easy to apply , but is not flexible in its ability to assign weights 

for different classes. The output map shows oniy those areas that have the highest 

possibility of producing ARDT however, this approach is still very useful for land use 

planning purposes. It can give an indication as to where the "worst-casen areas within 

the Meguma Supergroup exist, and would be an important srep in a prelirninary analysis 

for ARD prediction. 

The f u u y  logic technique is much more flexible in its ability to assign weights 

to individual maps and rnap classes. This knowledge-driven technique is better than the 

Boolean method in its ability to handle uncertain or imprecise data. Through the use of 

the fuzzy membership fùnction, each of the evidenze layers can be assigned values so 

that the importance of each layer is ranked. The fuzzy logic method is also relatively 

simple to use and easy to irnplement, but is also robust. Complex inference engines can 
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be implemented depending on the cornplexity of the problem to be solved. 

The posterior probability map produced by the data-driven, weights of evidence 

method appears to give good results based on what is lcnown about existing ARD areas 

studied in this thesis. The weights of evidence map also shows similar "high-nsk" areas 

compared to the expert-driven techniques. 

In ai i  maps produced by the techniques presented in i h i s  thesis, in general the 

areas showing the highest potentiai to develop ARD are associated with the Halifax 

Group and/or the GHT, and are areas having the highest magnetic signatures. This 

results from the presence of monoclinic pyrrhotite that is well-known to be problematic 

for producing ARD. 

7) It is clear that an accurate prediction of the intensity and duration of acid rock 

drainage must involve a detailed study of the minerals involved, because many of the 

controls are mineralogically related and site-specific. Whether or not ARD actually 

occurs in any given area depends on numerous factors and can only be assessed on a 

site-specific basis. Thorough sarnpling and accurate testing to predict ARD potential, 

including detailed mineralogical studies, are an essential step in land use planning 

throughout the Meguma Supergroup. and any other regions that contain sulphide- 

bearing bedrock. 

Future considerations should include the following : 

1) detailed sulphide mineral paragenesis correlated with individual formations 
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throughou t the Megwna Supergroup. This would allow for better prediction capabilities 

based on geology and stratigraphy. Also, a detailed account of mineral textures, 

including exsolution intergrowth textures should be performed. This aids in the 

interpretation of the metamorphic history of the rocks, and also helps predict where 

certain types of sulphide rninerals may occur (e . g . , in cleavage planes). 

2) For reactivity rate experiments it would be useful to measure iron and sulphate 

release into solution in order to better understand the mechanism of dissolution. Such 

measurements could also include any trace elements that rnay be present. 

3) An expanded âatabase of secondary mineralogy is essential to understand the 

sources and sinks of both major and trace elements in the field. First, more samples for 

basic mineral identification is required. Second, trace element distributions in the 

secondary rninerals should be measured. A sample collection program should be based 

on seasonal variation in order to understand the precipitation and dissolutions reactions 

involved in wetting and drying periods. 

4) An expanded geophysical survey cornbined with adequate bedrock sarnpling for 

mineralogy and geochemistry is required to confirm the correlation between 

geophysical anomalies and bedrock suiphide mineralization. 



Appendix A 

Methodologies for the BC Research Initial Test (BCRIT) and the Sobek 
Method (EPA - 600 Method) for acid-base accounting 



BC Research initial Test (BCRIT) Procedure 
(Bruynesteyn and Duncan, 1979) 

1. Initial Test 

(a) Sarn~k - The sample selected must be taken in such a manner that it is truly 

representative of the type of mineralization king examined. A composite made 

up of split drill core or of randornly selected grab samples should be 

satisfactory. The number of samples to be examined will depend on the 

variability of the mineralization and must be left to the discretion of the 

geologist taking the samples. The buik sample is crushed to a size which can be 

conveniently handled, (i .e., -2 inch) and then thoroughly rnixed and 

approximately a 2 lb portion split out, using the usual coning and quartering 

technique. This sample is then pulverized to pass a 100 mesh screen and used 

for assay , the titration test, and the c ~ ~ r m a t i o n  test if necessary . 

(b) Assav - The pulverized sarnple is assayed in duplicate for total sulphur. The use 

of a Leco furnace is recomrnended, although a chernical oxidation technique 

followed by barium sulphate precipitation is satisfactory. The total sulphur 

assay value is expressed as pounds of sulphuric acid per ton of sample, 

assuming a 1 : 1 conversion factor, which is the acid-producing potential of the 

sample. 

(c) Titration Test - Duplicate 10 gram portions of the pulverized sample are 

suspended in 100 ml of distilled or de-ionized water and stirred for 

approximately fifieen minutes. The natural pH of the sample is then recorded 

and the sample titrated to pH 3.5 with 1 .O Normal sulphuric acid and left 

stirring. If an automatic titrator is used the test is continued until less than O. 1 

ml of acid is added over a 4 hour period. If rnanual titration is used, the 

addition of acid is repeated every half-hour (approximately) until the pH change 



over a 4 hour period is O. 1 pH unit or less. The total volume of acid added is 

recorded and converted to Ibs per ton of simple. This is the acid consuming 

ability of the sample, ie: 

For a 10 gram sample: 

acid consuming ability (or NP) (kg / tonne) = mL 1 .ON H,SO, * 4.9 

(d) Jntemre- - If the acid consuming value (in kg of acid per tome of sample) 

exceeds the acid-producing potential (kg per tonne) then the sample will not be a 

source of acid mine drainage and no additional work is necessary. If the acid 

consumption is less than the acid-producing potential, the possibility of acid 

mine water production exists and the confirmation test should be conducted. 



Sabek Method (EPA - 600 Method) 
(Sobek et al., 1978; taken from Price , 1 997) 

During digestion, do not boil samples. if boiling occurs, discard sample and r e m .  
Before tiuating with acid, fil1 buret with acid and drain completely. Before titrating 
with base, fil1 buret with base and drain completely to assure chat free titrant is being 
added to the sample. 

C hemicals 

1) Carbon dioxide-free water: Heat distilled water just to boiluig in the beaker. 
Allow to cool slightly and pour into a container equipped with ascarite tube. 
Cool to room temperature before using. 

2) Hydrochloric acid (HC1) solution, 0.1 N certified grade. 

3 Sodium hydroxide (NaOH), approxïmately 0.5 N: Dissolve 20.0 g of NaOH 
pellets in carbon dioxide-free water and dilute to 1 liter. Protect from CO, in the 
air with ascarite tube. Standardize solution by placing 50 mL of certified 0.1 N 
HC1 in a beaker and titrating with the prepared 0.5 N NaOH until a pH of 7.00 
is obtained. Calculate the normality of the NaOH using the following equation: 

N2 = (NlVl)N2, where: 
V 1 = Volume of HCI used. 
N 1 = Normality of HC1 used. 
V2 = Volume of NaOH used. 
N2 = Calculated normality of NaOH. 

Note: Other methods of standardizing grepared NaOH solution, such as the use of 
triplicate accurately weighed samples of potassium acid phthalate, can be employed and 
should lx consistent with a laboratory's QA/QC procedures. 

4) Sodium hydroxide (NaOH) approximately O. 1 N: Dilute 200 mL of 0.5 N 
NaOH with carbon dioxide-free water to a volume of 1 liter. Protect from CO2 
in air with ascarite tube. Standardize solution by placing 20 mL of certified 0.1 
N HCI in a beaker and titrating with the prepared O. 1 N NaOH until a pH of 
7.00 is obtained. Calculate the nonnality of the NaOH using the equation in No. 
3 above. 

Note: Other methods of standardizing prepared NaOH solution, such as the use of 
tripIicate accurately weighed samples of potassium acid phthalate, can be employed and 
should be consistent with a laboratory's QA/QC procedures. 



5 )  Hydrochloric acid (HCI,) approximately 0.5 N: Dilute 42 mL of concentrated 
HCl to a volume of 1 liter with distilled water. Standardize solution by placing 
20 mi, of the lmown normality NaOH prepared in No. 3 above in a beaker and 
titrating with the prepared HCl until a pH of 7.00 is obtained. Calculate the 
norrnality of the HCl using the following equation: 

N 1 = (N2V2)/V1, where: 
V2 = Volume of NaOH used. 
N2 = Normality of NaOH used. 
V 1 = Volume of HCl used. 
N2 = Calculated normality of HCL 

6)  Hydrochloric acid (HCI), approximately O. 1 N: Dilute 200 mL of 0.5 HCl to a 
volume of 1 liter with distilled water. Standardize solution as in step 5 above, 
but use 20 mL of the bown normality NaOH prepared in No. 4 above. 

7) Hydrochloric acid (HCl), 1 part acid to 3 parts water: Dilute 250 rnL of 
concentrated HCl with 750 mL of distilted water. 

Mat erials 

1) Flasks, Erlenmeyer, 250 mL. 

2 )  Buret, 100 mL (one required for each acid and one for each base). 

3) Hot plate, s tem bath can be substituted. 

4) pH meter equipped with combination electrode. 

5 )  Balance, c m  be read to 0.01 g. 

Procedure 

1) Place approximately 0.5 g of sample (less than 60 mesh) on a piece of aluminum 
foi1 . 

2) Add one or two drops of 1:3 HCl to the sample. The presence of CaCO, is 
indicated by a bubbling or audible "fizz". 

3 Rate the bubbling or ' fizz" in step 2 as indicated in Table 1. 
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Table 1 : Volumes and Normalities of Acid Addition for NP Determination Based on 

11 Moderate 40 0.5 

II Strong 80 0.5 

Weigh 2.00 g of sample ( les  than 60 mesh) into a 250 mL Erlenmeyer flask. 

Carehilly add HCl indicated by Table 1 into the flask containing sample. 

Heat nearly to boiiing, swirling flask every 5 minutes, until reaction is 
complete. Note: Reaction is complete when no gas evolution is visible and 
particles senle evenly over the bottom of the flask. 

Add distilled water to make a total volume of 125 mL. 

Boil contents of flask for one minute and cool to slightly above room 
temperature. Cover tightly and cool to rwm temperature. CAUTION: Do not 
place nibber stopper in hot flask as it rnay implode upon cooling. 

Tiuate using 0.1 N NaOH or 0.5 N NaOH (concentration exactly known) to pH 
7.0 using a pH meter and buret. The concentration of NaOH used in the titration 
should correspond to the concentration of the HCI used in No. 5 above. NOTE: 
Titrate with NaOH until a constant reading of pH 7.0 remains for at least 30 
seconds. 

If less than 3 mL of  the NaOH is required to obtain a pH of 7.0. it is likely that 
the HCI added was not sufficient to neutraîize al1 of the base present in the 2.00 
g sample. A duplicate sample should be nin ushg the next higher volume or 
concentration of acid as indicated in Tabte 1. 

Run a blank for each volume or normality of acid using steps 5, 7. 8, and 9 
above. 



Calculations 

1) Constant (C) = (mL acid in blank) / (mL base in blank). 

2) mL acid consumed = (mL acid added) - (mL base added multiplied by C). 

3) Neutralization Potential (as t CaCO, equivalent/ 1000 t matenal) = (mL of acid 
consumed) * (25 .O) * (N of acid). 

Interpretation of Results 

Effective Field-NP is a site-specific value, estimated through static and kinetic tests as 
explahed above and in Chapter 8 and 10 of Price (1997). Nevertheless, some general 
interpretation guidelines are available. 

1) Al1 Lab-NP procedures underestimate Field-NP where aluminosilicate minerais 
are sufficiently reactive and alone provide effective neuuaiization (Morin and 
Hun, 1994 and 1997). In these cases, NP should be calculated from whole-rock, 
multi-element and rnineralogical data. 

2 )  For carbonate systems, snidies in British Columbia have shown that the NP 
method of Sobek et al. (1978) may slightly overestimate Field-NP (e.g., 
M inesite Drainage Assessrnent Group, 1996). 



Appendix B 

Location map and stratigraphie descriptions for MF samples (Beaverbank Highway 
samples) and CB samples (Caribou drill core). 



LECEND 



ZONE A 

ZONE B 
MF95-23 
Y F95-24 

ZONE C 
MF95-35 

Suarigraphic section of Beaverbank Highway site showing location of M F  samples to 
lithostratigraphic zones (taken fkom Feetham. 19%). 



Drillhole Details for -1-SA 

Unit 

Drillhole details for Caribou drill core (CB sarnples) showing stratigraphie description 
and thicknesses (taken from Burns, 1997). 



Suatigraphic section for the Caribou drill core (taken from Burns, 1997). 



Sample descriptions (CB samples) for the Caribou drill core (taken from Burns, 1997). 



Sample descriptions (CB samples) for the Caribou drill core (taken from Burns. 1997). 



Appendix C 

Me thods for detennining the parameters in the following table (tenninology min1 y 
from Price, 1997). 

G) fiu. = method in Appendix A 
H) crushed (paste) pH = pH measurement of paste made by adding distilled water to powdered sample 

1) total S = LECO titration (DaItech - C. Cole) 
J) sulphide S = total S after HCl treatment minus total S after HNO, treaunent 
K) sulphate S = total S minus total S after HCL ueaanent 
L) BaSO, S = insoluble sulphate S = barium as %Ba from metai analyses (32-061137.34) 
M) organic S = total S after HN03 ueatment minus BaSO, S 
N) del S (sulphur discrepancy) = total S - (sulphate S + BaSO, S + sulphide S + organic S) 

O) AP (acid potential) = calcaiated by (sulphide S + del S 3 1 -25) 
P) TAP (cotai acid potencial) = calculated by (Total S * 31 -25) 

Q) Sobek NP = method in Appendix A (Daitech - C. Cole) 
R) BC Research = method in Appcndix A (Ddtech - C. Cole) 

S) tom1 C (as % C) = LECO ticration (Daitech - C. Cole) 
T) total C (as % CO3 = total C (as C) 3.6642 
U) organic C (as % C) = LECO titration a k r  acid ieach (Daltecb - C. Cole) 
V) organic C (as %CO3 = organic C (as C) 3.6642 
W) carbonate C (as CO3 = totai C (as CO2 - organic C (as CO3 

X) Carb NP = carbonate C (100.09/44,01) 10 
Y) NNP (net neuualization potential) = Sobek NP - AP 
Z) TNNP (total net neuualization potential) = Sobek NP - TAP 
AA) CNNP (carbonate net neuvalization potential) = Carb N P  - AP 
AB) CTNNP (carbonate t o d  net neuvalization potential) = Carb NP - TAP 
AC) NPR (neuualization potcntial ratio) = Sobck NP / AP 
AD) TNPR (total neutralization potential ratio) = Sobek NP / TAP 
AE) CNPR (carbonate ncuualization potential ratio) = Carb NP / AP 
AF) CTNPR (carbonate cotai neutraikation ratio) = Carb NP / TAP 
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SPANS modelling programs for Boolean logic, fuzzy logic, and weights 
of evidence methods. 

Boolean Logic Mode1 

lacal int a, b, c,d, e, f, g, i, j, k, l,m, booland, final 

ô = class ( "geoquad2") 
b = class ("metaquad") 
c = class ("vg-class") 
à = class ("buf-gra4") 
e = class ("buf-gntl") 
f = class ("bufantilw1 

CJ = keyeatable ( "geoquad2", "class", a, "boolean" ) 
i = keyeatable ("metaquad", "class", b, "boolean") 
j = keyedtable ("vg-class", "class", c, "boolean") 
k = keyedtable ("buf_gra4", "class", d, "boolean") 
1 = keyedtable ("buf ghtl", "class", e, "boolean") 
m = keyedtable ( *'buf&tilw, "class", f, "boolean") 

c a l 1  resulc (final) 



Fuzzy Logic Mode1 

l o c a l  int a, b, c, a, e, f 
lccal f loat g, i, j , k, 1, m, f zand, f zor, gam, fprod, fsun, fqzm 

e = class ( "buf-ghtl" 1 
D = class ! "Suf-gra4" ) 
c = class("bufanti1") 
a = class ( "geoquad2" ) 
e = class ("metaquad") - - I - ciass ("vg-class") 

- = keyectable ("bu£ ghtl", "class", a, lWfm" 1 
i = keyedtable ("b~f-~ra4", "class", b, "fm") 
- 1 = keyeàïable ("bufântil", "classW, c, "fm") 
k = keyedtable ("geoquad2", "class", d, "fm") 
1 = keyedtable ("metaquad", "class", e, "fm") 
rn = keyedtzble ("vg-class", "classl', f, "fm") 

f z â n d  = min (k,m) 
fzor = max (g, j 1 

F n p u r  "Value of Gamma?" gam 

f p roa  = i'l*fzand*Czor 
fsum = 1 - ((1 - fzand) * (1 - i )  '(1 - fzor)*(l - 1)) 
f garn = pow ( f sum, gam) 'pow ( fprod, 1-gam) 

cell result (fgam) 



Weights of Evidence Mode1 

(Noce: positive and negative weights calculatea in spreadsheet as 
àiscussed in text). 

lccai f loat priop, postp, fl, f2, f3, f4, f 5 ,  sumw,  prioro, lprioro, posto, 
iposto 

pr iop  = L21.0/3121-37 
prioro = priop/(l-priop) 
lprioro = In (prioro) 

if (class ("buf-ghtl" 1 =l) then 
fl=O. 22 

. - 
1: (class ("metaquad") =2) then 
f3=G.18 
else - - 
= 3 =  -0.16 
enc i i  f 

if (class ( "qeoquad2" ) =4 ) then 
f4=0.92 
eise 
f4= -0.37 
endi f 

. - . - ,, (class ("vg-class") =31 then 
f 5 = C .  55 

sumw = f l  + f2 + f3 + f4 + f5 
lposto = sumw + lprioro 
p o s t o  = exp(1posto) 
p s t p  = posro / (1 + posto) 
call result (postp) 
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