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AB STRACT 

The inorganic and isotopic chemistry of water being discharged fiom abandoned coal 

mines in the Sydney Coalfield, Cape Breton, Nova Scotia has been characterized in detail 

for the first time. Four diverse aspects were documented: 1) regional variations within the 

coalfield, 2) temporal variations at a single outfall, 3) lateral variations in minewater 

flowing downstrearn, and 4) vertical variations in minewater within an abandoned shaft. 

The rninewaters discharged from the outfalls in the coalfield were predominately Ca-S04 

type and were not uniformly acid minewaters. A spectrum of water chemistry was found 

to exist, from net-alkaline high sulphate to net-acidic high sulphate waters. This suggested 

a range of environments from sites where pyrite oxidation and significant carbonate 

buffering occurred, to sites where pyrite oxidation occurred but carbonate buffering was 

lacking. The presence of limestone and calcrete beds, which cap the coal searns or  occur 

in the interseam strata, was crucial to the development of the well-buffered waters. The 

abundance of carbonate and sulphide minerals Vary within the coalfield. The dissolved 

iron concentration was dependent on whether the water emerged fkom an oxidizing or 

reducing environment, and on the pH of the water. Sites well connected to the ground 

surface (e-g. No. 1 A) had oxidizing conditions and low dissolved iron. In contrast, sites 

isolated from the ground surface (e.g. No.25) had reducing conditions and high dissolved 

iron concentrations. Iron, in the femc species, was present in high concentrations at sites 

with low pH waters (e.g. Momsons Pond). Isotopic data collected in this study indicates 

that the Mnewaters flowing from the outfalls are meteoric in origin, and are l e s  than 10 

years old. Sulphate makes up more than 35 percent of the anions in minewater and less 

than 35 percent of the anions in uncontaminated groundwater. 

Temporal variations in minewater chemistry were evaluated at the No. 1A outfall. This 

outfall was re-opened at the beginning of this project on April22, 1997. Discharge from 

this outfall was characterized by baseflow recession during which tirne the water level in 
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the workings was lowered to sea level. The changes in water chemistry which occurred 

during this period were quantified with geochemical modeling and were found to be due to 

two set of reactions: 1) the oxidation of pyrite and subsequent hydrolysis of fenic iron, 

resulting in the precipitation of ferric hydroxide in the workings, and 2) the dissolution of 

carbonate rninerals, and the resulting buffering of acid. 

Downstream variations in water chemistry were studied over a 300 m reach of channel at 

the No.25 site. At this site the rate of iron oxidation was 1. 10-l l to 5.  10'" ((moVL)/min) 

exceeding the theoretical rate of 3 . 1 0 " ~  ((rnol/L)/min). This data suggested that 

bacterially mediated oxidation occurred as the minewater came into contact with the 

streambed. The concentration of dissolved oxygen increased dong the stream, 

exponentially, through re-aeration, and exceeded the oxidation demands of iron. In 

addition, the alkalinity of the minewater was observed to be stable in the stream. This 

differed from theoretical reactions which predicted a decrease in aikalinity in response to 

iron oxidation in net-alkaline waters. Based on the downstream changes in chemistry, and 

the measured discharge, the mass of iron and arsenic deposited annually over the channel 

reach studied, was 7600 to 8400 kg and 3.0 to 3.4 kdyear, respectively. 

Vertical variations in water chemistry were studied at the 113 Shafi. The concentration of 

major cations and anions increased vertically ftom 6578 to 8254 mg& in the shaft. The 

shaft water was Na-Cl type, with an increasing percentage of Ca-S04 type with depth. 

The minewater was not strongly stratified. However, there was an upper oxidizing zone 

fiom 425 to 475 fi and a lower reducing zone frorn 500 to 650 fi. Based on sulphur, 

oxygen and deuterium isotopes, and CVBr data, the 1B Shaft water is mixture of shallow 

minewater, such as that observed at the No. IA outfall, and seawater, at a ratio of 4: 1 to 

5: 1. Based on data from 1990 to 1997, there has been a general increase in the percentage 

of seawater in the shaft since 1990. A general improvement in water quality, related to a 

decrease in the acid mine drainage components, has occurred since 1992. 



1. INTRODUCTION 

1.1 Study Scope 

In this study the chemistry of water being discharged from abandoned coal mines in the 

Sydney Coallield, Cape Breton, Nova Scotia was investigated (Figure 1-1). The work 

was principally focused on abandoned mines whkh discharge water above sea level in the 

Glace Bay sub-basin (Figure 1-2). This research was conducted as part of a larger study 

known as the Carboniferous Hydrogeological Research Project ( C m )  which has 

investigated the hydrogeology of coal mines situated below sea level. 

One of the issues underlying this study was the ongoing problem of passive flooding of the 

abandoned collieries. Previous studies of the water level in the coalfield indicate that 

abandoned submarine workings are gradually filling with water. Once these workings fil1 

to sea leveI the expectation is that the water will overflow at the coastline through sea 

drains (JWEL 1993, 1997). These abandoned collieries may contain extremely poor 

quality water (low pH, high dissolved metals) according to data fi-om pumping of the 

No. 1B Sh&. In addition, the flooding of the abandoned submarhe mines may increase 

the potential for water ingress into active submarine mines. The rate at which the mines 

are flooding and the quality of the water that might be discharged are important 

environmental and mining issues. 

This study contains idonnation of direct practical value as well as more theoretical 

information on the water flowing fiom the abandoned mines. The nature of the chernical 

reactions which occur within the abandoned workings was therefore of interest. This 

information, and the associated analyses, will hopefidiy assist the Cape Breton 

Development Corporation (CBDC) to make informed decisions about the potential 

environmental impact of these waters. 



It was the re-opening of a plugged sea drain and the regdatory requirement to monitor the 

discharged waters that initiateci this particular study. Opening the No. 1A sea drain was 

expected to reduce the volume of water seeping into the deeper workings and help stave 

off the rising water level in the submarine workings. It becarne apparent that several other 

uncontroîled and unmonitored sites existed within the coalfield. These outfalls were 

causing minewater to discharge at the ground surface and dong the Coast. The scope of 

this study was broadened to include these sites. Original data collected for this study 

could also prove helpful in evaluating the appropnateness of allowing the existing outfalls 

to fieely discharge. h addition, the information could assist with the design of water 

treatment programs, should this become desirable or necessary. 

The scope of the study was expanded to hclude the water chemistry in the upper section 

of the abandoned submarine workings. Specifically, the 1B Shaft was evaluated to 

determine the water quality and the origin of the water in the shallowest section of flooded 

submarine workings. An assessment was made of the controls affecthg water chernists, 

in the shaft. 

The approach taken in this study was to examine four diverse aspects of the minewater to 

obtain knowledge of the specifics of the discharge problem. The first aspect was to 

examine the regional variation in water discharges for the mining district. The second was 

to undertake a detailed study of a point source discharge. The third inquisr focused on the 

downstream effects of discharged minewater. Finally, a detailed study was undertaken to 

determine the vertical variations in water quality within one abandoned mine shaft. 



Figure 1-1 
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1.2 Objectives 

The objectives of this study were as follows: 

1) To document the factors affecthg minewater chemistry, including mining methods, 

bedrock hydrogeology, geology and mineralogy. 

2) To provide for the first time detailed information on the chemistry of the water 

discharged from abandoned sub-surface coal mines in this region. Specifically, 

i) to locate, sarnple and monitor dl known passive discharges fiom the Sydney 

Coalfield mine systems, 

ii) to conduct an overall appraisal with regard to chemical water quality and the 

variability in that water quality at ail known sites where minewater reaches the 

surface, and 

iii) to describe the isotope geochemistry of the passive discharges and of the 1B 

ShaR water. 

3) To compare the controls on water chemistry within and outside the mine workings, 

using the No.25 and No. 1A sites as case studies. It was also desired to gain some 

understanding of the hydrology of selected outfalls in this area. 

4) To evaluate the utility of forma1 geochemical modeling as a method of assessing the 

chemistry of these minewaters. 

5) To determine the relationship between minewaters in the 1% Shaft, the minewaters 

emerging at the surface through outfalls, and the minewater seeping into active and 

abandoned submarine collieries. 



6) To document the mineraiogy and chemistry of the precipitates, or 'octires', that were 

found coating beach grave1 and Stream beds at certain outfds. 

Detailed investigations of each site were conducted, as outlined below. 

The No. 1 A site investigation was directed toward determining the: 

i) minewater chemistry, 

ii) precipitate chemistry, 

iii) temporal changes in chemistry, 

iv) discharge rates and the relationship to precipitation events, 

v) relationship between discharge and volume of workings, and 

vi) reactions controlling the variations in muiewater chemistry. 

The No25 site investigation was intended to establish the: 

i) downstrearn variation in water chemistry, 

ü) precipitate chemistry and mineraiogy, 

üi) discharge rates and the relationship of discharge to precipitation events, 

iv) rate of oxygen transfer, 

v) rate of ferrous iron removal fiom solution, and 

vi) metal loading in the minewater stream-bed. 

The 1B Sh& investigation focused on the: 

i) vertical changes in chemistry within the shaft, 

ii) changes in chemistry in the sh& over t he ,  

iii) origin of the water within the shafl, and 



iv) determination of the relationship between this shaft water and rninewater 

discharged from the outfds and water within the active and abandoned 

submarine workings. 

1.3 Units of Measurement 

Since the Sydney coalfield has been actively mined for more than 200 years, the working 

units in the coallield, such as the mine grid, vertical datum, seam and strata thiclcness, and 

areas worked were recorded in Imperia1 units. The mining authority for the coalfield, the 

Cape Breton Development Corporation, works in Impenal units. To maintain consistency, 

Imperiai units were used for vertical elevations in the 1B Sh& and discharge 

measurement. SI units are used for al1 other quantities. This is consistent with other 

recent scientific investigations and engineering studies of the coalfield. 

1.4 Description of sites 

The collienes of the Sydney coalfield have been grouped into a series of distinct 

'Hydraulic Systems' by previous investigators (JWEL 1993, 1997). These systems of 

interconnected workings, tunnels andor boreholes were classified on the basis of mine 

plans and water level data. The relationship between sample sites considered in this study 

and the interconnected mines is shown in Table 1 - 1. The sites in bold type were 

monitored and sarnpled for this study. 



Table 1 - 1. Summary of Mine Interconnections (afler JWEL 1997). 
1 

Hydraulic Sy stem 

Nos. 12/14 12, 14 
No. 18 17, 18 16 
No. 8 8, Sterling, 1 

Intercomected Mines 

Harbour Seam Phalen Emery Gardiner 
Seam S e m  Seam 

1B 9,29, 26, lA, lB, 10 

Hub Seam 

Additional outfkils were found during this study that had not been identified by previous 

investigators. These outfdls were located at the Clyde and Momsons Pond sites. StafFat 

Isolated Colleries 

the Nova Scotia Department of Naturd Resources, who were prepkng an inventory of 

abandoned mines, provided assistance in this regard. The Clyde reference relates to the 

sea drain fiom the Phalen seam workings, located west of Port Caledonia. It has been 

varîously referred to as the "Clyde Mine" and the "Ontario Mine". Similady, the reference 

to Monisons Pond relates to a sea drain fiom Hub seam workings, located West of Point 

Aconi. 

Site visits were made to the Old Victoria Mine and the Old French Mine in Blockhouse, 

Cape Breton. Despite an exhaustive search, no outfalls were found at these sites. An 

attempt was dso made to access a potential water level on the Phaien seam at North 

Head. The steep coastal cliffs and lack of a beachhead made this area impassable. 

Old Harbour 
Old Victoria 15,23, 

Phalen, 
Clyde 

11, Old 
Emery 

25, 
Pioneer 
Strip 
Mine 

7, 
Morrisons 
Pond 



The reference to the 1B Colliery in Table 1-1 relates to the samples fiom the 1B S h a  

which is directly connected to these workings. A brief description of each site is presented 

below. The site descriptions are grouped according to the nature of the hydraulic 

interconnections. The geographical location of each of the sites investigated is shown in 

Table 1-2. The relative positions of each of the seams and respective water sarnple points 

are shown in Figure 1-3. 

Table 1-2. Geographicai CO-ordinates of the sites investigated. 

1 No.24 site 14  1 46" 10' 30" N 1 59" 57' 05" W 

Site 

No. 1A outfd 

Hydraulic System 

1B 

No.8 outfd 

Old Harbour Mine outfall 

1 No. l 1 outfall 1 Isolated 1 4 6 " 1 1 7 0 3 " ~  1 59°57'5T'W 

No. 7 outfall 

Latitude 

46"1lY52"N 

8 

8 

1 Clyde outfàll 
I I 

1 Isolated 146" 1OY51"N 159" 54' 18"W 

Longitude 

60°03'10"W 

Isolated 

No. 25 outfall 

46" 12' 54" N 

46"11739"N 

59"59' 39" W 

59O57'08"W 

46" 12' 26" N 

Isolated 

Momsons Pond outfall 

59" 57' 06" W. 

46" 11752"N 

Isolated 

60°03' 1OY'W 

46" 19'31"N 60°19'02"W 



Glace Bay Synclin 

Diagrammatic Geological Crosa Section 

8 

- - 

Diagrammatic Geological Cross Section Figure: 1-3 



1.4.1 No.1A outfall and No.1B Shaft 

The No. 1 A outfdl and the No. 1B Shaft are part of the 1B Hydraulic System. The 1B 

Hydraulic System includes Collieries 1 4  IB, 2,5,9, 10,20,26,29 and the Lingan 

colliery workings in the Phalen, Harbour and Emery seams. The No. 1A colliery was in 

semice fiom 1893 to 1927 (Frost 1964). The 1 B Hydraulic System includes the 

abandoned Lingan colliery. The analysis and interpretation of water chemistry data fiom 

this mine was not within the scope of this study. Martel (in preparation) investigated the 

chemistry of water fiom the abandoned Lingan and active Phalen collieries. 

The No. 1A outfaIl (Figure 1-4) is located on the shoreline near the end of Cottage Street 

in Dominion. The 1B Sh& (Figure 1-5) is located at the shoreward end of 1 B Shaft 

Street next to the abandoned No.26 Colliery building. 

The No. 1A outfall was a monitoring point for the 1B Hydraulic System as an indicator of 

its water chemistry and drainage rate. In addition, water samples were obtained fiom the 

1B shaR. The water level in this system was approxhately 350 ft below sea level during 

the sampling program for this study. The water level in the 1 8  Shaft continues to be 

monitored on an ongoing basis by CBDC. 



Figure 1 -4. Photograph of the No. 1 A outfall. 

Figure 1-5. Photograph of the No. 1B Shatt. 



1.4.2 No.4 outfd and No.24 site 

The No.4 outfall and No.24 site are part of the No.4 Hydraulic System which includes 

collienes 3,4 and 6 on the Phalen searn and the No.24 colliesr on the Emery and Phalen 

searns. 

The No.4 workings were in service fiom 1 866 to 196 1. The No.4 outfaIl (Figure 1 -6) was 

accessed fiom a road behind the Glace Bay Hospital. The No.24 workings were in service 

fiom 191 9 to 1953. The No.24 site (Figure 1-7) was accessed fiom an abandoned rail line 

which crosses Lake Road in GIace Bay. In this system, the water level generally varies 

between 13 ft and 19 fi Above Sea Level (ASL). The No. 3 and No.5 collieries are 

interconnected at the 16 ft ASL elevation. The water levels in this system were 

determined in previous work fi-orn measurernents in the No.4 shaft ( M L  1993). 

The water quality of one outfall in particular - No.4 - was investigated. This outfdl 

produced very little water over the course of the study and could be characterized as a 

tnie 'seep'. The low discharge suggests that there rnay be an obstruction between the 

outfall and the flooded workings. This interpretation is based on the observation that this 

outfdl is approximately at sea level (on the shore of Big Glace Bay Lake) whereas the 

minewater level is rnasured to be approxirnately 16 ft ASL. This differential would 

suggest a hydraulic potential that is not evident based on the discharge fiom this outfdl. 

Lirnited historical information was available for this system. This information indicates that 

poor mining practices were used in the early life of this colliery (Frost 1964). Specifically, 

pillars were removed in areas of comparatively little roof rock. This practice produced 

cave-ins and subsequent infiows of water amounting to 940 IrnpgaYmin. The water was 

reportedly very acidic with a pH of 2.1 (Frost 1964). In order to reduce the acidity, water 

fiom the abandoned No.3 colliery was allowed to enter the No.4 colliery. This mixing 

increased the pH to 6 and allowed the mixture to be pumped to the surface through 

boreholes for subsequent discharge into the sea (Frost 1964). 



At the No.24 site the water samples and monitoring data were collected in the wetland and 

in an ephemeral brook which drains this wetland. In addition, a natural pond adjacent to 

the wetland was monitored for cornparison with the wetland. The wetland is in a low- 

lying area possibly because of subsidence in the No.24 mine, where rninewater is 

discharged. A signifrcant number of large subsidence depressions were evident around the 

perimeter of the site on top of an adjoining rock spoil heap (Figure 1-8). These 

depressions would offer pathways for direct infiltration of surface water into the 

sub surface. 

Figure 1 -6. Photograph of the No.4 outfall. 



Figure 1-7. Photograph of the No24 site. 

Figure 1-8. Photograph of a subsidence feature on the spoil heap at No.24 site. 



1.4.3 No.8 and Old Ehbour Mine outfalls 

The No.8 and Old Harbour Mine outfds are part of the No.8 Hydraulic System which 

includes Colliery No.8 and the Old Harbour and Sterling Mines. These collieries were 

operated between 1858 and 1914. The water in ttus system is assumed to be at 

equilibrium with the outfalls, which are at approximately 5ft ASL. 

The No.8 and Old Harbour outfalls are situated on the western and eastem limbs of the 

Glace Bay syncline, respectively (Figure 1-2). The cornparison of these sarnples provided 

an indication of heterogeneity within the waters of an individual Hydraulic System. 

The No. 8 outfàll (Figure 1-9) is situated dong a remote area of the coastline in 

Bridgeport. The discharge is through a rock tunnel approximately 5 ft wide and 0.7 ft 

high. A thick bed of sandstone collapsed on the site between the March and June visits of 

June 1997. 

The Old Harbour outfd (Figure 1-10) is located adjacent to the fish processing plant in 

Glace Bay. The discharged water cascades directly into Glace Bay harbour through a 12" 

steel pipe situated in the wall of a harbour revetment. 



Figure 1-9. Photograph of the No. 8 outfall. 

Figure 1- 10. Photograph of the Old Harbour Mine outfdl. 



The No.7 colliery is isolated fiom al1 other collieries and was in service fiom 1866 to 

191 8. The workings are on the Hub seam, which is the geologically youngest and 

stratigraphically highest searn investigated in this study. Only a smdl portion of the total 

workings are above sea level. The water level for this system is probably 5 R ASL, based 

on the approximate elevation of the outfdl. The outfalI (Figure 1 - 1 1) is situated on a 

small beach on the east side of Table Head. The site can be accessed from Hays Street off 

Stirling Road. The minewater flows out of an 18" concrete pipe ont0 the beach. Some of 

the discharge measurements required periodic excavation of the area in front of the pipe 

before a measurement could be made, due to changes in the beach profile caused by wave 

action. 

Figure 1-1 1. Photograph of the No.7 outfdl. 



1 . 4 . 5  No. 1 1 outfall 

The No. 11 colliery provided a usefil basis of comparison because it is isolated fiom other 

flow systems. This colliery was in service fiom 1899 to 1949. The water level for this 

system is probably at approximately 20 ft ASL, based on the elevation of the discharge 

site. The discharge is best characterized as an artificial spnng. The No. 1 1 site (Figure 1- 

12) is located imrnediately beyond the barrier marking the end of Emery Road in Glace 

Bay. As a result of a recent restoration project at this former mine (and landfill site), the 

water discharged fiom the spnng was redirected into the neighboring Renfiew Brook. 

The impact of rninewater on the water-course was evaluated in this study. 

Figure 1 - 12. Photograph of the No. 1 1 outfall. 



1.4.6 No.25 outfall 

The No.25 colliery is the stratigraphically lowest mine studied and was in s e ~ c e  from 

1941 to 1959. The Gardiner seam was mined at this colliery. The discharge fiom the 

No.25 colliery was noted in W E L  (1 993). It is surmised that the discharge is flowing 

from a borehoIe near the location of the old shaft. However, there are no structures at the 

site and no remaining indications of a borehole or shaft. Extensive monitoring of the flow 

and water chernistry was conducted at this site. The water level at this location is probably 

at equilibrium with the ground surface situated approximately 57 fi above sea level. The 

discharge from this site (Figure 1-13) is situated in the village of Gardiner Mines adjacent 

to an abandoned rail line. 

Figure 2 - 13. Photograph of the No.25 outfall. 



1.4.7 Clyde Mine outfall 

This site (Figure 1-14) is located on the east side of the Glace Bay syncline. It drains a 

small isolated colliery on the Phalen seam located West of Donkin, near Doctor Brook. 

This site provided a cornparison with the water quality of the No. 1A site - whkh also 

drains Phalen searn workings and is located approximately 8 km to the west. The senrice 

dates of this coliiery are unknown. The colliery is sometimes referred to as the "Ontario 

Mine". 

Figure 1-14. Photograph of the Clyde outfd. 



1.4.8 Momsons Pond outfall 

The Momsons Pond sea drain (Figure 1-15) is situated near Morrisons Pond where the 

Hub searn is exposed dong the shoreline. This site is located approximately 2.5 km 

southwest of Point Aconi, and near the crest of the Boisdale Anticline. This site is located 

a significant distance (approximately 25 km northwest) away from the Glace Bay sub- 

basin and the other outfall sites described in this study. No schematic or other 

diagrammatic information was found for these workings. This colliery was likely 

operational in the 1800's and is sometimes referred to as the "Old French Workings". 

This site is of relevance because it allowed the chemistry in very old workings to be 

assessed and provided an example of minewater outside of the Glace Bay sub-basin. 

Figure 1-1 5 .  Photograph of Morrisons Pond site. 



2. PREVIQUS WORK 

Based on a survey of the published literature it became evident that the evaluation of 

discharges fiom abandoned coal mines has been the subject of research in many 

geographic areas. This includes studies of coalfields in the United States (Barnes and 

Clarke 1964; Gang and Langmuir 1974; Hollyday and McKenzie 1973; Ladwig et ai. 

1988; Naim and Hedin 1993; Allen at al. 1996; Foos 1997), the United Kingdom (Caimey 

and Frost 1974; Aljoe and Hawkins 1993; Younger 1995(a,b,c), 1997; Banks et al. 1997), 

Atnca (Bullock and Bell 1997) and Korea (Yu 1996). Many anciilary issues were 

explored in this study, which required additionai literature searches and reviews. These 

topics included studies on pyrite oxidation, oxygen transfer and rates of iron oxidation, 

precipitate chemistry and rnineralogy, metals in coal mine drainage, geochernical modeling 

and environmental isotopes. The most substantial work on pyrite oxidation was by 

Nordstrom (1982). Oxygen transfer and iron oxidation drew on the work of Nordstrom 

(1 985) and Hustwit et al. (1 992). Work on precipitates was influenced by the work of 

Fuge et al. (1 994). The study of metals was infiuenced by the work of Hyman and 

Watzlaf(1996). Geochemical modeling was aided by the work of IGWMC (1997a,b). 

The evaiuation of oxygen and sulphur isotopes was aided by the work of Taylor and 

Wheeler (1 994). 

Several previous studies on groundwater and mining in the Sydney coalfield were 

infiuential in setting up this study. The first study to put forward the recommendation to 

monitor the minewater outfalls was JWEL (1993). This study also provided a detailed 

review of possible infiltration pathways, a hydrologie budget for the study area, a 

conceptual mode1 of the intercomection between the abandoned coiiieries, and an 

enwonmental ranking of the outfalls. The study recognized the lack of outfd data as a 

limitation to the understanding of the hydrogeology and environmental ranking of the 

outfidis. The present study focused on those outfails identified in the 1993 JWEL study as 



posing the greatest potential environmental risk. The detailed field and laboratory data 

collected for this study have enabled some of the concepts and models presented in the 

1993 JWEL study to be advanced. 

Other usefùl background groundwater references were Baechler (1986), AD1 (1993), 

CBDC (1 994), Nguyen (1 994), and JWEL (1 997). The Baechler (1986) study details the 

regional hydrogeology of the Sydney coalfield. The AD1 (1993) study presents a 

conceptual mode1 of groundwater flow within the Sydney coalfield. The CBDC (1 994) 

study was a compilation report of consulting studies analyzing the water irinish problerns 

at the Phalen colliery. Nguyen (1 994) conducted a detailed study of the ground and 

surface water in a reclaimed coal strip mine in the Sydney Coalfield. The JWEL (1997) 

study provided a summary of water level and water quaiity monitoring within the 1 B 

Hydraulic System and Phalen coiliery. Geological studies by Boehner and Giles (1 9861, 

ûibling and Bird (1994), Marchioni et al. (1996), and Tandon and Gibling (1 997) 

provided usefùl background on the geology and mineralogy of the rocks and coaI seams. 

The mining methods and history at each of the collienes was described by Frost (1964). 

2.1 Hydrogeology of the Study Area 

The hydrogeology of the study area has been documented on a regional scale by Baechler 

(1986) and by AD1 Ltd. (1993). Baechler (1986) classified the rocks into the upper and 

lower Monen hydrostratigraphic units. Of the sites investigated in this project only one, 

the No. 25 outfàll, occurs in lower Morien strata. The remaining mine outfalls discharge 

fiom workings in the upper Morien. 

This hydrogeological framework difEers fiom purely geological studies (E3oehner and 

Giles, 1986) which subdivide the Morien Group into the Sydney Mines, South Bar and 



Waddens Cove Formations. The Sydney Mines Formation is the uppermost unit and 

contains the economically mined coal seams. It includes the same strata-set as the upper 

Morien hydrostratigraphic unit. 

The lower Morien unit (South Bar Formation) mainly comprises of arkosic grit, 

sandstone, s u e  and minor siltstone (Baechler, 1986). The sandstone beds in the Iower 

Morien (South Bar Formation) are good water supply aquifers in the Sydney Coalfield and 

most high capacity industrial and municipal wells are completed in this unit. 

The upper Morien (Sydney Mines Fonnation) comprises greater amounts of fine grained 

shale and siltstone than the lower Morien and has a lower hydraulic conductivity. Packer 

tests indicate hydraulic conductivity in the range of 4.2 . 10" to 3.4 . IO" d s  in the 

siltstone and shale, 4.1 104 to 1.6. 10-'m/s in the coai seams and 1.0. 10.'to 1.0. 10-' 

4 s  in the sandstondgrit unit (Baechler 1986). Packer tests in the a lower Morien (South 

Bar Formation) sandstone unit indicate a mean hydraulic conductivity of 1 .O . Iod to 5.0 . 

1 O" mis (Baechler 1 986). 

Historical records indicate a considerably greater number of problems of water incursion 

in the earlier mines due to their proximity to the surface in the more permeable strata. 

This promoted direct infiltration of shallow groundwater, and possibly subsidence, in older 

collieries (JWEL 1 993). 

With respect to characterizing water chemistry for the lower and upper Monen, no single 

distinct water chemistry can be defined - there are large overlaps and similarities in 

composition. Piper plots of water quality data fiom wells that penetrate the upper and 

lower Monen (Figures 2-1 and 2-2 respectively), show a broad range in water 

compositions for the fiaction of major cations and anions. The bedrock water chemistry 



reporîed by Baechler (1 986) provided a good indication of the background water 

chemistry relative to the minewater sarnpled and analysed in this study. 

The Iowa Morien water was described by Baechler (1 986) as fkesh (TDS 5 1-244 m@), 

sofi to moderately hard (hardness 10-1 60 mg/L), corrosive, predominantly calcium 

bicarbonate (Ca-HCOJ) waters. The pH ranged fiom 6.2 to 8.1, but was generaiiy 7.0- 

8.0. Total organic carbon ranged fiom 1-10 mg/L. Baechler reported that of the 19 metals 

monitored, only the following fiequently occurred above detection: iron (c0.02-8.3 mg/L), 

manganese (cO.01-6.6 mg/L), copper (<O. 0 1-0.25 mg/L), zinc (<0.005-2.4 mg/L), and 

barium (0.02-0.33 mg/L). This surnmary was based on samples taken at depths of 10 to 

1 19 m below $round surface. 

The upper Morien water was descnbed by Baechler (1996) as fiesh (TDS 150-250 mg/L), 

rnoderately hard to hard (hardness 90-220 mgL), corrosive, predominately Ca-HCOa type 

water with a pH range of 7 to 7.8. Total organic carbon ranged fkom 1-4 mgL. Baechler 

reponed that of the 19 metals monitored only three occurred above detection: iron 

(CO. 02- 1 .O mg&), manganese (CO. 1-2.4 mfl),  and barium (0.06-0.25 mg/L). This 

summary was based on samples taken at depths of 11 to 62.5 m below ground surface. 

Limited histoncal data was available on the minewaters withh the abandoned on-land 

collieries (Table 2-1). Although the data quaiity cannot be critiquai due to the limited 

number of analytical parameters, the pH of the No.4, 1 1,25 and 1B collieries was noted as 

being similar to that found in the minewaters sampled at these sites during this study. In 

particular the near neutral pH for the No. 1 B, No.4 and No.25 coiiienes, and low pH for 

the No. 1 1 colliery, are consistent with the data coiiected in this spdy. 



Table 2- 1. Historical measurernents of water chemistry in collieries, &er JWEL (1 993). 

The groundwater flow within the coaifield has been described macroscopically by AD1 

(1 993). They proposed a conceptual model for regional groundwater flow within the 

coalfield called a "homoclinal flank environment" based on work by LeGrand and 

Peîtyjohn (1 98 1) and Meisler et al. (1 988). The groundwater flow in the coalfield was 

downdip and seaward and was divided into on-land, exposed seabed, covered seabed and 

membrane settings. The on-land setting extends vertically to approximately 50 -75 m 

depth and incorporates that portion of the flow field where the bedrock aquifers crop out 

on-land. The minewaters sampled in this study were located within the on-land 

hydrogeological setting and were exposed to atmosphenc pressure and recharge. The 

implication of this model is that the groundwater in the on-land portion of the coiiieries 

flows toward the coastal sea drains. 

Values in m a .  
Coiiiery 
1B 

4 

11 

2 5 
" 

Location 
pit bottom 

weir at 
Quany Point 
7.5 
Lodgement 
Main Deep 

Date 
October 20, 
1970 
June 14, 
1974 
May 16, 
1938 
June 18/ 
1954 

pH 
6.4 

6.25 

3.3 

6.0 

Hardness 
294 

so4 

1008 

Cl 

2196 

TDS 

30 

60 

Fe 

3.5 

Al 

34 
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Figure 2-2. Piper plot of upper Monen (Sydney &es Formation) weU water. 



2.2 Geology of the Study Area 

The geology of the study area, particularly the stratigraphy and mineralogy, have 

implications for the minewater chemistry. The relevant stratigraphy and rnineralogy and 

the comection to minewater chemistry are described below. 

2.2.1 Stratigraphy 

Figure 2-3 summarizes the stratigraphy of the study area. Geologically the Morien Group 

is subdivided into the Sydney Mines, South Bar and Waddens Cove Formations. The 

Sydney Mines Formation is the uppermost unit, approximately 430 m thick, and consists 

of grey and red rnudstone, sandstone, siltstone, economically viable coal searns and 

timestone (Gibling and Bird 1994). It was the most important unit in this study because 

most of the outfds considered discharge water which has flowed through these rocks. An 

important aspect of the geology of this unit is that there is a systematic repetition of strata 

called 'cyclotherrns'. The on-land portion of the codiield comprises 12 of these cycles. 

They range between 12 and 72 m thick and extend fiom the Emery to the Point Aconi 

Seams. The cyclotherm boundaries are the top of the major coai searns. Between each set 

of coal seams there is a cyclic repetition of rock types. As a consequence, the type and 

proximity of the reactive minerais to the main flow paths (rnined seams) is somewhat 

predictable. In particular, calcite, a prirnary reactive mineral of great significance to the 

water chemistry, is present in thin layers of limestone which cap the coals and in calcrete 

layers midway up the cyclotherm. The Iimestones contain abundant fossil shells (bivalves 

and ostracodes) and fish materiai. The thickness and continuity of the limestone beds 

immediately above the coal seams Vary within the basin. These limestone beds are 

especiaiiy abundant in the Glace Bay sub-basin, the primary study area. Limestone 

comprises approxirnately 4% of the entire stratigraphic column in this area. In addition, 

the cyclothems are generaiiy thicker, and mals and limestones are more common. The 



limestones and calcretes are up to lm thick in this area of the coalfield (Tandon and 

Gibling 1997). 

The proxirnity of the calcrete layers to the seams is dictated by the cyclotherm thickness. 

The lower coals seams (e.g. Emery seam - No. 1 1 outf'all, Phalen Seam - No. 1 A, and the 

CIyde outfalls) are associated with thinner cyclotherns and as a result the calcrete layers 

are closer to the coal seams. By contrast, the upper searns (e.g. Harbour searn - Old 

Harbour Mine Outfall and No. 8 outfd; Hub seam - No. 7 outfall) occur in the thickest 

cyclothems and the calcrete layers may be further removed fiom the coal searns. 

Other geological factors which may influence the water chemistry are the type of rock and 

cernent above the seam. Major channel sand bodies intersect the coal seam in sorne 

places. Some of these sand bodies (e.g. above the Phalen seam) are tightly cemented with 

calcite for many meters and provide another source of calcium and aikalinity. Other sand 

bodies, such as the channel sands above the Hub Seam, are not cemented with calcite (M. 

Gibling, pers. comm. 1998). 
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Figure 2-3. Summary of coaifield stratigraphy. 



2.2.2 Mineralogy of the coal and bedrock 

The interpretation of the minewater discharge in this study required the consideration of 

the reactive mineral phases present. A review of existing information regarding the 

reactive rninerals of sigdïcance to this study is summarized below. This information is 

drawn fiom published studies (Zodrow 1978,1979; Nguyen 1994; Bird 1987; Tandon and 

Gibling 1997; and Marchioni et al. 1996). In addition, recent unpublished X-ray 

difiaction data, collected as part of the CHYP, were also considered. The CHYP samples 

were collected in the submarine workings fiom the sandstone bodies overlying the Prince 

and Phalen coal seams fiom the Sydney Mines Formation. 

2.2.2.1 Sulphides 

The principal sulphide mineral of significance to this study is pyrite (Fe&). The oxidation 

of pyrite is nature's most prolific acid-generating reaction and the cause of most acid mine 

drainage (Appelo and Postma 19%). Sulphide-oxidation reactions release H', S04 and 

~ e ' '  and other metais to infiltrating waters (Blowes and Ptacek 1994). 

Coal in the Sydney basin is hi& in sulphur, with pyrite fonning a high proportion of the 

total. Fynte makes up between 62 and 95 percent of the total sulphur in the Harbour 

seam (Hacquebard and Avery 1982). Table 2-2 shows the proportions of sulphur and 

pyrite reported for the coal seams within the coalfield (Gibling et al. 1989; Marchioni et al. 

1996). The dserence between these studies may be due to the fact that samples in 

Gibling et al. 1989 came fiom low-S coals. The samples in Marchioni et al. 1996 came 

low and high sulphur coals (M. Gibling, pers. comm. 1999). 
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Table 2-2. Surnmary of percent sulphur and pyrite in cod fiom the Sydney coalfiefd, 

d 

Hub 1 2.27 1 3 to4  

1 seam 

Point Aconi 

The generdy high pyrite content has been interpreted to reflect an estuarine to brackish 

marsh depositionai environment for the coals (Marchioni et al. 1996). The high pyrite 

content makes these coal seams prone to the generation of oxidation by-products. Based 

on a study of the Bras d'Or section of the Sydney Mines Formation, the py&e content 

tends to be highest near the roof and floor of the coal seams. Thin seams may therefore be 

expected to contain relativeIy more pyrite than thick seams deposited under the same 

conditions. The highest pyrite contents (> 15%) have been associated with the t h i ~ e s t  

mals (Marchioni et al. 1996). 

Mean Sulphur (96) 
( d e r  Giblinp: et al. 1989) 

- 

Harbour 
Bouthiiler 
Backpit 
Phalen 
Ernery 
Gardiner 

m t e  also occurs in the sandstone beds as framboids and at some locations it is abundant. 

Plant fragments in channel bodies also cornrnonly contain pyrite. A thick (lcm) sheet of 

pyrite was also reported dong the basai surface of some sandstone channel bodies 

(M.Gibling pers. comm. 1998). Nodules of pyrite, dong with siderite and calcite, were 

found in palaeosols above the Harbour coal seam (Tredls 1992). Pyrite is present in 

nodular caicrete developed on limestone as disseminateci crystals, and coats some fossils 

and stratal dissolution surfaces (Tandon and Gibluig 1997). 

Pyrite (%) 
(fier Marchioni et al. 1996) 

3 

2.46 
- 
- 

3.25 
2.74 
3.93 

9 to 18 
3 t o  10 
7 to 8 

9 
- 
- 



2.2.2.2 Carbonates 

Whereas sulphides are key to the generation of acid mine drainage, carbonates are key to 

the natural mitigation of these effects. The most prolific sources of alkalinity are the 

common carbonate minerals, calcite (CaC03) and dolomite ((CaMg)o.sC03) (Nilsen and 

Grarnmeltvelt 1993). Other carbonate minerals, such as siderite (FeCOa) and ankerite 

[(Ca,Mg)Fe(CO&], can ais0 provide a source of alkalinity. However, dissolution of these 

minerals d l  dlow only localized and temporary neutralization, for when oxidation and 

hydrolysis of their ferrous iron f i d l y  occurs, hydrogen ions will be released, which will 

largely, if not completely, negate previous neutralization (Momson et al. 1990, Banks et 

al. 1997). The dissolution of carbonates releases alkali and metal cations, including Ca, 

Mg, Fe and Mn. Because the dissolution of carbonates is generally rapid relative to 

transport rates, groundwater is more likely to attain equilibrium when in contact with 

these minerals (Blowes and Ptacek 1994). 

Calcite is the most commonly occurring, and chemically reactive, carbonate minerai. This 

mineral is generalîy concentrated in two distinct sections of the cyclothems - firstly, at the 

base of each cyclotherm (irnmediately above the coal where a dark organic rich limestone 

bed is present) and secondly, as nodular carbonate located between the grey mudstone and 

sandstone and the overlying red mudstone and sandstone. 

The dark limestones form extensive sheets fiom 15 cm to 1 m thick, pale to medium grey, 

with stratification weak to absent. The limestones consist of dense micrite that grades 

locally into coarser microspar and pseudospar with abundant ostracodes, bivalve shells, 

and fish material. 



Nodular calcretes are pale to medium grey and form sheet-like units, 50 -1 00 cm thick in 

the topmost grey sandstone and siltstone. X-ray diffraction analysis of calcrete samples 

indicated that calcite is the predominant carbonate phase and that minor amounts of 

dolomite are present. Carbonate cementation is also present at other stratigraphic 

locations. The topmost few metres above the nodular calcretes is partially cemented by 

carbonate. 

Carbonate cemented layers are also present in the fine-grained wings of channel bodies 

within the red mudstone. An examination of the palaeosols above the Harbour Cod fiom 

drill core found some carbonaceous layers, roots, nodules of pyrite, siderite and calcite 

(Tremills, 1992). Calcite cernent is widespread in some of the channel sandstone bodies 

(M. Gibling, pers. comm., 1998). Most limestones have undergone strong pedogenic 

modification and are brecciated to fiagmental in appearance (Tandon and Gibling, 1997). 

This latter property rnight tend to make these units more hydraulically conductive. 

Based on studies of acid neutralization in inactive mine tailings at several sites (Nordic 

Main U mine at Elliot Lake Ontario; Waite Amulet Cu-Zn mine at Noranda Quebec; and 

Copper Cliff Ni-Cu mine at Sudbury, Ontario) b u f f e ~ g  by calcite dissolution resulted in 

pH between 5.4 and 6.9 (Ptacek and Blowes 1994). However, a complementary study 

(Blowes and Ptacek 1994) suggested that at most locations the pH range for caicite- 

buffered waters is somewhat higher, ranging between 6.5 and 7.5. 

Siderite is a comrnon iron carbonate mineral within the Sydney basin, and occurs in close 

proximity to the coal seams. Siderite nodules have been observed immediately below the 

coal seams in gray structureless k a t  earîhs' 1-2 m thick, and in palaeosols at the tops of 

gray sandstone bodies (Tandon and Gibling 1997). Siderite was found in grey mudstones 

but was not detected in red mudstones (Gibling and Bird 1994). Siderite has been 

recognized in other coaifïelds such as the Durham coalfield in northem England (Banks et 



al. 1997). Ptacek and Blowes (1994) found siderite-buffered waters with a pH range of 

5.2 to 5.5, whereas Blowes and Ptacek (1 994) suggested a pH range of 4.8 to 6.3 is 

possible for siderite buffered waters. 

Dolomite is a minor carbonate mineral within the coalfield strata, but it is generaily limited 

to calcretes hosted in sandstone and within grey and red mudstones (Tandon and Gibling, 

1997). Nguyen (1994) reported dolomite, dong with sidente and calcite, in the waste 

rock at the Novaco Cod Strip Mine. Dolomite was considered in this study as a potential 

source of Mg. However, given the minor proportions of dolomite, it is possible that Mg 

substituted for Ca in the crystal stnicture of calcite and siderite may be another important 

source of Mg. Recent unpublished X-ray dieaction data, collected fiom the sandstone 

bodies above the Phalen and Prince searns, did not indicate any dolomite. However, Mg 

and Mn were found in minor qualities in cdcite and siderite cements in that study (M. 

Gibling, pers. cornrn., 1998). 

Ankente was observed as a minor secondary mineral replacing some feldspars (M. 

Giblirg, pers. comm., 1998). Ankente may be a very minor source of Ca or Fe. 

2.2.2.3 Hydrated sulphates 

Hydrated sulphates have been found in coals of the Sydney coalfield (Zodrow 1978 and 

Zodrow 1979). These are unstable rninerds which are generated as a by-product of the 

oxidation of pyrite. Zodrow (1979) identified severai hydrated sulphates, including 

metasideronitrate, siderionatrite, halotrichite, rozenite, melanterite, fibrofemte, 

alurninocopiapite, and rhomboclase. Zodrow (1 979) proposed a paragenetic sequence 

from pyrite to these hydrated sulphates and suggested that they are generated as a result of 

oxidation of pyrite exposed at the coal faces. Zodrow (1979) suggests that these minerals 

are ultimately washed out into the mine environment. 



Hydrated sulphates, dong with metal bearing hydroxides and oxyhydroxides may help 

reduce the rate of pyrite oxidation through the formation of secondary inhibitory mineral 

coatings (Blowes and Ptacek 1994). Metal bearing hydroxide and hydroxysulphate 

minerals are formed as the result of pH increases accompanying acid neutralization 

reactions. However, if these coatings are washed from the sulphide crystals, such as might 

occur in the case of a change in water level, the hydrated sulphates may be put into 

solution and the pyrite crystals may be renewed as oxidation sites. Younger et al. (1 995) 

indicated that the main cause of poor water quality in coal mine discharges was the 

oxidation of pyrite and the flushing into solution of various hydrated sulphates that are the 

products of oxidation. Younger et al. (1995) modeled the changes in water quality 

following water level nse and the resultant flushing of hydrated sulphates into solution for 

the Dysart-Leven coalfield in the United Kingdom. That mode1 predicted that the water 

quality detenorated significantly as the result of the flushing of the hydrated sulphates, but 

recovered within approximately two years. 

Zn the absence of readily soluble carbonate minerals, dissolution of aluminosilicate 

minerds can rnake a significant contribution to  neutralization. Aluminosilicate minerals 

(ma& siiiçates, feldspars and clays) may also be dissolved in waters affecteci by pyrite 

oxidation. The dissolution of these minerals fùrther consumes H' ions and contributes 

base cations (Ca, Mg, ~ e ~ ' ) ,  alkali elements (Na, K) and dissolved Si and Al to  the 

minewater (Blowes and Ptacek 1994). It should be noted that the rates of dissolution of 

these minerais are often significantly slower than those of carbonates (Banks et al. 1 997) 

and equilibnum between the water and aluminosilicate minerals is not usually attained 

(Blowes and Ptacek 1994). In particular, low pH waters may undergo reaction with clay 



minerals and provide some neutralization capacity (Banks et al. 1 997). Minewater 

reaction with c1ay minerals may help explain the high aluminum concentration in 

minewaters with pH less than 4 (e.g. Monisons Pond, No. 1 1 and No.24 sites). Aluminurn 

is a common component of clay minerals. Aluminosilicate and silicate minerals (e.g. 

quartz, feldspars, clays and micas) make up the bulk of the rock and surficial sedirnent and 

were probably the source of rnany of the dissolved ions found in the minewater and 

groundwater (e.g. Si, Al, K, Na, and Cl). 

2.3 Mining and groundwater flow 

The first docurnented histoncai rnining in the region indicates activity as early as 1685. 

French miiitary authorities oversaw mining f?om outcrops at that time (Frost 1 964). One 

of the sites studied, at Morrisons Pond, was previously known as the "Old French Mine" 

and was operational in the 1800's. 

Mine methods and the interaction of the mine voids with the rock mass c m  also impact 

water chemistry. At least 27 collienes were developed historically on five coal seams 

within the Sydney coaifield. The seams, listed in order of increasing depth are: Hub, 

Harbour, Phalen, Emery and Gardiner. The water discharged by the outfails and sarnpIed 

in the IB Shaf& samples was fiom room and pillar type mines (Frost 1964). This method 

left pillars to support the roof rock and left in place a large surface area of coal exposed to 

the atmosphere for oxidation. This method left strong piilars which supported the roof 

rock and minunized fiacturing. The interaction of the minewater with the carbonate rich 

roof rock depended on the extent of pillar removal and subsidence fiacturing in the roof. 

Selective and indiscriminant piUar removal may have contributed to fiacturing and 

subsidence by increasing the rock spans. Piilars were selectively removed at the Dominion 

Mines numbered 3'4'5, 7, and 8 and at the Sterling Mine. This practice, which is known 



as drawing or robbing the pillars, promotes subsidence and water infiltration into 

abandoned workings. 

The process of retreat longwall mining is generally limited to areas at depths in excess of 

1 O00 tt (Frost 1964). This mining method was used in the deeper offshore mines (Lingan, 

Prince and Phalen). This method removes al1 the coal over a large area, which greatly 

reduces the amount of pyrite available for oxidation. In addition this mining method 

causes the roof to collapse down to the floor and creates a carbonate-nch mbble in the 

mined void. This allows fkacturing of overlying rocks and passage of groundwater 

through a great thickness of fiactured rock, including carbonate layers high above the 

mined seam. The water in the longwall mines may be better buffered than water in 

workings an the same seam mined by room and pillar methods. The diirences in water 

quality between the minewater pumped fiom the 1B Shaft in 1993 and the water within 

the Lingan and Phalen mines may in part reflect differences between room and piilar and 

longwall rnining methods (Martel, in preparation). 

An additional effect of room and pillar rnining on water quality may corne Erom the 

practice of selective rernoval of low-sulphur coal ti-om the central part of the seam, while 

leaving in place the high-sulphur at the top and base of the seam. This practice was 

followed in very old audt systems (e.g. Morrisons Pond) and may have contributed to 

degraded water quality by limiting the groundwater contact with the strata overlying the 

searn. 

An important aspect of regional groundwater flow in an area where coal mining has taken 

place is the nature and extent of the interconnections between the workings. The potential 

physical flow paths can be numerous and difficult to predict. Cod measures (coal bearing 

strata) are described as an extreme case of a hydrauiically stratified medium (Ladwig et al. 

1988). Worked seams and mine interconnections are thin, highly permeable layers in 



which flow is p r i d y  p a d e l  to the plane of the bed. The encasing strata have low 

permeability and are hydraulically confined. Unmined coal and intact barriers represent 

IOW permeability 'bafIies' which further compiicate the flow paths. The concept of a 

hydraulic gradient and Darcian laminar flow, which is often used to simulate flow 

directions and rates in groundwater systems, rnay not always be applicable in abandoned 

collienes because flow within and between the mine cavities is likely to be turbulent 

(Younger 1995b). This makes detailed modeling of the physical flow system within these 

mines difficult. In addition, the rnining process may induce deformation, fracturing and 

collapse in the surrounding rock. These serve to increase hydraulic conductivity and 

promote seepage of surface water and groundwater fiom adjacent formations, sometimes 

described as interflow. At best, the interconnections which exist cm rnerely be identified 

fiom historic mine plans, water level measurements and water chemistry. 

2.3.1 Modes of infiltration 

The main controls on the infiltration of water into these mine workings are thought to be 

the (JWEL 1993): 

i) location of exposed bedrock, 

ii) type of surficial sediment, 

iii) type of bedrock fractures, 

iv) location of subsidence features, 

v) location of bootleg mines, 

vi) location of crushed zones, and 

vii) neighboring workings. 

Bedrock outcrops are thought to be the main zones for recharge into the coalfield strata 

(JWEL 1993; AD1 1993). However, maps of the Sydney coalfield by Boehner and Giles 



(1986) indicate that bedrock exposures are mainly limited to the coastline. The surficial 

sediments (till) which are widespread in the coalfield are thought to be relatively 

impermeable and are beIieved more likely to promote overland flow rather than vertical 

infiltration (JWEL 1993). Work to date suggests that vertical infiltration through the till 

may be an important pathway for infiltration. Although no hydraulic conductivities have 

been determined for the till the mean grain size suggests that infiltration through this 

matenal may be a good possibility. The most widespread till is compact, non-calcareous, 

stony, sandy silt to silty sand (Baechler 1986). The dominant grain size within the matrix 

varies fiom fine sand to silt and is dependent on the local geology (Baechler 1986). A 

more sandy grain size occurs in areas of South Bar Fornation, whereas a more silty grain 

size occurs in the areas of Sydney Mines Formation. 

Infiltration of water through the bedrock is partially controlled by fractures. The bedrock 

in the coalfield has been fiactured as a result of tectonic forces (folding), stress relief 

(related to erosion and uplift), and glacial processes (ice scouring, loading and unloading) 

(AD1 1993). The bedrock probably has abundant fiacture porosity, particularly near the 

ground surface. Three levels of fiactunng were proposed by AD1 (1993). Level 1 

fractures occur 2-5 rn betow ground level and are mainly horizontal to sub-horizontal, 

level2 fiachires extend fiom 5 to 75 m and are predominately vertical fiactures, whereas 

level3 fiactures occur at depths in excess of 100 m. These deeper fiactures are not 

interconnected and probably exert less control over groundwater flow than intergranular 

porosity (AD1 1993). 

The other pathway for infiltration is through subsidence-related fiactures, and this route 

may promote rapid recharge (JWEL 1993). No maps have been compiled showing the 

extent of subsidence features within the study area. However, subsidence feaîures are 

evidently scattered throughout the district. Suface subsidence is due to shallow mining 

and high yield extraction practices. Subsidence areas provide a potential infiltration 



pathway directly into the mine workings and have been reported over the No.4, 7, 8, and 

Old Harbour (Sterling Mine) collieries ( M L  1993). Surface subsidence at No.4 resulted 

in substantial flows of surface water into the colliery workings where drawn or crushed 

pillafs had initiated surface subsidence (Frost 1964). 

Bootleg mines and crushed zones also affect the infiltration of water into the workings. 

Bootleg mining is the unauthorized extraction of coal, usually near the surface, by pnvate 

individuals. The bootleg mined areas provide potentiai sources of water inflow into the 

collieiy workings. These aiso provide near surface connections in the colliery because 

bootleg operations can extend across the sudace portions of barrier pillars. Crushed 

zones are caused by the collapse of remaining pillars and may result f?om the practice of 

the selective 'robbing' of pillars. The 1993 JWEL report produced a series of charts 

showing the location of workings within 100 A of the surface, crushed zones within 200 fi . 

of the surface and areas of potential bootleg mining. This mapping shows that the outcrop 

edge of most of the mined searns in the Glace Bay sub-basin is an area of potential bootleg 

minùig. These areas probably provide exceptional pathways for infiltration of 

precipitation, and for surface and shallow groundwater movement into the abandoned 

workings. These areas may also be prone to rapid recharge. A number of the outfalls 

investigated in this study are located near potential zones of bootleg rnining (IA, 4, 7, 8, 

Old Harbour (Sterling), 11,24, and Clyde). In contrast, no potential bootleg mined areas 

were mapped near the No.25 site. The absence of bootleg mining at this site may help 

account for some of the flow characteristics identifïed and described later in this report. 

There are no large cmshed zones present in the vicinity of the outfalls. These are likely 

muior features in cornparison with the bootleg rnined areas. 

The No.25 colliery is known to have experienced two major infIows of water (Frost 

1964). The fist occurred when the mine was opened in 1943 when mining unintentionally 

struck the flooded workings of the neighboring Old Gardiner Mine. This caused flooding 



and the loss of two lives. The Old Gardiner Mine was a former shaft mine opened in 1870 

and closed in 1893. The second major infiow occurred in 1959 when a water-bearing fault 

was encountered. The risks of future flooding warranted mine closure that same year 

(Frost 1964). 

2.3 -2 Pathways for Passive Discharge 

The discharge of minewater fiom the abandoned workings is by passive discharge which is 

gravity fed and requires no active pumping. At most of the sites evaluated for this study, 

mine drainage occurs through the use of sea drains. The exceptions are the discharges 

fiom the No. 11 and No.25 mine workings because at these sites the minewater is 

overflowing at the ground surface. 

The sea drains were in existence while these mines were active. It is assumed that sea 

drains must also have been designed to direct infiltration away fiom the slopes which lead 

to the deeper workings. It is assumed that water within the workings was also pumped to 

the level of these drains and allowed to discharge into the sea. 

Sea drains were monitored and sarnpled as part of this study at the No. 1 A, 4,7, 8, Old 

Harbour, Clyde, and Momsons Pond sites. The discharges fiom the No.25 site occur 

through an abandoned borehole near an abandoned coal shafl. At the No. 1 1 site the 

discharge is occurring near the main portal, probably through fractures in the roof of the 

entry or air slope. The No.24 site was identified as a potential outfall location in a 

previous study (JWEL 1993). However, the outfàll was not located in this study. The 

No.24 site consisted of a wetland and an ephemerd Stream adjacent to a major waste-rock 

pile. 



Some intentional flooding of the mines has occurred in the past. The No. 1A and No.7 

collienes were both intentionally flooded through tunnels running to the shoreline, in order 

to extinguish fires in 1903 and 1906 (Frost 1964). The flooding affected areas of the 

collieries below sea level. The existing No. 1A and No.7 outfalls may be connected to 

these old tunnels. 



The field work was designed to focus on the No. 1A and No.25 collieries, and the 1B 

Shaft. This design enabled specific aspects of the minewater to be evaluated. 

The No. 1 A site provided 'point source' data about the chemistry and flow behavior fiom a 

single discharge site between March 1997 and January 1998. The observations fiom the 

No.25 site illustrated the chernical reactions which impacted minewater exposed to the 

atmosphere. This unique site was the only one where minewater flowed over the ground 

surface, for a significant distance, before entering a naturd water course. This field work 

at the No.25 site was concentrateà between March 1 997 and Septernber 1997. The 1B 

Shaft provided an access point to sarnple the minewater within abandoned workings 

situated below sea level. Vertical variations in minewater chemistry were evaluated at the 

1 B Shaft site in August, 1997. Data collected fiom the other sites, along with data fiom 

the Nos. 1A and 25 collieries and 1B Shafl, were used to study the variations in 

minewater chernistry within the coalfield. 

Field and laboratory work was conducted between March 1 997 and January 1998. The 

field program consisted of monitoring and sampling to provide new data for analysis. The 

parameters rnonitored were pH, pe (redox potential), dissolved oxygen, specific 

conductance, temperature, and discharge rate. The analysis program investigated both 

wat er chemistry and precipitate chemistry. The water sampling and laboratory analysis 

prograrn focused on major anions and cations, trace metals, iron species, and 

environmental isotopes. The precipitate sampling and anaiysis focused on trace metals and 

precipitate mineralogy. 

This study included speciation and mass balance modeling using United States Geological 

Survey (USGS) geochemical software, in particular PHREEQC (IGWMC, 1997a) and 



Netpath (IGWMC, 1997b). Software training was undertaken at the Colorado School of 

Mines as a component of this research effort. 

3.1 Field Program 

The pK pe, dissolved oxygen concentration, conductivity, discharge and water velocity of 

the outfalls were measured at each site, where possible. Field test equipment was 

bonowed tiom Dalhousie University, Cape Breton Development Corporation, Nova 

Scotia Institute of Technology, and the University College of Cape Breton. The field 

methods associated with these measurements are described below. 

The pH was measured ushg a Onon model 290A portable pWISE (ion selective 

electrode) meter equipped with an Orion low maintenance pH etectrode with a silver-silver 

chloride reference solution. The pH readigs of this instrument automatically 

compensated for the effects of water temperature, and were referenced to a temperature 

of 25°C. The pH meter was calibrated each moming before going into the field using a 

three-point buffers method - either using buffer solutions of pH 4, 7, and 10; or 2,4 and 7. 

The field pH readings were recorded to two significant figures to be consistent with the 

accuracy and repeatability of the instrument. 

Dissolved oxygen was measured using a YS1 model 57 oxygen meter. The meter was 

calibrated on-site for atmosphenc pressure pnor to each measurernent. Dissolved oxygen 

readings were read to within O. 1 mg&. The concentration of dissolved oxygen in 

minewater was measured at the No. 1 4  No.4, No.7, No.8, No. 1 1, No.25, Old Harbour 

Mine, Clyde, Morrisons Pond outfdl, and the 1E3 Shaft. At the No.25 site, dissolved 

oxygen measurements were also made dong the Stream in order to evaluate both the rate 

of re-aeration and the role of re-aeration in ferrous iron oxîdation. 



The conductivity of the water was measured using a Hanna multi-level conductivity meter, 

a Hach conductivityRDS meter, and a YS1 mode1 33 conductivity meter. The 

conductivity was checked against a standard solution of 1000 mg/L NaCl. The Hach and 

YS1 rneters had calibration capabilities. The water temperature was detennined by the 

thermal probes in the Orion portable pWISE and Hach conductivitylTDS meters. The 

redox potential (pe) was measured using Onon portable PHASE meter equipped with a 

combined redox electrode. The electrode had a potassium-chloride reference solution 

which was periodically replaced. The field redox potentials were expected to reflect the 

~ e ~ ' / ~ e l +  redox couple, as this is considered the moa important detenninant of pe in iron- 

rich acid mine drainage water (Nordstrom et al. 1979). 

Discharge was measured at the No. 1 A, No.7, No. 1 1, and Old Harbour Mine outfalls, 

using a graduated container and stopwatch. Repeat measurements were made at each of 

the sites and an average discharge was determined. The discharge at the No.25 site was 

measured by way of a V-notch weir constructeci at the site specifically for this project 

(Figure 3-1). Discharge was important because it provided a key measure of the volume of 

water and, when combined with the water chemistry, the solute loading. In addition, the 

discharge history was used to help detennine whether the system appeared to be open or 

closed to surface water contributions. Discharge has been used in the past as a factor in 

ranking the environmental risk of the outf is  (JWEL 1993). However, no direct 

measurements of flow were made prior to this study. 



Figure 3-1. Photograph of discharge rneasurernent method (weir) at the No.25 site. 

Prior to building the weir, an estimate of discharge was made using a dilution technique 

(Herschy 1985) using Rhodamine B dye (Figure 3-2). The discharge determined fiom the 

dilution test was used in the weir design to help choose the angle and height of the V- 

notch. 





The dye equiprnent used consisted of a portable Masterflex Sampling Pump, mode1 701 5- 

20 (Figure 3-2). For the measurement, a source batch consisting of a container of dye and 

minewater was prepared. A sample was taken of this source batch to obtain a pre-dilution 

concentration. The source batch was then discharged into the streamflow at a constant 

rate. Samples of the streamflow were taken at 5, 10, and 20 minute intervals at a point 

15 m downstream. Two sets of dye samples were collected at each of these times. The 

rate of discharge fiom the source batch was determined volumetricdly. The discharge in 

the stream was calculated fiom the following equation: 

where, 

Q2 = discharge rate of the minewater in the stream, 

QI = discharge rate of the dye into the stream, 

CI = concentration of the dye in the source batch, 

Cz = concentration of the dye in the stream. 

Implicit in Eqn 13-1 3 are the assumptians that no dye is present in the initial minewater and 

that no dye is lost in the downstream direction. The discharge of the outfall was 

calculated ushg Eqn [3-11 to be 250 ImpgaVmin. Samples were analyzed at the Food 

Science Lab, DalTech and at the Environmental Chernistxy Lab, QEII Health Sciences 

Centre. A general equation [3-21 for flow through a V-notch weir was taken fkom 

Herschy (1 985). 

where, 

Q = discharge (L3/~ ,  herein m3/s) 



Cd= weir coefficient, estirnated to be 0.6, 

h = height of water above the invert of the V-notch (L, herein m), 

0 = angle of the V-notch, 60' in this case. 

The weir was calibrated on two separate occasions volumetrically by capturing the flow 

passing over the V-notch. This calibration provided a means to estimate the weir 

coefficient. The published design value is 0.577 for a V-notch with an angle of 60'. 

The average water velocity at a given cross section could be determined fiom the cross- 

sectional area of that section according to: 

where, 

V, = average velocity 

Q = discharge measured at the weir 

A = the cross sectional area of the channel normal to direction of flow 

Velocity was also measured using a Marsh-McBimey Flo-mate Mode1 2000 Portable 

Flowmeter, an electromagnetic device (Marsh-McBimey Inc 1 990). The average velocit y 

of the stream was measured at 5 to 20 m increments dong the channel using this 

fiowmeter. The velocity was measured with the probe positioned at approximately 60% 

of the stream depth for each station. 

A second expenment was designed and conducted at the No.25 site to evaluate whether 

bacteria may be affecting the oxidation rate. Iron-oxidizing bacteria are filamentous and 

need to attach to a surface, such as the streambed (J. Young, pers. cornm. 1997). By 

isolating samples fiom the stream, the effect of bacteria was negated. The equipment for 



the experirnent consisted of a water-tight plastic container, a dissolved oxygen meter, a 

stirring rod, a stop watch, some sample bottles, and nitric acid. The experiment was 

perforrned in two phases: a) confimation of dissolved oxygen transfer into the stream, 

and b) artificial re-aeration and samphg for dissolved iron. 

In the first, phase samples drawn fiom the outfall were transferred into the container. The 

container was kept in the middle of the strearn to maintain the water within it at the 

temperature of the strearn. The water was then stirred at a fixed rate to simulate 

turbulence in the stream. The dissolved oxygen was measured at fixed intervals until the 

saturation of dissolved oxygen in air was reached. A stirring rate was found which 

produced a re-aeration cuve which approxirnated the dissolved oxygen re-aeration curve 

of the stream. The experiment then advanced to the second phase, whereby a new sample 

was drawn fiom the brook and the water was stirred at a constant rate. At 5 minutes a 

sample was removed, filtered and acidified. This process was repeated with new water, 

until samples were obtained for 5, 10, 15 and 20 minute intervals. 

The impact of the No. 1 1 o u t f i  waters on Renfrew Brook was aiso investigated. This 

evaluation included a survey of conductivity, pH, pe, and temperature along the brook 

(1 100 m upstream and 600 m downstream of the minewater idow). In addition, water 

and ochre samples were collected at key points along the brook. 



3.1 .1 Water Sampling 

The sampling program was modeled after similar studies in the iiterature (Younger 1995a; 

Men et ai. 1996; Yu 1996). Each Iaboratory invohed was contacted in advance to 

confirm recommended sarnple volumes, sampling methods, and proper sarnple 

preservation techniques. The general suite of sarnples taken at each site during the project 

are summarized in Appendix 1. 

On August 28,1997 the water in the 1B Shafi was sampled every 25 ft between 425 fl 

and 575 ft (inclusive) below datum. The next day it was sampled every 25th fi between 

600 ft and 650 fl (inclusive) below datum. Datum was 46.1 ft above sea level and was 

referenced fiom the top of a steel pipe, marked within the 1B Shaft building. The water 

level at the tirne of sampling was 396 ft below datum. Samples were collected using a 2 

litre Wildco discrete intenta1 sarnpler on polypropylene rope, operated by a hand cranked 

winch, based upon a similar method devised by Frost et al. (1977). The sarnpler was 

triggered from the surface using a drop weight. Figure 3-3 displays the general setup in 

the sampling prograrn. Samples were drawn up out of the sh& at about 100 ft per 

minute. Immediately upon reaching the surface, the temperature, conductivity, pe, pH, 

and dissolved oxygen were measured. Samples were spiit, filtered and preserved for 

subsequent analysis of cations, anions, dissolved metds, hydrogen sulphide gas, and 

isotopes. The sampling prograrn is summarized in Table 3 - 1. 

Two other approaches for obtaining water quality data were evaluated: a) downhole 

measurements using probes, and b) pumping to the surface. The first option was not 

pursued due to the potentid for equipment loss by snagging on obstructions within the 

sh&. In fact, the Wildco sampler snagged at the deepest section of the shafl and required 

some effort to recover it without damage. The second option was not financiaily or 

environmentaüy viable. 
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Sampling of the 1B Shaft was done to evaluate vertical changes and stratification in the 

minewater. This work was modeled d e r  a study by Ladwig et al. (1988), in which water 

sarnples were collected at multiple depths in 9 abandoned mine shafts in the Wyoming coal 

basin. The shafts were also monitored for conductivity, temperature, pe and pH. Their 

program revealed stratification of certain water quality parameters in approximately half of 

the shafls studied. The stratification consisted of two easily-recognized zones marked by 

rapid changes in pe, pH and TDS. Stratification was found to be a fùnction of flow 

conditions thought to arise from mine openings and structural features in the coal (Ladwig 

et ai. 1988). The mine openings and stnxtural features were interpreted by Ladwig et al. 

(1988) as indicating areas where the water level equilibrated during flooding. In this study 

attention was given to the locations of mine openings and to the chemicai variations in the 

1B Shafi water. 

The water chemistry of the Il3 Shaft has been described in previous studies (AD1 1993; 

iWU 1993). Additional histoncal data were compiled in this study fiom unpublished 

CBDC records. These records indicate that samples of water have been collected and 

analyzed every year fiom 1990 through 1996, excluding 1995. The dxerence between 



these earlier samples and the current data set is that the 1997 data collected for this report 

provide a vertical profile of the water chernistry in the shaft. Previous samples were taken 

from varied, sometimes undocumented depths, and from pumped discharges. Previous 

analysis did not always include common (non-contentious) cations and anions (e.g. Ca, 

Mg, Na, K, HC03, and Cl). The earlier data have been used to apprise the temporal 

changes in several water quality parameters and to put the current data in a historical 

context. 

3.1.2 Ochre Sarnpling 

Ochre is minewater precipitate. Sarnples of ochre were collected at the No. 1 4 No. 7, 

No. 1 1 (Renfiew Brook) and No.25 sites. The samples at the No.25 site were obtained at 

the sarne locations as the water samples. The samples were collected in accordance with 

the guidelies of Herr and Grey (1 997) and were considered representative. A single 

duplicate sample was taken at each site. 

At the No.25 site the ochre was vw thick (greater than 1 m in some locations). Sarnples 

were collected away fkom the banks to prevent contamination. The samples were a 

composite of the surface layer and the upper 10 cm of ochre. Samples were extracted 

fiom the Stream using a plastic scoop and were stored in polyethylene bags. 

At the No. 1 A, N0.7, and No. 1 1 (Renfiew Brook) sites, the ochre was much less abundant 

and formed a coating on grave1 and boulder sized particles. In these cases the ochre was 

scraped from the boulders by hand. Care was taken to prevent excessive scouring of the 

grain surface, which would contaminate the ochre with minerais fiom the sediment grains. 



3.2 Analysis of Inorganic Water Sarnples 

Most of the water analysis was completed at the Environmental Services Lab (ESL) in 

Sydney. Water analysis performed at Philips Analytical Services of Halifax focussed on 

bromide and sulphide. The analysis at both labs was perfonned according to AWWA 

standards (APWAWWA 1995), as indicated in Table 3-2. 

Table 3-2. Summary of Inorganic Water Sample Analysis Methods. 
Elernent sParameter 
Al, Ba, Be, Br, Cd, Ca, Cr, Co, 
Cu, Fe, K, Mg, Mn, Mo, Ni, Na, 
Pb, Sb, Sn, Sr, Tl, U, V, Zn 
Alkalinity 
pH 
Bicarbonate and carbonate 

C hloride 

Sulphate 
Phosphorus 

Method 
Inductively Coupled Plasma (ICP) Method (AWWA 
3 120-C) 

Cobas Fara II Colorirnetric Method (4500-CO2 C) 
Electrometric Method (AWWA 4500-B) - 
Calculation Method (AWWA 4500-CO2 C) for carbon 
dioxide and forrns of aikalinity 
Ammonia-Selective Electrode Method (AWWA 4500- 

Low-Level Amperometric Titration ~ e t h o d ( ~ W W ~  
4500-Cl E) 
Turbidimetric Method (AWWA 4500-S04 E) 
Automated Methylthymol Blue Method (AWWA 
4500-P F) 

Siiica 

Sulfide 

Nitrate-Nitrite 

Total organic carbon (TOC) 
Color 
Turbidity 
Conductivity 
Arsenic and Selenium 

- 

Automted Method for Molybdate-Reactive Silica 
(AWWA-Si F) 
Extractable Sulphide Automated Gas 
DialysidMethylthylene Blue Colorometric Method 
(AWWA-4500-S2 E) 
Automated Hydrazhe Reduction Method (AWWA 
4500-NO3 H) 
Combustion-1nfi.ared Method (AWWA 53 10-C B) 
Visual Cornparison Method (AWWA 2 12043) 
Nephelometric Method (AWWA 2 130-B) 
Electrode Method (AWWA 25 10-B) 
Manual Hydride Generation/Aîomic Absorption 

Boron 
Ferrous iron 

Spectrometric Method (AWWA 3 1 14-B) 
Carmine Method (450043 C) 
Phenanthroline Method (AWWA-Fe D) g 



The estimated detection limits for various ions determined by the ICP-MS method are 

sumrnarized in Table 3 -3. 

I Calcium (Ca) I 0.0 10 I 

Table 3-3. Estimated Detection Limits for ICP-MS (after AWWA, 1995). 

1 Cobalt (Co) 1 0.007 1 

Ions 
Aluminum (Al) 
Antimony (Sb) 

Barium (Ba) 
Berylliurn (Be) 

Boron @) " 

Bromide (Br) 
Cadmium (Ca) 

Estimated Detection Limit (mg/L) 
0.040 
0.030 
0.002 
0.0003 
0.005 
0.020 
0.004 

Arsenic was deterrnined by the Hydnte Method which has a O. lppb detection limit. The 

detection limit for ferrous iron using the Phenanthroiiie Method is estimated to be +/- 

I P P ~ .  

C 

Copper (Cu) 
Iron (Fe) 

Lead (Pb) 
Magnesium (Mg) 
Manganese (Mn) 

Molybdenum (Mo) 
Nickel (Ni) 

Potassium (K) 
Sodium (Na) 

Strontium (Sr) 
Uranium (U) 
Thallium (Tl) 

Vanadium (V) 
Zinc (Zn) 

0.006 
0.007 
0.040 
0.030 
O. 002 
0.008 
0.01 5 
O. 100 
0.030 
0.0005 

- 
0.040 
0.008 
0.002 



3.2.1 Quality Control of Water Samples 

The ESL and Philips laboratories have their own quality control measures which provided 

a professional competency assumed adequate for this study. Additional reliability checks 

were made following the pubIished guidelines of Hounslow (1995). These checks are 

summarized in Table 3-4 and include determination of the percentage diffierences between 

measured and theoretical conductivity, quotient of measured conductivity and cations, 

quotient of TDS and measured conductivity and percentage difference between major 

cations and anions. The analysis was considered to be of high quality. 

The conductivity of the water samples was measured in the laboratory and calculated 

based on the concentration of the major cations and anions and their theoretical 

contribution to conductivity. The difference between measured and theoretical 

conductivity was between O and 15%. The difference is based on: 

where, 

0~ = water conductivity measured in laboratory, 

= water conductivity calculated theoreticdly fiom major concentration of major ions, 

%D = percentage difference between the laboratory and theoretical conductivity. 

AU ten of the shaft samples had a significant (12-13%) Werence between the measured 

and theoretical conductivities. This was thought to relate to the limitations of theoretical 

conductivity calculations for high TDS waters. The ionic inbalances were less than 10% 

for al1 but one sample and in most cases were less than 5%. These are in the generally- 



expected range of precision for water samples. The No.25 (May 92) sample had an 

imbalance of 14%. 

The ionic inbalances were based on the major anions and cations, which is standard 

practice (APWAWWA 1995). These balances did not take into account dissolved 

metals, such as iron. When iron was considered, higher ionic inbalances were calculated, 

up to a maximum imbalance of 20% at the No.25 site. The water at that site is relatively 

dilute (TDS of 150 rng/L) and has a high iron concentration (20 mg/L). Younger (1 995a) 

reported similar hi& ionic inbalance problems and attributed these as errors in chloride 

determinations. After discussing these results with laboratory personnel it was concluded 

that a more likely explanation was errors in sulphate determination. 

Three samples (No.24A - June 97; Clyde - August 97; and Morrisons Pond - August 97) 

fell outside of the normal range (0.55-0.76) for TDSIconductivity. This suggested Iess 

accurate analysis. These samples had three of the four highest sulphate concentrations and 

this might have afTected the analysis. 

An additional quality control procedure was the collection of blind duplicates and blanks. 

Blind duplicates were submitted to the laboratory for each major group of samples. One 

blank sample (deionized water) was submitted to the laboratory d u ~ g  the program. One 

discrepancy was identified and resolved unng these checks. The general lack of sigiilncant 

differences between these analyses indicates good repeatability in the laboratory. The 

duplicates were collected at the No.25 outfall. An unfiltered and filtered metal sample was 

also coiiected at the No.25 site to evaluate the dserence between total and dissolved 

metals. The results of the duplicate and blank analysis is shown in Appendix 3. 



Table 3-4. Reliability checks on water chemistry. 
Site (Sample) 1 % difference ) laboratory 1 TDSI 

(Eqn 3-4, 
laboratory vs. 
theoretid 

Measured 
Conductivity 

No. 1 A (Sept 94) 
No. 1 A (Jan 95) 
No. 1 A (March 97) 
No, 1A (April22, 1997) 
No. 1 A (April23,1997) 
No. 1 A (May 97) 

conduc tiviîy) 
- 
3 
2 

No. 1 A (June 97) 
No. 1 A (July 97) 
No. 1A (Sem 97) 

No.25 (March 97) 1 2 1 114 1 0.51 

2 
1 
O 

No.25 (Oct 80) 
No.25 (May 92) 
No.25 (Sept 96) 

- 
99 

1 03 

1 
2 
4 

- 
0.64 
0.62 

114 
124 
115 

- 
- 
- 

No.25 (June 97) 
N0.7 (March 97) 
N0.7 (June 97) 

N0.8 (June 97) 1 5 1 83 1 O. 70 

0.55 
0.56 
0.57 

105 
112 
98 

DHM (March 97) 
DHM (June 97) 
No.8 (March 97) 

0.55 
0.63 
0.65 

111 
97 

112 

3 
2 
4 

0.59 
0.55 
0.51 

No. 1 1 (June 97) 
Y0.4 (June 97) 
Vo. 24A (June 97) 

% ciifference 
between major 
cations and anions 

104 
1 09 
112 

0.60 
0.62 
0.66 

1 1  88 

No.24 (June 97) 
Ylyde (Aug 97) 
Momsons Pond (Aug 97) 
lB+425 (Aug 97) 
lB+450 (Aug 97) 
lB+475 (Aug 97) 
iB-tSOO (Aug 97) 
lB+525 (Aug 97) 
lB+550 (Aug 97) 
lB+575 (Aug 97) 
lB+600 (Aug 97) 
! B+625 (Aug 97) 
lBh550 (Aug 97) 

0.56 
0.56 
0.54 

O 
2 

4 
2 
5 

91 
88 

3 
15 
9 

13 
- 

13 
13 
12 
13 - 
11 
10 
8 

130 
120 
87 

0.54 
0.54 
0.83 

101 
77 

136 
98 - 
93 
96 
93 
95 
- 

88 
89 
89 

0.68 
0.87 
0.53 
0.60 

- 
0.60 
0.60 
0.63 
0.61 

- 
0.63 
0.65 
0.68 



3.3 Analysis of Isotopes 

Isotopes were measured for purposes of deterrnining the origin of the waters and their 

relative ages. Isotope d y s i s  was conducted by the Environmental Isotopes Lab (EL) at 

the University of Waterloo for the oxygen isotope ratios in water and sulphate, deuterium, 

and tritium. Technical procedures used by the laboratory are summarized in Appendix 4. 

3.4 Analysis of Precipitate Samples 

The samples of precipitate fkom the No. lA  and No.25 sites were anaiyzed by X-Ray 

Fluorescence (XRF) at the Regional Geochemiçal Centre, Saint Mary's University, by X- 

Ray Dsaction (XRD) at Daihousie University, and by Inductively Coupled f lasma Mass 

Spectrometry (ICP-MS) at Phiiips Analytical Services in Halifax. 

The chernical composition and physical structure of the precipitates at the No.25 site were 

investigated through visual examination, XRF, XRD and equilibnum speciation modeling. 

The ochre samples coilected at the No. 1A site were investigated through visual 

examination, XRD, ICP-MS and equilibnum speciation modeling. 

The ICP-MS and XRF data provided a measure of the concentration of elements in the 

ochre. Such information can be used to help investigate the impact of the ochre on 

aquatic organisms. In addition, toxic metals in the ochre cm be of critical importance to 

treatment options and to long term enwonmental impacts. The XRF results were used to 

study the relationship between the water chemistry and the ochre chemistry, modeled after 

Fuge et ai. (1 994). Fuge et al. (1 994) found that the waters fiom base metal mines in 

Wales had elevated levels of many elements, including Al, Fe, Cu, Zn, As, Cd and ~ 0 4 ~ -  , 

and were characterized by red-brown precipitates of ochre on the Stream bed and in the 

lakes intercepting the drainage. Precipitation of the ochres had a marked influence on the 



water chernistry, with many of the elements concentrated in the ochre. Fuge et al. (1 994) 

found that the precipitation of Pb and Ba was controlled by the ~ 0 1 ~ -  content of the water, 

whereas elements such as As, Mo, Sn and Ti appeared to be CO-precipitated or adsorbed 

by the hydrated iron oxide. The degree of precipitation of Al, Mn, Fe, Cu, Zn, and Cd was 

controiied by pH as higher pH and lower acidity favored precipitation. 

3.4.1 X-Ray Fluorescence (XRF) 

Precipitate sarnples fiom the No.25 site were analyzed using XRF to determine the 

concentration of major and trace elements. This methodology was used in a recent study 

of coal minewater precipitates at Springhill, N. S. (Young 1996). The samples were 

prepared by placing 150 g of each ochre sample in a clean dry beaker and drying them in 

an oven at 60°C for 3 days to  evaporate the water. The sarnples were then ground slightly 

using a mortar, and sieved to 350 Pm. This powder was further ground using a mortar to 

decrease the particle size. The powder was then used to produce pressed pellets and glass 

disks. The pellets were used to measure trace elernents (As, Ba, Ce, Co, Cr, Cu, Ga, La, 

Nd, Ni, Nb, Pb, Rb, Sc, Sn, Sr, Th, U, V, Y, Zn, Zr). Glass disks were used to measure 

al1 the major oxides (Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti) and Cl. 

The pressed peilets consisted of 10 g of each sample mixed with 1.5 g Bakelite resin (a 

powderized plastic). The pellets were formed in a hydraulic press and baked in an oven at 

190 OC for 15 minutes. The glass disks consisted of 1 g of sample mixed with 5 g lithium 

tetraborate, 300 mg of LiF, and 35 mg of LiJ3r. 

These samples were analyzed using an X-ray spectrometer. The instrument used was a 

Phillips PW2400 sequential x-ray fluorescence spectrometer with a PW 25 10 sample 

changer. The fluorescence spectrum of each sample was measured, and the results 



quantified by cornparison with a set of geologic standards of known composition. 

Measurements were fùlly corrected for matrix and background effects. 

Loss on ignition was measured by heating 1 g of sample in ceramic crucibles at 300°C for 

1 hour to remove surface moisture and at approximately 1050" C for 2.5 hours to remove 

volatile substances. 

3.4.2 X-Ray DifEaction (XRD) 

Samples of precipitate fiom the No. 1 A, No. 7, and No.25 sites were analyzed using XRD 

to assess the possible presence and type of crystaüine structure present, and thereby the 

mineralogy of the material. This approach has been used by others (e.g. Yu 1996) to 

study precipitate fiom water flowing out of abandoned coal mines. For the XRD method 

the samples of ochre were dried, powdered, then smeared on clear glass plates. The 

samples were then irradiated with a monochromatic X-ray bearn of short wavelength (0.05 

to 0.25 nm) using a Phillips PW3710 X-ray dfiactometer equipment with a cobalt tube 

anode. The X-rays interact with the atoms in the crystals and produce a fingerprint of the 

atomic and molecular structure of any crystals present in the sample. The samples were 

scarzned in continuous mode fkom 10" to 100". The difil-action data were reviewed 

manually by checking peaks against a list of common crystalline compounds reported to be 

found in water-fomed deposits (ASTM, 1990). In addition, the data were processed at 

the end of each scan using PC-APD daaction software. 



3.4.3 Inductively Coupled Plasma - Mass Spectrometer (ICP-MS) 

Precipitate fkom the No. 1A outfail site was anaiyzed by Philips Analytical Services using 

ICP-MS. This method was selected because the sample size was too small to be analyzed 

with XRF. The "available metals" in this sample was determined using a digestion 

technique provided in EPA Method 3050A of the United States Environmental Protection 

Agency (USEPA). The sample was digested with concentrated nitric acid and hydrogen 

peroxide. The digestate was then diluted and centrifùged in order to segregate remaining 

solids. The supernatant îiquid was fûrther diluted and anaiyzed using ICP-MS. The 

sample was analyzed for Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Pb, Mn, Mo, Ni, Se, Au, 

Tl, U, V, Zn, dissolved organic carbon (DOC) and percentage of Fe recovered. Precision 

and accuracy were ensured thmugh the evaluation of Certified Reference Matenals, 

method blanks, method dupiicates and spiked samples prepared in the laboratory. 



4. RESULTS 

As described in Chapter 3, the water quality of the coalfield discharges was determined by 

taking measurements in the field and by collecting samples for subsequent laboratory 

analysis. The highlights of the resulting data-set on water and ochre chemistry is 

presented in this chapter. The complete data-set can be found in Appendix 2 (Field 

Measurements), Appendix 3 (Inorganic Water Chemistry), and Appendix 4 (Isotopic 

Water Chemistry) . 

4.1 Field Measurements 

The suite of field parameters which were monitored included discharge, electricai 

conductivity, redox potentiai , pH, temperature, and dissolved oxygen. A statistical 

sumrnary of the field data are given below in Table 4-1 through 4-4 dong with a 

cornparison of field and laboratory pH and conductivity measurements. 

The No. 1 A and No.25 sites received particular attention in this study. Field measurements 

were taken at the No. 1A site during 37 site visits between March 9, 1997 and January 5, 

1998. Twenty-two visits were made to the No.25 site between March 9, 1997 and 

December 13, 1997. The intra-site variations in field measurements at these locations are 

shown in Tables 4-1 and 4-2, respectively. The inter-site variations for al1 the outfaiis 

(including No. 14 No.4, No. 7, No.8, No. 1 1, No.24, No.25, Old Harbour Mine, Clyde 

Mine, and Momsons Pond) are shown in Table 4-3. 

A statistical summary of the field measurements taken at the No. 1B Shaft is shown in 

Table 4-4. 



Table 4- 1 . Statistical summarv of Field Measurements. No. 1 A outfd. 

Table 4-3. Statistical sumrnary of Field Measurements (No. 1 A, No.4, No.7, No. 8, No. 1 1, 

STAT 
MIN 
MAX 
MEAN 
S D ~  

cv2 

Table 4-2. Statistical surnmary of Field Measurements, No.25 site (including downstream 
samples). 

included for ease of cornparison. 
SD is the standard deviation; N is the number of samples; CV is the coefficient of 

variation (SD/MEAN). 

Date 
9-Mm-97 
5-Jan-98 

30-Jun-97 

37 

a 

Cond., 
field 

( ~ o l c m )  
489 
1300 
804 
204 
29 
0.3 

STAT 
MIN 
'MAX 
MEAN 
S D ~  
N2 
cv2 

No.24, No.25, Old Warbour Mine, Clyde Mine, and Momsons Pond). 

Q 
(ImpgaV 

min) 
0.5 
80 
34 
20 
21 
0.6 - 

PH, 
labl 
5.3 
6.4 
5.7 
0.3 
9 

0.1 

Date 
-9-Mar-97 
14-NOV-97 
7-Jul-97 

30 

Q 
(Impgd 

min) 
150 
202 
169 
14 
21 

0.08 

Cond., 
lab ' 

(mo /cm)  
698 
1066 
811 
115 
8 

O. 1 - 

Temp 
OC 

10.1 
13.6 
11.9 
O. 8 
36 
0.1 

STAT 
MIN 
MAX 
MEAN 
SD' 
N2 
cv2 

Cond., 
field 

(pmho/cm) 
166 
288 
241 
31 
23 

O. 13 

' The conductivity and pH measurement for water samples taken to the laboratory were 

Q 
(ImpgaV 
h) 

O 
202 
92 
68 
51 

0.74 

Date 
9-Mar-97 
5-Jan-98 

28-Jun-97 

92 

Pe 
(V) 
2.12 
3.02 
2.58 
0.37 

6 
0.14 - 

DO 
(m&) 

3 
4.5 
3.9 
0.6 
4 

0.2 - 

Cond., 
lab' 

(pnholcm) 
236 
259 

Cond., 
field 

(pnho/cm) 
150 

2940 
717 
504 
77 

0.70 

PH, 
field 
5.4 
6.13 
5.7 
0.2 
37 

0.03 - 

DO 
(mgL) 

2.0 
9.8 

pe 
(V) 
-2.4 
1.7 

DO 
(m&) 

2.0 
9.8 
5.0 
2.2 
35 

0.43 

Cond., 
lab ' 

(pmho/cm) 
148 

2710 
895 
533 
23 

0.60 

PR 
field 
6.34 
6.87 

25 1 
13 
3 

0.05 

Pe 
(V) 
-2.4 
9.3 
2.5 
3.1 
42 

1.27 

PH, 
field 
2.87 
7.49 
5.87 
0.95 
84 

0.16 

6.57 
0.14 
22 

0.02 

PH, 
labl 
6.1 , 

7.0 
-0.5 
1.5 
14 

-3.03 

PH, 
labl 
2.9 
7.6 
5.9 
1.2 
29 

0.21 

Temp 
OC 
6.4 
13.7 

6.6 
0.3 
8 

0.04 

5.2 
3.1 
10 

0.60 

Temp 
OC 
6.0 

21.6 
10.3 
2.9 
82 

0.28 

8.1 
1 .O 
22 

0.20 



4.2 Results of Laboratory Analy sis - Inorganic C hemistry 

Table 4-4. Statistical summary of Field Measurements, IB Shafl. 

The complete inorganic water quality data-set is presented in Appendix 4 (Laboratory 

Measurements). A statistical su- of inter-sit e variations in inorganic minewat er 

chemistry for all the outfall sites is given in Table 4-5. Statistical sumrnaries of the intra- 

site variations at the No. 14 No.25 and 1B Shaft sites are shown in Tables 4-6,4-7 and 4- 

8, respectively. 

The No. 1 A site has the most extensive set of temporal data for the outfdls studied. At this 

location samples for water chemistry were taken on nine occasions during the study. Two 

difFerent sets of water sample types were collected. Sarnples collected by the author were 

taken and analyzed for a f ù U  suite of general chemical analysis. Saniples collected by 

CBDC personnel were collected and analyzed for regulatory monitoring and did not 

include non-contentious ions (e.g. Ca, Mg, Na, and K). These ions were important 

parameters in checking ionic balances and in geocheniical modeling. Lirnited historicai 

data were available for this site dating fiom November 28, 1992. 

1 The conductivity and pH measurement for water samples taken to the laboratory were 
included for ease of cornparison. 

SD is the standard deviation; N is the number of samples; CV is the coefficient of 
variation (SDIMEAN). 

PH, 
lab' 
4.3 
7.5 
6.6 
1.0 
10 

0.16 

Temp 
"C 

11.6 
14.7 
13.1 
1 .O 
10 

0.08 

Cond., 
lab' 

(pmho/cm) 
10980 
12520 
11920 
618 

8 

t 

STAT 
MIN 
MAX 
MEAN 
S D ~  
N~ 
,cv2 

Depth 
(fi) 
425 
650 

10 

Date 
28- AU^-97 
29-Aug-97 

10 

Pe 
(V) 
-6.1 
2.8 
-1.8 
2.9 
10 

Cond., 
field 

(pm.ho/cm) 
9500 
1 1200 
10260 
585 
10 

0.06 

DO 
(mg/L) 

0.8 
3.7 
1.6 
0.9 
10 

0.05 

PH, 
field 
6.40 
6.90 
6.77 
0.16 
10 

0.58 -1.63 0 0 2  



The No.25 site water has the most extensive set of spatial data of the outfalls studied. At 

this site samples were collecteci to evaluate the downstrearn variations in water chemistry. 

Limited histoncal data was also available for this site dating fkom October 1 5, 1980. 

The statistical summary of the No. 1B Shaft water chemistry is presented in Table 4-8 and 

provides an indication of the variation in water chemistry over the range of depths studied. 
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4.3 Results of Laboratory Analysis - Isotope Chemistry 

The complete isotopic data-set is presented in Appendix 4. A statistical summary of 

isotopes is given below in Table 4-9 for the outfàüs and 4-1 0 for the 1 B Shafi sarnples. 

The isotopes analysed were a3H, 6*H, 618%o, 6l80sm, 6 3 4 ~ ~ ~  . Delta (6l80sw - 
6 l 8 ~ )  is also measured and this is the difference between the ''0 in the sulphate and the 

180 in the water. The isotope studies were focused on six outfidi sites (No. 1 A, 7, 1 1,25, 

Clyde and Momsons Pond) and the 1B Shatl. The isotope study of the 1B Shaft consisted 

of sarnples at 25 A intervals between 450-525 ft and 600-650 A. A vertical profile of s3H, 
6 2 ~ ,  6 1 8 ~ ,  O ~ ~ O S W ,  6 3 4 ~ ~ a  in the shaft is displayed in Figure 4- 1 .  In summary 

618&o, 6180sa, a3'ssor generally increase with depth, while 6 3 ~  and 6 2 ~  display no 

consistent trend. Peaks in a2H, 6180m, 8 3 4 ~ ~ ~  and Tritium occur at 600 ft. This may be 

due to preferential i d o w  of water into the shaft at that depth. 



Table 4-10. Statistical summary of isotope results, 1B Shaft (1997). 
1 sarnple l ~ a t e  1 6 3 ~  1 s ~ ' ~ ~  ( 6 2 ~  (634~sM1 ~~~0~~ 1 0 ~ ~ 0 ~ ~  - o ~ ~ s ~ ~  1 

Table 4-9. Statistical sumrnary of isotope results for discharged minewater, 
(No. 1 4  7, 1 1,25, Clyde Mine and Momsons Pond). 

Sample 

MIN 
MAX 
MEAN 
STDEV 
N 
CV 

I 
MIN 
MAX 
MEAN 
STDEV 
N 
CV 

Date 

1- AU^-97 
31- AU^-97 

11 

28-AUK-97 
29-AuP;-97 

10 

6 3 ~  
(rv> 

5.4 
6.7 
6.1 
0.5 

5 
0.1 

(TU) 
6.8 
8.0 
7.4 
0.6 
5 

0.08 

8"- 
("/cm) 

-8.8 
-7.9 
-8.4 
0.4 

8 
-0.04 

("/cm) 
-7.8 
-7.1 
-7.4 
0.3 
6 

-0.04 

6 ' ~  

('/cm) 
-61.4 
-51.8 
-56.0 

3.0 
9 

(%O) 

-56.1 
-50.5 
-53.0 
2.1 
6 

-0.04 

6 3 4 ~ ~ ~  

("/oo) 
0.7 

14.7 
5.6 
5.0 
10 

-0.11 0.9 

('/cm) 
7.9 
13.1 
10.2 
1.8 
13 

0.18 

Ô ' ~ O S ~  

("100) 

-2.2 
10.2 
2.5 
3.6 

8 

8180Sa - 834~sO* 

cw 
6.5 
19.0 
11.3 
4.2 
6 

1.5 

("/oc,) 
4.8 
6.8 
5.8 
0.8 
8 

0.14 

0.4 

04 
12.5 
13.6 
13.2 
O. 5 
6 

0.04 
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Figure 4- 1 .  Vertical Profile of  Isotopes in 1B Shaft. 



4.4 Results of Laboratory Analysis - Ochre Chemistry 

The concentration of elements in the ochre, determined by ICP-MS analysis at the No. 1A 

site and XRF analysis at the No.25 site, is presented in Tables 4-1 1 and 4-12, respectively. 

Low sample volume precluded analysis of the No. 1A ochre by XRF. 

Table 4-1 1. Concentration of 
  le ment ' Concentration Concentration 

( m g k g )  
Al 4800 

Cd 
Cu 
Co 
Cr 
Fe 

' ~ h e  ICP-MS method did not d o w  detection of Ca, Mg, K, Na, S. 

c0.3 
11 
7.6 
13 

355600 

Sr 
Tl 
U 
V 
Zn 

37 
0.3 
0.7 
12 
39 



sulphur compounds. 

Table 4- 12. Concentration of elements in ochre fiom XRF analysis, No.25 Site. 

A representative x-ray diffiactogram of the ochre is s h o w  in Figure 4-2. This ochre was 

collected at the No. 1A site. The XRD pattern is indicative of an amorphous compound. 

This finding is consistent with that of Yu (1996). The prominent peaks at theta of 

approxirnately 24.5 and 3 1.2 are indicative of quartz. The weaker peaks at 146 and 29.4 

are consistent with kaolinite. Other minerais detected in the ochre samples were biotite 

and muscovite. 

Element 

Al 
As 
Ba 
Ca 
Cu 

No.25+0 
O@%) 
duplicate 
249 
279 
301 
2366 
NIA 

No.25+0 
(mdkg) 

79 
267 
271 
1 744 
21 

Fe 
K 
Mg 
Mn 
Na 
P 
Pb 
Si 
Sn 
Sr 
TI 
U 
L.O.I' 

No.25+100 
(mg/kg) 

4880 
286 
122 
2108 
18 

l ' ~ o s s  on ignition" (L.O.1) in Table 4-12 is due to carbonate material, organic matter and 

424937 
50 
30 
312 
683 
5154 
O 
13748 
1 I 
73 
9 
O 
348300 

No.25+240 
(mglkg) 

8209 
318 

No.25+3 15 
(mg/kg) 

6954 
298 

42 1642 
50 
39 
305 

425 
3066 
20 

384614 
1287 
83 
648 

87 
2659 
20 

486557 
2109 
152 
6900 

749 
5314 
N/A 
1563 1 
N/A 
N/A 
NIA 
N/A 
352600 

503645 
1486 
156 
1514 

1461 
2427 
13 
61679 
4 
76 
4 
1 
158300 

950 
463 1 
6 
57786 
O 
62 
4 
O 
295800 

1951 
3042 
7 
41818 
3 
65 
4 
1 
172900 



Figure 4-2. X-ray difiactogram of ochre fkom the No. 1 A site. 

The color of the ochre is a simple guide to geochemical affinity (Younger 1995a). The 

ochre at al1 of the sites (excluding No.24) is orange which is typical of amorphous femc 

oxyhydroxide deposits (Younger 1995a). A white ochre was found at the No.24 site. This 

is consistent with gypsum precipitation or alunite precipitation. 



5. DISCUSSION OF RESULTS 

5.1 Regional Variations in Minewater Chemistry 

Figure 5-1 is a Piper plot for al1 the outfall sites investigated in this study. These indicate 

that the sites considered have a wide range of composition. A summary of the range of 

mine outfall water chemistry, bedrock well-water chemistry, rain chemistry, and surface- 

water chemistry within the study area is given in Table 5-1. The results show a wide 

range in observed major ion composition in the minewater and the groundwater. 

Percent of major cationdanions present . 
N equals the number of samples considered. 

Table 5-1. Percentage of Major Cations and Anions by Water from Four Sources. 

These percentages were calculated from data in Baechler (1986) for rainwater and 

groundwater chemistry and from data acquired in this study for minewater and surface 

water. The surface water and rainwater percentages were based on historic rainwater data 

/ source 
Rainwater 
Surface Water 
South Bar 
Format ion 
(Lower Morien) 
Sydney Mines 
Formation 

(Jpper Morien) 
Minewater 
Discharge 

Anion speciesl 

from the Sydney airport and on background water samples taken from a brook in Gardiner 

N* 
12 
6 
11 

22 

10 

Cation sPecies1 

Mines as part of this shidy. 

Cl 
55% 
60% 
10-65% 

5-35% 

10-60% 

HC03 
15% 
10% 
15-85% 

10-70% 

O-45% 

Na+K 
55% 
50% 
15-55% 

10-85% 

10-50% 

Ca 
35% 
30% 
20-75% 

30-70% 

35070% 

S04 
30% 
30% 
5-35% 

535% 

35-80% 

Mg 
10% 
20% 
10-35% 

10-35% 

15-35% 



CATIONS ANIONS 

Figure 5-1. Piper plot of water samples fiom al1 outf'ds. 



The minewater is varied but is predominantly a Ca-SQ type water, whereas the 

groundwater is predominantly a Ca-HC03 type water. Table 5-1 indicates that the 

minewater rnay be diainguished from 'bedrock groundwater' on the basis of the 

percentage of sulphate. The sulphate exceeded 35% of the anions for the outfalls, 

whereas the groundwater was consistently less than 35% sulphate. In addition, the 

minewater had a lower range of aikalinity than the bedrock groundwater. 

The chernistry of the rainwater and surface water samples were very similar, being 

predominantly Na-CI type water. This reflects Na-Cl type precipitation. 

Younger (1 995a) concluded that the classification of minewater using the Piper 

classification system has limitations because it considers only major ions. The Younger 

(1 995a) scheme is an extension of the work of Hedin et al. (1 994) with the major 

consideration being acidity and alkalinity. Paradoxically, a single sample taken fkom mine 

drainage waters may contain considerable quantities of both acidity and alkalinity. Mine 

drainage may be classified rather generally as net-alkaline or net-acidic, depending upon 

these relative concentrations. In net-alkaline water the alkalinity (as mg/L of CaCO3) is 

greater than the acidity (as mg/L of CaC03). Congruently, in net-acid waters the acidity is 

greater than the dkalinity. Acidity and allcalinity are important factors in deciding upon 

the best treatment option for coal minewater (Hedin et al. 1994). A discussion of the 

causes of acidity in minewater and the difference between measured and caîculated acidity 

is explained in Appendix 5. 

Two other major anions - sulphate and chloride - are also.considered by the Younger 

(1995a) scheme. These anions provide clues to the genesis of a given minewater sample. 

According to Younger (1995a) the processes that favor the dominance of one over the 

other represent opposite ends of the hydrogeological spectrum. In general Younger found 

high chloride waters to be generally associated with coal field brines, whereas high 



sulphate waters were more strongly influenced by acid mine waters. The Younger scheme 

plots the ratio of the sulphate to sulphate plus chlonde, in rnilliequivalents, on a single x- 

axis. The ratio of alkalinity to alkaliity plus acidity, in mg/L CaCO3, are plotted on the y- 

axis. The calculation of these data plotted on the x and y axis of the Younger diagrams 

are based on Eqns [S-11 and [5-21. 

x = 100 su4 
SO, + Cl 

where, 

x = parameter plotted on Younger diagram x-axis 

SO4 = concentration of sulphate in meq/L 

Cl = concentration of chioride in meqL 

y =IO0 
Alk 

Alk + Acid 

where, 

y = parameter plotîed on Younger diagram y-axis 

Alk = alkaiinity as mg/L C a c a  

Acid = acidity as mg/L CaC03 

A Younger diagram for the outfalls and 1B Shaft waters is presented below in Figure 5-2. 

This diagram is based on calculateci acidity. The minewaters in this study ranged from 

net-acidic high sulphate waters to net-alkaline high sulphate waters, based on Younger's 

classification. 



*No.lA 
N0.4 
N0.7 

XNo.8 
XNo.11 

No.24 
+No.2S - Old Harbour Mina 
-Clyde 
+ Modsons P m d  
I 1B Shaft (1997) 

O 10 20 30 40 50 60 70 80 90 100 

Relative % of sulphate vs. chloride. 

Figure 5-2. Younger diagram (based on calculated acidity). 

The outfail sites in this study had alkalinities and acidities which ranged from O to 100%. 

In generai, the outfali waters generally had higher percentage of sulphate (43% to 99%) 

than chloride (1% to 57%). The greatest percentages of sulphate occur in both the high 

aikalinity (No.8, Old Harbour Mine) and the high acidity sites (No. 1 1, No.24, Momsons 

Pond). In contrast, sites with a balanced alkalinity/acidity, such as No. lA, No.7 and 

No.25, had a lower percentage of sulphate. The 1B shaft waters chemistry varied ranging 

from high-chloride net-dkaiine waters to sulphate-chloride net-acidic water. A summary 

of the acidity, alkali~ty and ratio of chlonde to sulphate for al1 sites is surnrnarized below 

(Table 5-2). 



Appendix 6. 
2 The '% alkalinity calculated' is based on using Eqn [5-21 with calcuIated acidity and 
measured alkalinity. 
%e '% alkalinity measured' is based on using Eqn [S-21 with measured acidity and 
measured al kalinity . 

nd indicates 'no data' 



5.1.1 Range in water chemistry 

A graphical sumary of the range of representative parameters is shown below (Figure 5- 

3 to 5-5). The data on these graphs are presented in the order of increasing pH. 

a) pH at selected outfalls 

Site 

b) sulphate concentration at selected outfalls 

Figure 5-3. pH and sulphate at selected outfalis 



a) TDS concentration at selected outfalls 

b) chloride concentrations at selected outfds 

Figure 5-4. TDS and chloride concentrations at selected outfalls 



site 

a) alkalinity concentrations at selected outfâiis. 

b) calcium concentrations at selected outfdls 

Figure 5-5. Aikalinity and calcium concentrations at selected outfds. 



The field and laboratory measurements of pH in the discharged minewater ranged fiom 

approximately 2.9 to 7.6 and averaged 5.9. Brady et al. ( 1997) found that the pH of 

drainage coal mines in Pemsylvania was birnodal with one peak at pH 6.0 to 6.5, and 

another between pH 2.5 and 4.0. Their results were based on 1046 pH measurements. 

Highly reactive acid-forming and acid-neutralizing minerals, pyrite and calcite respectively, 

were identified as the main reason for the bimodal distribution. Brady et al. (1997) 

proposed that the peak at 6.0 to 6.5 resulted fiom carbonate equilibrium. In the absence 

of carbonate buffering, the oxidation of pyrite generally lowers the pH to between 3 and 4. 

Below the pH of 3, the dissolution of femc oxyhydroxides, Al silicates, and the 

phenornenon of ion-complexation are known to consume increasing amounts of hydrogen 

ions, thus preventing the further lowering of the pH. Brady et al, (1 997) concluded that, 

depending on the relative abundance of carbonates and pyrite, and the relative weathering 

rates, the pH would be driven to one pH peak or the other. The variations in minewater 

chemistry observed by Brady et al. (1997) occurred in rocks which contained pyrite and 

carbonate of less than a few percent. The sites investigated in the current study are known 

to have highly variable pyrite and carbonate (M. Gibling, pers. comm. 1 998). 

In the current study three sites have minewater with pH of 3 to 4. The Morrisons Pond, 

No. 1 1 and No.24 sites have average field pHs of 3 .O to 3 -9. At these sites the relative 

abundance and reactivity of pyrite is interpreted to have exceeded the capacity of the 

carbonate minerals to neutralize its effects. Five sites have average pH values in excess of 

6. The Clyde, No.4, No.25, Old Harbour and No.8 minewaters have average field pH's of 

6.0 to 7.6. The pH values in these cases suggests abundant carbonate neutralization. The 

remaining two outfd sites, No.7 and No. 14 have minewater with average pH of 5.4 to 

5.7. The pH data is skewed toward higher values, suggestive of carbonate buffering, but 

also indicates a tendency toward the lower pH range. 



The pH and the concentration of sulphate are indicators of the relative strength of the two 

competing processes - pyrite oxidation and carbonate neutralization. This was best 

evident by the cornparison of the Momsons Pond and No.8 water chernistry. These sites 

have similar sulphate concentration which suggests that the waters at both of these sites 

are in contact with abundant pyrite. In the case of the No.8 outfall the abundance of 

carbonate dong the flow path neutraliid the acid produced by pyrite oxidation and 

resulted in elevated pH, Ca and alkalinity. In contrast, a carbonate deficit dong the flow 

path at the Momsons Pond site resulted in a lack of acid neutralization and as a 

consequence low pH minewater. Geological evidence also support this assertion. 

Lirnestones are known to occur in close association with the rnined Harbour seam - the 

source of No.8 and Old Harbour minewater. In contrast limestones are not present in 

association with the mined Hub seam - the source of the Momsons Pond minewater (M. 

Gibling, pers. comrn. 1999). 

Baechler (1986) studied the regional water chernistry in the Sydney coalfield and reported 

that the presence of pyrite in coal and mudstondshale units did not, in most cases, result in 

acid groundwaters. He inferred the presence of calcium carbonate cement, thin 

interbedded limestone beds, and high static water levels prohibiting oxidation. Baechler 

(1986) also postulated that arnong these factors the hi& static water level may be the 

most crucial. He based this on a spring discharging fkom the de-watering zone near the 

base of a coastal c r i ,  which had a pH of 2.7. The low pH was considered to be a 

function of the lower water table - the product of de-watering - which promoted oxidation 

in the unsaturated zone. The effect of static water level on water quality was assessed in 

this study by way of the No. 1A outfall. At this site the static water level was lowered 

throughout the course of this study by the opening of the No. 1A sea drain. The pH did 

not decrease over the tirnefiame of 10 months, as a result of the fower water table level, 

suggesting that water level alone is not always crucial to the production of acid 

minewater. This aspect of the study is discussed in greater detail in Section 5.2. 



5.1.2 Saturation Indices 

The role of specific minerais in the neutralization of minewater is deterrnined in part fiom 

the saturation indices (SI). The water analysis for each of the samples was used to  

compute the saturation indices for key minerals using geochemical modeling software 

Water is considered to be in equilibrium with a mineral when the saturation index of that 

Table 5-3. Saturation indices of key minerals, outfàli sites. 

minerai is close to zero. Equilibrium can mean one of two things: either the water has 

interacted with the mineral to the extent that so much has been dissolved that the solution 

Site 
NO. 1A 
N0.4 
N0.7 
NO. 8 
NO. 11 
N0.24 
No.24A 
N0.25 
OHM 
Clyde 
Morrisons 
Pond 
1 

is saturated with the constituents of the mineral and no more can dissolve, or else the 

Goethite wss speciated on the basis of total iron with redox based on the measured pe. 

Dolomite 
-6.3t0-4.6 
-5.7 
-9.3 to -8.2 
-0.9t0-0.8 
-1 1.0 
-10.2 
-9.6 
-5.0 to -4.6 
-0.9 to -0.8 
-4.6 
-10.1 

constituents of the mineral exist in a high enough concentration, and under the right 

N 
5 
1 
2 
2 
1 
1 
1 
3 
2 
1 
1 

geochemical conditions (pH-pe), that the minera1 may form in the water and be 

Calcite 
-2.8t0-2.0 
-2.6 
-4.4 
-0.2t0-0.1 
-5.4 
-4.6 
4 .2  
-1.7 
-0.2 to -0.1 
-1.9 
-4.9 

Siderite 
-3.6t0-1.0 
-1.1 
4 .8  to -3.8 
-2.0t0-1.8 
-4.0 
-3.9 
-3.8 
-0.1 to O. 1 
-0.1 to 0.02 
-3.8 
-5.5 

precipitated from solution. Equilibrium was found to exist for severai minerals. At the Old 

Harbour Mine the water is in equilibrium with calcite (SI -0.2 to -0.1) and siderite (SI -0.1 

Gypsum 
-1.4t0-0.9 
-2.8 
-1.5 to -1.4 
-0.8 
-1.8 
-0.7 
-0.1 
-2.3 
-0.9 
-0.8 
-1.5 

to 0.02), No. 8 site with respect to calcite (SI -0.2 to -0.1 ), No.24A with respect to 

~oethi te '  
-0.6t07.0 
4.5 
2.3 to 3.2 
6.2 to 7.6 
1.4 
1.5 
1.7 
0.5 to 1.8 
3.9 to 5.4 
-1.2 
5.7 



gypsum (SI -0.1 ), and No.25 with respect to siderite (SI -O. 1 to 0.1). Most sites, with the 

exception of Clyde, are saturated with respect to goethite (FeOOH). 

The interpretation of the meaning of saturation is dependent on the mineral and site 

conditions. Saturation for calcite (CaC03) probably indicates that this rnineral is abundant 

in the rock. Siderite (FeC03) saturation may indicate that this rnineral is abundant in the 

rock or that the constituents ( ~ 2  and HC03) are present in concentrations high enough 

to permit precipitation. The saturation of gypsum is due to the high concentrations of Ca 

and S 0 4  in the water, as derived fkom calcite (CaCOs) and pyrite (Fe&) dissolution. This 

is believed to be the case at the No.24 site. Goethite saturation indicates that the 

constituents of this mineral are present in the water in a concentration which may dlow 

precipitation. 

An examination of the relationship between pH and SI indicates that for higher pH values 

the SI of carbonate minerals (calcite, dolomite and siderite) are higher. There is no 

relationship between the pH and SI for the gypsum and goethite. A discussion of the 

impact of the type of carbonate mineral buffering on the resultant pH is presented in 

Section 5.2. 

5.1.3 Dissolved Metals and Aquatic Life Standards 

Some dissolved met& can be toxic to aquatic life and can contaminate drinking water. 

The toxicity of these metals depends on their concentrations and on the other chernical 

properties of the water, such as hardness. The dissolved metal concentrations in the coal 

mine drainage fiom the Sydney coalfield were determined through a suite of samples at 

each of the outfall locations. These results were compared to a recent regional study by 

Hyman and Watzlaf(1997) which determined whether coal minewaters complied with 

drinking water quality guidelines and fkeshwater aquatic life water quality guidelines. 



Their studies exarnined the occurrence and concentrations of metals in 128 'raw' 

discharges fiom active, reclahed and abandoned surface and underground mines as well 

as cod waste materid in the United States. 

The foilowing table compares the results of Hyman and Watzlaf(1997) with the data 

collected in this study in the Sydney coalfield. In the study of Hyrnan and Watzlaf (1997), 

concentrations reported as "less than detection IHnit" were assigned a "zero" value, 

whereas in this study these values were conservatively assigned at the lower detection 

limit . 

This study did make a detemination on the cornpliance of the minewater with regulator 

standards or environmental cntena. The data and references collected in this study may 

allow this aspect to be evduated in fbture work. 



Table 5 4 .  Summary of water quality criteria and cornparison of coal minewater chernistry 
at the Sydney coalfield with U. S. coal rninewater discharges. 

The minewaters discharged fiom outfalls are tower in dissolved metals than most the coal 

minewaters studied by Hyman and Watzlaf(1997). The following metds were found to 

be near or below detection in most samples - Cu, Sb, Be, Cd, Cr, Co, Pb, Ni, Se, Tl, V, 

and U. In general, higher metai concentrations, such as Al, Cu, Ni, and Zn, occurred in 

the lower pH waters. This is consistent with pH-controiled solubiiity relationships. In 

Hyman and Watzlaf (1 997) 
Healfh Canada (1996) 

units, dl 
Freshwater 

Aquatic 
Life 

Guidelines ' 
(ma) 

6.5-9.0 

0.005-0.1 
1.4-2.2 

0.05 

0.0002- 
0.0018 

0.002- 0.02 
0.002-0.004 

O. 3 
0.001-0.007 

0.025-0.150 
0.001 

0.03 

(pH in standard 
Drinking Water 

Quaüty Standards 
(canadian3 unless stated 

as uS2) 

general, the As concentration was higher at elevated pH levels, reachhg a maximum in 

concentrations in mg&.) 
U.S. coaifïeld 
discharges2 

(concentrations in 
w&) 

pH 
so4 
Al 
NH4 
Sb 
As 
Ba 
Be 
Cd 

Cl 
Cr 
CU 
Fe 
Pb 
Mn 
Ni 
Se 
Tl 
Zn 
' CCME 

Sydney coalfield 
discharge 

(excluding the 1B Shaft) 
(concentrations in mg/L) 

Mean 
2.9 

2360 
88 

(mg/L) 

6.5-8.5 
<500 

0.05-0.20 (U.S.) 

0.006 ( U S )  
0.025 

1 .O 
0.004 (U.S.) 

0.005 

C250 
0.05 
<1 .O 
c0.3 
c0.01 
€0.05 

O. 1 W. S.) 
O. O 1 

0.002 ( U S . )  
6.0 

(1991) 

Max. 
7.6 

1590 
11.4 
0.68 
<0.02 
0.13 
0.09 
0.01 
c0.02 

161.2 
c0.03 
<0.02 

49 
0.05 
<0.2 
0.05 

<0.001 
<0.03 
0.64 

Min. 
1.2 
71 
O 

Mean 
6.1 
208 
0.80 
0.16 
<0.01 
0.009 
0.05 
<0.02 
<0.01 

51.6 
<0.01 
<0.01 
10.2 
0.046 
<0.026 
<0.048 
c0.008 
<0.02 
0.08 

Max. 
7.8 

52700 
930 

Min. 
2.9 
22.6 
c0.01 
c0.01 
c0.01 
<0.001 
~0.02 
0.005 
<0.005 

8.8 
c0.01 
<0.01 
cO.01 
e0.005 
€0.02 
<0.005 
<0.1 
€0.01 
CO.01 

0.15 
16.1 
0.2 
0.27 
0.82 

849 
7.18 
2.49 

19800 
1.84 
164 
10 
O 

146 

0.004 
O. 189 
0.01 
0.02 1 
0.014 

61 -3 
0.077 
O. 139 
410 

0.023 
21.9 
1.19 

O 

4.27 

O 
O 
O 
O 
O 

O 
O 
O 
O 
O 
O 
O 
O 

O 



those waters with pH between 5.5 and 6.5. McCurdy (1980) also found that h 

concentrations increased with pH. The iron concentration varied sigriificantly, with the 

highest concentrations occurring ftom approxirnately pH 6.0 to 7.0 in the ferrous form 

(e.g. No. 1A and No.25 sites) and for pH < 3.5 in the ferric form (e.g. Momsons Pond and 

the No.24 site). 

Water quality criteria fiom the Nova Scotia Department of Environment (NSDOE) 

applicable to coal rninewater discharged fiom settling ponds identie pH, Fe, Mn, Al, total 

petroleum hydrocarbons (TPH) and total suspended solids (TSS) for potential monitoring. 

Maximum allowable sample concentrations and monthly arithrnetic mean are defined in 

Table 5-5. 

Table 5-5. Suxnmary of water quality criteria for mal minewater discharges fiom settling 
ponds in Nova Scotia (after NSDOE (1 995)). 

Manganese is an indicator of other toxic metals. In theory, if the manganese concentration 

is low, sufficiently oxidizing conditions have existed for the precipitation of other metals. 

Hyman and Watziaf(1997) report coal mine drainage with potentially toxic concentrations 

of metals where manganese concentrations were less than 2 mg/L. As a consequence, 

Hyman and Watzlaf(1997) recommended that greater consideration be given to the 

analysis of individual metals. 

Parameter and units 

pH 
Fe (mfl) 
M n  (ni&) 
Al (mg/L) 
TPH 
TSS (rnp;/L) 

At most of the sites studied (No. 1 4  No.4, No.7, No.8, Old Harbour Mine, Clyde Mine, 

Morrisons Pond) the rninewater is discharged directly into the sea. As a result, the 

Maximum allowable sarnple 
level or concentration 

5 to 10 
7 

4.0 
1 .O 
15 
50 

Maximum allowable sample 
monthly arithmetic mean 

6.0 to 9.5 
3.5 
2.0 
0.5 
15 
25 



minewater is greatly diluted. The No. 11, No.24 and No.25 sites discharge into surface 

watercourses. The No. 1 1 and No.25 sites discharged into watercourses which flow 

directly to the sea. The No.24 minewater is largely contained within a wetland, but may 

seasonally overfiow through an ephemeral brook. Dilution in these cases depends on the 

flow conditions in the receiving watercourse. 

A cornparison was made between the sulphate content in the water samples and the 

sulphur content in coal (Table 5-6). Pyrite forms a high proportion of the ~ l p h u r  in coai. 

Pyritic sulphur in the Harbour seam accounts for 62-95% of the total sulphur (Hacquebard 

and Avery 1982). It is expected that the sulphate in the outfds was derived fkom the 

oxidation of sulphide minerals as groundwater flowed through the abandoned workings. 

If so, a correlation might be seen between the percentage of sulphur in the coals and the 

concentration of sulphate in the outfall waters, as found by Hollyday and McKenzie 

(1973) in the U.S. coal minewaters. In addition the latter study was able to estimate a 

limiting sulphate concentration in the discharged minewater for a given suIphur 

concentration in the coal. Poor correlation exists between the sulphur concentration in 

coal and the sulphate concentration in the minewater in this study (Table 5-6). Therefore 

it was not possible to use the sulphur content of the coal as a guide to the minewater 

chemistry. The reasons for this apparent lack of relationship are suggested below. 



Table 5-6. Cornparison of sulphur in coal and sulphate in outfds. 

1A 
4 
7 
OldHarbour 
8 
11 
24 

25 
Morrisons . 

DifFerences in sulphate concentrations between the mine discharge sites correspond to the 

Mean % 
Suiphur 
in coals2 

Pond 
Clyde 

combined effects of difkrences in the oxidation rates, nature of the oxidation 

Colliery 

5.6-6.4 
6.6 
5.1-5.5 
7.4-7.5 
7.6 
4.1 
3.2 

6.14.7 
2.9 

environments contributhg to the drainage, volume of sulfides exposed to oxidation, and 

Acidity 
(laboratory) 

l pH (field and laboratory), and acidity as measured in current study. 
2 rnean sulphur % in mined seams described in Gibling et ai. (1989). 

6.2 

the amount of dilution by surtàce waters. In general, dilution occurs through the 

PH 
(laboratory)' 

5.40-6.13 
6.37-6.50 
5.05-5.64 
6.80-7.04 
7.07-7.49 
3.84-3 -94 
2.87-3.06 

6.34-6.52 
3.19 

infiltration of surface water into the mine workings through shaliow pathways, such as 

Seam 
Mined 

pH (field)' 

5.98 

subsidence-induced fiactures and bootleg workings. Dilution effects were detected at the 

Suiphate 
in water 
(ma) 

36 
6 
19 
17 
6 
24 
237 

14-16 
255 a 

No. 1A outfall, where major rainfall events resulted in elevated flow rates, and a 

3 -6 

concurrent decrease in conductivity and the concentrations of sulphate, calcium, chloride 

Phalen 
Phaien 
Hub 
Harbour 
Harbour 
Emery 
Emery to 
Phaien 

Gardiner 
Hub 

and TDS. 

Phaien 

In general, the mean percentage of sulphur in coai is not a very reliable guide to the 

164-335 
23 
164-168 
272-306 
384-400 
130 
1590 

39-45 
442 

amount of pyrite available for reaction in the abandoned mines. There are three reasons 

3.25 
3.25 
2.27 
2.46 
2.46 
2.74 
2.74 
to 
3.25 
3.93 
2.27 

414 

for this (M. Gibling, pers. comrn. 1998): 

3.25 

(i) The analyses are generally from mined coal only and rnay not include unmined high- 

sulphur zones such as the roofs and floors. As such the andysis tends to 

underestimate the actual pyrite content in the seams. 



(ii) The seams are split, Vary lateraliy, and their sulphur content varies radically. Thus, 

the Phalen seam as 'expressed' in one mine is not necessarily representative of the 

suIphur content of the Phalen searn in another mine or area. 

(iii) Pyrite is also present in variable degrees in the shale and sandstone bodies between 

the seams. This pyrite may also be available to react with the water and help produce 

the resultant sulphate concentration. 

When al1 the outfd sites are considered together there is no overall relationship between 

pH and sulphate. However, one sub-group of the sites ( 1 4  7,8, 1 1, Old Harbour Mine) 

did display a relationship between sulphate concentration and pH wherein the sulphate 

concentration increased with increased pH. This is probably due to the combined effects 

of pyrite oxidation and calcite dissolution in an environment with abundant carbonate. Al1 

of these sites occur within the Glace Bay sub-basin, where the limestone bed that caps the 

coal seams is more common and generally thicker. 



5.2 Variations in Minewater Chernistry fiom a Point Source 

A detailed examination of the variation in minewater chemistry fiom a single point source 

(one outfall) was conducted. The outfall studied in detail was No. lA (Figure 5-6). This 

site was selected because it had the largest amount of data. In addition, the discharge 

fiom this site was of greater interest to CBDC than were the other outfalls. The sample 

data for this site included nine water analyses fiom 1997 and 1998 dong with samples 

fi-om 1992, 1994 and 1995 fiom CBDC files (see Sections 4.2 and Appendix 3). 

In order to help interpret the changes in chemistry over the monitoring period, two 

hydrochemical plots were generated. Figure 5-7 is a Piper plot of al1 the data for the 

No. 1A outfall and Figure 5-8 is a Collin's bar diagram for the same data set. These plots 

demonstrate that the main variables in water quality between sites are the percentages of 

the calcium and sulphate, although there is also some variability in the sodium, chloride, 

and alkalinity . 
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Location map of the No.lA outfall Figure 5-6 
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Figure 5-7. Piper Plot for ail water samples from the No. 1 A outfdl. 
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Figure 5-8. Collin's Bar Diagram for al1 water samples fiom the No. 1 A outfd. 



To describe and evaluate the changes in chemistry at the 1A outfall it was found helpfùl to 

sub-divide the data into four periods: (i) historical, (ii) flow initialization (re-opening of 

sea drain on April22, 1997), (iii) flow recession, and (iv) post recession. 

(i) Histoncal 

This included the historical data for the 1A outfdl, and is limited to three samples 

collected in 1992, 1994 and 1995. Due to the coarse temporal spacing of these samples, 

and the lack of contiguous data on flow rates, they were only useful as background 

measurernent S. 

(ii) Flow initialnation 

This refers to the period pnor to, and immediately following, the reopening of the outfall. 

Three samples were collected in this period, including one on March 9, 1997 and two 

others taken on Apnl 22 and 23, 1997. The major ion concentrations (calcium, alkalinity, 

sulphate, and chlonde), dissolved metal (iron) and pH Vary significantly between these 

samples. 

(iii) Flow Recession 

This is the longest penod in the shidy and covers samples fi-om May 6, 1997 to 

approximately October 6, 1997. This period is generally characterized by flow recession 

shown on the No. 1A hydrograph (Figure 5-9). Increases in discharge occurred near the 

end of this penod and were associated with precipitation events. Five water samples were 

collected during this period. The water chemistry had a distinct trend during this period. 

The changes in çhemistry and flow dunng this period of monitoring are described in 

Section 5.2.5. The data in this period changed in an orderly way over a 158 day period 

and provided an excellent basis for evaluating the chemistry of the draining workings. 



(iv) Post Recession 

This penod extends roughly fiom October 6, 1997 to the end of the study period (January, 

5, 1998). The conductivity readings declined during this period, which indicates recharge 

of the mine workings and an associated increase in discharge at the outfall. Two discharge 

measurements were made during this period of 13 weeks. It was therefore not possible to 

make any strong inferences about trends in flow. One of the site visits was timed to 

follow a very signülcant rainfd event as detailed in Section 5.2.3. Measurement was 

impeded by the partial burial of the outfali, which occurred as a result of stonn induced 

changes in the beach profile. It was only possible to obtain one sample duRng this period, 

on January 5, 1998. 

5.2.1 Discharge during flow recession period 

The discharge measurements for the 1A outfall for the penod of March - November, 1997 

are shown in Figure 5-9. 

Date 

Figure 5-9. Variation in flow fiom the No.1A outfd.  



Prior to reopening, the 1A outfall was a seep of approximately 0.5 ImpgaVmin (2.5 

Lhin).  When the outfall was reopened on April22, 1997 the discharge was too high to 

measure. By May 13, 1997 the discharge had waned to 80 Impgalhnin, which was also the 

first accurately measured flow. 

The discharge decreased to 15 ImpgaVmin by August 14, 1997. The change in flow over 

this period of recession was analyzed and is discussed in the following section. During 

this period, precipitation was minimal. The flow data beyond August 1 4 ~  was infiuenced 

by precipitation events. 

5.2.2 Determination of baseflow recession constants 

To gain some understanding of the hydrology of mine discharges, a baseflow recession 

analysis was performed. This type of analysis is normally pefiorrned in connection with the 

analysis of the low flow behavior of rivers. Baseflow recession results fiorn a decline in 

the elevation of the groundwater sutface during a period of no effective precipitation. It 

typicaliy behaves as an exponentiai curve. 

The discharge data for the No. 1A outfall is characterized by an exponential decay between 

May 1 3 and August 14, 1 997 (Figure 5- 1 0). This is indicative of discharge composed 

entirely of groundwater contribution, and a lack of precipitation. The decay of the 

hydrograph indicates that as the mine workings drain, the water table falls leaving less and 

less ground water to supply the outfall. When the water table is highest, the hydraulic 

gradients are greater. As the water table lowers, the gradients decline, reducing the flow 

velocity and thereby reducing the discharge. 

One general f o m  of base flow recession equation is: 



where: 

Q = flow at some time after the recession started (L3/T), 

Q = flow at the start of the recession (L~/T), 

a = baseflow recession constant (IR), 

t = tirne since recession began (T). 

An equation of the form of CS-31 was fitted to the data from the period May 13 to August 

14, 1997. For discharge in ImpgaVmin the fit resulted in a = -0.0152 and Q, = 97 

Impgal/min. 

Figure 5- 1 0. Exponential curve fit to the No. 1 A hydrograph. 

The total volume discharged during the time interval of interest may in generai be found 

by integrating eqn [5-31. By comparing the total volume discharged with the volume of the 



1A Coiiiery, the percentage of the mine workings that were drained over this period was 

estimated. Only the volume of workings above the level of the seadrain were considered. 

The total volume of the workings was estimated using data from JWEL (1993). These 

data indicate that : 

(i) the total area of 1A Colliery Workings above sea-level was 378,566 fi2, 

(ii) the average thickness of the rnined seam was 7 ft, 

(iii) the percentage of void spaces created by mining was 40%, 

(iv) and the percentage of the original pillars which were extracted was 0-10%. 

The change in percentage of the workings drained is shown in Figure 5-1 1. Because the 

exact percentage of pillars drawn was only known to be 0-10?40, three conditions are 

shown: 0% drawn, 5% drawn and 10% drawn. These calculations show that 

approximately 100% of the workings were drained during the period of recession 

considered. The results for O%, 5% and 10% pillar removal are 1 15%, 103%, and 92% 

of the workings drained, respectively. 

O 20 40 80 al 100  120 

Number of Days Etapsed Since Outfnll Reopened on Aprll22fW 

Figure 5- 1 1. Percentage of No. 1A workings drained versus time. 
(Based on volume of workings above sea-Ievel only) 

The volume discharged over this 1 14 day period was 1.2. 1 o6 fi3 (7.62 . 1 o6 Impgal). This 

is equal to the total volume of the 1A Colliery workings situated above sea-level 



(calculated fiom the area worked, the thickness of the rnined coal searn, the void ratio, and 

assuming 5% of pillars drawn). 

5.2.3 Relationship between precipitation, water chemistry and discharge 

As part of this study, the daily precipitation data was compared with field measurements 

of discharge, conductivity, pH, pe, temperature, dissolved oxygen and water chemistry. 

The objective of this cornparison was to determine how precipitation events affect 

discharge and minewater chemistry . Dai1 y rainfall data (ob tained from Environment 

Canada Sydney Airport station) and discharge data are shown in Figure 5-12. 



Date 

Date 

b) No. 1 A hydrograph 

Figure 5-12. 1997 daily rainfall for Sydney and the No. l A  hydrograph. 



The late spring and swnmer of 1997 were characterized by low precipitation and this 

resulted in the general decline in discharge observed up to August 14, 1997. The first 

major rainfall event occurred on August 29* and 30: 1997, with this area of Cape Breton 

receiving 67 mm in just 48 hours. A site visit was made on August 3 l*, 12 hrs following 

the raiddl event, to evaluate the effects on the discharge and chemistry. Relative to the 

readings taken on the preceding site visit (August 149, the discharge fiom the 1A outfall 

increased fiom 15 to 36 ImpgaVmin, conductivity decreased fiom 948 to 750 prnhos/cm, 

while p H  and temperature decreased slightly. 

These marked changes indicate that the workings drained by the No. 1A outfall are well- 

connected hydraulicaily to shallow groundwater and surface water systems. Illegal 

workings dong the outcrop edge of the No. 1A seam (to the west of the outfall) are 

possibly an important exarnple of such a hydraulic comection. 

With the exception of the flow increases in August, the discharge remained at 

approximately 20 ImpgaVrnin throughout the fa11 until November 6, 1997. The discharge 

increased fiom 20 ImpgaVmin to 50 IrnpgaVmin between October 3 1 and November 6, 

1997. The elevated flow measured on November 6& was due to the heavy rainfall 

received on November 3" and 4'h, which totaled 80rnm. The highest daily precipitation in 

1997 occurred on November 4'. The conductivity of the Mnewater decreased fkom 780 

to 680 pmhos/cm, which is consistent with the dilution by rainwater of the supply of 

conductive ions. By late fail of 1997, the baseflow for the 1A outfall appears to have 

stabilized at 15-20 ImpgaVmin. Changes in the beach profile at the No. 1A site caused this 

outfall to be buried in December, 1997 and as a result subsequent attempts to monitor 

discharge were unsuccessfU1. 

The water temperature at the outfali vded seasonally, fiom a minimum of 10.l°C in early 

March to a maximum of 13.6 OC in mid-July (Figure 5- 13). Water temperature close to 



the mean annual air temperature (7.5 OC) is typical of groundwater @. MacFarlane, pers. 

corn.. 1997). The water temperature and temperature variability at the outfall indicates 

that the discharge is afEected by the surface temperature and suggeas a degree of 

connectivity to the surface. This is in contrast to most of the other sites investigated, 

where little or no seasonal change in water temperature was observed. 

Figure 5-13. Water temperature versus time, No. 1A outfall. 

5.2.4 Conductivity, Discharge and Water Chemistry 

Conductivity is an indication of the abiiity of water to conduct an electrical current. It is 

controlled by the concentration and types of dissolved ions. Conductivity measurements 

provide a quick, cheap and effective indirect measurement of the ionic concentration of 

water and were therefore made routinely. An effort was also made to detennine which 

ions made the largest contribution to conductivity. This was considered usefùl because 

fbture monitoring programs rnay be able to use conductivity as a parameter to indirectly 

gauge water quality. Grey (1 996) reported a strong correlation between sulphate and 



conductivity for acid minewaters in Ireland and indicated that sulphate concentration may 

be predicted with conductivity data. Sulphate is an excellent indicator of the extent of 

acid mine reactions because it is produced by the oxidation of pyrite. Unlike metal ions 

sulphate is largely unafEected by sorption or precipitation. 

Reference is made to both field and laboratory conductivity in this study. The field 

conductivity for the No. 1 A site for the survey period is shown in Figure 5- 14. It has been 

noted that the conductivity was highest pnor to, and immediately following, the reopening 

of the outfall. The conductivity decreased fkom approximately 1 100 pmhoskm on day 1 

(Apd 22, 1997) to approximately 500 pmhos/cm on day 6 (April28, 1997) then gradually 

increased to a maximum of approximately 950 pmhos/cm on day 1 14 (August 14, 1997) 

which corresponds to a point of minimum measured flow (1 5 ImpgaVmin) during the 

period studied. M e r  this period the conductivity generally decreased to a minimum of 

approximately 700 prnhodcm by day 198 (November 6, 1997) and remained constant up 

to the last day of monitoring (day 253, January 5, 1998). 

! 

El3 O 50 100 150 200 250 300 

Time (days) 
Relative to the April22,1997 opening of the No.lA outfall. 

Figure 5- 1 4. Water conductivity (field) versus time, No. 1 A outfall. 



The relationship between conductivity and discharge was detennined using a combination 

of field and laboratory conductivities, measured discharges, and discharges estirnated 

using the baseflow recession relationship (Eqn 15-31). In general, conductivity showed a 

negative correlation with discharge (Figure 5- 1 5). 

O XI 40 80 80 1dd 

Discharge (ïmpgai/min) 

Figure 5-15. Discharge versus water conductivity, No. 1A outfall. 

There is considerable scatter where discharge exceeds 80 IrnpgaYmin. These points were 

based on measured conductivity. The discharges, however, include both measured and 

calculated values. The calculated discharges were detennined using the exponential base 

flow recession equation (Eqn [5.3]). The cluster of two high conductivity readings where 

discharge exceed 80 ImpgaVmin were measured on Apnl22 and 23. These conductivity 

measurements are probably not representative of the associated period of recession. As 

shown in Figure 5-14 variable conductivities were observed when the outfdl was first 

opened. The early samples correspond very closely in chernical water quality to the water 



measured prior to the drain being opened (Le. March 9, 1997 data). This indicates that 

the waters discharged when the drain was first opened are quite different f?om the water 

during the flow recession. This may indicate that waters within the workings were 

stratified, with higher TDS waters overlain by the dilute waters with the higher TDS 

waters exiting first. Altematively, it may be that TDS had built up in a 'dammed' water 

body near the outfall. 

Equation 5-4 describes the relationship between discharge and conductivity found through 

regression of the data in Figure 5- 1 S. 

where: 

C = conductivity (pmhos/cm) 

Q = discharge (ImpgaVmin) 

Equation 5-4 has a y-intercept (i.e. zero discharge) with conductivity 905 pmhodcm. 

Field and laboratory conductivities for the March 9, 1997 sample, which were taken under 

essentially zero discharge conditions, were 1077 and 1066 pmhos/cm respectively. These 

values correspond well with the intercept found by regression. By excluding the scattered 

points for which flow was computed using Eqn [6-11 the same dope and intercept was 

found, but the 3 of the line was 0.7. Nonetheless, the conductivity-discharge relationship 

indicates that as the water level is lowered in the workings the conductivity of the waters 

increases. 

Figure 5-1 6 is a plot of conductivity versus TDS for dl water sarnples in which the 

andysis incorporated a fiill suite of anions and metals. It shows that conductivity and 

TDS are positively correlated. The cdculation of TDS was based on the sum of the major 



cations and anions. Because iron and manganese may occur in significant concentrations 

in rninewater, the concentration of these constituents was also included. The 3 increased 

fkom 0.92 to 0.96 when these ions were included in the calculation. 

Figure 5- 1 6. TDS versus conductivity, No. 1 A outfail. 

The linear trend in Figure 5-16 was found to be: 

TDS = 0.83C - 203 
where: 

TDS = total dissolved solids (mg/L), 

C = conductivity (pnhos/cm). 

The higher TDS values may be due to the influx of groundwater which is high in TDS 

because of chemical reactions within the workings. Some dilution of the high TDS 

rninewater by low TDS surface water may also be occumng. The data indicate that major 

rainfall events (e.g. those with >40mm/24hrs) result in dilution. However, they also show 

that these events are short-lived and that the impact of surfsice water infiltration on the 

overall minewater chemistry and discharge diminishes quickly. 

Therefore, the trends in chemistry observed at the No. 1A outfall may be attxibuted largely 

to chemical reactions within the mine rather than to dilution by the infiltration of surface 

water . 



The next step in the analysis was to detemine which individual anions and cations 

contributed to the measured conductivity. It was expccted that this would allow the 

reactions afEecting conductivity to be related to changes in chemistry. The conductivity 

versus the concentration of major cations (Na, K, Ca, Mg) and versus hardness for the 

1997- 1998 1 A outfall sarnples, is shown in Figures 5- 1 7. The conductivity versus 

concentration of major anions (Cl, SOs, and HC03) for the 1997-1998 1A outfall samples 

is shown in Figure 5- 1 8. 

The No. 1A point source monitoring indicates that sulphate was the most concentrated ion 

in the No. 1 A water, ranging between 1 50 and 335 mg/L and constituting 30 to 50% of the 

total dissolved solids in the water. The conductivity of the water increased with the 

concentration of this ion (? = 0.66). There were other major anions (and cations) which 

occurred in moderate concentrations but these showed relationships with conductivity that 

were less clear. Aithough Cl varied fiom 86 to 136 mg/L it did not s h o w  my correlation 

with conductivity (? = O). In contrast, Ca varied fiom 64 to 1 32 mg/L in the water and 

. showed very high correlation with conductivity (3 = 0.87). Magnesium had results similar 

to Ca but occumed in much lower concentrations (16 to 24 mg/L). This indicates that as 

the mine drains, certain ions (sulphate, calcium and magnesium) are concentrated while 

others (chloride, sodium, potassium) are not. This indicates that a few key ions (sulphate, 

calcium, magnesium) are being concentrated in the minewater. The minerals responsible 

for those ions (namely pyrite, siderite, calcite, dolomite) are therefore probably having the 

most significant impact of the evolution of the minewater chemistry. 
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Figure 5-17. Conductivity versus concentration of major cations. 
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Figure 5- 1 8. Conductivity versus concentration of major anions. 



5 .ZS Analysis of Chernistry and Flow during Period of Flow Recession 

A sub-set of the chemical and flow data was considered for detailed analysis. The sub-set 

of the data, defined by the "penod of flow recession", covered the period fiom 

approximately May 6 to October 6, 1997. This was a period of waning flow, as measured 

by the No. 1 A hydrograph, wherein the sample chemistry and discharge were seen to 

change systematically. The differences between these samples were analyzed in detail 

because it was felt that they might reveal the reactions that have most likely occumed in 

the minewater as the workings drained. Five water samples were coliected during this 

period (May 6, June 3, June 4, July 28 and September 26, 1997). The samples fiom this 

period were not complicated by major infiltration events. Sarnples prior to May 6 were 

complicated by the presence of the high TDS Iayer of water, which is inFened to have 

drained fi-om the workings first. 

The change in the sulphate concentration over the period of flow recession ranged fiom 

164 mg/L to 256 mg/., indicating that as the 1A Colliery is draining the arnount of 

sulphate increased (Figure 5-19). The only significant source of sulphate in the Sydney 

Mines Formation is fiom the oxidation of pyrite. Local groundwater has significantly 

lower suIphate than minewater, ranging fiom 45 to 98 mg/L (Baechler, 1986). Acid mine 

drainage reactions, associated with pyrite oxidation, would therefore appear to be 

increasing over this period. 



Figure 5- 19. Sulphate versus time (May 6 - Sept. 26, 1 997), No. 1 A outfall. 

The oxidation of pyrite is a complex cycle which can include al1 of the following reactions 

(Banks et al. 1997): 

Reaction 5-1. Pyrite oxidation by dissolved oxygen and water to produce ferrous iron, 

sulphate and hydrogen ions: 

Reaction 5-2. Partial oxidation of ferrous iron to ferric iron (which consumes some 

hydrogen ions): 

Reaction 5-3. Femc iron acts as an electron acceptor for fùrther pyrite oxidation: 



Reaction 5-4. Hydrolysis of femc iron: 

Reaction 5-5. The overall sequence is: 

Reaction 5-6: Amorphous ferric hydroxide Fe(OIQ , or ferrihydrite, dehydrates over tirne 

to goethite (FeOOH) by: 

Fe(OW3 + FeOOH + Hz0 Cs-61 

The sulphate concentration provides an excellent rneasure of the extent of Rxn [5-11 

because there are no significant sinks for sulphate, other than sulphate reduction, which 

probably is not a &.cior at this site. The molar ratio of sulphate to iron provides some 

measure of the extent of these reactions. Reaction 5-1 results in a molar ratio of sulphate 

to iron of 2: 1 in water if: i) the iron and sulphate did not react further to change their 

proportions, or ii) the iron and sulphate were derived solely fkom pyrite (Le. negating 

other iron and sulphate minerais). The molar ratios were calculated for the period of this 

study and showed an increase with time from 10: 1 to 700: 1 (see Figure 5-20). The 

increase in the sulphate to iron ratio was probably due to the combined effects of an 

increase in sulphate concentration and a decrease in iron concentration. This suggests 

that, within the workings, both pyrite and iron were being oxidized. This explains the very 

strong downward trend in iron concentration at the outfdl with tirne, as shown in Figure 

5-21. 
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Figure 5-20. Sulphatehron molar ratio vs. time (May 6 - Sept. 26, 1997), No. 1 A outfall. 
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Figure 5-2 1. Dissolved iron versus time (May 6 - Sept. 26, 1997), No. 1 A outfall. 

The oxidation of dissolved ferrous iron has probably led to the precipitation of secondary 

iron phases (amorphous femc hydroxide andlor goethite) within the workings. Younger 

(1997) reported that precipitation of these minerals resulted in S:Fe molar ratios in excess 

of 5. 

Both the ferrous and femc iron species were measured from samples obtained on March 

9, 1997 and June 4, 1997. The proportion of dissolved ferric iron decreased fiom 40% of 



Both the ferrous and femc iron species were measured fkom samples obtained on March 

9, 1997 and June 4, 1997. The proportion of dissolved femc iron decreased from 40% of 

the total iron in March to O% in June. The decrease in ferric iron concentration may 

indicate that reducing conditions existed in the water dammed behind the sea drain prior to 

it being opened and that an increase in the rate of oxidation occurred within the workings 

after the drain was opened. 

The saturation indices of key iron phases were calculated using the PHREEQC software 

(IGWMC, 1 997a). This indicated that the comrnon phases of goethite and femhydrite 

may precipitate (Table 5-3). The precipitation of these iron phases is dependent on the 

availability of oxygen, with greater oxygen leading to more advanced rates of 

precipitation. It is possible that as the workuigs drain, air space opens up in the mine 

workings and this creates a greater supply of oxygen, enhancing the oxidation. In 

addition, as the minewater drains, more oxygenated groundwater flows into the mine 

workings. This increases the oxidation of pyrite 5-11, and causes hydrolysis of ferric 

iron [Rxn 5-41. The flow of oxygen-rich water into the workings may flush the ochre 

'armor' fiom the pyrite grains, which would also increase their susceptibility to oxidation. 

Hydrogen ions (acid) are released during the oxidation of pyrite. If the H' ions are not 

consumed the pH will be lowered. The pH data for the period of recession is shown in 

Figure 5-22 below, indicating only a slight decrease in pH. 



T h e  (da-ys) 
Timc h m  date ootrdI opened (Aprli 22/97) 

Figure 5-22. pH (field) versus time (May 6 - Sept. 26, 1997), No. l A  outfdl. 

Whereas the changes in sulphate and iron indicate the effeçts of oxidation, the near static 

pH indicates the effects of carbonate buffering. Three comrnon buffering reactions are the 

dissolution of calcite, dolomite and siderite, ail of which produce alkaiinity: 

Calcite CaC03 + H' + ca2' + HCOi 15-71 

Dolomite CaMg(C03)2+ H' -t ca2' + M ~ ~ '  + HCOY [5-81 

Siderite FeC03 + H* + ~ e ~ '  + HCOJ' 15-91 

The data (Figures 5-23 to 5-24) indicate that calcium and magnesium concentrations 

tended to increase with time. By contrast, the alkalinity was essentially constant Figure 5- 

25). 
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Figure 5-23. Calcium concentration versus time (May 6 - Sept. 26, 1997), No. 1 A outfall. 

Figure 5-24. Magnesium concentration vs. tirne (May 6 - Sept. 26, 1997), No. 1A outfd. 



Figure 5-25. Alkalinity versus time (May 6 - Sept. 26, 1997), No. 1A outfall. 

The occurrence of  calcite and dolomite in the Sydney Mines Formation is described in 

Section 2.2.2. Briefly, calcite is a cornmon minera1 occumng in the limestone or dark 

shale beds overlying coal seams in the study area, whereas dolomite is a relatively 

uncomrnon rnineral, based on mineralogical studies of the Phalen or Prince sandstones (M. 

Gibiing, pers. comm. 1998). However, the occurrence of Mg in the dischargeci 

minewaters, and the fact that its concentration is closely related to that of calcium, 

suggests that a magnesiurn-bearing mineral is present. It is mineraiogically possible for 

magnesium to be substituted for calcium in calcite. The amount of magnesium 

substitution may be such that mineralogical studies were not able to  distinguish it fiom 

calcite. Siderite is another carbonate rnineral which is also present in the strata but this 

mineral may only play a temporary and localized role in the development of the water 

chemistry. This point is elaborated upon in Section 5.2.6.3. 



5 .Z.6 Reaction Balancing 

The trends in water chernistry observed during the period of recession suggest two key 

sets of reactions: 

1) the oxidation of pyrite and subsequent hydrolysis of femc iron resulting in the 

precipitation of femc hydroxide in the workings, and 

2) the dissolution of calcite and dolomite, and resulting buffering of acid. 

The hypothesis that an increase in sulphate between May 6, 1997 and September 26, 1997 

was due to the oxidation of pyrite was tested. Reaction balancing was done to test 

whether the change in concentrations of sulphate, iron, calcium, alkalinity and pH agreed 

with the stoichiometry of these reactions. In the context of this model, 'initial water' 

refers to the composition of the May 6, 1997 water sample and 'final water' refers to the 

composition of the September 26, 1997 water sample. 

The mole balance was constrained by the increase in sulphate between the composition of 

the initial and fid waters. This approach was considered valid because the sulphate that 

is produced during the oxidation of pyrite and sulphate is unsected by sorption processes 

or precipitation (Grey 1996). In the following two sections the key reactions are 

balanced. 

5.2.6.1 Balancing pyrite oxidation reactions 

In this section the pyrite oxidation reactions are balanced. A series of balanced reactions 

describing pyrite oxidation are presented below. For the purpose of this analysis these 

reactions are limited by the 0.96 mmoYL ~ 0 4 ' '  , the increase âom May 6 to September 26, 

2997. For ease of reference the molarity is rounded fiom 0.96 to 1 .O mmoVL. 



Rxn 5-1. Pyrite is oxidized by dissolved oxygen and water to produce ferrous iron, 

sulphate and hydrogen ions limited by 1 mxnoVL ~04": 

Rxn 5-2. Ferrous iron is partially oxidized to fenic iron which consumes some hydrogen 

ions (limited by 0.5 mmoW ~ e ~ 3 :  

Rxn 5-4. Femc iron is hydrolyzed to femc hydroxide (limited by 0.5 mmoYL ~e)'): 

Since amorphous femc hydroxide Fe(OH)3 dehydrates to  goethite (FeOOH) by: 

Fe(OH)3 + FeOOH + Hz0 [5-61 

Rxn 5-4 can then be written as: 



These reactions may be checked by adding: 

To obtain: 

Multipling Rxn [5-5 J by 8 yields the overail sequence of reactions: 

This overall sequence for the oxidation of pyrite is consistent with that reported in the 

literature (e.g. Banks et al. 1997). It is noted that femc iron rnay act as an electron 

acceptor for firther pyrite oxidation. The oxidation of pyrite by femc iron 5-31 is 

limited by the molarity of ferric iron generated by Rxn 5-5. 

Limiting Rxn [5-31 by 0.5 rnmoYL ~ e ~ *  yields: 

Since femc iron is nclt stable in the presence of oxygen it was not considered relevant to 

this study. 

An increase of 0.96 mmoYL (approxirnately 1 mmol/L) of sulphate occurred between 

May 6, 1997 and September 26, 1997. The overall reaction [Rxn 5-53 indicates that if the 



sulphate was generated by pyrite oxidation, 0.5 mmoVL of Fe2' would be generated, and 

subsequently oxidized to 0.5 mmoVL of ~ e ~ '  and then hydrolyzed to 0.5 mmoVL of 

Fe(OH)3. 

The amount of H' ions that would be produced by the oxidation of pyrite is 1.92 mmol/L. 

Additional Iil+ would be produced as a result of the decrease in the iron concentration 

fiom the initial to the final water as shown in Figure 5-21. 

Reactions [5-21 and 15-41 may be added: 

to obtain: 

By substituthg the change in molar concentration of ferrous iron between the initial and 

final water Rxn [ci- 101 may be rewritten as: 

Therefore, the implied concentration of total acid m) produced by the oxidation of pyrite 

and the subsequent oxidation of ferrous iron and the hydrolysis of the femc iron is: 



In the next section the reaction balance calculations are continued and the concentration of 

acid (H') is carried forward. 

5.2.6.2 Balancing calcite, dolomite and alkalinity reactions 

In this section the carbonate buffering reactions are balanced. Calcium and magnesium 

increased between May 6, 1997 and September 26, 1997. Alkalinity rernained about the 

same, increasing very slightly. Balance calculations were used to determine if calcite and 

dolomite dissolution reactions matched these Üicreases. These calculations are controlIed 

by the concentration of H+ produced by the acid (H'). In general acid is the result of the 

oxidation of pyrite and the subsequent oxidation of ferrous iron, which in turn causes the 

hydrolysis of the ferric iron. 

The observed increase in the concentration of caZ' was 29.8 mgL,  or 0.74 mrnoVL. The 

observed increase in concentration of ~ g ~ ' '  was 22.1 m a ,  or 0.3 1 mmoVL. Rxn [5-71 

and 15-81 for the dissolution of calcite and dolomite are presented below with the 

stiochiometry defined by the observed changes in molar concentrations. 

By adding Rxn [5-71 and [5-81 we obtain: 

0.3 lCaMg(CO& + (O.43)CaCO3 +1.04s -+ 0.74ca2+ + 0.3 1 ~ ~ ~ +  + 1.04HCO< [5-1 1] 



Reaction 5- 1 1 indicates that 1 .O4 m o V L  of H+ may be consumed and that 1 .O4 mmoyL 

of HCO3' may be produced by the dissolution of calcite and dolomite. 

The alkalinity generated by Rxn [5-111 was subsequently consumed by the Rw 15-121 as 

h t t e n  below (limited by 1.04rmnoVL of HCO3 '): 

1.04HC03 - + 1.04H' -t 1.O4HzO + 1 .O4CO&) [S- 121 

(alkalinity + acid + water + carbon dioxide) 

The above calculations indicate that alf alkalinity produced by the dissolution of calcite 

and dolomite was probably consumed. This is consistent with the observation that the 

HC0i of the initial (May 6, 1 997) and final (September 26, 1 997) water is approxirnately 

the sanie, with a difrence of only 2.4 mg/L (0.04 mmoVL). Therefore, of the total 2.2 

rnrnoYL of the H' produced by the oxidation of pyrite, 1 .O4 mmoVL was consumed by the 

dissolution of calcite and dolomite and 1 .O4 rnrnol/L was consumed by the buffering 

reaction between the acid and alkalinity. This leaves a balance of 2.2 mmoVL-2.08 

mmoVL= 0.12 rnmoVL of H' . 

The balance presented in this section explains the data very well. The only imbalance 

noted is in the slight excess in w, and this is only 5%. This can easily be accounted for by 

the normal analytical uncertainties associated with laboratory analysis. Appendix 6 

demonstrates that the reactions would balance perfectly with only slight (5%) changes in 

the ca2' and M ~ ~ '  concentration. This falls in the range of accuracy of the laboratory 

measurernents. 



5 .Z.6.3 The role of siderite 

It was demonstrated in the previous section that the increases in concentrations of Ca and 

Mg were consistent with the dissolution of calcite and dolomite and that the alkalinity 

produced by the dissolution of these carbonate minerals may have been consumed by the 

hydrogen ions generated as a by-product of pyrite oxidation. 

The role of siderite (FeC03) in the evolution of water chernistry at the No. 1 A site was also 

considered. Siderite is a common iron-carbonate minera1 within the Sydney basin, and 

occurs in close proximity to the coal seams (Tandon and Gibling 1997) (see Section 2.2.2 

for details). Blowes and Ptacek (1994) indicate that water buffered by siderite may have a 

pH of4.8 to 6.3. The pH ofthe water at the No.lA outfall was within that range and was 

relatively stable, varying between 5.4 and 6.1. However, the neutralization effect of this 

mineral rnay only be localized and temporary (Morrison et al. 1990, Banks et al. 1997). 

Two reactions (Rxn 5-9,5-13) appear to explain the dissolution of siderite and the 

neutralization effect S. 

FeCO3 + H' + ~ e "  + HC0; [5-9] 

(siderite + hydrogen ions + ferrous iron + alkalinity) 

In Ibn  [5-91 sidente is dissolved by hydrogen ions to produce ferrous iron and alkalinity. 

The ferrous iron is not stable in the presence of oxygen and reacts to produce femc 

hydroxide and hydrogen ions by way of Rxn [S-l3J: 

~ e "  + 0 2  + H 2 0  -, Fe(OH):, + H? [5- 131 

(ferrous iron + oxygen + water + ferric hydroxide + hydrogen ions) 



The alkalinity produced by Rxn [5-91 combines with the hydrogen ions produced in Rxn 

[5-131. The net result is that siderite does not make a net alkalinity contribution to the 

water. However, sidente buffered waters have been identified elsewhere (e.g. Blowes and 

Ptacek 1994). Siderite was undersaturated throughout the period of monitoring, and 

ranged fiom - 1.9 at the start of the recession to -3.6 at the end (Table 5-7). The absence 

of siderite saturation, and the degree of siderite buBering, may depend on the availability 

of dissolved oxygen and hence the dominance of Rxn 15-1 31. M e n  the dissolved oxygen 

is absent ferrous iron is not oxidized and can remain soluble. Under these conditions (e.g. 

reducing waters) siderite can make a significant contribution to allcalinity. At the No. 1A 

outfall dissolved oxygen was between 3.0 and 4.5 mg/L. This level of dissolved oxygen 

content was probabiy sufficient to ensure that the ferrous iron generated by siderite 

dissolution was consumed, thereby negating the effects of siderite on the final water 

chemistry. 

5.2.7 Geochemical equilibrium rnodeling with PHREEQC 

PHREEQC is a geochemical modeling program developed by the United States 

Geological Survey (USGS). It has the capability of doing inverse mass balance modeIing. 

PHREEQC has many additional capabities, including the abiiity to incorporate 

uncertainty in the chernical anaiysis. 

In generai, inverse reaction path models use minerai saturation indices and a mass balance 

approach to calculate the masses of gas andor minerals that must enter or lave a system 

to account for the observed changes in solution composition (Plummer 1992). Thus, 

inverse models use known solution compositions at the beginning and ending points as 

input data. The user must select the appropriate mineral reactions fiom the plausible 

reactions calculated for a given system (Paschice and van der Heijde 1996). 



A mass balance model is defined as the masses (per kilogram H20) within a set of 

plausible minerais and gases that must enter or leave the initial solution in order to define a 

set of elemental and electron transfers. 

The model (Pturnmer 1992) is of the form shown in Eqn [5-61: 

initial water + "reactive phases" = final water + "product phases" 15-61 

In this study PHREEQC was used to fùrther assess whether specific reactions could 

account for the differences in chernistry observed at the No. 1A site. The program 

calculates a range of solutions within the bounds of uncertainty specified by the user and 

allows corrections for charge-balance mors (or uncertainty) in the chemical analysis. A 

5% uncertainty in the chemical analysis was used in the model tested for this aspect of the 

study. 

PHREEQC aliows other important geochemical attributes of the water to be determined, 

including saturation indices. Saturation indices are usefbl because they ver@ whether the 

reactive phase in the model can dissolve or precipitate. The saturation indices for the 

phases tested in the models are shown in Table 5-7. The saturation index of pyrite was 

not calculated by PHREEQC. However, ail other information indicates undersaturation 

and instability of pyrite at the observed pH, pe, and dissolved oxygen levels. The redox 

potential was taken as the measured pe. 

Table 5-7. Sumrnary of saîuration indices for 1997 No. 1 A water samples. 
Date 

9-Mar-97 
6-May-97 
4-JW-97 
28-Jd-97 

I 26-Sm-97 I -2.8 I -6.0 I -3.6 I -54.7 I -1.3 I -0.6 I 

Calcite 
-1.9 
-2.8 
-2.9 
-2.8 

Dolomite 
-4.5 
-6.1 
-6.3 
-6.3 

Siderite 
-1.0 
-1.9 
-2.1 
-2.4 

O&) 
-55.6 
-53.4 
-54.0 
-54.0 

C02k) 
-1.5 
-1.6 
-1.4 
-1.4 

Goethite ' 
7.0 
1.7 
1.2 
0.9 



In PHREEQC the initial and final waters and the reactive phases are specified by the user. 

Zn the modeling performed as part of this study for the No. 1 A site, the 'initial water' 

composition on May 6, 1997 and the 'final water' composition was the water composition 

on September 26, 1997. 

Two models were tested. In model 1 the reactive phases were specified as being pyrite, 

calcite, dolomite, CO&), 02(g) and goethite. Pyrite, calcite and dolomite were specified 

as phases which could dissolve, whereas goethite was specified as a phase which could 

precipitate. Model 1 is essentidy a 'mas-balance solution' to the equations solved 

manually using stoichiometric reaction balancing. The mass-balance approach 

incorporates electron balancing and redox which is not accounted for in the stoichiometric 

approach. Model 2 was mn to assess the role of siderite. In model 2 the reactive phases 

were specified as being pyrite, calcite, siderite, Oz(g) and goethite. Pynte, calcite and 

siderite were specified as phases which could dissolve and goethite was specified as a 

phase which could precipitate. The equations in model 2 could not be solved using the 

stoichiometric approach. 

Selected results for these two models are show in (Tables 5-8 and 5-9). 



Table 5-9. Summary of mass balance model 2 results, No. 1 A outfall. 
1 Reactive Phase 1 Phase Mole Transfer 1 Range of Mole Transfer 1 

Table 5-8. Summary of mass balance mode1 1 results, No. 1 A outfall. 

(rnmoi/L) using 
PHREEQC 

(mmoVL) Considered by 
PHREEQC 

Range of Mole 
Transfer (rnmoVL) 
Considered by 
PHREEQC 
0.40 to 0.52 
0.26 to 0.66 
0.24 to 0.39 
-0.63 to -0.01 5 
1.50 to 2.00 
-0.66 to -0.55 

Reactive 
Phase 

Pyrite 
Calcite 
Dolomite 
co2(~3) 
oz(& 
Goethite 

The phase mole transfer refers to the number of moles of the reactive phase which were 

Phase Mole Transfer 
(mmom) 
(reaction balancing) 

0.48 
0.43 
0.3 1 
-1 .O4 
1.91 
-0.62 

Pyrite 
Cdcite 
Siderite 

, 02(& 
Goethite 

dissolved (where positive) or precipitated (where negative) dong the flow path between 

Phase Mole Transfer 
(mmoVL) using 
PHRFLEQC 

0.45 
0.50 
0.3 1 
-0.37 
1.84 
-0.62 

the initial and final water conditions. In the case of the gases, the positive mole transfer 

0.29 1 0.24 to 0.40 

refers to in-gasing and the negative mole transfer refers to out-gasing. 

0.75 
0.007 
1.13 
-0.44 

Mode1 1 predicted that 0.45 mmoVL of pyrite was dissolved and 0.62 mrnoVL of goethite 

0.65 to 0.93 
O to 0.28 
0.94 to 1.5 
-0.66 to -0.55 

was precipitated. This compares well with the mole transfers calculated by reaction 

balancing (0.48 mmoVL of pyrite dissolved and 0.62 mmoVL of goethite precipitated). 

The model predicts that between the initial and final sarnple waters, 1.7 mrnol/L of O2(g) 

would dissolve (in-gas), compared to 1.9 1 rnmoVL in the reaction balance calculations. 

The one phase which diEered between the PHREEQC modeling effort and reaction 

balance calculations was the amount of C02(g) out-gasing. The model indicated a wide 

range for COz(g) out-gasing. The mole transfer determined in the model was 0.37 



mmoYL compared to 1 .O4 mmol/L for the reaction-balance calculations. The cause of this 

wide variation in CG(g) within the model is probably due to the dependence of this 

parameter on alkalinity and pH, as evident fiom Rxn [5-121. Despite the difference in 

COz(g) concentrations, the modeling appears to confim that the changes in chemistry 

between the initial and final water can be accounted for by the dissolution and 

precipitation of the reactive phases identined. These results are consistent with the earlier 

calculations and the saturation indices of the mineral phases tested. Mineral phases with 

positive saturation indices were shown to precipitate and those with negative saturation 

indices were shown to dissolve. 

In model 2 the changes in chemistry between the initiai and final waters are attributed to 

pyrite, calcite and siderite dissolution and goethite precipitation. This mode1 predicts a 

very small(0.007 mmoVL) mole transfer for siderite. This model did not account for the 

changes in Mg, which were accounted for in model 1 through dolomite dissolution. 

Inclusion of dolomite in model 2 resulted in erroneously large and unrealistic mole 

transfers. In summary, siderite is a reactive phase and probably contributes both iron and 

alkaiinity to the minewater. However, these contributions are temporary because the two 

by-products of siderite dissolution, ferrous iron and alkalinity, are reactive. Therefore, the 

significance of siderite dissolution cannot be quantified in this study. 

5.2.8 Ochre chemistry 

Using the average water chemistry for the No. 1A outfaIl data, the concentration factors of 

each element in the ochre were detennined. The concentration factor is a ratio of the 

element concentration in ochre (mgkg) to the element concentration in water (mg/L) 

(Fuge et ai. 1994). 



The results of this andysis are shown in Table 5- 10. The ICP-MS analysis of the ochre 

was limited to 'available metais' based upon the digestion techuque provided by EPS 

Method 3050A. For this reason S, which was predicted to precipitate as barite, was not 

identified in the anaiysis. Similarly Ca, Mg, K, and Na were not detected using this 

method. 

The detemination of concentration factors is modeled after a study by Fuge et al. (1994). 

The elements which had the highest concentration factors, in decreasing order, were 

arsenic, iron, alurninum and barium. The lowest concentration factors were associated 

with boron, strontium, manganese, and nickel. Many of the elements were below 

detection limits in the water sarnples. In these cases the calculated concentration factor 

shown in Table 5-10 with the '>' symbol indicates this minimum value. 

The hi& concentration factors for iron, alurninum and barium are attributed to the 

precipitation of femc hydroxide Fe(OH):, (or the crystalline equivalent, goethite 

(FeOOH)), gibbsite (Aî(OH),), and barite paso4),  respectively. The saturation indices of 

these phases are positive, which is consistent with their precipitation. 

Arsenic had the highest concentration factor in the ochre (approximately 

43000((mg/kg)/(mg/L)). This is attributed to the combination of relatively high arsenic in 

the water (average of 9 pgL) and the fact that this element is prone to be scavenged by 

hydrated iron oxides (Peters et al. 1996). The most comrnon source of arsenic is FeAsS 

(arsenopyrite). Arsenic may also occur in the crystal lattice of pyrite (Peters et al. 1996). 

Many of the elements concentrated in the ochre at the No. lA site are present in the 

overlying rock column. Trace elements detected using in the sandstone body above the 



Phalen seam using electron microprobe were As, Zn, Ni, Co, Mn, Sn, Sb, W, Bi, Cr and 

Pb. The arsenic was associated with the minerais pyrite and sphaierite (M. Gibling, pers. 

comrn. 1999). 

At the No. 1A site the concentration of arsenic in the ochre is high, 390 mgkg. For 

cornparison, the concentration of arsenic on a sample of ochre precipitated fiom coal 

minewater in Springhill, Nova Scotia was 52 mg/kg (Young 1996). Typical values in soils 

are 0.1 to 40 mgkg (Colboum et al. 1975). The Canadian assessrnent criteria for 

remediation of soils indicate that arsenic should be between 20 and 50 mgkg  depending 

on the land use (CCME, 1992). Concentrations at the No.25 site were in a similar range 

to the No. 1 A site (between 270 and 320 rnglkg). Due to the much higher discharge at the 

No.25 site, the resultant total arsenic load was much less at the No. 1A site. 

The most probable mode of precipitation of the other metals detected in the ochre, 

including copper, cobalt, chromium, molybdenum, nickel, lead and zinc, is also 

interpretable as adsorption to, and CO-precipitation with, the hydrated iron oxides. This 

process has long been known to be important (Levinson 1980). 



' Concentration Factor is a ratio = elernent concentration in ochre (mg/kg)/element 
concentration in water (mg/L), 

Elements below detection in the water have concentration factor preceded by the '<' 
symbol and may be regarded as minimum values. 

The XRD method was used to  help identiQ any crystalline structures in the ochre which 

might help in the determination of the source and mode of deposition of the ochre. The 

XRD technique has been used elsewhere to help discern the composition of ochre formed 

fiom coal mine drainage. Recent examples are Yu (1996), Younger (1995), Karathansis 

and Thompson (1995), and Murad et al. (1994). 

Table 5- 1 0. Comparison of water and ochre chemistry, No. 1 A out fall. 
Element 

Al 
As 
Ba 
B 

Water 
mw" 
maximum 

0.40 
0.02 
0.09 
0.07 

Ochre 
m g h  

4800 
390 
57 
6 

Water 
m g L  
mean 

0.19 
0.009 
0.035 
0.05 

Water 
ml& 
minimum 

C0.01 
O. O00 1 
O. 02 
0.04 

Number 
of 
water 
samples 

9 
9 
6 
6 

Average 
concentration 
factor ' 
Owkg)/(mgl 
LI 

25269 
43333 
1629 
120 



Yu (1 996) reported that x-ray diffractogram signatures of reddish yellow and white ochre 

samples were indicative of amorphous compounds. Further chernical analysis indicated 

that the reddish yellow ochre was mainly composed of iron whereas the white ochre was 

mainly composed of aluminum. The results of the x-ray diffraction, chemical analysis, and 

saturation index calculations led Yu (1996) to conclude that the reddish yellow 

precipitates were amorphous Fe hydroxides whereas the white precipitates were 

arnorphous Al sulphate. Yu also concluded that the exact detemination of the chemical 

formula of the ochre required fiuther detded study. 

Younger (1995a) sampled ochre deposited by discharges fiom five abandoned collieries in 

the UK. AU but one gave an amorphous signature. The one crystallme signature was 

goethite. Younger indicates that if lefl undisturbed amorphous hydroxide ochre will 

crystallize over time, fùst to cystailine hydroxide (goethite) and later still to indurated iron 

oxide (haematite). This finding of indurated Fe oxide identified in this study at the 

Monisons Pond outfdl (which drains workings fiom the 1800's) is consistent with this 

pattern. 

Karathanasis and Thompson (1 995) studied iron precipitates f?om a wetland constmcted 

to treat coal mine discharge. SarnpIes were analyzed using x-ray diffraction, scanning 

electron microscopy, thermal analysis, and selective dissolution analysis. The x-ray 

difiaction revealed poorly crystalline ferrihydrite, lepidocrocite, goethite, and suggested 

the presence of akaganeite and schertmannite. 

Murad et al. (1994) used x-ray difiaction, Fourier-transform infrared spectroscopy, 

Mossbauer spectroscopy and selective chemical extraction procedures to identie poorly 

crystailine rninerals in ochre deposits from acid mine waters draining abandoned workings. 

In their study the properties of ferrihydrite, goethite and a phase dubbed "mine drainage 

mineral" (MIIM) are presented. 



The current study did not have the resources to analyze the ochre using a11 the techniques 

identified by Murad et al. (1994). The limited XRD data for the ochre analyzed in this 

study confirm that the ochre was largely amorphous. This is consistent with the findings 

of Yu (1996) and Younger (1995a) and may indicate that femc hydrorride (Fe(OH)3) 

rather than goethite (Fe(0OI-I)) is the dominant hydrated iron oxide. Aitematively, the 

geothite in these ochres may be poorly crystalline. The absence of crystalline signatures 

probably indicates the absence of significant gibbsite and barite, two minerals predicted as 

precipitants, based on the ICP-MS and saturation index caiculations. However, these 

minerals were in such low concentrations that they are unlikely to be detected by the XRD 

method. Minerals that forrn iess than 5% of total are generally not detected (M. Gibling, 

pers. comm. 1998). 



5.3 Minewater Chemistry in an Open Channel 

The No.25 site provided a unique reference point for this snidy because it represented an 

opportunity to investigate chernical reactions in an open channel. At this site, an analysis 

and quantification of the minewater and precipitate chemistry was conducted. In addition, 

the longitudiiai variations in water chemistry and precipitates downstream of the outfall 

were assessed. The No.25 site was also notable as the only location in the study where 

water emerged (and continues to do so at the time of writing) fiom the ground surface in a 

reduced state with respect to redox potential. This open channel flow path presented 

challenges for discharge rneasurement - requiring the constmcîion and monitoring of a 

weir. Analysis of the No.25 site included consideration of multi-year and annual changes 

in water chemistry at the outfall, so as to allow the 1997 data to be placed in an histoncal 

context. Figure 5-26 displays a plan and profile view of the No.25 site. 

The thrust for a detailed investigation of the No.25 site arose fiom the fact that this system 

represented a naturd aerobic 'treatment' system for iron rich minewater. In this study the 

'treatment' was determineci to be lirnited to the removal of metals f?om solution and 

lacked other key components, such as sludge removal and disposal. The general 

appearance of the site, evident fiom the initial site inspection, indicated that very 

significant volumes of ochre have been deposited in the streambed. It was hoped that a 

detailed study of this system would provide valuable insights into the nature of the site. 

This study focused on the chernical reactions occurring in the open channel, and provided 

important data for fiiture environmental assessrnents. 
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5.3.1 Analysis of results 

The water at the No.25 open channel site was found to be net-Mine and reducing. It 

was found to have circum-neutral pH with relatively low TDS and high, but variable, iron 

and sulphate. Based on data fiom this and other studies sulphate concentrations ranged 

fiom 22.7 mg/L to 73 mgL, and iron fkom 0.72 mg& to 23.5 mgL The highest sulphate 

concentration was measured in 1980 and the lowest in 1992. 

White the data suggest a fairly constant water chemistry in recent years, this is in contrast 

with earlier analyses. The Piper Plot in Figure 5-27 and the Collins Bar diagram in Figure 

5-28 indicate that the major anion and cation chemistry were relatively constant in 1996 

and 1997. However, the 1980 and 1992 samples had significantly diffèrent chemistry 

(Table 5-1 1). 

The data is suggestive of more severe pyrite oxidation in the past as compared with the 

present. At this open channel site a decline in sulphate levels was observed between 1980 

and 1997. This trend is consistent with the findings of Younger (1997) for the United 

Kingdom, for which the quality of waters which drain coalfields have been shown to 

improve over time, due to the consumption of sulphide xninerals. A deviation fiom this 

general trend may be seen in the 1992 data, specifically in the lower sulphate (22.7 mg/L) 

and very low iron (0.72 me). These data might be explained by the dilution of the 

minewaters by rainwater. To determine if the minewater at the No.25 outfd was affecteci 

by dilution, the daily precipitation data for Sydney Airport were reviewed to see if there 

were any major rainfaii events immediately preceding the time of sampling in 1992. The 

water samp1e in question was collected in May 1992 but the exact day was not known. 

Table 5-11. TDS, sulphate and iron - 1980 and 1992. No.25 outfd. 
r 

Concentration (mg&) 
TDS 

sulphate 
iron 

1980 
148 
73 

23.5 

1992 
72 
22.7 
0.72 

Ratio 
1:2.1 
1:3.2 

1:32.6 



The rainfall data indicate that there were no signifiant events (>40 mm) events within 50 

days prior to May 1992. A short-term infiltration event is therefore an unlikely 

explanation for the low TDS in this sarnple. The daily rallifall data for 1980 through 1997 

were reviewed to see if there were periods of unusual precipitation preceding sampling. 

This review found that the total annual rainfall fiom 1991 to 1997 fluctuated between 

1000-1250 d y e a r .  In contrast, 1996 was a period of exceptionally high precipitation, 

totaling approximately 1600 mm (Figure 5-29). There was no indication of unusually high 

precipitation in 1991 or 1992 that might have caused dilution of the 1992 minewater 

sarnple. In addition, despite the high annual rainfall in 1996, there was no marked 

difference between the quality of the 1996 minewater samples and that of the 1997 

sarnples. These findings suggest that short and medium term precipitation patterns do not 

have an immediate effect on the chemistry of the No.25 outfall. Whether the 1 992 sarnple 

represents a major variation in the No.25 site as it relates to minewater flow, or was 

simply improperly collected or the result of an error in the laboratory analysis, cannot be 

confidently deterrnined. 
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Figure 5-27. Piper Plot, No.25 site. 
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Figure 5-28. Collin's Bar Diagram, No.25 site. 



Figure 5-29. Total annual rainfdl(199 1 - 1 997), Sydney. 

5.3.2 Changes in No.25 outfall chemistry in 1997 

Sarnples taken at the outfall of the No.25 site indicate that the concentration of several 

major ions (e.q. calcium, magnesium, sodium, potassium, and chloride) were generally 

constant between March 1 1, 1997 and July 15, 1997. The total dissolved solids and the 

concentration of most metals, except iron, were also very similar. There were some 

differences, including: 

- a slight increase in alkaiiity (42.8 mgL to 46.2 mg&, ratio = 1 : 1.1 ), 

- a slight decrease in sulphate (42.5 mgL to 38.8 mg& ratio = 1 : 1 .1), 

- a decrease in iron (23 mg/L to 15.7 mg/L, ratio = 1: 1.9, 

- an increase in dissolved oxygen (1.6 mg& to 2.5 mg&, ratio = 1: 1.6), and 

- a general increase in pe (-2.4 V to -1.5 V, ratio = k1.6). 

These dserences are shown in Figure 5-30. 



Figure 5-30. Variations in water chemistry for four key parameters at the No.25 outfall. 

Overall, there were no major differences in the quality of minewater during this period. 

This suggests a degree of uniforrnity in the source water and therefore fairly consistent 

geochemical conditions in the mine workings over this period. Some variations in the 

dissolved iron concentration were noted during the period of study. These variations may 

relate to the dissolved oxygen. The relationship between dissolved oxygen and dissolved 

iron at the outfall is shown in Figure 5-3 1. 

I 0 .O 1 .O 2.0 3 .O 4 .O 5 .O 
Mssolved oxygen (mg&) 

Figure 5-3 1. Iron versus dissolved oxygen at the No.25 outfall 



Based on these lirnited data (three points) a negative relationship exists between dissolved 

oxygen and iron. The amount of iron measured at the outfafl must in general be affected 

by the dissolved oxygen content of the water when it emerges fiom the ground. The 

relationship between dissolved oxygen and dissolved iron at the No.25 outfidi is defined 

b y: 

where: 

Fe = dissolved iron (mg/L), 

DO = dissolved oxygen (mg/L), 

Based on this relationship, if the dissolved oxygen is known, the uon concentration can be 

estimated. The iron concentration was estimated to be 36 mg/L when the dissolved 

oxygen concentration was zero, which is probably more indicative of the iron 

concentration in water within the flooded workings. The dissolved oxygen concentration 

in the workings is probably zero based on the negative redox state of the water emerging 

at the outfall and the presence of significant concentrations of dissolved ferrous iron, 

which is unstable in the presence of oxygen. By converting 36 mg/L to molar (0.66 

mmoK) and cornparhg it to the average sulphate molar concentration (0.42 mmoUL) the 

ratio of S to Fe is 1.6: 1. This is close to the molar ratio of S to Fe in pyrite @es2), which 

is 2: 1, and this suggests that the dissolved iron was derived from pyrite. 

The negative redox state (pe) may indicate that the water was not in chernical equilibriurn 

with oxygen when it emerged fiom the ground. Water which is in equiiibrium with 

oxygen will have a high positive pe. This suggests that the oxygen was introduced into 

the water shortly before it emerged fiom the ground. The flow at the site carne through a 

horizontal pipe generaily flowing ody h&-fiill. This pipe may be comected to an overfiow 



fiom an abandoned borehole or shafl. Re-aeration during the flow through the pipe may 

account for the dissolved oxygen measured at the outfd. Experiments conducted at the 

site determined the re-aeration and found that it depended on the velocity of the water and 

the oxygen deficit. Based on these experiments, described in Section 3.1 (pg. 52-53), 

gaseous 0 2  may have been introduced very rapidly (up to 1.5 mglL in 30 seconds). The 

significance of this finding is that the dissolved oxygen measured at the outfall is probably 

not representative of the dissolved oxygen at depth in the flooded workings. 

5.3.3 Downstrearn Changes in Iron and Oxygen 

The downstrearn trends at the No.25 site were evaluated on two occasions (March 1 1, 

1997 and June 4, 1997). Selected results are shown in Figures 5-32 and 5-33. 
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Figure 5-32. Downstream changes in chemistry, No.25 site (March 1 1, 1997). 
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Figure 5-33. Downstream changes in chemistry, No.25 site (June 4, 1997). 



It is evident fiom examining these data that a number of downstream trends exist in this 

open channel system. The data indicate a fairly constant aikalinity, with the exception of a 

sharp decrease between the samples at 240 and 3 15 m. This is due, in part, to the impact 

of a natural brook with a Iower pH that enters the minewater Stream at 305 m. Sulphate 

showed a slight decrease in concentration downstream. In general, most anions and 

cations (such as chloride, sodium, potassium, calcium and magnesium) are un-reactive in 

an open channel environment, and as expected were relatively constant dong this channel. 

The iron concentration decrease is quite pronounced, with most of the iron precipitating 

out of the water by 3 1 5 m downstream. The concentration of many other metals remained 

constant. The manganese concentration showed essentialiy no variation downstream in the 

March samples, but declined measurably in the June samples. The temperature was 

observed to decrease in the downstream direction during the winter, but to increase in the 

downstream direction in the summer. The pH was generally constant. Due to the change 

in iron concentration and the effect of iron oxidation on pH this was not expected. This 

phenornenon was investigated fùrther and is discussed later in this section. The dissolved 

oxygen increased downstream, while the pe gradually increased, going fiom reducing 

(negative) to oxidizing (positive) conditions. 

5.3.3.1 Downstrearn Changes in Iron Concentration 

The data show that as the water proceeded downstream the iron concentration dropped. 

This is displayed graphicdly for March and June 1997 in Figure 5-34. 
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Figure 5-34. Dissolved iron versus distance downstreaxn, No.25 site. 

The observed fit of the downstream variation in dissolved iron may be expressed as: 

Fe, = m X + b  

where: 

Fe, = dissolved iron concentration (mg/L), 

m = slope (mg/Lmm), 

X = distance downstream (m), 

b = y-intercept 

For this data set the following parameters were found: 

The slopes of Eqn [5-81 are essentidly the same on both dates7 indicating that the rate of 

decline of dissolved iron was about the same for these two penods. The rate of change of 

Table 5-12. Parameters for Eqn 15-81. 
combined 

-0.59 
22.1 
0.9 

Parameter 
m (mg/L m) 
b (mg/L) 
? 

March 1 June 
-0.057 
23 
0.97 

-0.061 
20.7 
0.99 



a species with respect to distance cm be readily transposed to a rate of change with 

respect to time if the average longitudinal water velocity is known. The two methods used 

to determined velocity were described in Section 3.1 (pg. 52). The downstream variation 

in velocity is shown in Figure 5-3 5. 

Mitince downstream (m) 

Figure 5-3 5. Mean flow velocity versus distance downstrearn (Jul y 1 4, 1 997). 

Shce distance is velocity (V) multiplied by tirne (t), the distance (X) in Eqn [S-81 rnay be 

replaced by Vt: 

Fe, =anVt+b [s-91 

DifFerentiating with respect to time yields the rate of change of iron concentration with 

time: 
dFe - A = m V  

dt 

Multiplying by discharge yields the rate of change in mass flux with tirne: 

where: 

&.2+ = rate of change in mass flux of ~ e ~ '  from water with respect to tirne (mg/s2), 



dFe/dt = rate of change of concentration of ~ e ~ '  with time (mgL per s), 

Q = discharge in the strearn (Us). 

The calculation of RFe2+(rate of change in mass flux with t h e )  is summarized in Table 5- 

13. Using the average dope of - 0.059 m g L  m, and average water velocities of 0.02 to 

0.028 mk, the change in concentration with respect to time (dFeJdt) was between 0.012- 

0.017 mg/L S. The average discharge (Q) determineci fiom the weir was 139 Us. Based 

on these parameters the mass flux rate was found to be 0.0016 to 0.0023 mg/s2. 

-- - 

Foos (1 997) suggested the rernoval of ~ e ~ '  can be expressed by the following equation: 

Table 5- 13. Parameters for Eqn [5- 1 11. 

where: 

V = velocity (ID, m/s herein), 

C = concentration of relevant species @UL3, mg/L herein), 

x = distance (L, m herein), 

k = the first-order rate constant for net ~ e ~ +  rernoval (lm, l/seo herein), 

dC/dx = rate of change in concentration with distance downstream (M/L~, mg/L per m 

herein). 

This linear first-order differential equation was solved in order to determine an average 

rate constant (k) for iron removal. Data fiom a sample coliected at a relatively 

downstream point (900 m) of the No.25 Stream was utilized to solve this equation. This 

sample, coliected in 1980, indicated that the iron concentration at this point in the No.25 

RFCZ+ 
(mg/s2) 

0.0017 to 
0.0023 

& 
( m a  m) 
-0.059 

dFeJdt 
(mg& s) 
0.0012 to 

0,001 7 

v- 
(m/s) 

0.020 to 
0.028 

Q-w 
(us)  
139 



brook was 2 mg&. This was assumed to be representative of the lower limiting value for 

1997. By including these data the iron concentration dong the Stream approximated an 

exponential decay. 

Solving for C: 

where: 

J = constant of integration ((M/L3, m g L  herein), 

and C, k, V, and x are as described above for Eqn [5- 121. 

Equation 15- 13dj may be expressed as: 

where: 

CO = exp(J) = initial concentration, 

and C, k, V, and x are as described above for Eqn [5-121. 

For the data in this study the following parameters, shown in Table 5-14, were found by 

regressing In C versus x (distance). The negative value of k does not imply that the 



concentration is exponentially growing. The rate constant is given as a negative number 

because the rate of iron removal is an exponentially decaying act ion.  

The average value of the rate constant of iron removal (k) for the No.25 site is 

-3.0 . 10" se'. This is an order of magnitude larger than the rate constant calculated fiom 

data in Foos (1997) for a discharge f?om an abandoned coal mine in Ohio. Kimball et al 

(1 994) calculated k to be -1 . 10-~ to -5 . 1 o * ~  sS1 for mine drainage near Leadviile, 

Colorado. 

Table 5-14. Parameters for Eqn [5-141. 

5.3.3 -2 Downstream Changes in Dissolved Oxygen 

A detailed survey of the dissolved oxygen in the No.25 Stream was performed to 

determine the rate of, and controls on, oxygen transfer (Figure 5-36). 

O 50 lm 150 200 250 rX) 350 

Distance downstream (metreg) 

k 
(1 /s) 

-0.003 
-0.0003 

v- 
(mh) 

Figure 5-36. Dissolved oxygen versus distance downstream (July 14, 1997). 
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J 
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Co 
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2.83 
2.79 
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Re-aeration is the means whereby oxygen and the other gaseous components in air are 

renewed in flowing streams. Early studies showed that the rate of aeration is proportional 

to the oxygen saturation deficit. The greater the deficit, the greater the rate of re-aeration 

of oxygen (Nemerow 1974). The increase in dissolved oxygen in the stream is best 

described as exponential growth to a limiting value according to Eqn 15-151: 

where: 

DO,. = maximum concentration of dissolved oxygen (M/L3, herein 9.8 mg&,), 

DOM,,, = minimum concentration of dissolved oxygen (M/L3, herein m@), 

DO = dissolved oxygen concentration any point along the stream (Mn), herein mgL) 

t = duration of time fiom discharge at ground to point of measurement in stream (T, 

herein s), 

k = time constant (1/T, herein S-') 

Figure 5-37 is a graph of the ln@O,-DO) versus time along with a Iinear line fit to these 

variables. Tirne on the x-axis of Figure 5-37 is based on rneasured velocity in the stream, 

integrated along the channel. Rewriting Eqn [5-151 based on the regression results: 

DO = -6.9exp(-0.0013t) + 9.8 ES- 161 

where: 

a = D O a  - DO- = -exp(y-intercept) = oexp(1.93) = -6.9 mg/' 

k = 0.0013 s". 



Figure 5-37. Ln(D0--DO) versus re-aeration the ,  July 14, 1997. 

The increase in dissolved oxygen dong the strearn is consistent with an exponential 

growth equation h a h g  a growth constant (k) of -0.0013 S-' . In the following section the 

the role of re-aeration in the oxidation of femous iron is described. 

5.3.4 Rates of ferrous iron oxidation in rninewater 

The first reported study assessing the in-situ rate of ferrous oxidation in a naturai stream 

under field conditions was that of Nordstrom (1 985). The diierence between the 

Nordstrom study and the current investigation is that the previous work investigated a 

very acidic discharge (pH 2-3) whaeas the current study investigated a ch-neutral 

outfd. The theoretical rate laws governing oxidation therefore differ. 



Below pH of 3.5, the rate of oxidation of ferrous iron is independent of pH, and this was 

the case for Nordstrom (1985). In such situations the uptake of ferrous iron is governed 

b y: 

For rninewater above pH 3.5, the oxidation rate also has a first order dependency on 

pe2+] and 1021, and a second order dependency on m] (Hustwit et al. 1992). Such 

situations are governed by the following rate equation: 

where: 

k ~ =  = rate constant for the oxidation of ferrous iron, equal to 3 . 1 0-l2 (mol/L)/min at 20" C, 

pe2'] = concentration of ~ e * +  (mon), 

[Oz(aq)] = concentration of aqueous phase 0 2  (moVL), and 

and [H'] = concentration of H+ (mol/L). 

The value for k~~ at the No.25 site was calculated using Eqn [5-181 and the variables tirne, 

pH, ferrous iron concentration, and dissolved oxygen concentration are shown in Table 5- 

15. The time was derived fiom the distance and flow velocities rneasured dong the water 

course. 

Table 5-1 5. Parameters for Eqn [5-181 used to calculate kFe. 
Stn. 

O 
100 
240 

Tirne 
(min) 

O 
6.3 
20.4 

[H'l 
(moVL) 

3.16E-07 
3.24E-07 
3.16E-O7 

pe2+] 
(moi&) 
0.00037 
0.00024 
0.00010 

[02(aq)] 
(mon)  
0.00013 
0.00030 
0.00053 

-dFè2'1ldt 
(moVL' min) 

1.161 
0.554 

kk 
(mol/L' min) 

4.5E-11 
1.4E-11 



The value of k~. was found to range from 1.4 1 O-" (moVL)/min to 4.5 . 1 0'" 

(rnol/L)/min. These rates are an order of magnitude greater than the oxidation rate cited 

by Hustwit et al. (1 992) of 3 . 1 Cl2 (moVL min) for dilute ~ e ~ '  solutions. 

To evaluate this dserence, the potential for biologically mediated oxidation by iron 

oxidizing bacteria was studied. The role of iron-oxidizing bactena such as GaZIioneIIa in 

groundwater and wells has been studied by Hackett and Lehr (1985). They reported that 

the common form of Gazlionella occurs most abundantly in non-organic, iron-bearing 

water characterized by pe values in the range of 3.4 to 5.1 V, pH between 6 and 7.6, and 

dissolved oxygen between O. 1 and 1 .O mg&. The bacteria prefer habitats with 5 to 25 

mg/L of ferrous iron, a chernical oxygen demand (COD) less than 12 mg& and 

temperatures between 8 and 1 6 OC. Several of these conditions are satisfied at the No.25 

site. Nordstrom (1985) linked elevated rates of ferrous iron oxidation in mine waste 

streams to the growth of iron-oxidizing bactena. However, Nordstom's work focussed on 

relatively acidic waters (pH 2-3), whereas the No.25 site was nearly neutral (pH = 6.5). 

To evaluate whether bacteria affect the oxidation rate, a simple expennient was designed 

and conducted, and was described in Section 3.1. Briefly, this experiment measured the 

dissolved iron concentration in minewater which was artificidy reaerated and then 

compared these rates to the rate of iron oxidation reaerated by the stream. This 

experiment effectively removed the water from the stream environment and by so doing, 

may have removed the water from bacteria present on the bed and banks of the stream. 

The experiment indicated t h t  waters aerated for 5, 10, 15 and 20 minutes had dissolved 

iron concentrations of 17.5 m&, 17.5 mg/L, 16.7 mg/L and 17.0 mg&. The changes in 

iron concentration measured in the experiment were significantly less than the changes in 

iron concentration measured in the brook. Although the concentrations of iron observed 

in the experiment exhibited scatter, the values were much closer to the changes which 

would be predicted using the theoretical oxidation rates of Huswit et al. (1992). These 



data, albeit rudimentary, suggest that the rate of oxidation of iron in the strearn is 

significantly different from that predicted fkom theories which excluded the role of iron 

oxidizing bacteria, and that biological processes may have mediated iron oxidation in the 

Stream. Sampling and analysis for bacteria was not performed in this study. 

5.3.4.1 Oxygen as a rate-limiting step 

The relative significance of re-aeration to the oxidation of ferrous iron at the No.25 site is 

evaluated in this section. The oxidation of iron is controlled by the following key 

reactions (presented earlier in Section 5.2.5): 

Rxn 5-2: Oxidation of fmous iron (J?e2+), producing femc iron (Fe3+): 

Rxn 5-4: ' Hydrolysis of ~ e ~ '  , producing amorphous femc oxyhydroxide (Fe(0Q): 

If the concentration of ~ e ~ '  in solution is high and the oxygen transfer is low, the lack of 

oxygen can inhibit Rxn 15-21. Therefore, oxygen transfer can be the rate-limiting step 

when the 0 2  replenishment does not satis& the O2 demand of Fe2' for oxidation. The 

objective of this section is to determine if oxygen was a rate-limiting step at the No.25 

site. This evaluation was performed by looking at the changes in dissolved iron and 

oxygen in the first 100 m of the channel. The relevant data is summarized in Table 5-16. 



Table 5-1 6. Dissolved iron and oxygen at Stations O and 100, No.25 site (June 4, 1997). 
Station 1 Fe (total) ( Fe (total) 1 0 2  (measured) 1 02(measured) 1 

The total oxygen added by re-aeration is assumed to approximate the oxygen consumed 

by ferrous iron oxidation plus the rernaining dissolved oxygen. 

O (at outfall) 
100 (100m 

downstream) 
DifEerence 

The oxygen consumed by ferrous iron oxidation is related to the stoichiometry of Rxn 

[5-21 which states that each mole of oxygen can oxidize 4 moles of ferrous iron. 

Therefore, the amount of oxygen consumed by ferrous iron oxidation can be calculated 

fiom the amount of ferrous iron oxidized: 

Amount of oxygen consumed = '/r (AFe23 = V i e  (0.00037 - 0.00024) moVL = 0.0000325 

m o n  , or 0.52 mg/L. 

(mg/L) 
20.7 
13.4 

7.3 

Arnount of remaining dissolved oxygen = A 0 2  = 0.000 175 moi& or 2.8 mg/L. 

where: 

A 0 2  = the observed change in oxygen between Stations O and 100. 

AFe2+ = the observed change in iron between Stations O and 100. 

(mon)  
0.00037 
0.00024 

0.000 13 

Therefore, 

Amount of ovgen added by re-aeration = A 0 2  + % (AFe23 

= 0.0001 75 moVL + 0.0000325 moYL = 0.0002075 moVL, or 3.3 mg& 

(ma) 
2.0 
4.8 

2.8 

(mom) 
0.000 125 
0.000300 

0.0001 75 



These calculations show that the amount of O2 (g) added by re-aeration between Stations 

O and 100 greatly exceeds the amount of oxygen consumed by Rxn [5-21. Only 16% of 

the 0 2  added by re-aeration is consurned by this reaction. In fact, the number of moledi., 

of &(g) added by re-aeration between Station O and 100 is enough to fulfill the 

requirements to oxidiie 0.0007 moles/L (39.1 m a )  of Fe2+. Therefore, the amount of 

oxygen added by re-aeration within the first 100 m is enough to oxidize al1 the iron, and 

oxygen is not the rate-limiting step to ferrous iron oxidation in this open channel 

environment. The analysis also indicates that although abundant 0 2  is available, ferrous 

iron is not 'instantly' oxidized to femc iron. 

One potential criticism of these calculations may be that they are based on Fe(tota1) and 

not ~ e ~ ' .  However, the Fe2+ was measured for the same waters and was very close to the 

Fe(total), as shown below in Table 5- 1 7. The findings are therefore not afTected. 

5 -3.5 Downstream changes in alkalinity 

Table 5-1 7. Comparison of total iron and ferrous iron, No.25 (June 4, 1997). 

It has been found in this study of an open channel that the alkalinity in minewater 

undergoing iron oxidation is h o s t  constant over the first 240 m of the channel. The 

foilowing analysis shows that the alkalinity should have declined dong this section of the 

Stream due to the oxidation of iron by a signifiant and measurable amount. 

Station 

O (at outfall) 

Fe (total) 
( m a )  
20.7 

Fe (total) 
(moVL) 
0.00037 

Fe2' (ferrous) 
(ma/L(+/- i )) 

20 

~ e ~ '  (ferrous) 
( m o n )  
0.00036 



Alkalinity variations in an open channel have been measured in other field studies, with 

codicting results. Younger (1 995) found that alkalinity generally decreased for the first 

few hundred meters downstream and attributed this to production of [H7 during the 

hydrolysis of ~ e ~ '  [Rxn 5-41. Foos (1997) reported an increase in alkalinity downstream. 

In theory, the variation in alkalinity in an open channel undergoing iron oxidation depends 

on whether the minewater is net-allcaline or net acidic (Nairn and Hedin 1993). The water 

at the No.25 site was found to be net-alkaline. The net reaction 5-13] for the 

oxidation of in net-alkaline waters is actually the sum of four other reactions in the 

proportions shown below: 

~ e ' + +  % 0 2 + H + +  Fe3++M320 

Fe3' + 3H20 + Fe(0H)s + 3H+ 

Fe(OH)3 + FeOOH + H20 

2HCOC + 2W + 2&0 + 2C02 

~ e ~ '  + % O2 + 2HC03 + FeOOH + '/I H20 + 2C02 15- 141 

In Rxn [S-141 two moles of alkalinity are consumed for each mole of ferrous iron 

oxidized. At the No.25 site there was no signiricant change in the alkalinity over the first 

240 m of the watercourse. The only change occurred at 3 15 m where a sharp decline in 

alkalinity was observed. This occurred at the confluence of the minewater waste-stream 

with an uncontaminated brook with significantly lower alkalinity (1.3 m a )  and pH (5.3) 

than the minewater Stream. 

The effect of Rxns [5-2, 5-4, and 5-61 on the chemistry of the No.25 Stream is presented 

below. The relevant data are shown in the Tables 5- 1 8 and 5- 19. 



Table 5- 18. Aikalinity and pH at the No.25 site. 

The March samples indicate that between stations O and 240 approximately 0.0002 moVL 

of iron were oxidized. The June samples indicate 0.00027 mol/L of iron oxidized over the 

same channel reach. By combining Rxns [S-2, 5-4, and 5-61 we obtain: 

Table 5-19. Iron at the No.25 site. 

Reaction [5-1 51 indicates that for each mole of ~ e ~ '  oxidized two moles of H+ will be 

generated. Based on the March 1997 data (Table 5- 18) and the stoichiometry of Rxn [5- 

151, 0.0004 moVL, or 1 w3" moVL, of Hf ions would be produced between stations O and 

240. This will be referred to below as the 'new E l ' .  The pH of the water at the outfall 

was 6.4 on March 1 1, 1997. Thus, the initial = 1 0 ~ ~ ~  = 1 0 ~ ~ ~  moVL of H'. 

PH 
June 

4/1997 
6.52 
6.49 
6.58 
6.56 

The total [ p l  which would result f?om the effects of the oxidation of the ferrous iron is: 

PH 
March 
11/1997 

6.36 
6.36 
6.65 
6.40 

Fe (mol/L) 
June 4/97 
0.00037 
0.00024 
0.0001 0 
0.00002 

total [g] = initial + new [S- 1 9) 

Alkatinity 
(as HC03 m o n )  

June 411 997 
0.00089 
0.00090 
0.00089 
0.00039 

Station 

O 
1 O0 
240 

Fe ( m o n )  
March 1 1/97 

0.00041 
0.00034 

Alkaluiity 
(as HC03 moVL) 
March 1 1 / 1997 

0.00086 
0.00086 
0.00085 

Fe (mg/L) 
June 4/97 

20.7 
13.4 

Station 

O 
100 

315 1 0.00056 

Fe (ma) 
March 1 1 /97 

23 
19.2 

240 
315 

11.9 
4.7 

5.57 
1.39 

0.00021 
0.00008 



where: 

initial = 1 ode' 
new [H*] = 10'.* 

Therefore, final pH which would result, in the absence of the buffering, is 3.4. To retain 

the sarne pH (we actually see a slight increase in the pH downstrearn) dl of the H+ ions 

produced by Rm [5-141 would need to be consumed. One mole of H+ is neutralized by 

one mole of alkalinity (Rxn 5-12). Therefore, the moles of alkalinity which are consumed 

are equivalent to the moles of hydrogen ions produced. The final alkalinity which should 

result in this system is shown in Eqn 15-201: 

Final HC03' = Initial HC03' - HCOs' consumed [S-201 

where: 

Final HC03' = final alkalinity, expressed as HCO3- 

Initial HCOi = initial alkalinity, expressed as HC03- 

HC03- consumed = consumed alkalinity expressed as HCO3'. 

Based on Eqn [5-201, the March 1997 data indicate that the final alkalinity should have 

been 0.00046 moVL (as HCO;). This represents an akalinity of 23 mg& (as CaC03) 

versus the 42.4rnfl (as CaC03) which was observed at this point in the Stream. The June 

1997 data indicate that final alkaiinity should have been 0.00035 moVL (as HCOd. This 

represents 17.5 mg/L (as CaC03 ) as compared to the 44.2 mg/L which was observed at 

this point in the stream. 

In sumary, these calculations indicate that the alkalinity should have declined dong the 

stream due to the oxidation of iron by significant and measurable amounts. Instead, no 

decrease in alkalinity was observed. Foos (1997) studied a very similar environment and 



actuaily reported an increase in alkalinity dong stream. He evaluated three possible 

sources of alkalinity: dissolution of calcite (CaC03), oxidation of organic material, and 

absorption of COz(g) fiom the atmosphere. Each of these factors was considered in 

relation to the No.25 site and are discussed below. 

Dissolution of carbonate minerals provides the primary source of alkalinity in the waters 

studied. However it is not reasonabIe to expect these minerals to provide alkalinity in the 

Stream. Both ca2' and M ~ '  remain constant downstream, and they would be expected to 

increase if either calcite or dolomite were dissolving. In addition, there is very little 

exposed rock rnaterial in this channel to provide a source of these minerals. 

Oxidation of organic material is a possible source of carbonate ions. However, this too 

may be mled out because even though there is organic materia1 in the stream it is no more 

abundant than in nearby uncontaminated streams with very low alkalinity. Oxidation of 

organic matenal is a cornmon alkalinity-producing process under anaerobic conditions, 

and is described by Rxn [5-161: 

The 'CH2O' represents labile organic matter. Reaction [S-161 requires the presence of 

reducing conditions that promote the activity of sulfate-reducing bacteria. The absence of 

changes in sulphate concentration downstrearn, and the aerobic nature of the stream 

environment, mle out this process. 

The final source evaluated was carbon dioxide. Carbon dioxide gas represents a potential 

source of alkalinity. However, water c m  only dissolve CO~(gas) if it is not saturated with 

this phase. The degree of saturation is related to the aikalinity. A detennination is made 



below regarding the ability of C02(gas) to dissolve in the No.25 water and thereby 

contribute to alkalinity. 

The concentration of HCO, in equilibrium with the atmosphere is govemed by the 

following chemical reactions: 

To solve Rxn [5- 173 we need to consider Henry's Law. This law describes the 

relationship between the partial pressure of a gas and the concentration in the aqueous 

phase. For the CO2 system this is described by Eqn [5-2 11: 

where: 

&oz = rate constant for COz(g), = 0.0003888 at 7°C (average water temperature at the 

No.25 site), (Hounslow 1995), 

P ~ 0 2  = partial pressure of CO&), = l ~ - ~ . ~ ~  (Appelo and Postma 1996), 

[H2CO3] = concentration of carbonic acid (rnoi/L). 

Under these conditions the concentration of carbonic acid is ECO31 = 1.17 10" moVL. 

The maximum alkalinity, which could be produced fiom dissolving COz(g), may be found 

fiom Rxn [5-181. Rearranging Rxn [5-181 as an expression of the equilibrium constant 

(kl) produces Eqn [5-221: 



[product s] - [HCO, ] [H' ] 
= [reactants] - [H,co,] 

where: 

kl = equilibrium rate constant for Rxn [5-181 = 1 o ~ . ~  at T C ,  as derived from formulation 

. presented in Appendix B of Appelo and Postma (1996). 

Knowing that [H2C03 J = 1.1 7 . 1 O-' m o n  and that N = 1 o - ~  = 1 04.' (average pH at the 

No.25 outfall), the maximum concentration of bicarbonate which might be produced by 

the uptake of carbon dioxide gas is [HC03] = 9.3 . IO-* moVL. 

The observed alkalinity at the outfd was 8.6 1 o4 moVL. This shows that C02(g) cannot 

provide the necessary alkalinity to the waters at the No.25 site because the alkalinity 

already far exceeds that which could be produced by COz(g). Foos (1997) was also 

unable to v e w  the source of aikalinity dong the Stream in his study. In this study, &er 

evaluating various possible sources of alkalinity, none could be conclusively identified that 

might provide a satisfactory explanation for its presence. 

Given the high rate at which iron is being oxidized at the No.25 site, it is fortunate that a 

source of alkalinity exists. The explanation as to why the alkalinity remains constant in the 

first 240 m of the Stream requires firther study. It is possible that the alkalinity measured 

in the laboratory was affected by in-sample oxidation of ferrous iron. To evaluate this 

possibiity on-site titration for alkalinity determination should be conducted. This method 

is better because it rernoves the potentid problem of changes in sample alkalinity between 

the field and the laboratory, which can be problematic in waters with hi& iron. This 

method is not widely employed because it is more complex. 



5.3.6 Ochre Chemistry 

The chernical composition and physical structure of the precipitates at the No.25 site were 

investigated through visual examination, X-ray dimaction (XRD), X-ray fluorescence 

spectrometry (XRF), and equilibrium speciation modeling. Each of these methods was 

more fully described in Section 3.1. 

The color of the ochre is a simple guide to geochemical affinity. The ochre at the No.25 

site was orange, which is typical of arnorphous femc oxyhydroxide deposits (Younger 

1995a). 

The XRF data provided a measure of the concentration of elements in the ochre (Table 4- 

12). This information can be used to assess the impact of the ochre on aquatic organisms. 

In addition, toxic metals in the ochre can be of critical importance to treatment options. 

The XRF results were used to study the relationship between the water chemistry and the 

ochre chemistry. This study was modeled afler that of Fuge et al. ( 1994). The ochre 

chemistry is presented below, by concentration factor of elernents. The concentration 

factors of each of the elements in the ochre were calculated to determine which elements 

were prone to corne out of solution and become part of the ochre. This was done using 

the average water chemistry for each of the sample stations at the No.25 site. The 

resulting concentration factors for the various elements are shown below in Table 5-20. 

The metals which most readily came out of solution, and therefore becarne most 

concentrated in the ochre, were found to be Fe, As and Al (Table 5-20). These metals 

have a strong tendency to precipitate. Given the physical appearance of the samples and 

the change in Fe content in the water downstrearn the high Fe was expected. The analysis 

indicated that the concentration of iron was greater in the ochre located further 

downstrearn. 



Significant concentrations of arsenic were found in the ochre. The concentration of As in 

Table 5-20. Sumrnary of concentration factors' between wate? and ochre, No25 site. 

the ochre was found to be relatively constant downstream even though the  concentration 

Element 

Al 
As 
Ba 
Ca 
Cu 
Fe 
K 
Mg 
Mn 
Na 
Pb 
Si 
Sn 
Sr 
Tl 
1 

in the water declined downstrearn. This indicates that a greater proportion of the 

remaining As was precipitating with distance downstrearn. Arsenic tends to co- 

Concentration Factor is a ratio equal to the element concentration in ochre (mgkg) 
divided by the element concentration in water (@). 
2 The calculated concentration factors are based on water chemistry data fiom March, 11, 
1997. 
Elements below detection in the water have concentration factor preceded by the ' >' 

syrnbol and may be regarded as minimum values. 

At outfall 

7939 
33375 
301 1 
79 
3 > ~ 1 ~ ~  
18476 
12 
30 
3 12 
66 
O 
1936 
550 
203 
900 

precipitate with Fe by adsorbing to ferric oxyhydroxide. 

Aluminum was found to be high in the ochre but low (<O. 0 1 mgL) in the water. The Al 

may be derived fiom clay minerais such as kaolinite, which may be carried as a suspended 

Atx=315m 

695449 
135455 
1450 
146 
>2000 
107158 
470 
156 
1514 
188 
>140 
6970 
75 
260 
>200 

Atoutfall 
(duplicate) 
24875 
46500 
3344 
1 06 
N/A 
18174 
12 
39 
305 
75 
NIA 
2202 
N/A 
NIA 
N/A 

material. It is also possible that dissolved aluminum, present in concentrations below 

detection, is prone to precipitate and concentrate in the ochre over long periods of time. 

Atx=100m 

487979 
52000 
1356 
95 
>1800 
20032 
301 
83 
648 
95 
>120 
8139 
O 
168 
>133 

Atx=240m 

820884 
159000 
5313 
138 
>2000 
40887 
496 
152 
6900 
ï 47 
>260 
8939 
1 O0 
217 
>200 



Calculations of the mass of Fe and As precipitated in this system have been made based on 

the flow volumes and the measured change in water composition between the stations 

located at the outfail and the station located 3 15 m downstream. To calculate annud mass 

of precipitate deposited (load) the annual flow was determined using the average 1997 

flow measurements at the weir. This was assurned valid because the flow did not Vary 

widely . 

The mass of Fe deposited in the No.25 stream water was calculated to be 7600 to 8400 

kg/year. The mass of As was calculated to  be 3.0 to 3.4 kg/year. Using the caiculated 

loading of Fe and As, the total annual mass and volume of ochre deposited was estimated. 

Iron constitutes up to 50% of the ochre by mass (Le. 500,000 mgkg). Based on the mass 

of Fe deposited (7600 to 8400 kg/ year) the total mass of al1 ochre deposited annually is 

estimated to be between 1 5,400 and 16,800 kglyear. Arsenic constitutes approximately 

3.0 . 1 O'"% of the ochre (i.e. 300 mgkg). Based on the mass of arsenic deposited 

annually (3 .O to 3 -4 kg/year) the mass of ochre deposited annually was estimated fkom the 

As data to be approximately 10,000 to 11,300 kg/year. Therefore approximately 10,000 

to 20,000 kg of ochre are deposited in the stream per year. 

The density of the ochre in the No.25 stream varied with depth below the stream bottom. 

At the surface it appears to be little more than water with suspended flocs. Test probing 

indicated that the ochre was in excess of 1 m thick and was much denser toward the base. 

Assurning a density of 1 g/cm3, the volume of ochre generated annuaily is estimated to be 

10 to 20 m3/year. The average channel width is approximately 1.5 m and the length of the 

measured reach is 300 m. This suggests an annual increase in thickness of 0.05 to O. IO 

rdyear. This is not inconsistent with the thickness of ochre which accumulated on the 

channel bottom liner pfaced upstream of the weir for this study. (The liner was installed to 

prevent scouring on the upstream fue of the weir.) 



Studies report that ochre treated aerobically, which is essentidy what is occurring 

naturally at the No.25 site, produces sludge which rarely exceeds 2.5% solids by volume 

and is difficult to handle. High density sludge processes have been developed which can 

achieve 4040% soIids (Murdock et d. 1994). 

The XRD analysis of the ochre fiom the No.25 site indicated that the ochre was 

amorphous. No variations in x-ray difiaction patterns were seen in the samples taken 

fiom this artificial water course. This is interpreted to indicate that amorphous ferric 

hydroxide (Fe(OHJ3), or ferrihydrite, is the dominant hydrated iron oxide. 

5.3.7 Discharge 

Discharge measurernents were made by way of a weir specificd1y designed and 

constructed for this project. The magnitude of discharge has been identified as a criteria in 

the environmental rank'ig of coal-mine outfalls (JWEL, 1993). Discharge, dong with 

rainfall and temperature data, can also reveal whether the minewater is afEected by surface 

water infiltration. The daily rainfall and discharge data for the No.25 site for June through 

December 1997 are displayed in Figure 5-3 8. 



Date 

a) Daily rainfall (June 1 - December 3 1, 1997), Sydney. 

Date 

b) Discharge data (June 1 through December 3 1,  1997), No.25 site. 

Figure 5-3 8. Rainfall and Discharge, No25 site. 



Over the course of the study the discharge measured at the weir ranged fiom 165 to 195 

ImpgaVrnin, 6 t h  an average discharge of 175 ImpgaVmin. Site visits were made following 

major precipitation events on August 3 ld and November 6". The discharges at these times 

were 10 and 20 ImpgaVmin above average, respectively. It therefore appears that the 

discharge at the No.25 site is relatively constant, fluctuating within +/- 10% of the mean 

(1 75 ImpgaVmin). The relatively constant discharge is consistent with anecdotal evidence 

obtained fiom a neighboring f m e r  (Mr. Christensen, pers. comm. 1997). There is some 

evidence that the largest precipitation events have a minor impact on the flow volume. 

However, there is no evidence of dilution or any seasonal variation in 80w. 

A limitation of the monitoring program at this outfall was the intermittent nature of the 

site visits. As a result, a quantitative relationship between individual precipitation events 

and flow was not possible. This limitation arose fkom the lack of capital to invest in 

electronic gauging, the hi& cost of getting to the site, and the intermittent local support. 

A consideration in fhure monitoring of this outfidl is vandalism, despite the considerable 

efforts made to  vandal-proof the weir. 



5.4 Vertical Variations in Minewater C hemistry 

In order to evaluate vertical variations in minewater chemistry, a number of samples and 

field measurements of water quality were made in the 1B S M .  This shaft extends some 

670 fi (198 m) below the ground surface down to the 1B Coliiery at the level of the 

Phalen Seam. The s h a .  was built in 1923 for hoisting personnel. The shaft is open to the 

mined workings on the Harbour Searn (No.26 Colliery) and the Phalen Seam (1B 

Colliery). The strata, coal seams and tunnels intersecting the 1B Shaft, dong with the 

location of the sample stations in this study, are shown in Figure 3-3. The relationship 

between the water level in the 1 8  Shaft and the water level in the abandoned submarine 

workings of the 1B Hydraulic System (No.26 Colliery - Harbour Seam , No. 1B - Phalen 

Seam) is shown in Figure 5-39. This systern encompasses the Nos. IA, lB, 2,5,9, 10, 

20,26 and Lingan Coiiieries. 

The water level in the sh& has varied considerably. In 1992, the water level was 

approximately 14 ft (4.3 m) below sea level. The water level then experienced a 

significant fall, coinciding with an incursion of water into the Lingan workings in 1992. 

The water in the sh& and in the connected No.26 cofliery was the source of the in-rush of 

water at the Phalen mine (CBDC 1994). At the time of this study (August 1997) the 

water level was 340 ft (107 m) below sea level. The water level within the sh& has been 

monitored by CBDC because it has provided an indication of the water level within the 

interconnected workings of the 1B Hydraulic System. 

The 1 B system is expected to fïii to sea level in the coming years and to fiow out of the 

flooded workuigs at the lowest point above sea level. This point occurs in the town of 

Dominion (JWEL 1993). The water quality within the mine system is expected to require 

treatment because it is not environrnentdy acceptable. There is some uncertainty 

regardiig the rate at which the water level is rebounding. The most recent study (JWEL 



1997) indicated that the rate of flooding was approximately hatf the rate first predicted 

( M L  1993). The water level in the 1B Shaft is reported as being a e c t e d  by tides and 

significant precipit ation event s (JWEL 1 993). 



1B Shaft 

Note: 
Direct hydrauiic connection between the Phaien 1B and No.26 colliery. 
Connection via a level tunnel et B40ft (below sealevel). 



5.4.1 Chemistry of 1B Shaft water 

The water in the 1B Shafi is Na-Cl type water, with an increasing percentage of Ca404  

type water with depth. It also changes from net-akaline to net-acidic with depth. Figure 

5-40 is a Piper Plot of the 1 B Shafl water. Figure 5-4 1 is a Collin's Bar diagram of the 1 B 

Shaft water. The vertical variations in major cations, anions, metals and field readings are 

illustrated in Figures 5-42 to  5-45. 

The total dissolved solids (TDS), excluding metals, of the shaft water ranged from 6578 

mg/L (at 425ft) to  8254 mg/L (at 650 ft) and generaüy increased with depth. Sodium 

(Figure 5-42) and chloride (Figure 5-43) constituted the majority of the total dissolved 

solids in the samples. The sodium concentration increased gradually d o m  the shaft. The 

chloride was more variable. At the base of the shaft both the sodium and chloride decrease 

sharply. At this elevation the sodium decreased fiom 1740 to 1590 mgL and the chioride 

decreased from 3 190 to 2756 mg/L. The sodium and chloride trends suggest that the 

water at the base of the shaft was somewhat different fiom elsewhere in the shaft. This 

may relate to the greater mixing of shaft water with No. 1B Colliery - Phalen Seam water. 

Sulphate was a major constituent of the shaft water and increased with depth fiom 1018 

mg/L near the top of the water colurnn to  2796 mg/L near the base (Figure 5-43). The 

sulphate concentration also showed a sharp increase, fiom 2080 to 2796 mg& between 

625 and 650 fi. 

The concentrations of most metals increased toward the base of the shafl (Figure 5-44). 

The concentration of iron and manganese generally increased with depth together. The 

iron ranged fiom 1.85 mg/L near the top of the water column t o  164 mg/L near the base 

(Figure 5-44). The manganese ranged fiom 1.5 mgL near the top to 40 mg& near the 

base (Figure 5-44). Most of  the iron was the ferrous species and ranged fiom 1 mg/L to 

150 mg/L. The ferric species constituted approxirnately O to  40 mg/L Potassium 



concentration was found to decrease at the base of the shafl fkom 105 to 48.2 mg/L. The 

concentration of boron indicated a sharp increase at the base of the shaft fiom 0.63 to 2.33 

mgL.  Strontium ranged fkom 10.2 to 23.9 mg/L and was significantly higher (21.1 to 

23.9 mg/L) near the base of the shafl(600 to 650 fi). Arsenic was highest at the base of 

the shafl (Figure 5-44). Most trace metals were below detection with the following 

exceptions: Cu (up to 0.03 mg/L), Zn (up to 0.09 mg&,), As (up to 0.0047 mg/L), Ni (up 

to 0.03 mg/L), Pb (up to 0.07 ma), and Sn (up to 1.3 1 ma). 

The field pH readings ranged between 6.4 and 6.9, with the lowest values at the base of 

the shaft (Figure 5-45). The laboratory pH readings ranged between 4.3 and 7.5, 

decreasing with depth to the minimum reading of 4.3 at the base of sh&. The laboratory- 

measured alkalinity (as CaCO3) ranged between 199 mg/L (at 450 fi) and 6 mg/' (at 650 

fi). 

Both pH and alkalinity are key indicators of water chemistry and are used extensively in 

geochemical calcdations to detennine mineral solubility. The large discrepancy between 

field and laboratory pH measurements was therefore investigated. The greatest difference 

between field and laboratory pH occurs toward the base of the shaft, where the dissolved 

iron concentration and acidity were greatest (1 64 mg/L and 425 mg& as CaCOn , 

respectively). Low laboratory pH (4.3) and alkalinity (6.06 mgL) at the base of the shafi 

may in part reflect the effects of iron oxidation in the unacidified 'anion' sample. Iron 

oxidation may have been promoted by field filtration or by exposure to the atmosphere 

during sarnpling or in the laboratory. Caution had to be exercised when using the 

laboratory pH measurements for samples which contained high iron. Alkalinity 

measurements should have been made on site using portable titration equipment because 

this might have removed the doubts surrounding the laboratory alkalinity and pH. 



The field measurement for redox (pe in volts) of the water suggests an upper oxidizing 

zone (pe of 0.2 to 2.9 V fiom 425 ft (130 m)) to 475 fi (145 m) and a lower reducing 

zone (pe of -2.9 to  -6.0 V from 500 ft (152 m) to  650 A (1 98 m)) (Figure 5-45). 

Dissolved oxygen, arnmonia, manganese and iron also provided an indication of the redox 

conditions. While none of  these parameters show the sharp break evident in the pe 

readings, they do indicate a general trend toward more reducing conditions with depth. 

The dissohed oxygen content of  the water generally decreased with depth fiom 3.7 to 

0.75 mg/L. It was highest in concentration in the most shallow sample, then rapidly 

dropped off at 450 ft (137 m) (Figure 5-45). One sample situated at 550 A (167 m) had 

an elevated dissolved oxygen concentration and deviated fiom this trend. This sample was 

near the level of the Backpit searn and may have been infiuenced by inflow in that area. 

Ammonia ranged fiom 0.05 to  1.1 m@; it was highest at 650 A (1 98 m) and gradudly 

increased with depth below 475 ft (145 m). In the upper part of the shaft the ammonia 

was found to be relatively high and did not fit this trend. 

The turbidity was low (0.7 to  1.7 NTU) in the upper part of  the shaft (425 to  475 ft) and 

high (46 to 92 N'TU) in the lower part. It jumped sharply between 475 and 500 ft, fiom 

less than 1 NTU to 46 NTU. The water temperature ranged between 1 1.6 and 14.7 OC 

with no consistent trend with depth (Figure 5-45). The acidity (as CaC03) ranged fiom 

7.2 mg/L (at 425 A) to  425 m a  (at 650 ft). The silica ranged from approximately 

5.1mgL at 425 A (130 m) to O. 1 mg/L at 650 ft (198 m). The silica concentration 

generally decreased with depth. 
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Figure 5-40. Piper Plot, 1 B Shafl. 
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Figure 5-4 1 .  Collin's Bar Diagram, 1B Shaft. 
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Figure 5-42. Vertical changes in major cations, 1 B Shaft . 
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Figure 5-43. Vertical changes in major anions,lB Shafl. 
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Figure 5-44. Vertical changes in metals, 1B Shaft. 
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Figare 5-45. Vertical change in field parameters, 1B Shaft. 



5.4.2 Reactions Secting the sh& water 

Of particular interest in this study was the detennination of the key reactions which 

control the minewater chemistry in the 1B Shaft and the identification of the sources of the 

water sampled in the shaft. In general, water chemistry, pH, and saturation indices 

provide an indication of the controlling reactions. Isotopes to be discussed in a 

subsequent section provide an indication of the source of the water. 

Studies of acid mine drainage fiom taiiings suggest that buffering follows a mineral 

sequence associated with pH. The generai order of buffering is calcite/dolomite (pH 6.5 

to 7.5), siderite (4.8 to 6.5) and gibbsite (pH 4.0 to 4.3) (Blowes and Ptacek 1994). 

These ranges are not absolute because the same researchers identiQ calcite buffered 

waters with a pH range of 5.4 to 6.9 (Ptacek and Blowes 1 994). The pH of the shaft 

water is within the general range suggested for calcite and siderite. Both of these minerals 

are known to be common within the Sydney coaifield strata. The saturation indices of 

these two minerais in the 1B Shafi waters are shown in Table 5-21a. The calcite, dolomite 

and siderite saturation indices were veiy closely dependent on alkalinity. The laboratory 

alkalinities for the samples at 600, 625 and 650 A were probably not representative of the 

water chemistry in the shaft due to iron oxidation between sarnpling and analysis. These 

values were adjusted in this study for the saturation index calculations by setting the 

minimum alkalinity to 100 mgL (Table 5-2 lb). This choice was based on the minimum 

alkalinity observed when the iron concentration was relatively low. 

Calcite was found to be close to equilibrium (SI = -0.2 to -0.3) in the upper part (425 to 

500 A) of the shaft and more undersaturated in the lower part of the shafl. In contrast 

siderite, was essentially saturated (SI = -0.1 to 0.4) fiom 500 fi to the base of the shaft. 

The saturation index calculations suggest that the water in the shaft is buffered by both 

calcite and siderite. Siderite may dissolve or precipitate at depths of 500 A or greater. 

Dolomite was undersaturated throughout the s h d .  Calcium, magnesium and sulphate 



exhibited sirnilar trends. This is shown in Figure 5-46 which plots the sulphate versus 

hardness (which reflects the combined concentration of calcium and magnesium). This 

same trend has been reported in shafls studied by Ladwig et al. (1988) where it was 

interpreted to indicate pyrite oxidation and buffering by calcite and dolomite. 

Table 5-2 1 a. Saturation indicesî of key minerais, 1 B Sh& (1 of 2). 
Depth below 1 Calcite 1 Dolomite 1 Siderite 1 Gypsum 1 Goethite 
sufiace (A) 1 I ! l ! 

575 -0.5 -1.2 -0.1 O 0.1 
600 -1.1 -2.5 -0.3 0.2 -0.1 
625 -1.1 -2.5 -0.2 0.2 -0.4 
650 -2.0 -4.3 -0.9 0.3 -1 .O 

1 Saturation indices calculated using the field pH and laboratov alkalinity. Redox by field 

Table 5-2 1 b. Saturation indices' of key minerals, 1B Sh& (2 of 2). 
Goethite 

0.45 
4.2 
2.9 
-4.0 
-2.5 
0.3 
0.1 
-0.1 
-0.4 
-1.0 

Saturation indices calculated using the field pH with minimum alkalinity set to 100mgL 
for sample stations 1B+600 to 1B+650. Redox by field pe. 

Gypsum 

-0.2 
-0.2 
-0.2 
-0.1 
O 
O 
O 
0.2 
0.2 
O. 3 

Depth below 
sufiace (ft) 

425 
450 
475 
500 
525 
550 
575 
600' 
625' 
650' 

1 

Dolomite 

-0.6 
-0.6 
-0.8 
-0.6 
-1.1 
-1 .O 
-1.2 
-1.2 
-1.3 
-1.8 

Calcite 

-0.2 
-0.2 
-0.3 
-0.2 
-0.4 
-0.4 
-0.5 
-0.5 
-0.5 
-0.9 

Siderite 

-0.7 
-0.6 
-1.9 
-0.1 
O. 1 
-0.1 
-0.1 
0.3 
0.4 
0.3 
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Figure 5-46. Hardness versus suiphate, 1 B Shaft. 

A general correlation was found between the saturation index of goethite and the iron 

concentration variations in the shaft. The saturation index of this phase is highly 

dependent on the redox state of the water. The positive saturation index in the shallow 

section of the shaft (425-475 ft) suggests that precipitation of goethite is limiting the 

concentration of iron. The dissolved iron concentration was seen to increase where the 

saturation index of goethite was negative, such as between 500-525 ft and 600-650 ft, 

indicating that iron was soluble in the water in these depth ranges. 

Gypsum (CaS04) was also identifiai as an important phase afFecting the water chernistry. 

The saturation index of jjypsum increased with depth. At depths greater than 525 fi 

gypsurn was over-sahirated and therefore could precipitate according to Rxn [5-191. 

Precipitation of gypsum may have removed calcium and sulphate fiom the water and 

fùrther limited the concentration of those ions. Gypsum has been found as a rninor 



component in precipitate from samples of ochre inside existing workings (T. Martel, pers. 

comrn. 1998). 

5.4.3 Source of salinity in the 1B Sh& 

The high chloride and sodium concentration of the 1B Sh& distinguishes these waters 

from the rninewater discharged at the outfalls and describecl elsewhere in this study. There 

are two main sources of chloride and sodium in the sh& which could contribute to the 

shaft. These are seawater and formation water. Fomtion waters have a salinity 

approximately 5 times higher than seawater in parts of the Phden Colliery and are 

classified as bine (Martel and Gibling, in prep) . 

The chloride/bromide ratio of the shaft water has been used to assess these two sources. 

Both chloride and bromide are conservative, which means that these ions generally do not 

react with the rock mass and are a good indicator of the source of salinity (Whitternore 

1988). The concentrations and ratios of these ions in the 1B Shafl, formation water, 

seawater, and outfall minewater are shown below in Table 5-22. 



The CVBr data for the 1B Shaft samples identifled in Table 5-22 have been separated into 

Table 5-22. Chloride/Brornide Ratios, 1 B Shafl. 

upper and lower sh& samples. The upper shaft samples were taken fiom 450 to 525 fi. 

One sample was obtained in the lower shaft at 650 ft. There were no bromide samples 

CyBr 

98-133 
282-303 
224 
- 
284-29 1 
572 
147 
1350-1610 
469 
586 
963 
273 
922 

Site 

Formation water1 
1 s  Sh& (425-525 ft) 
1B Shaft (650 fi) 
Local seawate9 
~eawat  e? 

analyzed for the depth range of 550 ft to 625 fi. The concentration of other ions 

No.25 outfall 
Formation water samples - Dai 3s (MDS), Da1 PH3S, Da1 9EBN. Samples from Phalen 
Colliery in sandstone overlying the Phalen seam. 

2 Local seawater is the average of 7 samples 1986-1992; Cl in average local seawater is 
15198 m&; there is no Br data for local seawater. Data obtained fiom CBDC files. 
seawater from study of Hem (1 985) and McCfiey et al. (1987). 

4 The No. 1A outfall chemistry is taken as the 'shallow' mùlewater for this cornparison. 

(particularly Cl, Na, Mg, K, B, and SO4) also indicate that the chernistry at the base of the 

C hloride 
(ma) 
92900-93300 
2974-3300 
2756 
15198 
19000-203 00 

shaft (650 fi sample) is distinct fiom the chemistry higher in the sh& (fiom 425 to 625 ft 

samples). At 650 fi the Cl and Na are significantly lower, and S04, Fe, Mg, K, and B are 

Bromide 
(mg&) 
700-950 
10.4-1 1.3 
12.3 
- 
67-70 

No. 1A outfd4 
No.4 outfd 
No.7 outfdl 
No. 8 outfall 
No. I 1 outfall 
Old Harbour outfd 
Clyde outfd 
Morrisons Pond outf'all 

significantly higher. 

r / Cl) 1 0 

75- 102 
33-35 
44.6 

34-3 5 
O. 15 
0.07 

85.3 
10.3 
135-161 
84.4 
29.3 
96.3 
60 
55.3 

Table 5-22 indiçates that the chlonde to bromide ratios were significantly different 

17 
7 

between the base and higher sections of the SM. The ratio in the shallow section (450 to 

0.10 
O. 18 
0.05 
0.10 
0.22 
0.06 

6-7 
21 
17 
10 
37 
11 



525 fi) of the 1B Shaft (average of 290) was very close to seawater (average of 288). The 

ratio in the sample at the base of the sh& (650 A) was considerable lower (average of 

224) and closer to that found in formation water (93-133). This is interpreted to indicate 

that the primary source of chlonde and bromide in the sh& is seawater. However, it 

would appear that at the base of the sh& some formation water is mixhg with the shaft 

water. The shaft intersects the No. lB colliery (Phalen spm) at this point (Figure 5-39). 

Formation water is an important component of the deep minewater encountered in the 

PhaIen Colliery (Martel and Gibling, in preparation). 

The contribution of local seawater to the 1B Shaft water was calculated as a percentage 

from the ratio of chloride in seawater as compared with chlonde in shaft. It was found to 

be approximately 20% (18-21%). The 1B Shafl water may be minewater (such as that 

observed at the No. 1A outfiil) mixed with seawater with a 4: 1 ratio. 

The chloridehrornide data indicated that formation water was not the predominate source 

of this salinity. However, if the salinity was derived fiom formation water the percentage 

would be very low, about 3%. This is an average percentage for the whole shaft based on 

the ratio of chloride concentration in formation water samples to the chloride 

concentration in the sh& water samples. 

5.4.4 Source of sulphate 

Three possible sources of sulphate were considered in this study: pyrite oxidation, 

seawater sulphate, and sulphate fiom formation waters. 

The two prbmy sources of sulphate were seawater and pyrite oxidation. It was possible 

to  separate the seawater and pyrite sulphate contributions on the basis of SOK1 ratios. 

This ratio is 0.14 for seawater (Wadleigh et ai. 1996). The sulphate derived fiom pyrite 



oxidation is known as excess sulphate. It was calculated to range fiom 594 mg/L to 2410 

mg/L fiom the shallowest part of the water column to the deepest. This means that the 

percentage of seawater sulphate decreased with depth from approximately 40% at the top 

of the water column to 15% at the base. Figure 5-47 is a plot of iron versus excess 

sulphate. The linear nature of this relationship is consistent with pyrite oxidation. 

Two other controls wtiich rnay fiirther decrease the sulphate concentration are gypsum 

precipitation and sulphate reduction. 

Figure 547.  Iron versus 'excess' sulphate. 

Sulphate from formation waters was rukd out as a possible source of sulphate because 

the bromidekhloride ratios indicate that the source of salinity (and therefore significant 

sulphate) was seawater. In addition formation waters in Phalen are very low in sulphate 

(M. Gibling, pers. comm. 1999). Other workers (T. Martel, pers. cornm. 1998) have 

indicated that the formation waters were derived from evaporation of seawater, which 

dramatically changed the S04C1 ratio. This fact has not altered the interpretation in this 

study because the source of salinity was identified on the basis of CYSr ratios rather than 

S04/C1 ratios. 



5.4.5 Temporal changes in water chemistry 

The chemistry of the 1B Shaft has changed over tirne. Figures 5-48 and 5-49 display the 

major cations, anions, and Fe, M-& and Ai concentrations for 1990 through 1997. 

Samples are not distinguished by depth. Despite this limitation, significant temporal 

anomalies and trends may be seen. 

Two major anomalies are seen fiom this historical record: 

i) a pumping event in late 1992 produced water with very high SOs, Fe, N&, and Al, 

and variable Ca and Mg, and indicative of acid minewater deep in the 1B Colliery 

workings. 

ii) the very high Cl, Na, and Mg observed in 1994, and indicative of ingress of seawater. 

In addition to these anomalies, the following general trends in water chemistry are 

observed: 

i) Fe, S04, and NH, concentrations have steadily declined since the 1992 pumping event, 

and 

ii) Cl, Na and K have been increasing in concentration since 1990. 

These trends suggest a decrease in the acid mine drainage component of the 1B Shaft 

waters following the 1 992 pumping event. The source of high salinity is attributed to 

seawater. The contribution of seawater has been variable, with one major ingress event in 

1994, and a general increase fiom 1990 to present. 

In summary, it appears that the general chemistry of the 1 B Shaft in 1997 is similar to the 

chemistry in 1991 and 1996. The chemistry in the intervening period probably reflects 

changes induced by the pumping and subsequent partial recovery of the water level. The 

pumping was perfomied in 1992 for the purpose of relieving pressure on the Lingan 



coiiiery stemming fium infiow fiom the No.26 Coliiery. The high metal concentration (up 

to 1792 mgL) and low pH (minimum 3.9) of minewaters pumped fiom deep in the 1B 

Sh& lead to a major concern about the environmental risks of these waters. The high Al 

concentration and Iow pH may indicate that the deep pumped minewaters were buffered 

by gibbsite (T. Martel, pers. comrn. 1998). 
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Figure 5-48. Temporal variations in minewater chemistry, 1B Shaft (1  of 2). 
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Figure 549.  Temporal variations in rninewater chemistry, 1B Shaft. (plot 2 of 2). 



5.5 Isotopes 

In this section the analysis of hydrogen, oxygen and sulphur isotope data is presented. In 

general these isotopes provide tools to evaluate the origin, age, and degree of mWng of 

water. They also provide clues as to the chemical reactions and environments involved in 

the evolution of such waters. 

Isotopes are forms of the same element which differ only in the number of neutrons. 

Standard isotope nomenclature is: 

"X 

where: 

X denotes the element using the standard atornic symbol, and 

n is the sum of the number of neutrons and protons in the nucleus of the element X. 

Less cornmon isotopes of hydrogen are deuterium (2H) and tritium ( 3 ~ ) .  Deuterium has 

one neutron and one proton. Tritium has two neutrons and one proton. The common 

form of hydrogen ('H) only has one proton. Sirnilady the isotope oxygen 18 ("O) and 

sulphur 34 ( 3 4 ~ )  have 10 and 18 neutrons, respectively, whereas the common forms are 

160 and 3 2 ~  whkh have 8 and 16 neutrons. Isotopes are fùrther classified as stable and 

unstable. Tritium was the only unstable isotope considered in this study and is 

characterized by radioactive decay. 

An earlier study of isotopes in the water fiom the Sydney coalfield was conducted by R. 

Drimmie of the Environmental Isotopes Lab, University of Waterloo (Drimmie 1993). 

That study was included in a consultant's report (AD1 1993) and focused on the water 

i d o w  into the Phalen mine. The data collected included a sarnple fiom the 1B Shaft. 

This study is focused on water samples collected at the outfalls and at the 1B S M .  The 



new data coilected for the current study are tabulated in Appendix 4 (Isotopes) in Tables 

A44 and A4-2. Other isotopic data, drawn f?om a CBDC database and published 

literature, and used in the current study, are also presented in Appendix 4 in Table A4-3. 

A brief introduction into how stable isotopes are expressed and how they cm be altered 

through rnixing and fiactionation is presented below. 

Stable isotopes are measured as the ratio of the two most abundant isotopes of a given 

element. For oxygen it is the ratio of 180 (with an abundance of approximately 0.2%) to 

common 160 (which represents approximately 99.8% of oxygen). Thus, the "0/ '~0 ratio 

is about 0.002 as show by: 

Eqn [5-23 J is an example of how the &value is dehed for an isotope. These 6-values are 

usually expressed in parts per thousand (or 'pennil', '/cm) differences fiom a reference. 

Vienna Standard Mean Ocean Water (VSMOW) is the accepted reference for cornparing 

oxygen isotopes. 

The 6-value for the oxygen-18 isotope in wa'ter is defined by: 

x 100W VSMOW 

The 6-value for the oxygen-18 isotope in sulphate is defhed by: 



The &value for the sulphur-34 isotope in sulphate is defined by: 

CDT (Canyon Diablo meteorite) is the name of the reference used for sulphur. 

A positive &value indicates that the sample is enriched with respect to the isotope in 

question, whereas a negative value indicates that the sample is depleted, relative to the 

reference. For example, the 6 l 8 k o  in the outfall waters ranged from -8.78 to -7.89 '/W. 

These waters are therefore depleted in 180, relative to VSMOW, by 0.789 percent to 

0.878 percent. 

The 6-values in a water sample can be altered by mixing waters with different isotope 

compositions (e.g. seawater and minewater) or by the process of fiactionation. 

Fractionation may occur as the result of evaporation or in thermodynamic reactions due to 

the differences in the rate of reaction for different molecular species. The result is a 

disproportionate concentration of one isotope over the other between the reactants and 

products. This happens when sulphate undergoes bacterially reduction to hydrogen 

sulphide gas (Fritz et ai. 1989). In this reaction a disproportional concentration of the 

isotope the heavier isotopes '80sm and '~SSM are concentrated in the reactant (sulphate). 

The occurrence of elevated 1 8 ~ s m  and 3 4 ~ ~ m  in dissolved sulphate suggests that this 

reaction may have occurred. This effect was observed at the No.25 site and is discussed 

in the following section. 



5.5.1 Sulphur-34 and Oxygen- 1 8 

The isotope anaiysis of aqueous sulphur can provide insight into the recharge 

environment, aquifer characteristics, flow paths, and geochemical history of groundwater 

(AD1 1993). Some generai sources of sulphur, and representative values for sulphur and 

oxygen isotopes, are given in Table 5-23. 

The isotope geochemistry of sulphur in groundwater is dorninated by sulphate (S04). 

Therefore, the isotopic composition of bath sulphur Ussa and oxygen 180s04 are 

interrelated and are discussed toget her in this section. 

Table 5-23. Generai sources of sulphate and 634~sor and 8 1 8 0 ~ ~ 0 4 v a I ~ e ~ ,  
after AD1 (1 993). 

Source of Sulphate 1 S ' ~ S S ~  O/oo CDT #'osa O/oo VSMOW 
Atmospheric fdout: 
ocean spray 1 21+/- 2 

Oxidized sulphide: 

14 +/- 2 
ant hropogenic (e.g smelter) 
wetland spray 
Soi1 horizon and aquifer 
Evaporites 

igneous 
volcanic 

6 +/- 3 
3 +/- 3 
8 +/- 10 

20 +/- 1 O 

aauifers i I 

4 +/- 3 
3 +/- 1 O 
3 +/- 1 O 
14 +/- 3 

shdes 
Biological reactions in 

5.5.1.1 The 634~ and ~ '*OSW data 

There are three important factors affecting the sulphur isotope composition of the 

groundwater in general. These are: variations in the sulphur isotope composition of the 

-3 -W- 18 
up to 80 

O +/- 10 
up to 25 



pyrite; the amount of rnixing between seawater sulphate and pyrite sulfùr; and the amount 

of sulphate reduction which has occurred. 

A strong positive correlation was found between 634~sm and 6180s04 (see Figure 5-50). 

The data in Figure 5-50 is based on samples taken fkom the outfall sites, 1B Sh& samples, 

and the deep minewater samples. Data for seawater is also included. The positive and 

f&ly linear correlation between isotopes may be explained by the presence of different 

sulphate sources and sulphate reduction. 

1 aLingan-AandPrince 

I Lingan 2E and Phalen SE 

A IB Saft (1992) 

+ 1B Shaft (1997) 
A 

O A No.lA, 7, 1 1.  and Morrisons Pond 

mNo.25 Outfall 



Drrnmie (1993) investigated the isotopic composition of deep rninewaters and 1B shaft 

water and found two distinct groups of waters. Based on the samples available at that 

t h e  it was concluded that one group of waters, samples 'Lingan-A' had sulphate with an 

isotopic composition (SUsso4 = 22.07 O l o o  and 6180s04 = 10.12 O h )  similar to that of 

seawater (634~so, = 2 1 and s ~ * o ~ ~  = 9.5 Oloo). The other group of water samples 

(Lingan 2E and Phalen SE and deep pumped waters from the 1B shaft) had sulphur 

isotope compositions (634~so4= 0.64 to 3.06 O/oo and SL80s- = -0.91to -2.94 Oloo) typical 

of 'coal sulphides'. Samples fiom the Prince mine collected in 1994 and 1995 (Table A4- 

3) have an isotopic composition ((634~so, = 17.02 to 18.02 O/oo and 6'80~04 = 9.13 to 

10.32 'ho)  simiiar to Lingan 'A' and seawater. Other evidence, particularly bromide data, 

indicate that the Prince rninewaters are probably not seawater but rather highly reduced 

foxmation waters (T. Martel, pers. comm. 1998). 

Most of the outfd samples (No. 1 A, No.7, No. 1 1, Momsons Pond) plot near the Lingan 

2E and Phalen 5E, interpreted by Drirnmie (1 993) to indicate sulphate derived fkom pyrite 

oxidation. At the No. 25 site the water was found to have very high 6180sw and 6 3 4 ~  

values; 10.2 '100 and 14.6 'lm, respectively. This site does not fa11 dong the trend line in 

Figure 5-50. Most of the 1B shaft sarnples plot approximately midway between the 

Lingan 2E I Phalen SE waters and the Lingan A / Prince waters. This isotopic data 

indicates that the sulphate in the No. 1 4  No.7, No. 1 1, Momsons Pond, Clyde outfalls was 

denved by pyrite oxidation and that these have not undergone signiftcant sulphate 

reduction. The data for the No.25 site indicates significant sulphate reduction of pyritic 

sulphur. Seawater sulphate has been ruled out for the No.25 site on the basis of 

concentration. The data for the 1B ShatZ inàicate a mixture of pyrite sulphur and 

seawater, or pyrite sulphur with a significant degree of sulphate reduction. The CyBr data 

(Section 5.4.3) provides supporting evidence for a seawater sulphate component in the 

shaft waters. 



5.5.1.2 Sulphur Isotopes and pH 

Earlier work by Drimmie (1993) reported that the 6 3 4 ~ s ~  values in the deep minewaters 

fiom Lingan ZE, Phalen 5E and Phalen 6E were indicative of an origin fiom coal sulphides 

(i.e pyrite). In general, if the sulphur in water has been derived fiom sulphide rninerals 

then the average 6 3 4 ~ a  should correspond to the average mineral sulphur isotope 

composition (Taylor et al. 1984). This situation was thought to be applicable in the case 

of the outfalls and the deep minewaters which were found to have a 634~sw signature 

indicative of cod sulphides. 

An effort was made to determine whether the average sulphur isotope of sulphate in the 

colliery outfalis corresponds to the average sulphur composition of the sulphide rninerals 

in the mined seams. To do this, the composition 6 3 4 ~ ~ a  for the dissolved sulphate was 

compared to the 6% values of sulphur sources in the rock. 

Gibling et al. (1989) provided 634~ values for coal (pyrite and soluble sulphate). Based on 

sixteen pyrite samples 6-om five coal seams in the Sydney coalfield, the data indicated a 

range in 6 3 4 ~  of -5 to 14.8 Oho. It was found that disseminated sulphur generaily 

contained more highly fkactionated sulphur than nodular pyrite, and that the isotopic 

ratios of the pyrite and sulphate in the coal were sirnilar. The range of 634~ in the pyrite is 

extremely broad and corresponds to the range of 634~ values found in the water samples in 

this study. The data published in Gibling et al. (1989) include two samples in the general 

vicinity of sites investigated in this study. In addition, the two sites (No.25 and Momsons 

Pond) were at opposite ends of the 'isotopic spectrum' which makes them good 

candidates for comparing water and mineral isotopic data (Table 5-24). 



Table 5-24. 6 3 4 ~  in the water and coal. 
i Sulfùr 
(mean) 
in coal 

1 Colliery 

25 
Monlsons 
Pond 

- - 

At the No.25 site the 6 3 4 ~  of the sulphate is much greater than the 6 3 4 ~  of the pyrite. If 

the sulphate in the No.25 discharge was derived fkom oxidation of pyrite with an isotopic 

composition s i d a r  to that of the coal in the Gardiner seam, then the sulphate in the water 

has become very enriched in 6 3 4 ~ .  The No.25 site results cm be explained by bacteriai 

reduction of sulphate which preferentially removed the light isotopes 3 2 ~  and 160 fiom the 

sulphate resewoir and caused enrichment in both "S and 180. The oxygen isotope data is 

also consistent with the hypothesis of sulphate reduction and is described in the 

subsequent sections. 

At the Momsons Pond site the 634~so* is much less than the 634~hte.  If the sulphate in the 

Momsons Pond discharge was derived fiom oxidation of pyrite with an isotopic 

composition similar to that of the cod in the Hub seam, then the sulphate in the water has 

become very depleted in 6 3 4 ~ .  A possible explanation for the Morrisons Pond data is that 

the starting point for the sulphur is closer to that observed in the pyrite in the Gardiner 

S e m .  This ignores the fact that pyrite fiom this area was observed to have high initial 

6 3 4 ~  . Based on this reasoning, the 6 3 4 ~  of sulphate in water cannot be used to obtain a 

reliable measure of the 6 3 4 ~  of the oxidized sulphides. 

Seam 
Mined 

Gardiner 
Hub 

The cornparison between 634~so( and G ~ ~ s ~ ~  rnay not be dekitive because the Hub 

samples came fiom the P ~ c e  Mine approxhnately 5 km &om Momsons Pond. The 

S ~ ~ S  
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pyrite 
in cod 
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Gardiner samples came fiom drill core and are probably closer to the No.25 site. In 

addition, the pyrite isotopes come fiom a smail suite of samples taken fkom numerous 

seams and were not necessarily representative of the seam as a whole (M.Gibling, pers. 

cornm. 1998). This fact may help explain the discrepancy between the sulphur isotope 

composition in the water and that of the pyrite in the coals. 

A cornparison of pH and 634~so4 suggests that these two parameters may be related 

(Figure 5-5 1). There is a moderate positive correlation between pH and 6 3 4 ~ ,  particularly 

with respect to the lower pH outfalls (No.lA, No.7, No. 11, and Morrisons Pond). The 

No25 and No.lB Shafl waters do not fit this trend as well as the other outfall samples. 

+ 1BSiafl 

I No.lA 

A N0.7 

x No.] 1 

+ No.25 

0 Morrisons Pond 

Figure 5-5 1. pH and 6 " ~ s ~ .  outfdls. 

The correlation between pH and 634~so4 at the No. 1 4  No.7, No. 1 1 and Momsons Pond 

site may relate to the relative abundance, reactivity, and fom of pyrite. Gibling et al. 

(1989) reported that the isotopic composition of the pyrite varied, depending on the form 

with the lowest d4ss- values being associated with the nodular form and the highest 

values (most fiactionated) being associated with the disseminated fonn. However, there 



are two other important factors that affect the ti3'sso4 composition - sulphate reduction 

and the mixing of sulphates having different isotopic compositions. Sulphate reduction is 

interpreted to have occurred at the No.25 site and has probably led to a disproportionately 

high 634~so* value at that site. Mixing of seawater sulphate and pyrite sulphur rnay explain 

the 634~so l  seen in the 1B Shafl samples. The 1B Shaft samples were found to have 

relatively constant pH, ranging between 6.4 and 6.9 (based on field measurernents). 

Nordstrom (1982) indicated that the reactivity of pyrite is affected by its surCace area and 

fonn, with the most reactive form being tiamboidal pyrite, which has crystals less than a 

micrometer in sue. It is possible that nodular pyrite is also more reactive than 

disseminated pyrite. This seems problematic because disseminated pyrite has a much 

Iarger surface area relative to its volume compared to nodular pyrite, making it more likely 

to  be reactive. Other factors, such as the location of these two forms relative to the coal 

searns in question, rnay contribute to the reactivity. 

If the form of pyrite impacts the sulphur isotope composition then the least fractionated 

form (nodular pyrite) could produce the lowest d4ssot  (0.75 O/oo at Momsons Pond). 

This form rnay occur more abundantly in strata with less carbonate matenal. This in hirn 

Mght explain the association of low pH (i-e. pH 3.2 at Morrisons Pond) and low 634~so4.  

The disseminated form of pyrite rnay produce the higher G ~ ~ S S ~  (5.65 'lm at No. IA). The 

occurrence of carbonate materid in areas where disseminated pyrite is the dominant form 

rnay help explain the higher pH in the waters with higher 634~so4. 

Altematively the pH versus Zi3'ssw trend rnay indicate that sulphate reduction has 

occurred at al1 sites and to a greater extent in higher pH waters. 6 3 4 ~ ~ m  values for the 

high pH sites (e.g. No.8 and Old Harbour Mine) were not deterïnined in this study but 

rnay have allowed îhis point to be fiirther resolved. 



5.5.2 The Sulphate ''O and Water 180 Data 

The oxygen isotopes of water ( 6 l 8 k )  and sulphate (6I80sa) were evaluated in this 

study. These isotopes may reveal aspects of the sulphide oxidation processes. In 

particular, they may indicate the relative contributions of different oxidation reactions, the 

environment in which the oxidation took place (non-flooded versus flooded workings), 

and whether the oxidation process was abiotic or biologically mediated. The work in this 

aspect of the study was based on the methods of Stemvoort and Krouse (1994), Taylor 

and Wheeler (1 994), and van Everdingen and Krouse (1 985). 

It is common practice not to refer to the individual isotope values of water and sulphate 

but instead to refer to the difference between these values. This difference is ofien written 

~ ( 6 ' ~ 0 s a  - 6 1 8 b ) ,  and is called the permil oxygen isotope fiactionation of oxygen 18 

between sulphate and water. 

The 618&0 of the outfail sites sampled were found to be very similar, varying ody slightly 

fiom -8.78 %O at the No.25 site to -7.89 O100 at the No.7 site. This isotope îypically was 

found to have values close to those of average local rainwater. An average rainwater 

6180iao of -6.12 %O was calculated fiom 37 published adysis  (Wadleigh et al. 1996) 

fiom Shelbume, N. S. (about 500 km to the southwest). An average rainwater 6 l 8 ~ 0  of 

-5.9 O/oo was calculated âom 45 unpubiished analysis (IAEA 1997) fiom Truro, N. S. 

(about 300 km to the southwest). 

In contrast the 6180s04 values range widely fiom -2.24 O/oo at Morrisons Pond, to 1 0.2 1 

O/oo , at the No.25 site. As a result the value of ~ ( 6 ~ ~ 0 s ~ ~  - 6 l 8 k )  ranged fiom 6.63 

O 
/OO, at Momsons Pond, to 18.99 O/oo, at the No.25 site. These values primarily reflect 

variations in 6180sa as s ' * o H ~ ~  is relatively constant. The value of ~ ( 6 ~ ~ 0 ~ ~  - 618ho)  



ranged fiom 12.51 to 13.58 O/oo, at the 1B Shaft, while the 6l80sWand 6 l 8 k  ranged 

fiom 4.78 to 6.82 O/oo and -7.83 to -7.07 respectively. The relationship between 

~ ( 6 ~ ~ 0 s ~  - 6180iw) and S'~O&S shown in Figure 5-52. 

No.1B Saft (1997) 

No.lA 

N0.7 

x No.] 1 

+ No.25 - Clyde 

Morrisons Pond 

-10 -9 -8 -7 4 -5 

6 180azo doo 

Figure 5-52. ~ ( 6 ~ ~ 0 ~ 0 4  - 618&o) versus 6180mo, various outfalls and the 1B Sh&. 

In other field studies of Mne drainage (Taylor and Wheeler 1994) values of ~ ( 6 ~ ~ 0 s ~  - 
618&o) larger than 8 O/oo have been associated with enwonments more likely to be 

aerated and include neutral waters, hi& sulfate acid waters sarnpled fiom creeks and 

selected mine portals, and ultra-low pH waters. Taylor and Wheeler (1994) indicated that 

values larger than 8 O/oo are associated with partiaily saturated to unsaturated 

envhmments. Such environments would be analogous to partidy flooded mine 



workings. Experimental studies (B. Taylor, pers. comm. 1998) indicate that values of 

h(6l80sw - 0 ~ ~ 0 1 ~ )  of less than 4 O/oo can be achieved in saturated, abiotic environments. 

Such environments would be analogous to completely flooded mine workings. 

Taylor and Wheeler (1994) observed that the lowest values of ~ ( 6 ~ ~ 0 s ~  - ôl*%~) were 

fkom high-sulphate enluents from underground mine workings sampled at portais. They 

interpret these effluents as originating from flooded workings or fiom partially fiooded 

workings with saturated wall rock. The low values of ~ ( 6 ~ ~ 0 ~ 0 4  - 818&0) correspond to 

the range of expenmental fkactionation measured under submerged sterile conditions, 

analogous to those expected in flooded workings. 

The ~ ( 6 ~ ~ 0 ~ ~  - al8&) values fiom the current study exceed 8 O/oo for ail outfds and 

shaft sarnples with the exception of Momsons Pond (6.5 3 '/a$. Therefore, al1 of the sites 

studied are likely to be only partially flooded, either due to persistent low water levels or 

strong periodic variations in water level. A ~ ( 6 ~ ~ 0 s ~  - 618ho)  value of 8 O/oo cannot 

necessarily be used to distinguish between minewater environrnents. There are too many 

other factors that cm a e c t  6180s04, including the type of pyrite oxidation reaction, t h e  

degree of mixing of waters with different isotopic composition, and the amount of 

sulphate reduction. 

One of the most important factors is the type of pyrite oxidation reaction, of which Rxn 

[5- 1 1 and [5-31 are key: 



An important feature of these reactions is that Rxn [5- 1 ] produces 1 /gh the number of H* 

ions (i.e much higher pH) of Rxn [5-31. From the data coiiected in this study a strong 

positive correlation was found between the pH and ~ ( 6 ' ~ 0 s a  - 618&o). It was found 

that lower values generally corresponded to lower values of 6l80sw. This indicates that 

the relative contributions of Rxn 15-1 1 and [5-31 infiuenced the p H  and 6180s04. The 

strong positive correlation between pH and 6180s04 was not found to depend on whether 

the laboratory or field pH readings were used, but the best correlation was found using the 

field pH, as shown in Figure 5-53. 

The only site which does not comply with this trend is No.25. At this site the A(6180s~ - 
6 I 8 h o )  is interpreted to be high because of elevated 6"0s-, the result of sulphate 

reduction. 
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Figure 5-53. pH and ~ ( ~ ' ~ 0 s ~  - S ' * h o ) ,  outfds and 1B Shaft. 

Another important aspect of these reactions is îhat in Rxn [5-11, 87.5% of the sulphate 

oxygen is denved from molecular oxygen and 12.5% is denved from water molecules (van 

Everdingen and Krouse 1985). As a result, Rxn [5-11 is thought to produce sulphate 

( ~ 0 4 ~ 3  which has oxygen that is closer to aqueous oxygen (02(aq)) than water (H2O). In 

addition, Rxn [5-11 is more likely to be associated with an environment which cm receive 

oxygen, such as unsaturatecl workings or workings in which the water level fluctuates. In 

contrast, the aqueous oxygen in Rxn 15-31 is not directly involved. The sulphate resulting 

from this reaction wiii have an oxygen isotope composition close to water, not aqueous 

oxygen. In addition, Rxn [5-31 is more prone to occur in an environment lacking oxygen, 

such as flooded workings. 



In the following two sections (5.5.2.1 and 5.5.2.2) the minewater data are compared to 

the work of Taylor and Wheeler (1994) and Stemvoort and Krouse (1994). These two 

groups present altemate methods for the analysis and interpretation of 6'*&0 and 

6180sm. The methods of both of these groups are used in this study and are referred to 

herein as the 'numerical approach7 and the 'qualitative approach', respectively. The next 

two sections present a brief summary of these two approaches as applied to this study. 

5.5.2.1 Numericd Approach to the Analysis and hterpretation of 6%~20 and ~ " O S W  

In this section a comparison of the Cape Breton minewater data is made with the work of 

Taylor and Wheeler (1994). The basis of this approach is the use of two equations 

referred to in Taylor and Wheeler (1994) as: 1) the Stoichiometric Isotope-Balance 

Model, and 2) the General Isotope-Balance Model. These will be referred to herein as 

SIB and GIB models. Some scientists, in particular Stemvoort and Krouse (1 994), are 

generally critical of the reliability of these models and suggest that they are qualitative, 

first approximations and of limited value. The qualitative methods described by 

Stemvoort and Krouse (1994) were evaluated and are presented in Section 5.5.2.2. 

The SIB mode1 is suggested for acid conditions, and the GIB for neutral to dkaline 

conditions. The pH cut-off for these models is not specified. Both low pH and near neutral 

waters occur in the Sydney coaifie1d so both of these rnodels were evduated. The 

solution of each of these equations is the percentage of water-denved oxygen and this is a 

measure of the relative contribution of Rxn [ S I ]  and [5-3 J to the oxygen isotope 

composition of the sulphate. 

The SIB and GIB models are only valid for sulphate formed from the oxidation of pyrite, 

and only when there are no other types of fractionation or mixing. For this reason using 



these models to predict the percentage of water-derived oxygen may be inappropriate in 

some cases. For exarnple, the 1B Shaft sarnples were influenced by a source of sulphate 

other than pyrite - namely seawater. The percentage of seawater sulphate was estimated, 

fiorn the SO JCl ratio in the shaft water, to range fiom approximately 40% at the top of 

the water column to 1 5% at the base. Sulphate reduction is likely to have affected the 

isotope composition at the No.25 site, causing 6 1 8 ~ ~ a  to be emiched but not indicative of 

pyrite. The isotope signatures of the Lingan-A and Prince minewaters contain seawater 

sulphate and the products of sulphate reduction that cannot be related to specific pyrite 

oxidation reactions. 

The SXB and GIB models may be appropriate for al1 the outfalls analysed (No. 1 A, No.7, 

No. 1 1, Clyde and Momsons Pond) excluding the No.25 outfall and the deep rninewater 

sarnples fiom the Phalen 5E, Phalen 6E, Lingan 2E and 1993 1 B Shaft samples. The 

water fiom these sites has 6180s04 and 6 3 4 ~ ~ ~  values which are consistent with a single 

source of sulphate. There is no isotopic indication of sigrifkant sulphate reduction at 

these sites. 

Each of these models are outlined below. 

i) Stoichiometric Isotope Balance (SB) Mode1 

This mode1 was onginally proposed by van Everdingen and Krouse (1 985) and is 

described by: 



where: 

m = fiaction of water-derived oxygen, 

EDO and E O ~  = enrichment factors 

The enrichment factors in Eqn [5-271 are intended to account for shift s in 6l80W and 

6 1 8 0 0 2  caused by kinetic isotope effects during incorporation of 1 8 0 m  and 1 8 0 0 2  into 

sulfate. Taylor and Wheeler (1994) recommend the following e~chrnent  factors: 

E D O  = O O / 0 0  

Em = -1 1.2 O/00 

6 l 8 0 0 2  = +23.8 O/OO 

Equation [5-271 may be re-written in terrns of m: 

ii) General Isotope Balance (GIB) Model 

An alternate equation for calculating the contributions of water-derived and atmosphenc 

oxygen is the General Isotope Balance Model (Taylor and Wheeler, 1994): 

For alkaline environments the following parameters are recommended by Taylor and 

Wheeler (1994): 



Equation [5-291 may be re-written in terms of m: 

Eqns [5-281 and [S-301 were solved for each of the sarnples collected in this study and for 

dl pre-existing deep minewater and iB isotope data. These results, compiled in Table 5- 

25, compare the SIB and GE3 models. Figure 5-54 illustrates the 618%0 and S ' ~ O S ~  

data for these sites, dong with lines of equal percentage of water-derived oxygen 

(isopleths), as denved by Eqn [5-283. These plots are modeled after those found in the 

study of Taylor and Wheeler (1 994). 

Table 5-25. Com~arison of SIB and GIB models. 

Sample 

Clyde 
No. 1A 

CBDC-657 
CBDC-WP 1 
CBDC-WP1 
Momsons Pond 
CBDC-63 5/3 6 
CBDC-63 5/36 

6"osm 1 o ~ ~ & ~  YWater denved 
% water 

On" 
(GIB) 

47 

Remarks 

1997 outfall sarnple 
1997 outfall sample 
Lingan 2E (bottom) 
Lingan 2E (bottom) 
1997 outfdl sarn~le 

0.861 -8.661 48 1 60 1 1 997 outfall sample 1 

-2.24 
-0.91 
-0.78 

-8.77 
-5.82 
-5.7 

65 
69 
69 

73 
77 
76 

1997 outfall sample 
Phalen SE 
Phalen SE 



N0.11 
x No.lA 
x Mmrisons Pond 
a Clyde 
t Lingan2E - Phalen SE - !%awater 
ii Average Local Rnin - 0% 

20% 
4oo/o 

- -(iOO/o - w-i 
- 100940 

Figure 5-54. 6180m0 versus 6180sM , with isopleths for percentage water-derived oxygen. 
Isopleths based on SIB Model, after Taylor and Wheeler (1994). 



The SIB model probably best represents the outfalls and deep minewaters listed in Table 

5-25 because these sites are generally acidic and the sulphate is fiom pyrite. Experimental 

and field data indicate that the oxidation of pyrite is consistent with this model. 

The outfall samples show here range fkom approximately 30 to 65% water-derived 

oxygen and the deep minewater samples range fiom approximately 40 to 70%. The 

M o ~ ~ o ~ s  Pond outfall water and Phalen SE minewater occur in the upper limit of these 

ranges. 

The isotopic data for sulphate and water in acid conditions will typically plot between 

65% and 100% when pyrite oxidization occurs under submerged conditions with dissolved 

oxygen (Taylor and Wheeler 1994). Only one outfall site, at Momsons Pond, falls near 

this region. This site plots on the 65% boundary, which is described as the T. ferrooxidans 

trend. Waters in which the oxidation has been mediated to some degree by Z ferrooxialans 

plot on or above this trend line. This is because 6l80sw iâactionation is greater during 

microbially mediated oxidation than it is during abiotic oxidation (Taylor and Wheeler 

1994). The T. fewooxidarzr trend is therefore considered the 'biological lower limit' for 

which bacteria played an active role in oxidation (Taylor and Wheeler 1994). Waters with 

~ ' ' 0 s ~  plotting between 65-1 00% contains oxygen largely derived Born water through 

abiotic oxidation. 

The isotopic data suggest that the oxygen in the sulphate at the Morrisons Pond site has 

been largely derived fiom water rather than atrnospheric oxygen. This suggests that pyrite 

oxidation at this site included a larger component of femc iron oxidation as compared 

with the other sites. This may indicate that the Morrisons Pond water is derived fiom 

workings more likely to be flooded. The remaining outfidl sites plot well above the 65% 

line and are consistent with experiments under partidy saturateci conditions which 

dernonstrate wet/dry cycles, such as fluctuation in the water level. These outfall sites 



(No. 1 A, No.7, No. 1 1 and Clyde) may be characterized as partially flooded. This 

interpretation is consistent with the general hydrogeology expected for these mines 

because there are significant areas of workings above the level of the outfdls. In addition, 

the discharge, where monitored (No. 1 A,  NO.^), showed fluctuations indicative of variable 

water level within the workings. 

5.5.2.1 Qualitative Approach to the Analysis and Interpretation of 618&0 and 6l80s~ 

In this section the minewater data are compared to the work of Stemvoort and Krouse 

(1994). This method is r e f e ~ d  to herein as the 'qualitative approach'. Sternvoort and 

Krouse (1 994) provide some working guidelines for the interpretation of 618~sa in 

environmental waters by comparing laboratory experiments with data fiom field 

environments and assessing the importance of various factors afFecting 6180s04. The report 

emphasizes the importance of considenng the mixing of ~02 '  h m  various sources. The 

rational and qualitative interpretation methods are presented here, with an emphasis on 

application to the waters studied in this project. 

Stemvoort and Krouse (1994) indicate that when laboratory and field data for 618&o, 

and 6"0sm are plotted against one another on an x-y graph, the points fa11 into two 

distinct areas - Area 'A' and Area 'B'. Sarnples which plot in Area A have sulphate which 

is derived fiom atmospheric sources and seawater. Samples which plot in Area B are 

derived fiom oxidation of sulphide minerais, irrespective of mineralogy and the mechanism 

of oxidation. 

The sampies collected in this study are shown below as Figure 5-55. The relationship of 

the minewaters to  these areas, dong with a definition of the characteristics of Areas A and 

B, is presented below. 
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Figure 5-55. 6 l 8 0 ~  versus ~~~0~~~ and boundaries of Area A and Area B. 
Boundaries after Stemvoort and Krouse (1 994) 



i) Area A 

The boundaries of Area A are defined by: 

Upper boundary 6180~04 = 0.74(6'~&~) + 1 5.4 

Lower boundary 6l8oSw = 0 . 7 1 ( 6 ~ ~ 0 ~ ~ ~ )  + 8.2 

These equations are based on experimental work of Holt et al. (1 982). 

Most atmospheric 6180- data and surface water samples plot within Area A. Rainfall 

data for Shelburne, N.S. are shown to plot withïn Area A (Figure 5-55). This data was 

obtained from Wadleigh et al. (1996). A trend known as RAWSO (Regression of 

Atmosphenc Water versus SOs Oxygen) has been proposed by Stemvoort and Krouse 

(1 994) to describe the relationship between oxygen in water and sulphate for rain samples. 

The Shelburne samples fall below this line. 

The water fiom the No.25 site falls into the upper part of Area A, a position that is 

interpreted to be the result of e ~ c h e d  s02'(aq). Microbial sulfate reduction, which 

enriches residual~04~-(a~)  in 180, can also produce data that fail into, or above Area A. 

Groundwater samples fiom deep wells where ~ 0 t - ( a q )  reduction has occurred have been 

found by Stempvoort and Krouse (1 994) to plot within Area A. 

Ali but one of the 1B Shafi samples plot near the lower boundary of Area A. The 1B 

Shafi waters appear to be compnsed of a mixture of seawater and pyrite sulphate, which 

explains the data being located within Area A. The 6 1 8 0 s ~  signature of the 1B Shaft 

could also have been produced by sulphate reduction. The exception is a single sample 

fiom the 1B Shaft, which plots within Area B. This is the 1993 sample, which has an 

isotope composition consistent with pyrite oxidation. 



Deep minewater samples fkom Prince and Lingan A also plot in Area A. The composition 

is close to that of seawater which has relatively constant 6 1 8 0 ~  ( 4 . 5 )  and 8 1 8 b  (- 

0.0) values. This may indicate seawater sulphate, as suggested by Drimmie (1993), or 

sdphate reduction (T. Martel, pers. comm. 1998) in the Lingan A and Prince waters. 

Ü) Area B 

The boundaries of Area B are defined by: 

Lower boundary 6l8oOs = =6"b CS-341 

Area B is based on experimental data for 6l80= formed by the abiotio oxidation of pyrite. 

The upper boundary is based on the experiments of Qureshi (1986). The lower boundary, 

where 8lbscw = 6 l 8 k  , is the inferreci lower limit for alls0?(aq) oxygen derived from 

water. Experimental data on 618& versus 6l80s- for abiotic oxidation of pyrite al1 

plot in Area B (Qureshi, 1986). 

Most of the outfàlis and minewater samples for this study plot in the upper regions of Area 

B. This indicates that the sulphate in these saxnples could have been denved fiom abiotic 

or bactenaily-mediated oxidation of pyrite. According to Stempvoort and Krouse (1 994), 

when ~ ' ~ 0 s a  is forrned by the oxidation of s a d e s  it wiU tend to plot in Area B, 

irrespective of the oxidation mechanism (or sulphide mheralogy). Therefore it is not 

possible to definitively state whether the waters in this study have undergone 

Tferroom'hm mediated s a d e  oxidation or abiotic sulfide oxidation. 



The data coilected in this study indicated that lower pH values occurred in association 

with lower S~*OSW values. In contrast, Qureshi (1986) found, through expenmentation, 

that higher pH values occurred in association with lower 6"osol values. This difference 

may relate to the variable buffering which affected the pH at the field sites but did not 

affect the experiments. 

5.5.3 Oxygen and Deutenum 

These isotopes were used to distinguish between water derived fiom meteorological 

sources and seawater. In the case of mixed water it was used to detennine the relative 

proportions of each. Meteorological processes that provide a characteristic fingerprint of 

their origin are exhibited in the "ho and 2~ isotopes. 

The global meteoric water line (GMWL) defines the relationship between ~ ' ~ 0 ~ 2 0  and S'H 

in fiesh surface water worldwide. The most current equations for this line are based on 

the work of Rozanski et al. (1993): 

Due to temperature dependent fiadonation, a strong positive correlation exists between 

surface air temperature and 6 1 8 ~  and 6 * ~  in precipitation (Dansgaard, 1964). These 

relationships are: 

6 1 8 h o  = 0.695 Th in OC - 13.6 O100 SMOW 

and, 

6'I-I = 5.6 Tw in OC - 100 SMOW 



Coefficients for a Canadian meteoric water line are presented by Fritz et al. (1987) for 

several sites throughout Canada, including Tmro, Nova Scotia. The equation for Tmro is: 

6 2 ~  = 7.43 6 " h 0  + 5.57 */00 (VSMOW) [5 -3 81 

For this study the original min data for Tmro was downloaded from the IAEA web site 

(IAEA 1997). The rain data for Truro had a very wide range in 6 l 8 ~  and 6 2 ~  values. 

By penorming regression andysis on the rain data, an equation was found to descnbe the 

relationship between 6 2 ~  and G'*&o : 

6 2 ~  = 7.34 618hao + S. 15 */00 (VSMOW) [5-391 

The slight difference between these two equations for Tmro may relate to the types of 

precipitation included in the analysis. A single calculated value of 8"&0 and 6 2 ~  is 

comonly used to describe 'rain'. This is actually an average of al1 precipitation and can 

be calculated on the basis of air temperature. The mean annuai air temperature at the 

Sydney airport (7.5"C) was calculated fiom 30 years of temperature data obtained fiom 

Environment Canada. Using the formulation of Dansgaard (1964), the values of 6180- = 

-8.4 O/oo and 6 2 ~  = -58.0 O/oo were obtained for the isotopic composition of 'rain' at 

Sydney. 

A plot of the 6 l 8 h  versus 6 ' ~  data for the outfals, 1B Shaft, deep rninewater, seawater 

and rain are displayed in Figure 5-56. There are two aspects of the data with respect to 

the local meteoric water line that have been considered in this interpretation. The first is 

the vertical position of the data points above and below the meteonc water line. 

Subsunace processes can shift the 618&o - 6 2 ~  signature to a position below the 

meteonc water line and these shifts can indicate d g  of meteoric waters with seawater. 



The second aspect is the distance dong the meteonc water line. This can provide a means 

of estimating the relative contributions of different water sources to a mixture. 

The plot of 6I8&o versus 6 2 ~  indicates that the outfalls fa11 slightly above and below the 

local meteoric water line. This indicates that the outfalls are discharging meteoric 

groundwater. This was expected, based on the other hydrogeological evidence. In 

addition, the outfall sarnples cluster near the 'raid sample data calculated fiom the mean 

air temperatures 

Most of the 1B Shaft water sarnples plot beIow the local meteoric water line, with the 

exception of the deepest water and the water fiom the 1993 1B Sh& sample. The 1 B 

water which is furthest below this line (i.e. less depleted in 6 I 8 h o )  was sampled at the 

shallowest part of the shaft (450 8). The 6'*%0 values in the shaft samples decrease 

with depth, indicating that the deeper waters are more depleted. A vertical profile of the 

isotopes in the 1B Shafl (Figure 4-1) illustrate this trend. The shift in G ~ * O ~ O  in the 

shdow sample is comparable to the shift of local seawater and mean ocean water from the 

local meteoric water Iine. 

The deep minewater samples cover a very wide range of 6 l 8 k  - 6 2 ~  values. The 

Lingan 2E and Phalen 1E and SE plot siightly above the meteonc water line. The Lingan- 

A and Prince waters plot well below the rneteonc water line, near a trendline toward 

seawater. Two of the Lingan-A samples have 6 1 8 b  - ô 2 ~  values very close to seawater. 
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Figure 5-56. 618& versus 6 2 ~  with the meteoric water h e  based on Tmro data. 



A cornparison was made of the temperature of water at the outfalls with the 6180~20 - Ô ~ H  

values. The values of these isotopes can Vary with air temperature. It was thought that 

the wann water might show evidence of higher 6180tno and a2EI due to reduced 

fiactionation. The use of 618&o as a tool for distinguishing between groundwater and 

surface water has been recognized in previous studies (Sklash et al. 1976). The 

temperature, ô 1 8 h  and 6 2 ~  data are s h o w  below (Table 5-26). 

Table 5-26. Temperature, 6 1 8 h 0  and 6 2 ~  at outfalls. 
Site Winter Spring S u m e r  6 2 ~  

( O C )  (OC) (OC) cO/oo, 

Clyde nd nd 7.4 -55.6 to -57.7 
Momsons nd nd 7.1 -61.4 
Pond 

The M O ~ S O ~  Pond was found to be the coldest outfall site (summer temperature = 7.1°C) 

and the one with the greatest depletion in 6 1 8 ~ ~ 2 0  and Ô ~ H  (relative to VSMOW). The 

1A site was the wannest site (summer temperature = 12.4 - 13.6 OC) and less depleted 

than Momsons Pond. However, the No.7 site was much cooler than No. 1A and not as 

depleted in 618~mo and 6 2 ~  (relative to VSMOW). In summary, there is no consistent 

correlation between water temperature and 618&0 - O'H. The reasons for the slight 

differences in the outfa11 sites rnay relate in part to how much evaporation these waters 

have undergone at the time of infiltration. 

5.5.4 Tritium 

Tritium (3H) is an unstable isotope which can be used to obtain the relative age of a water 

sample. Tritium units are expressed as TU. The use of tritium as a dating tool arises from 



the fact that thermonuclear bomb tests in the atmosphere between 1951 and 1976 

generated large quantities of this isotope. Dating of groundwater by tritium is based on 

the assumption that the tritium input is known and that the residual tritium measured in 

groundwater is the result of decay alone, according to the following decay equation: 

where: 

B ~ ~ H  = the initial tritium activity, 

= the residual activity (rneasured in the sample) remaining after decay tirne t (years), 

h = decay rate constant equal to the ln(2) divided by the half life (tin), 

tin = 12.5 years. 

The most complete records of tritium in North Amenca are for Ottawa and Washington 

DC. The Ottawa data cover the 1953-1994 period, whereas Washington DC data cover 

1963- 199 1. The Ottawa data records the pre-bomb through post-bomb era, and include 

the January 1964 bomb peak of 5820 TU (Figure 5-57). This information was 

downloaded for this study fiom the archives of the International Atornic Energy Agency - 
World Meteorological Organization. 
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Figure 5-57. Tritium units found in precipitation fiom the Ottawa area (1953-1993). 

By 1990 most of the bomb tritium was washed out of the atmosphere. The tritium levels 

in the atmosphere are now close to natural pre-bomb levels. Precipitation near Ottawa 

had about 15 TU, before 195 1 .  The average 1990-1 993 TU for ûttawa was 19. The 

average 1990- 199 1 TU for Washington DC was 16. 



The outfdl and 1B Shafi waters sampled in this study were found to range from 5.4 to 6.7 

TU and 6.8 to 8.0 TU, respectively. Repeat samples indicate differences of 0.5 to 1 .O TU. 

Lab results were quoted at +/- 0.8 TU. These results are tabulated in Appendix 4 (Tables 

A44 and A4-2). In coastal regions TU of 2 to 8 indicates modem waters (less than 5 

years to 10 years) (Clark and Fritz i 997). 

A limitation of age determination from tritium is the sensitivity of age to an unknown input 

level. Assuming an initiai tritium input of 10 TU the number of years it would take for the 

tritium to decay to 5.4-8.0 TU was determined. This is approximately the minimum level 

of tritium recorded in the 19907s at Ottawa and Washington, which are 10.2 TU (1993) 

and 9.4 TU (1991), respectively. The approximate ages of the water at the outfails and 

1B Shaft as determined by this method are shown in Table 5-27. 

Table 5-27. Tritium concentrations and estimated ages of water at various locations. 

Some inferences cari be made regarding the relative age of water at the outfalls and in the 

No.25 Outfdl (Repeat) 
1B Shdt + 450 

1B Shaft. As a generatization the sites with higher TU might be expected to be associated 

Age (years) based on 
10.0+/-0.8 TU 
7.4 - 10.2 
7.7 - 10.5 
9.6 - 12.4 

Site 

No. 1 A Outfall 
No.7 Outfall 
NO. 1 1 Outfail 

with younger water. The water from the No.25 outfall appears to have the most recent 

6.2 
6.8 

water of the outfalls sampled. The No. 25 site has the highest value of TU of the outfdls 

Measured 
tritium (TU) 

6.1 
6 
5.4 

(average of 6.5 TU). This site is also the most dilute (TDS 150 mg/L) and has the highest 

Age (years) based on 
10 TU 
8.9 
9.2 
11.0 

8.6 
6.9 

7.1 - 10.0 
5.4 - 8.3 



flow rate (average 175 ImpgaVmin). The dilute nature of these waters suggests that they 

have been in contact with the rocks for only a short time. The high flow rate would 

effectively reduce the residence time of these waters in the workings. The TU, flow rate 

and low TDS are characteristics consistent with juvenile water. The 1 B Shaft water was 

found to have higher TU than the outfalls. This suggests that the progressive flooding of 

the 1B Shaft is due to the ingress of very recent waters. These data suggest that the 

outfidi and sh& waters are recent meteoric waters and not old formational waters or 

slow-moving groundwaters. 



5.6 Secondary Sites 

An analysis of minewater discharged from the secondary sites (No.4, No.7, No.8, Old 

Harbour Mine, Clyde, and Momsons Pond) is presented in this section. The field and 

laboratory results for these sites are shown in Appendices 2 and 3, respectively. These 

sites were not examined with the same level of detail as the primary sites (No. 1 A, No.25 

and 1B Shaft). 

No.4 Outfali 

The No.4 outfall, located on the shore of Big Glace Bay Lake, was monitored on two 

occasions (June 3, 1997 and July 16, 1997) and sampled once (June 3, 1997). The water 

was found to be Ca-S04-HCOs type, very dilute (TDS 80 mg/L ), near neutral (field pH 

of 6.37), and net-aikaline. The water had relatively high iron (2.25 mgL) and sulphate 

(22.6 mgL), given the dilute nature of the water. The site had a molar ratio of Ca/HCOs 

of O S ,  which is an indication of excess alkalinity. The excess alkalinity may have been 

produced by siderite dissolution or sulphate reduction. The flow was very slow and was 

characterized as a seep. The water temperature varied significantly (8 to 1 5.7 OC) and, 

due to low flow rates, largely reflected changes in the air temperature. 

No.7 

This site was monitored on five occasions between March 9, 1997 and August 3 1, 1997, 

and was sampled twice. During the period of flow monitoring (June 4, 1997 to August 

3 1, 1997) the discharge declined significantly (90 IrnpgaVmin to 45 ImpgaVmin) and so 

did the pe (6.6 V to 1.7 V). The water temperature increased from a low of 6 OC in early 

March 1997 to 8.8 OC at the end of August 1997. The water type was Ca-S04 to Na-Cl 

and was net acidic. The samples were collected in March and June 1997 and did not 

cover the entire period of flow monitoring. The dissolved oxygen varied between 

approximately 3 and 5 mg/L. This outfall may be characterized as a relatively high 



sulphate (1 64-1 66 m a )  and low iron (0.14 to 0.4 mg&) site. The field pH varied from 

5.1 to 5.6. The TDS was 467 to 5 1 6 mg/L. The discharge, temperature and pH trends 

were similar to those of the No. 1A site, which was studied in much more detail. These 

readings suggest that the water level within the No.7 workings lowered during the 

monitoring period in response to seasonal changes in water table elevation. 

No.8 and Old Harbour Mine 

These two outfalls both discharge minewirter fiom the Harbour Seam. This seam is 

overlain by a limestone bed in the area of the workings which probably provided an 

important source of alkalinity to these waters. These are the best examples of well- 

buffered minewaters found in the study. 

The No.8 outfall was monitored on four occasions between March 9, 1997 and July 14, 

1997 and sampled twice. The water was a Ca-S04-HC03 type and was strongly net 

alkaline. The TDS was relatively fügh (1307 to 1355 mgL) as was the dissolved sulphate 

(385 to 400 ma). The dissolved iron was negligible (0.02 to 0.04 mg/L). The discharge 

could not be monitored at this site because the water emerged out of a narrow rock tunnel 

and could not be captured. The dissolved oxygen and pe declined over the period fiom 

9.5 to 4.2 mglt and 5.4 V to 3 .O V, respectively. Field pH ranged between 7.1 and 7.6, 

and water temperature rernained nearly constant (7.8 to 8.0 OC). 

The Old Harbour Mine was monitored on five occasions between March 9, 1997 and 

August 3 1, 1997, and was sampled twice. The water was a Ca-S04-HCOs type and was 

strongly net alkaline. The TIDS was relatively high (804 to 863 mg/L) as was the sulphate 

(272 to 306 mg&). The dissolved iron was low (1.6 to 1.89 mg/L). The discharge was 

monitored between June 6, 1997 and August 3 1, 1997 and decreased only slightly fkom 60 

to 45 ImpgaVmin, The pe was very low at this site, ranging between -0.2 to 2.0. The 

dissolved oxygen was relatively hi& ranging between 7.0 and 5.5 mg/L and generdy 



decreasing over the monitoring period. The field pH and temperature remained nearly 

constant, ranging between 6.9 and 7.0 and 9S°C and 10.1 OC, respectively. 

No.11 

The No. 1 1 outfall was monitored on three occasions between June 5, 1997 and August 

3 1, 1997, and was sampled once. The water was Ca-S04 type and was strongly net 

acidic. The TDS was low (235 mg/L), with sulphate comprising 130 mg&. The dissolved 

iron was low (0.26 mg/L). Aluminum was very high (2.49 mg/L). Discharge was 

measured on July 16, 1997 to be 40 ImpgaVmin. The pe and dissotved oxygen declined 

over the monitoring period fiom 8 to 5.2 V and 6.0 to 4.2 mg& respectively. The field 

pH and temperature were relatively constant, ranging fiom 3.8 to 4.0 and 7.9 to 8.3 OC, 

respect ively . 

The impact of the No. 1 1 outfall waters on Renfiew Brook was also investigated because 

the minewater flowed into this water course. This evaluation included a survey of 

conductivity, pH, pe and temperature dong the brook. This was done fiom 1 100 rn 

upstrearn to 600 rn downstream of the minewater infiow. This work was done on July 24- 

26, 1997. At that time, Renfiew Brook was low due to the generally dry surnmer. This 

survey detected a zone of higher conductivity immediately upstream of the  minewater 

confluence. This zone extended upstrearn for 500 m, at which point the conductivity 

peaked at 1600 pmhokm (Figure 5-58). A similar trend may be seen for the pH (see 

Figure 5-59), with a zone of elevated pH extending upstream of the minewater confiuence 

for 500 m. 

The streambed was characterized by 1 to 2 m diarneter depressions up to 0.2 m deep, a 

thick black ochre coating the rocks, an oil-like slick on the water surface, and a gas 

penodically bubbling through these depressions fkom 460 rn to 490 m upstream. 

Temperature measurements made over one of these depressions found a strong gradient 



from 22 OC at the water surface to 10.9 OC at the base of the depression (0.05 m below the 

water surface). Conductivity , pH and pe measurements indicates that a very conductive 

(up to 1600 pmho/cm), high pH (6.2 to 6.4), low pe (0.7 to 1.3 V) water was flowing into 

the brook through these depressions. Sarnples were taken in the area of the depressions 

(Station 490 m), immediately upstream (Station 505 m) and immediately downstream 

(Station 420 m). The results of the water analysis are presented in Appendix 3. 

The water flowing into the brook through these depressions was Iandfill leachate. The 

interpretation of landfill leachate was based on the finding of high ammonia (5.36 mg/L), 

high ferrous iron (19.2mg/L), high chloride (532 mg/L), and high total organic carbon (10 

mg/L). A decommissioned landfill is located in the area next to Renfiew Brook. 

The interesting finding is that the rninewater flowing into Renfiew Brook fiom the No. 1 1 

mine appears to have been diluting the effects of the landfill leachate, resulting in a sharp 

decrease in conductivity and pH within the brook. 
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Figure 5-58. Variations in conductivity dong Renfiew Brook (July 24, 1997). 
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Figure 5-59. Variations in pH dong Renfkew Brook (Juiy 24, 1997). 



No.24 
The No.24 site is situated next to a major waste-rock pile. Three points in this area were 

monitored: an ephemeral stream (No.24), a wetland (No.24A) and a pond (No.24B). 

Each of these points were monitored twice and samples of the wetland and Stream were 

taken once. 

The results of the monitoring of these points is show in Appendix 2. In surnmary, the 

water in the wetland (No.24A) was found to have 'classic' acid mine drainage chemistry, 

consisting of Ca-S04 type water with very high TDS (2254 mg/L), very high sulphate 

(1590 mg/L), Iow field pH (2.9 to 3. l), high pe (7.9 to 9.3), and high dissolved metais 

including Ai ( 1 1 .4 mg/L), femc iron (7.6 mg/L), Mn (9.73 mg/'), Zn (0.49 mg/L), and Ni 

(0.27 mg/L). This water is strongly net acidic. The water in the wetland may be affected 

by drainage through the adjoining waste-rock pile, similar to the effect observed at tailings 

piles. Alternatively, the water may be the result of upward migration of acidic waters into 

a low-lying area created by subsidence. Numerous subsidence features exist around the 

perimeter of the waste-rock pile and on top of the pile. 

The stream at the No.24 site flows out of the wetland. The chemistry of this water was 

found to be very similar to, albeit not as concentrated as, the No.24A site. The water in 

the stream had TDS (704 mg/L), sulphate (483 m@), field pH (3.4 to 3.7), pe (6.2 to 

8.2), Al (2.9 mg/L), ferric iron (5.35 mg/L), Mn (3.69 mg&), Zn (0.08 mg&), and Ni 

(0.06 m&). 

The pond at the No. 24B site is a nahirai feature located adjacent to the rock pile but was 

found to have properties indicative of rainwater or uncontarninated groundwater (very 

low conductivity (87 to 150 pmhodcm), near neutral pH (6.4 to 6.5), and low pe (1.7 to 

2.5 V)). No samples were collected at this location; the values stated were measured in 

the field. This finding indicates that waste rock pile does not impact al1 adjacent water 

bodies. 



Clyde 

This site was visited and sampled on only one occasion. This rninewater flowed fiom the 

workings of the Phalen seam and in this regard was comparable to the No. 1A outfall. The 

water type was Ca-SOd and net alkaiine. The water had relatively high TDS (746 mgL)  

and high sulphate (414 mg/L). The laboratory analysis indicated an absence of dissolved 

Fe (<0.01 mg/L) although an ochre covered the ground at the outfaIl. This suggests that 

the iron content of this water was variable. The water temperature was low, 7.4 OC, 

indicating a groundwater source. The dissolved oxygen concentration was 3.7 mg/L. The 

discharge could not be measured at this site. 

Morrisons Pond 

This site was visited and sampled on only one occasion. It is located near Point AC& and 

is well removed fkom the other sites investigated in this study. The water type was Ca- 

S 0 4  and net acidic. The water had relatively high TDS (638 mg/L) with very high 

suiphate (442 ma). The precipitate at this site was unique. Whereas the other sites 

produced a low-density ochre consisting of amorphous iron oxyhydroxide, the precipitate 

at the Momsons Pond site produced a 'cernent' which bound the beach grave1 into a 

dense conglomerate. The precipitate at this site was probably hematite (Fe03), a stable 

iron oxide. The discharge fkorn this site was measured to be approximately 30 

Impgdrnin. The high pe (7.2 V) is most likely due to the presence of ferric iron, the 

oxidized form of dissolved iron that is stable at low pH. The field pH was low (3.2). The 

dissolved oxygen was 4.4 m a .  The water temperature was low, 7.1 OC, indicating a 

groundwater source. 



6. SUMMARY OF DISCUSSION 

This sumrnary addresses the variations in minewater chemistry : 

(i) within the coalfield, 

(ii) at a point source discharge, 

(iii) in an open charnel, 

(iv) within an abandoned s h a ,  and 

(v) fiom environmental isotopes. 

6.1 Variations in minewater chemistry within the coalfield 

The data collected in this study indicate that the waters discharged fiom the abandoned 

coal mines are not uniformly 'acid mine waters'. The hydrochernical factors required for 

the production of acid mine waters are sulfide minerds, oxygen, water, the absence of any 

strongly neutralizing groundwater or rock mass, and the presence of iron-oxidizing 

bactena (Aipers and Noordstrom, 1991). The data in this study indicate that the acid- 

producing potential and the neutralization capacity of the rock mass varies wideiy. It has 

been demonstrated that the sulphate at the outfds is fiom the oxidation of sulphide 

minerals (pyrite). At most other sites the molar ratio of S:Fe is much greater than 2, the 

relative concentration of these two elements which would result fiom the oxidation of 

pyrite. This probably indicates that iron is deposited in the workings by oxidation of 

ferrous iron and the hydrolysis of ferric hydroxide at most sites. This is 

supported by the observation of higher dissolved oxygen in those outfalls having lower 

iron (e-g. No.8 and Old Harbour Mine). Because of the lower dissohed oxygen at the 

No.25 site and the reducing conditions within the workings, much more iron emerges at 

this outfidi and the molar ratio is much closer to the rnolar ratio of S:Fe in pyrite (FeS2), 

2: 1.  



Sulphate was a particularly relevant ion in this study because it provided a good indicator 

of the extent of acid Mne drainage reactions. The change in concentration of this ion was 

used effectively as the basis for mass balance modeling at the No. lA site (see Section 

5.2.6). The wide range in sulphate concentrations at the outfdl sites corresponds with the 

combined &ect of dierent oxidation rates, the nature of the oxidation environments, the 

volume of sulfides exposed to oxidation, and dilution by surface waters. Dilution 

occurred through the infiltration of surface water into the mine workings through shallow 

pathways such as subsidence-induced fiactures and bootteg workings. Dilution effects 

were detected at the No, 1A outfd where major rainfall events showed up at the outfalls 

as elevated flow and a decrease in conductivity, sulphate, calcium, chloride and TDS. 

When dl the oudistl sites were considered together there was no correlation between pH 

and sulphate. However, a group of sites ( 1 4  7, 8, 1 1, Old Harbour Mine) displayed a 

positive correlation between sulphate concentration and pH. This was interpreted as due 

to the combined effect of pyrite oxidation and carbonate dissolution in an environment 

with abundant carbonate. There was also a strong positive correlation between pH and 

calcium and magnesium. This is consistent with the combined eEect of pyrite oxidation 

and calcite/dolomite dissolution. This correlation also indicates that pyrite was more 

comrnon, or was present in more reactive forms, in areas having liiestone layers. 

The outfd sites cover a spectnim of sites in which both pyrite oxidation and significant 

carbonate buffering occurred, to sites in which pyrite oxidation and no carbonate buEering 

occurred. The former include the No.8 and Old Harbour sites whereas the latter include 

the No. 1 1, No.24, and Morrisons Pond sites. The remsining sites fell between the two 

endpoints of this geochemical spectrum. The degree of variability found between the sites 

investigated suggests that there is variability in the occurrence of sulphide minerals and 

carbonate layers, and that this has a siflcant impact on the water chemistry. Further, 

the environment within the workings, particularly the interconnectedness to the surface 

and the degree of flooding, appear to be factors aecting the water chemistry . 



In general, water chemistry was a reflection of the environment in which the water 

evolved. Sites No.24 and No.25 reflect this fact. These sites have similar chloride 

concentrations (13-1 4 mg/L) but vastly different pH, TDS, sulphate and alkalinity. The 

low chloride concentration suggests that both of these sites evolved fiom dilute 

groundwater. The No.24 site, with a low pH and high sulphate net-acidic waters, 

represented classic acid mine drainage chemistry. The No.25 water was approximately 

neutral, net-alkaline, and high in sulphate. This indicates flow through flooded mine- 

workings in a reducing environment. The difXerence between these sites was due to the 

different geochemicd environments. 

The No. lA and No.25 sites are examples of 'open' and 'closed' mlnewater systems, 

respectively. Within the context of this study an open system is affecteci by variations in 

surface conditions such as temperature and rainfdl, whereas a closed system is more 

isolated fiom variations in surface conditions. The discharge, water chemistry and 

temperature at the No. lA site indicate that this outfdl may drain workings which are well- 

connected to the ground surface. At the No. 1A site minewater dilution occumed as a 

result of surface water i d o w  foliowing major precipitation events. In contrast, the No.25 

site did not seem to respond to precipitation events, which is evidence of a confmed 

system. There were minor responses of the discharge to rainfall events at the No.25 site. 

However, the absoiute value of these increases was much lower than those observed at the 

No. 1 A site. In addition, because of the signincantly higher discharge rates at the No.25 

site, these events had no effect on the chemistry of the water because there was no 

associated change in conductivity. 

Younger (1997) found that acidity generated by abandoned mines which are allowed to 

flood generaliy has two components: "vestigial" and "juvenile". The vestigial component 

relates to the geochernical trauma which occurs as the abandoned mine voids are first 



allowed to fi11 with water, dissolving pyrite and taking ferrous iron and femc 

hydroxysulphate salts into solution. Vestigial acidity is thought to last up to 40 years and 

is a function of the retention tirne of the flooded workings. Juvenile acidity arises fiom the 

ongoing pyrite oxidation in the zone of water table fluctuation within the mined system, 

and can be expected to last many hundreds of years (until the supply of pyrite is hally 

exhausted). The outfalls in this study drain workings which were mined between late 

1800's and rniddle 1900's. Therefore, the minewater is probably in the juvenile phase. 

However, the age of the workings do not provide a good indication of rninewater quality 

at the Sydney coaifields because the oldest outfall (Morrisons Pond) produces one of the 

most acidic waters. 

Another assertion regarding minewater quality is that the area of the workings above sea 

level is an important control and predictor of acidity (JWEL 1993). This theory suggests 

that the larger the volume of mine workings remainïng above the water level at 

equilibnum, the greater the acidity of the discharged water. This assumption does not 

concur with the field results in this study. The acidity of the outfàlls and area of workings 

above sea level are shown in Table 6-1. The acidity of the outfalls in the Glace Bay sub- 

basin was quite low (4 to 64 mg/L as CaC03). In addition, the No. 1A colliery, which had 

the srnailest area above sea level, produced water with some of the highest acidity (23 to 

64 mg/L as CaCOs). In contrast, the N0.8 and No.25 collieries, which had the greatest 

area above sea level, had some of the lowest acidity (6-16 mg/L as CaC03). The lack of 

correlation between area-of-workings and acidity probably relates to the presence of 

another important controlling parameter on acidity: the buffering capacity of the rocks. 

Considerably higher acidity occunred at the No.24 and Morrisons Pond sites (reaching 237 

mg/L and 255 m a ,  respectively). These sites were in very different environments than 

the other outfalls. 



Table 6-1. Acidity and area of workings. 

The water chemistry of the sites indicates that both oxidizing and reducing conditions 

exist. The oxidipng mines are characterized by high sulphate and low iron. At these sites 

the abundant oxygen has enabled both the oxidation of pyrite and the oxidation of ferrous 

iron. As a result the iron is largely left behind in the workings as an ochre and does not 

emerge at the surface. 

1A 
4 
7 

Old Harbour 
8 
11 
24 
25 

Clyde 
Momsons 

The No.7, No.8, No. 1 1, OId Harbour, Clyde and Momsons Pond outfalls discharge water 

h m  oxiciizing mines. The Momsons Pond site is somewhat dBerent because the absence 

of carbonate enables the pH to remain low. This d o w s  iron to remain soluble in the 

oxidied fonn (the femc iron species). 

Area (ft2) of workings above sea level 
( M L ,  1993). 

The No.4 and No.25 outfds discharge water fiom reducing mines. The No.25 site is the 

best example. At this site the dissolved sulphate is hi& dissolved iron is high (and is 

present in the ferrous species), the pe is negative, the dissolved oxygen is low, and the 

CaIHCO, molar ratio is less than one (an indicator of sulphate reduction). Environmental 

isotopes confinn that water at this site has undergone isotope e ~ c h m e n t  due to sulphate 

reduction. At reducing sites the iron remains soluble in the ferrous species because there 

is an absence of dissolved oxygen to oxidize it to femc iron. 

Acidiîy 
(laboratory) 

OutfaIl 

5.40-6.13 
6.374.50 
5.05-5.64 
6.80-7.04 
7.07-7.49 
3.84-3.94 
2.87-3.06 
6.34-6.52 

5.98 
3.19 I 

pH (field) 
rneasured in current study 

as Caca 
23-64 

6 
19 
17 
6 
24 
237 

14-16 
4 

378,566 
1,672,884 
1,036,628 
4,097,980 
5,913,693 
5,610,192 
1,178,053 
8,345,484 

nd 
255 1 nd I 



The 1B Shaft data indicate that the degree of oxidation may depend on the depth from 

which the minewater is obtained. The field measurernent for redox (pe in volts) of the 

water suggests an upper oxidizing zone (425 ft (130 m) to 475 fi (145 m)) and a lower 

reducing zone (500 ft (1 52 m) to 650 fi (198 m)). Dissolved oxygen, ammonia, 

manganese and iron also indicate the redox conditions. Although none of these 

parameters showed the sharp break evident in the pe readings, they do indicate a general 

trend toward more reducing conditions with depth. 

The No. 1 A outfall data indicate that the degree of oxidation in a mine may vary with time. 

Through the period of monitoring the degree of oxidation in this Itiinewater increased. 

This is evident by the increase in sulphate and the decrease in iron over time. This 

indicates that as the water level within the workings was lowered, the dissolved oxygen 

content increased, fernous iron was oxidized and precipitated in the workings, and the 

concentration of iron in the discharged water declined. 

6.2 Variations in minewater chemistry at a point source discharge 

The main variables in the No. 1A water chemistry over the penod of study were found to 

be iron, sulphate, calcium, magnesium, alkalinity and pH. Mass b dance modeling showed 

that these parameters were inter-related through the oxidation of pyrite, the oxidation of 

ferrous iron, the hydrolysis of femc iron, the dissolution of calcite and dolomite, and the 

buffering of acids by alkalinity. Dissolution of sidente may also have occurred but its 

effect was probably localized and temporary. 

During this study the passive discharge fiom the No. 1A outfall allowed the water level in 

the No. lA Colliery workings to be lowered. Data and calculations done in this study 



indicate that a volume of water equivalent to the volume of workings above sea level had 

been discharged through the No. 1A outfall during the recession period considered. This 

probably indicates that the No. 1 A workings were originally flooded but have drained to  

sea level. This would indicate that the No. 1A colliery was not at equilibrium with the 

water level in the No. 1B shaft, which was 350 fi below sea level at the time of the study. 

Previous work indicates that the No. 1 A colliery and No. 1 B colliery are interconnected as 

part of the 1B Hydraulic System (JWEL 1993) and have a common static water level. If 

this is tme the workings would not necessariIy be flooded. A less favorable explanation is 

that the discharged water fi-om the No. 1A out fd  was not be derived solely fiom the 

No.lA workings. The discharged water may have originated fiom water in the No. 1A 

colliery and fiom the groundwater stored in unmined bedrock that is West of  the mined 

workings. The opening of the sea drain may have induced hydraulic gradients, causing the 

bedrock groundwater to flow into the workings and subsequently be discharged through 

the sea drain. The sulphate concentration of the water at the outfall is characteristic of 

minewater, not bedrock groundwater. Therefore this latter explanation is less likely. 

The water level in the workings is significant because it controls the p*te oxidation 

process, which is largely limited to the unsaturated zone and the zone of water table 

fluctuations. The hydrated sulphates, dong with metal-bearing hydroxides and 

oxyhydroxides, occur in these zones and reduce the rate of pyrite oxidation through the 

formation of secondary inhibitory mineral coatings (Blowes and Ptacek 1 994). Hydrated 

sulphates have been found by others in the coais of the Sydney coalfield (Zodrow 1978 

and Zodrow 1979). These are unstable minerals which are a by-product of the oxidation 

of pyrite. Zodrow (1 979) identified several hydrated sulphates, including 

metasideronitrate, siderionatrite, halotrichite, rozenite, melanterite, fibrofenite, 

aluminocopiapite, and rhomboclase. If the water level is permitted to nse, these solids will 

be dissolved and acid-producing hydrolysis reactions will occur. The pyrite mineral 

surfaces d l  then be 'cleaned' and renewed as oxidation sites (Younger, 1995~).  If the 



No. 1 A outfd becomes plugged the water may nse and flush out the oxidized pyrite that is 

currently present in the unsaturated zone. Seasonal variations in the water table elevation 

may still cause pyrite oxidation. However, by maintaining the sea drain in an open 

condition it may be possible to keep the water level near sea level and thcreby reduce 

these seasonai effects. Based on the data collected in this study, pennitting the sea drain 

to become replugged and unplugged would promote water level fluctuations and increase 

the risk of poor quality water being discharged. 

The net effect of opening the sea drain was to improve the water quality. The iron 

concentration declined fkom 8 mg/L to less than 1 mg/L over the period of monitoring. 

By keeping the outfdl open and fh+flowing it may be possible to maintain a stable water 

level and thereby keep the iron concentration low. 

Over the course of this study, storms raised the beach level and buried the No. 1 A outfall. 

This complicated monitoring efforts because the area around the outfall had to excavated 

to permit discharge measurement. Any fùture monitoring program should include periodic 

re-excavation of this outfall. This is required both for monitoring and to maintain an 

effective sea drain. 

6.3 Variations in minewater chemistry in an open channel 

The small watercourse downstrearn of the No.25 outfall was found to be a very efficient 

natural systern for the removal of iron, and other metals, from the minewater Stream. 

Understanding the mechanics of this system rnay aid future treatment options for this, and 

other, sites. It was not felt that this natural system represents a complete treatment system 

because there is no component for concentrathg and treating the ochre and associateci 

rnetals. The mass of Fe deposited annually fiom the No.25 Stream water was calculated 



to be between 7600 and 8400 kg/year. The mass of As deposited annually was caiculated 

to be between 3.0 and 3.4 kg/year. Based on work performed in this study the total mass 

of al1 ochre deposited annually was esîimated to be in the range between 10,000 and 

20,000 kg/year. The volume of ochre generated annually was estimated to be 10 to 20 

rn3 /year, assurning a density of 1 g/cm3. 

The oxidation rate in the No.25 stream is higher than expected ftom theoreticai oxidation 

rate laws (Hustwit et al. 1992). Additional studies could be undertaken in fûture work to 

determine if bactenologicai mediation of the oxidation process is occumng. This may 

have significance for the treatment of these minewaters. 

The alkalinity and pH of water within the No.25 stream appear to be unafEected by iron 

oxidation. This is inconsistent with the other studies which describe the reactions 

governing iron oxidation in net-alkaline waters (Hedin et al. 1994). This may lead to a 

fùrther area of study, which should include as a first step on-site titration for alkalinity. 

The weir constructed at the No.25 site may be of use to fùture researchers interested in 

the hydrology of this outfall. 



6.4 Vertical vanations in rninewater chemistry withîn the 1B Shaft. 

The water chemistry in the 1B Shaft can be explained by the three key processes: 

i) acid mine drainage reactions, 

ii) mixing of shallow minewater with seawater, and 

üi) very minor rnixing of formation water through the 1B colliery - Phalen searn at the 

base of the shaft. 

The salinity in the shaft was derived from seawater based on chloride/bromide ratios and 

the isotopes of oxygen, hydrogen (deuterium) and sulphur. The 1B Sh& water is a 

rnixture of approximately 80% shallow niinewater (groundwater + acid mine drainage 

reactions) and 20% seawater. A conceptual mode1 for the evolution of the 1B water 

within a simplified sequence from rainwater through shaîlow minewater, and sh& water 

to deep minewater is shown below. 

Rainwater 
+ 

Evaporation, infiltration, mineral dissolution, rnixing with groundwater 
- - 

Groundwater (meteonc) 
+ 

Acid mine drainage reactions (pyrite oxidation, carbonate buffering) 
- - 

'Shaiiow' rninewater 
(equivalent to the minewater discharged fiom the No. 1A outfall) 

+ 
Acid mine drainage reactions (pyrite oxidation, carbonate buffering) and mixing with 

seawater (20%) and minor mWng of formation water at the base of SM. 
- - 

IB Shaft water (1 997) 
+ 

Acid mine drainage reactions and mixing with formation brines 
- - 

'Deep' minewater 
:equivalent to the purnped 1B Shaft wat-er (1 993), Lingan and Phalen colliery water) 



A possible pathway for the flow of shallow minewater into the 1B Shaft is through the 

open Harbour and Phalen seam workings (Figure 5-39). The pathway for possible 

seawater flow into the shafl has not been determined in this study. 

6.5 Variations in rninewater chernistry within the coalfield frorn environmental isotopes. 

The sulphur isotopes analyzed in this study were 634~so4 and ô'80~~. The factors 

afEecting the isotope composition of the water were variations in the sulphur 

isotope composition of the pyrite, the reactivity of different pyrite forms, the amount of 

mbûng (e.g. between seawater sulphate and pyrite sulphur), and the arnount of sulphate 

reduction. The important factors affecting the 6180sa composition were the type of 

oxidation reaction, degree of rnixing, and the arnount of sulphate reduction. 

The sulphur isotopes were measured at the No. 1 A, No.7, No. 1 1, No.25, and Morrisons 

Pond outfalls, and at the No. 1B Shafl. Most of the outfalls sampled for sulphur isotopes 

have isotopic signatures consistent with sulphide oxidation. The No.25 outfall water was 

an exception. Enrichment in both 3 4 ~  and 1 8 0  was observed in the No.25 waters and is 

attributed to the microbiaily-mediated reduction of sulphate to suifide. In anaerobic 

environrnents, microbially-mediated reduction of sulphate to sulfide can lead to 

considerable enrichment of both "S and 180 in the residual sulphate (Clark and Fritz, 

1997). The rernaining outfall sites do not appear to have been afTected by sulphate 

reduction. At those sites the main control on a3*sso4 was probably the isotope 

composition of the pyrite, while the main control on the 6180s04 was the relative 

dominance of different oxidation reactions 5-1 vs. Rxn. 5-31. A comparison was 

made between the sulphur and oxygen isotope results for the Sydney coalfield and the 

published works of Taylor and Wheeler (1994) and Stemvoort and Krouse (1 994). These 

analyses indicated that Rxn [S-11 and 15-31 were involved in the oxidation of pyrite to 



varyhg degrees. The Clyde outfall water, at one end of the spectrum, was dominated by 

Rxn [5-11. The Momsons Pond water, at the other end of the spectrum, was dominated 

by Rxn [5-31. The role of chernolithotrophic bacteria (i.e. T. ferr00xidan.s) in the 

oxidation process could not be discemed with confidence. However, hi& ~ e ~ '  

concentrations and low pH at Morrisons Pond made the potential for biologically 

mediated oxidation greater at that site. 

The 1997 1B Sh& water falls in an intermediate region between the sulphate derived fiom 

sulphide oxidation and sulphate derived from seawater. The proportions of seawater 

sulphate versus sulphate derived from pyrite was calculated for the shaft waters using two 

methods: the Ci/S04 ratios and the ~~'Sso4 isotopes. Based on the CWSQ ratios the 

seawater sulphate constituted 40% of the total sulphate at the top of the water column and 

15% at the base. The s~ ' sS~< isotope indicates that seawater sulphates ranged fiom 55% 

at the top and 20 % at the base. The two end members used to compute this mixture were 

minewater fiom the No. 1 A outfall (S~'SSO~ = 5.6 O/OO) and the local seawater ( G " S S ~  = 

18.9 A vertical profile of the 634~sor  in the 1B Shaft indicates that the value of this 

isotope decreases with depth from 13.06 O/oo at 425 ft to 8.7 O/oo at 650 A. This indicates 

that the proportion of seawater sulphate decreases with depth. As the total sulphate 

increases in the 1B Shaft (a result of AMD reactions) the relative proportion of seawater 

sulphate (and value of 634~soa ) dimùiishes (Figure 6- 1). 
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Figure 6-1. Sulphate versus a3'sso*, 1B Sh&. 

The relationship between the 18 Shaft water and the deeper minewaters was also 

evaluated. The deep minewaters were divided in previous studies @rimie, 1993) into 

those with sulphur isotope signatures indicative of pyrite oxidation (e.g. Phalen 1 E, SE 

and 6E, and Lingan 2E) and those samples indicative of seawater sulphate (Prince and 

Lingan-A). There are conflicting schools of thought on the interpretation of a seawater 

sulphate source for the Prince and Lingan-A sites. Some workers (e.g. T. Martel, pers. 

comm., 1998) suggest that sulphate reduction may be the reason for the elevated 6 3 4 ~ ~ ~  

and 6I80s~ at the Prince and Lingan-A sites. The possibility of sulphate reduction 

producing e ~ c h e d  6 3 4 ~ ~ ~  and 6180s04 values at the Prince and Lingan-A have 

signi6icance to the interpretation of the 1B Shafl data. The 1B Shafl sarnples may be a 

mixture of seawater and pyrite sulphate. However, if suiphate reduction can produce 

and 6l80sw values close to seawater, as suggested by Martel (pers. comm., 1 W8), 

then the 6 3 4 ~ ~ a i  and 6 l 8 0 s w  values at the 1B Sh& might be the result of sulphate 



reduction and not stnctly the mkîng of pyrite and seawater sulphate. This potential 

uncertainty was resolved, however, by considering the CVBr ratios. These ratios 

confirmed that seawater was an important component of the 1B Shafl water. Therefore, 

variable contributions fkom seawater and pyrite sulphur, not sulphate reduction, are the 

key processes at the 1B Shaft. The pathway by which seawater is entering the 1B Shaft 

has not been identified in this study. 

The pennil oxygen isotope fiactionation of oxygen-18 between sulphate and water 

[ A ( S ' * O ~ ~  - 618&o)] indicated that most of the workings drained by the outfalls were 

probably only partially flooded, either due to persistently low water levels or strong 

penodic variations in water level. Possible exceptions are the Morrisons Pond and the 

No.25 workings. The low ~ ( 6 ~ ~ 0 s a  - 6 1 8 ~ )  value at the Morrison Pond site is 

consistent with flooded workings, as are the negative pe, high ferrous iron and low 

dissolved oxygen concentrations found at the No.25 site. 

The oxygen (6180mo) and deuterium ( 6 2 ~ )  isotopes indicate that the outfall waters are 

meteoric groundwaters. There is no cornponent of seawater in the water discharged fiom 

the outfis. These isotopes indicate that the 1B Shafl water is a mixture of seawater and 

meteonc groundwater and that the waters in the upper elevations of the shafl are more 

influenced by seawater than the samples deeper in the shaft. This seawater component to 

the 1B Shaft water is consistent with the sulphur isotope data and the CVBr data. The 

proportion of meteonc groundwater to seawater in the 1B Shaft was also calculated using 

the 618&o - 6 2 ~  signature of the shafl samples and the calculated composition of rain and 

local seawater. The values used for meteoric groundwater were 6180m0 = -8.4 ' h o  and 

6 2 ~  = -58.2 O/oo, which is also the average value for rah. The proportion of seawater 

based on these isotopes was approxirnately 15%. This is close to the value arrived at fiom 

the chloride and bromide data (20%). 



The tritium (63~) isotopes indicate that the outfalls and 1B Shaft waters are very recent in 

age and have probably been out of contact with the atrnosphere for 5 to 10 years. The 

No.25 outfall waters are probably the most juvenile of the outfalls. The 1B Sh& waters 

may be slightly younger than the outfall waters. However, it is more difficult to determine 

the age of the 1B water because it is a mixture fiom two sources (e.g. meteoric 

groundwater and seawater). 



7. CONCLUSIONS 

These conclusions address the variations in minewater chemistry : 

(i) within the coalfield, 

(ii) at a point source discharge, 

(iii) in an open channel, 

(iv) within an abandoned shaft, and 

(v) fiom environmental isotopes. 

i) Based on the study of regional variations in minewater cbemistry within the 

coalfield the following conclusions are made. 

a) The minewater discharged fiom the outfàils ernanates fiom a shallow groundwater 

flow system. The rninewater is readidy distinguishable fiom uncontaminated 'bedrock 

groundwater' on the basis of the concentration of sulphate, and to a lesser extent the 

concentrations of uon and alkalinity. Sulphate constituted in excess of 35% of the anions 

in minewater and less than 35% of the anions in groundwater. The sulphate concentration 

in the minewater ranges fiom 23 to 1590 mg/L. In comparison the sulphate concentration 

in bedrock groundwater ranges fiom 45 to 98 mg/L. WMe the minewater is varied, it is 

predorninantly Ca-S04 type water, whereas the bedrock groundwater is predominantly a 

Ca-HCO3 type water. The discharged minewaters are unafFected by formation waters 

which characterize minewater found in the deep submarine workings. 

b) From an environmental standpoint the minewaters discharged fiom the outfalls are of 

little concern in comparison to minewater contained in the deep submarine workings as 

seen in the water pumped fiom depth in the 1B Shaft. Additionally, in comparison with 

coal mine discharges fiom mlliing districts elsewhere in North America, these waters are 

less afEected by acid mine drainage reactions. Most of the minewater outfblls discharge 



water with low dissolved metal concentrations. Many dissolved metals (Cu, Sb, Be, Cd, 

Cr, Mo, Se, Tl, V, U) were found to be near, or below, detection levels. Iron and Mn 

were the most common metals with significant concentrations, with average values of 1 0.2 

mgL and 1.7 mg& respectively. In addition the metals Al, Zn, and Ni, had relatively 

high concentrations at the low pH sites (No. 1 1, Momsons Pond and No.24 sites). The 

discharged minewater flows diectly into the sea at most sites and as a result is greatly 

diluted. Minewater discharged fiom three sites - No. 1 1, No.24 and No.25 - flow into 

surface water bodies. Arsenic occurs in high concentrations in the ochre at the No.25 site. 

c) The waters discharged fiom abandoned coal mines in the Sydney Coalfield are not 

uniformly acid minewaters. These waters are highly variable: pH 2.9 to 7.6, sulphate 23 

to 1590 mg/L, TDS 72 to 2255 mgL, alkalinity O to 245 mg& acidity 3.6 to 255 mgL, 

iron c0.01 to 49 mg/L, pe -2.4 to 8.0 V, and dissolved oxygen 1.6 mg/L to 9.5 mgL. The 

water ranged fiom sites with very high alkalînities and low acidities to sites with very high 

acidity and low alkaiinity. The greatest percentages of sulphate (relative to chlonde) 

occumed in both the high alkalinity (e.g. No.8,Old Harbour) and the high acidity sites 

(e.g. No. 1 l,24, Momsons Pond). This indicated a spectrum from sites where pyrite 

oxidation and significant carbonate buffering occurred, to sites where pyrite oxidation 

occurred but carbonate buffering was lacking. In contrast, sites with a balanced 

alkalinity/acidity (e.g. No. 1 4  No.7 and No.25) had a lower percentage of sulphate. 

These are intermediate sites where there is a greater balance between pyrite oxidation and 

carbonate buffering. 

d) The presence of limestone and calcrete beds, which cap the coal seams of the Sydney 

Mines Formation or occur in the interseam strata, are probably crucial to the occurrence 

of well-bufFered waters. The water chernistry suggests that within the Glace Bay sub- 

basin the abundance of carbonate and sulphide minerals varies. Therefore, predictions as 



to the quality of minewater cannot be derived on the basis of surface area of the workings, 

age of the workingq or average sulphur content of the mined coal. 

e) The dissolved iron concentration in minewater is dependent on whether the water 

emerges fkom an oxidizing or reducing environment and on the pH of the water. At sites 

where oxidizing conditions prevailed in the workings the discharged minewaters exhibited 

low iron and hi& sulphate concentration. These sites include the No. 7, No.8, No. 1 1, 

Clyde, Old Harbour, and the No. 1A outfalls. At these sites abundant pyrite oxidation had 

occurred, but due to the presence of ample oxygen, the iron and other rnetals were 

deposited as precipitate in the workings. As a result, iron was absent, or nearly absent, 

fiom these waters. In w o r h g s  where reducing conditions prevailed, the iron remained 

soluble in the fmous species - including the No.4 and No.25 sites. At the No.25 site the 

water was characterized by low dissolved oxygen, low pe, and high iron (up to 23 mg/L). 

Reducing sites were aiso characterized by excess alkalinity. 

The No. 1A site is noteworthy as it underwent an evolution in chemistry over the period of 

this study fiom reducing to oxidizing conditions, as the elevation of the water table 

lowered within the mine. It was found that as the water level within the workings was 

lowered, the iron concentration decreased. This was presumably in response to an 

increase in the dissolved oxygen and to the precipitation of iron in the workings. 

Iron was dso found in high concentrations at sites with low pH (e.g Morrisons Pond and 

at the No.24 sites). Dissolved iron in the femc species, which is stable in the presence of 

oxygen in low pH waters, was found at these sites. 

f) The interconnectedness of the workings to the surface was found to vary. The 

discharge, water chemistry and temperature data indicated that the No. 1A workings were 

well-connected to the ground surface whereas the No.25 workings were more isolated 

fiom changes in surface effects. Based on these cases it appears that sites with greater 



comection to the surface are more likely to be oxidizing, wMe sites that are more isolated 

from the surface are more likely to be reducing. Therefore oxidizing mines are 

characterized as open systems whereas the reducing mines are characterized as closed 

systems. 

ii) Based on the detailed study of the No.lA 'point source discharge' the following 

conclusions are made. 

a) The No. 1 A outfd was re-opened on April22, 1 997 and as a result approxirnately 7.6 ' 

106 Impgal of water was discharged from the No. lA colliery directly into the sea over a 

114 day penod (April22 to August, 14 1997). The discharge was characterized by 

baseflow recession described in this study as an exponential decay with a constant of 

-0.01 52 day-' (for discharge in ImpgaVmin). This equates to a time of storage constant of 

67 days. The volume of water discharged during this period was determined to 

approximate the volume of workings above sea level. Therefore, during this period the 

water leveI in the workings was lowered to sea level where it stabilized, fluctuating 

thereafter in response to large raulfall events. This finding suggests that the No. lA 

colliery is not at equilibriurn with other collieries within the 1B Hydraulic System. 

b) The changes in chemistry observed at the No. 1A outfdl over this period were analyzed 

in detd  and found to be attributable to chernical reactions within the mine rather than 

dilution by the infiltration of surface water. Two sets of reactions were found to 

adequately explain the changes in chemical concentrations observed over this period. 

These were: 1) the oxidation of pyrite and subsequent hydrolysis of femc iron resulting in 

the precipitation of f d c  hydroxide in the workings, and 2) the dissolution of carbonate 

minerals, and resulting buffering of acid. Calcite was the prirnary carbonate mineral in 

these reactions. Dolomite was probably an important carbonate mineral even though it has 



been found in minor amounts ody in mineralogical studies. It is ais0 possible that Mg, the 

ion attributed to dolomite, present within the crystal lattice of siderite and calcite, was 

released when these two rninerals were dissolved. The mineral siderite probably had only 

a localized and temporary effect on the water chemistry because of the oxidizing character 

of this site. 

iii) Based on the study of minewater in an open channel at the No.25 site the 

following conclusions are made. 

a) The rate of re-aeration of water in the open channel did not limit ~ e ~ '  oxidation. 

The dissolved oxygen increased dong the stream exponentially with a rate constant (k) of 

1.3 . 1 o5 s-'. The concentration of dissolved oxygen transferred to the stream through re- 

aeration was found to exceed demand of oxidation. This is significant as it indicates 

that this natural system is adequate for the removal of iron and associated metals fiom the 

waste stream. Artificial re-aeration would not be required to treat this water. 

b) The rate of Fe2' oxidation was very high and may be biologically mediated. The rate 

constant for Fe2' oxidation was found to be 1- 10'" to 5.  1 O-" ((mol/L)/min), an order of 

magnitude larger than the theoretical oxidation rate (3 - 1 O-'* (mol/L)/ min). Experimental 

data indicate the oxidation of iron was significantly different within, and out of, the 

stream. This may indicate that biologically mediated oxidation is occurring in the stream. 

c) The rate of removal of ~ e ~ '  was high, indicating an efficient natural iron removal 

system. At this site the rate of iron removal of ~ e ~ '  was determined. The rate constant for 

iron removal (k) for the No.25 site was found to be -3.0 . 1om3 s-'. This was an order of 

magnitude higher than the rate caiculated for a sirnilar problem of discharge fkom an 

abandoned coal mine in Ohio, U. S. A (Foos, 1997). 



d) The alkalinity of minewater was apparently undected by ~ e ' +  ondation. A merence 

was identified between the theoretical and observed alkalinity for minewater undergoing 

~ e ~ '  oxidation. Theoretical changes in aikalinity, which were predicted, were not 

observed to occur. In this study, after evaluating other potential sources of alkalinity, 

none were identified which would provide a satisfàctory explanation. A similar problem 

was reported in recent literature. Further study is recomrnended to detennine the 

alkalinity on-site and thereby isolate changes in alkalinity between the field and laboratory. 

e) The mass of Fe deposited was calculated to be 7600 to 8400 kglyear. The mass of As 

deposited was calculated to be 3.0 to 3.4 kglyear. The total mass of all ochre deposited 

anndly is estimated to range between 10,000 and 20,000 kg/year. The metals which 

most readily came out of solution, and therefore became most concentrated in the ochre, 

were found to be Fe, As and Al. This data may be of value to fùture environmental 

studies of this site. 

iv) Based on the study of vertical variations in minewater chemistry in the 16 Shaft 

the following conclusions are made. 

a) The water chemistry of the 1B Shafi is vastly different than that observed at the 

outfds. The TDS of the shaft water was 6578 to 8254 mglL, approximately 20 times 

greater than the average TDS of minewater discharged from the outfalls. The shaft water 

onginates as water flowing into the 1B Hydraulic System through unfiooded workings 

which fias mixed with seawater. The 1B Shaft water is probably a mixture of shallow 

minewater, such as that observed at the No. 1A outfali, and seawater, at a ratio of 

approximately 4: 1 to 5: 1. Sodium and chlonde constituted the majority of t he total 

dissolved solids in the shaft water. The primaty source of chlonde and sodium is seawater 

with a minor amount of formation water at the base of the shaft. This conclusion was 



based on the CVBr ratios. The sulphate in the shaft water was derived fiom two sources - 
seawater and pyrite oxidation. This conclusion is based on isotopes. The percentage of 

seawater sulphate was found to decrease with depth fiom approxirnately 40% at the top of 

the water column to 15% at the base. 

b) The water in the 18 Sh& is Na-Cl type water, with an increasing percentage of Ca-S04 

type water with depth. The major cation and anion concentrations generally increase 

down the shafl although the chloride concentration is more variable. At the base of the 

shaft a decrease in sodium and chloride was found. This may indicate inflow fiom the 1B 

Colliery - Phalen Searn. The minewater is not strongly stratified. However, there is an 

upper oxidizing zone fiom 425 to 475 ft and a lower reducing zone from 500 to 650 ft. 

The upper zone is probably an area of recharge by more ovgen-rich water. The water in 

this zone is calcite buffered. Below the 500 ft level the water is buffered by both calcite 

and siderite. 

c) Based on data fiom 1990 to 1997, and specifically the concentrations of Cl, Na and K, 

there has been a general increase in the percentage of seawater in the shafl since 1990. 

One major ingress of seawater occurred in 1994. A general irnprovement in water quality, 

related to a decrease in the acid mine drainage components, has occurred since 1992. This 

was evident fiom the decline in Fe, SOd, and concentration between 1992 and 1997. 

This conclusion assumes that sample depth was not a crucial factor in the analysis of 

temporal changes in water chernistry. 

d) Laboratory pH and alkalinity measurements for sarnples with high iron are probably 

inaccurate. A large discrepancy was found between field and laboratory pH rneasurements 

for iron rich sarnples at the ZB Shaft. This was attributed to iron oxidation in the samples 

used by the laboratory for allcafinity detennination. Field pH determinations, and alkalinity 



measurements using portable titration equipment should be made on-site during ftture 

work. 

v) Based on the study of environmental isotopes the following conclusions are made. 

a) The sulphur isotope 634~so4 indicates that sulphate in the minewater, at the outfalls, 

was derived fiom pyrite oxidation. 

b) The sulphur isotope indicates that sulphate in the 1B Sh& is a mixture of pyrite 

sulphur and seawater, or pyrite sulphur with a significant degree of sulphate reduction. 

The CVBr data point to a seawater sulphate component in the shaft waters rather than 

sulphate reduction. 

c) Sulphur isotope 6 3 4 ~ s a  and oxygen isotope 6 I 8 h  indicate that the water discharged 

fiom the No.25 colliery has undergone significant reduction of sulphate to H2S. This has 

led to the preferential removal of the light isotopes '*s and 1 6 0  from the sulphate 

reservoir and has caused enrichment in both 3 4 ~  and "0. 

d) It appears that certain foms of pyrite with lower ti3'sso4 may be more abundant and/or 

more reactive. This is based on the relationship between pH and s ~ ~ s ~ < w ,  wherein lower 

pH waters correspond to lower 634~sm. Altematively, this may indicate that S ~ ~ S ~ W  at 

higher pH sites indicates a component of sulphate reduction. 

e) Oxygen isotope data for 6180sm and 61s&0 fiom the No. l A, Clyde, No. 7 and 

Morrisons Pond outfds was used to calculate the percentage of water derived oxygen. 

This is a fiinction of the relative contribution of two key pyrite oxidation reactions m s  

5-1 and 5-31. These calculations suggest that most workings are only partialiy flooded 

either due to persistently low water levels or strong periodic variations in water level At 



the Momsons Pond site the oxygen isotope data suggest that the mine workings are more 

likely to be flooded. These calculations are based on the fact that Rxn CS-1] and [5-31 

differ in the percentage of water derived oxygen. Rxn [5-11 is thought to produce 

sulphate which has oxygen that is closer to aqueous oxygen than water. Rxn 15- 1 ] is more 

likely to be associated with an environment which can receive oxygen, such as unsaturated 

workings or workings in which the water level fluctuates. In contrast Rxn [S-31 is more 

prone to occur in an environment lacking oxygen, such as flooded workings. 

f) The oxygen and deuterium isotopes indicate that the outfall water is derived fiom 

meteoric water and that the 1B Shaft water is a combination of meteoric water and 

seawater. 

g) The tritium data indicate that the ages of the waters discharged fiom the outfalls and 1B 

Shaft are less than 10 years old. The No.25 site appears to be the most juvede outfall. 

The 1B Shaft water is probably slightiy younger than the outfds. 
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9. APPENDICES 

Appendix 1 - Water Sampliig 

The general suite of samples taken at each site during the project are sumrnarised below: 

Sample 1 : Cation sample, 250 ml, filtered and acidified in field with HN03) to 

pHC2, also used for dissolved metals (metal scan). 

Sarnple 2 : Anion sample, 250 ml filtered. 

Sample 3: Ferrous iron sample, 50 ml filtered and acidified with HCI in field to 

2 mi acid/100 ml sample. 

Sample 4: Total iron and manganese sample, 250 ml unfiltered and acidified. 

Sample 5: Brornide, 250 ml, filtered. 

Sample 6: Hydrogen sulphide, 250 ml, unfiltered, preserved with zinc acetate. 

Duplicates and trip blanks (deionized water) were also taken. The laboratory was not 

informed of the location of the duplicate samples. The trip blank was opened and closed at 

each site to monitor for potential minor contamination. 

Isotope samples were also taken in accordance with the recommendations of the 

Environmental Isotopes Lab (EL) at the University of Waterloo. The isotope samples 

were not filtered or acidified. The isotope samples were: 

Sample 7: Sulphur isotopes, 500 ml - 1 litre, unfiltered/unacidified. 

Sample 8: Tritium isotope, 1 litre, unfiltered/unacidified, brown glass. 

Sample 9: Oxygen and deuterium Isotopes, 50 ml, unfilteredhnacidified. 

Ail sample boîtles were pre-cieaned and provided by Environmentai Services Lab (ESL). 

Hydrogen sulphide and tritium samples were collected in brown glass bottles. Al1 samples 



were collected in plastic bottles. Ali water sarnples were stored in a dark cooler at 5' C 

and whenever possible delivered to the laboratory within 24 hours of colIection. The 

water filter systern consisted of either a 0.45 p Fisher cellulose acetate membrane filter 

or a 0.45 pm Fisher low protein binding filter. The water was pumped through the filters 

ushg a Nalgene vacuum hand pump. The filters were pre-sealed and disposable. A new 

filter was used at eack sarnple location and the pumping lines were flushed with de-ionized 

water after each use. 

(ESL) provided the hydrochloric acid (HCl), nitric acid (WNO3), pipettes with 1 ml 

vacuum bulbs, 50 ml, 250 ml, 500 ml and I litre precleaned sample botties, deionized 

water and trip blanks. 



Appendix 2 - Field Measurements 

' nd indicates 'no data'. 

Table A2-1. Monitoring results, No. 1A site. 
Date 
d / d y  

9-Mar-97 

10-Mar-97 

22-Apr-97 .- 
23-Apr-97 

31-Od-97 20 780 nd nd nd 5.70 nd 12.0 N 

6-Nov-97 50 680 nd nd nd 5.70 nd 12.2 N 

14-Nov-97 nd 684 nd nd nd 5.66 nd 12.0 N 

5-Jan-98 nd nd 704 nd nd 5.81 5.7 11.8 Y 

Q 
InipgaUmin 

O S  

0.5 

nd 

nd 

pmholan 
field 

1079 

1077 

1100 

1300 

pmhotcm 
laboratory 

ndl 

1066 

828 

nd 

pe  
V 

nd 

2.14 

nd 

nd 

DO 
m e  

4 

nd 

nd 

nd 

PH 
fieid 

6.13 

6.04 

5.77 

5.86 

pH 
Iaboratory 

6.4 

nd 

5.6 

6.0 

Tanp 
OC 

10.3 

10.1 

11.8 

11.2 

Analysis of 
Chanical 

Cmstitucrlts 
Y 

Y 

Y 

Y 



fiom the ground. 
2 Station No.25A (Background) refers to measurements taken in a brook upstrearn of a 
confluence with the minewater stream (see Figure 5-26). 



Field measurements fiom the No.4, No7, No. 8, No. 1 1, No.24, Old Harbour Mine, Clyde 
Mine, and Momsons Pond sites are surnmarized in Table A2-3. 

Table A2-3. Sumrnary of Field Measurements. 
(No.4, No.7, No.8, No. 1 1, No.24, Old Harbour Mine, Clyde Mine, and Momsons Pond) 

Sile 

N0.4 

Date 
dhdy 

3-Jlma97 

16-My-97 

Clyde Mme 

Monisans Pond 

Q 
h p g s h h  

seq 

seep 

3 1 -hg-97 

3 1-Aug-97 

pmho/an 
field 

150 

184 

30 

@o/cm 
taboratory 

148 

815 

902 

pe 
V 

2.5 

1.7 

Dû 
mg& 

3.9 

856 

1201 

pH 
field 

6.37 

6.5 

0.2 

7.2 

pH 
laboralory 

6.6 

3.7 

4.4 

Tanp 
OC 

8.0 

15.7 

Analysis of 
Chanical 

Cmiaituaits 
Y 

N 

5.98 

3.19 

6.2 

2.9 

7.4 

7.1 

Y 

Y 



The field measurements fiom the 1B Shaft site are presented in Table A2-4. 

Table A2-4. Summarv of 'I 997 1B Shaft Field Measurements 



Table A2-5. Statistical summary of Field Measurements, No.4 outfdl. 

Parameter 
Minimum 
Maximum 
Mean 
Standard Deviation 
Number of 
Measurernent s 
Coefficient of 
Variation 

Table A2-6. Statistical sumrnary of Field Measurements, No. 7 out fall. 

The conductivity and pH measurement for water samples taken to the laboratory were included for ease of comparison. 

Date 
3 -3un-97 
16-Jul-97 
24-Jun-97 

2 

Paramet er 
Minimum 
Maximum 
Mean 
Standard Deviation 
Number of 
Measurement s 

-- 

Q 
(impgaVmin) 

45 
90 
65 
23 
3 

Date 
9-Mar-97 
3 1 -Aug-97 
26-May-97 

5 

Q 
(impgaVmin) 

nd 
nd 
nd 
nd 
nd 

nd 

Coefficient of 
Variation 

Conductivity, 
field 

(pmhoicm) 
150 
184 
167 
24 
2 

O. 14 

l The conductivity and pH measurement for water samples taken to the laboratory were included for ease of comparison. 

0.35 

Conductivity, 
field 

(pmhoicm) 
780 
960 
863 
87 
5 

Conductivity, 
labl 

(pmhoicm) 
857 
923 
890 
47 
2 

0.10 

Conductivity, 
lab' 

0.05 

pe 
(V) 
1.7 
6.6 
3.9 
2.2 
4 

pH, 
field 
5.05 
5.64 
5.39 
0.25 

5 

DO 
(ma) 

2.7 
5.0 
4.1 
1.0 
4 

0.58 

pe 

0.05 0.25 

pH, 
labl 
5.1 
5.5 

(pmholcm) 

Temp 
O C  

6.0 
8.8 

0.05 

(V) 
DO 

0.17 

pH, pH, 
(ma) 

3.9 
3.9 
3.9 

1 

5.3 
0.3 
2 

Temp 
lab' 
6.6 
6.6 
6.6 

1 

field 
6.37 
6.50 
6.44 
0.09 

2 

0.01 

148 
148 
148 

1 

7.0 
1.2 
5 

O C  I 

8.0 
15.7 
11.9 
5.4 
2 

0.46 

1.7 
2.5 
2.1 
0.6 
2 

0.27 



Table A2-7. Statistical summary of Field Measurements, No.8 outfall. 

Paramet er 
Minimum 
Maximum 
Mean 
Standard Deviation 
Number of 
Measurement s 
Coefficient of 
Variation 

Table A2-8. Statistical summaq of Field Measurements, No. 1 1 outfall. 

Parameter 
Minimum 

--- - .  

Maximum 
Mean 
Standard Deviation 

I 
Number of 
Measurements 
Coefficient of 
Variation 
1 

' ~ h e  conductivity and pH measurement for water samples taken to the laboratory were included for ease of comparison. 

Date 
9-MU-97 

The conductivity and pH measurement for water samples taken to the laboratory were included for ease of comparison. 

Date 
5-Jun-97 

3 1 -Aug-97 
17-Jul-97 

3 

Q 
(impgdmin) 

nd 

Q 
(impgdmin) 
- 40 

40 
40 

1 

Conductivity, 
field 

(pmhoicm) 
1081 

14-Jul-97 
1 -May-97 

4 

- 
3.0 
5.4 
4.3 
1.2 
3 

0.28 

Conductivity, 
field 

(pmhoicm) 
308 
395 
362 
47 
3 

0.13 

Conductivity, 
lab' 

(pmhokm) 
1186 

nd 
nd 
nd 
nd 

nd 

4.2 
9.5 
7.4 
2.8 
3 

0.38 

Conductivity, 
[ab1 

(pmhokm) 
433 
433 
433 

1 

pe 
(V) 

1360 
1226 
129 
4 

0.11 

7.07 
- - .  

7.49 
7.22 
0.18 

4 

0.03 

- -- 

1294 
1240 
76 
2 

0.06 

pe 
(V) 
5.2 
8.0 
6.6 
1.40 

3 

0.21 

DO 
(ma) 

7.6 
7.6 
7.6 
0.0 
2 

0.00 

DO 
(mgiL) 

4.2 
6.0 
4.9 
0.99 

3 

0.20 

pH, 
field 

7.8 
8.0 
7.9 
O. 1 
4 

0.01 

pH, 
field 
3.84 
3.96 
3.91 
0.06 

3 

0.02 

pH, 
lab' 

Temp 
"C 

pH, 
lab' 
4.1 
4.1 
4.1 

1 

0.00 

Temp 
"C 
7.9 
8.3 
8.1 
0.2 1 

3 

0.03 



1. The conductivity and pH measurement for water samples taken to the laboratory were included for ease of cornparison. 

Table AS-9. Statistical summary of Field Measurements, No.24 site (brook). 

Table A2-10. Statistical summary of Field Measurements, No.2 

Parameter 
Minimum 
Maximum 
Mean 
Standard Deviation 
,Number of 
Measurement s 
Coefficient of 
Variation 

Conductivity, 1 Q 1 field 

Date 
3-Jun-97 
16-Jul-97 
24-Jun-97 

2 

Parameter 
Minimum 

Q 
(impgahin) 

O 
O 
O 

1 

Maximum 
Mean 

Date 
3 -Jun-97 

1. The conductivity and pH measurement for water samples tak 

Conductivity, 
field 

(pmholcm) 
990 
1 O00 
995 

7 
2 

0.01 

16-Jul-97 
24-Jun-97 

1 

Measurements 
Coefficient of 
Variation 

IA site (wetlani 
Conductivity, 

]ab1 
( pmholcm) (impgaVmin) 

O 

O 
Standard Deviation 
Number of 

0.08 

n to the labora. 

Conductivity, 
lab' 

(pmho/cm) 
1 032 
1 032 
1032 

1 

-PP-P----- 

(pmholcm) 
2640 

O 

212 
2 2 

(V) (m@) field lab' O C  

7.9 2.5 2.87 3.2 15.1 
2940 
2790 

- 
Jry were included for ease of cornparison. 

pe 
(V) 
6.2 
- 

8.2 
7.2 
1.4 
2 

- -- 

0.20 

DO 
(ma) 

3.4 
4.5 
4.0 
0.8 

pH, 
field 
3.35 
3.72 
3.54 
0.26 

pH, 
\ab1 
3.5 
3.5 
3.5 

2 

0.20 

Temp 
O C  

12.7 
21.1 
16.9 
5.9 

1 2 

0.07 

2 

0.35 







Appendix 3 - Inorganic Water Chemistry 
Table A3-1. Summary of inorganic water chemistry for al1 sites (Part 1 of 10). 

Background ssmples 
No.25A 
No.25A 

SiOr-Ph 

mg/L 

Site N-N 

mgL 

N0.25+240 
N0.25+315 

No.ZS+îIS 
N0.25+315 

N0.25+900 

D e  SO, 

m& 

4-h-97  
l a - 8 0  

- .  

CI H2S(g) 

mglL 

4-hm-97 

22-Oa-80 
11-Mar-97 

4-hm-97 
22-06-80 

0.91 
0.3 

7.84 
5.6 4 

Br Na 

mg& 

10.4 
6.8 

10.4 

9.62 
7.4 

6 

mgL. mg'L 

4.17 

2.7 

mg/L 
K 

m@L 

4.2 
2.2 

3.16 

2.63 

2.5 

1.4 
1.2 

16.2 

12.0 

Mg 
mpjL 

Ca 

m g k  

8.7 

20.1 
17 

18.2 
13.4 

19 

1.3 

3.6 c0.02 

Hard. 

m.@ 

c0.05 

A k  

m a  

6.5 
5.2 

6.26 
4.45 
6.4 

13.6 

77.0 
64.0 

71.2 

51.8 
74.0 

13.5 

44.2 
13 

28.1 

19.6 
4.0 

c0.01 0.04 e0.02 

42.1 
49 

37.7 
33.2 

68 

3.28 

13.8 
10 

15.9 

14.9 
I l  

c0.02 

c0.05 

c0.01 

<0.02 
0.21 

7.19) c0.01 
6.4 

6 
5.31 
6.4 

c0.02 

c0.01 
c0.01 
c0.02 



LOCI 

SSCI 

- - -  - - -  aiduras rrarmo KON 

8ZS 

628 

S6L 

6i.8 

9'L 

9'L 

ml- W . .  L'ON 
€PI 108 19'9 1€'8P1 1 6 ' ~  151 1s 1~0'0 110'0> 19.1 ISZ-Z 180'0 IL6-inii-E ( VON 

 SI^ IlaJPio t'ON 
I 

P8 W 1'9 85 1'1 SZ S'C I0'0> I0'0> 8t.0 91'0 SO'0> 08-PO-[ Vtt'oN 

î78 4b. 6's CS8 6P'O SI 9'Z> €0'0 I0'0> 9C'O 60'0 €0'0 L6-U"S+ V S t ' O N  

LW 

912 

1's 

S'S 

981 1 

P6ZI 

IE'O 
S I  

S> 

S 

L S 8  

€Z6 

2'2 

LI  

VI 
LI 

10'0 

I0'0> 

S> 

S 

I 0 D  

IWO> 

CI 

t 'Z 

80'0 

1'0 

60'0 

€0'0 

ZO'O 

W'0 

IWO> 

IWO> 

SU0 

LU0 

SP'Z 

IL'Z 

LtVlf-tr 

L6-W-6 

PI'O 

P'O 

VI'O 

PI'O 

8 W  

8'oN 

LbW* 

L6-W-6 

L'ON 

L'ON 



Table A3- 1. Summary of inorganic water chemistry for ail sites (Part 3 of 10). 

Background samples 

No.25 CMfall Samiles 

MO 

m g 2  

No.25A 

No.2SA 

N0.7 outfall sampls 

~r 

rng'L 

h'i 

mg/L 

No.8 outfall samples 

CO/ ~b 

mgkI mg'L 

BC 

mg1L 

Site 

Na.4 outfall sampls 

1 No.4 1 3-~m-971 0.021 40.021 0.001 1 0.071 ~0.011 0.021 40.011 ~0.011 ~0.011 ~0.051 ~0.021 0.0 

4-Jun-97 

1 -0cl-80 

No.7 

N0.7 

No.8 

No.8 

Date 

9-Mar-97 

4-Jun-97 

B 

m g 2  

13a 

mgL 

0.21 

C0.05 

0.3 

0.76 

9-Mar-97 

4 - h - 9 7  

cd 

mg/L 

AS 

m g 1  

Al 

mg'L 

<0.02 

c0.02 

0.0013 

0.0017 

Sb 

rn@ 

C0.02 

<0.005 

c0.01 

c0.01 

0.01 

0.01 

40.0001 

C0.005 

C0.02 

e0.02 

0.02 

0.02 

C0.01 

c0.01 

c0.01 

c0.01 

0.003 

0.0001 

0.01 

0.03 

C0.01 

C0.01 

0.02 

0.02 

C0.01 

c0.005 

C0.05 

c0.05 

c0.01 

c0.02 

C0.01 

c0.005 

<0.01 

<0.01 

0.02 

0.03 

c0.01 

c0.01 

c0.02 

<0.02 

40.01 

C0.01 

0.04 

~0 .01  

C0.01 

C0.01 

e0.01 

<0.01 

c0.01 

c0.01 

C0.05 

C0.005 

C0.01 

c0.01 

~0.02 

40.05 

CO.05 

0.01 

40.02 

cO.02 

C0.02 

0.03 

~ 0 . 0 1  



Z'€ 1 SOO'O> 10'0> 

Z'E f SO'O=- IO'O> 



Table A3-1. Summary of inorganic water chemistry for al1 sites (Part 5 of 10). 

Site Daie Na K Cs Mg Hard. A k  S0, HIS(g) Cl Br si1 Or-Ph N-N 

mg/L mg/L m a  m a  m& mglL mgn mp/L m g n  mgn m a l  mglL mgn 

1B Shaft samples (1990-1996) 
1B 
1B 
1B 

21-hm-90 
14-h-91 

28-NOV-92 

340 

1020 

920 

19 
44.3 

15 

154 
230 
5.9 

206 
421 
260 

52 
132 

500 

390 
951 

5551- 

680 
1850 

1155 

7 



Table A3- 1 . Summary of inorganic water chemistry for al1 sites (Part 6 of I 0). 

Site 

No.24 sitc samies - wdand (: 

pl1 

(f) 

Daie Mn(uT) 

mg't 

Old Harbour Mine o~dal l  sam 

1 B Shafl s a m l s  (1993) 

0.45 

1.06 

CO.001 

<0.001 
No.24 

No.24A 

3-hm-97 

3-Jun-97 

~ e "  

mg& 

&id. 

m g t  

Se 

mg% 

e0.02 

C0.02 

Sn 

mg'L 

sr1 Tl 

m a i  rngn 

C0.02 

c0.02 

5.05 

8.38 

m e  

3 

cl 
<0.021 c0.05 

<0.01[ C0.05 

3.18 

10.1 

57 

237 

U 

m e  

Fc(uf) 

mg& 



Table A3-1. Summary of inorganic water chernistry for ail sites (Part 7 of 10). 

TDS 

m$/L 

Col. 

TCU 
Cm@) 

uSlcm 

Site 

No.24 siic sampls - wdand (: 

h?C 
mg%- 

Date Tuh. 

hTU 
Fe(f) 

m& 

N0.24 
No.24A 

Cmd(rn) 

uSkm 

15 

5 

3-hm-97 

3-Jun-97 

pH 

0.35 

0.24 

0.05 

0.15 

TOC 

mgL 

Mn(f) 

mg& 

CO.01 

c0.01 

1032 

2710 

3.5 

3.2 

704.4 

2254.53 

5.35 

7.62 

Cu 

mgrL 

0.08 

0.49 

1089.5 

2974.7 

3.69 

9.73 

Zn 

mglL 

3 

5 



Table A3-1. Surnmary of inorganic water chernistry for al1 sites (Part 8 of 10). 

Site Date Al Sb As Ba Be B Cd Cr Co Pb Mo NI 

mgL mgL mgn. mgn mgL mg& m a  mglL mp/L mpjL mg/L mg/L 

No24 sicc samples - wdmd (: 
N0.24 3-h-97 2.9 c0.02 0.0003 0.02 C0.01 0.02 É0.01 c0.01 c0.01 C0.05 <0.02 0.06 

No.24A 3-Jw-97 11.4 C0.02 0.0001 0.01 C0.01 0.02 <0.01 c0.03 C0.01 C0.05 C0.2 0.27 



Table A3- 1 . Summary of inorganic water chemistry for ail sites (Part 9 of 1 0). 

Field Blank 

Field Blank 

1 ~lankl 6-Jun-97 



Table A3- 1. Summary of inorganic water chemistry for al1 sites (Part 10 of 10). 

Field Blank 

1 ~lank 1 6-Jm-971 1 1 1 1 1 1 1 1 1 1 1 1 

Field Blank 

1 ~lankl 6-Jm-971 1 f 1 1 1 1 1 1 1 1 1 



The following table summarizes the sampling o f  the No.25 outfail and water course. The 

1997 sample program was directed toward assessing the temporal and downstream 

changes in water chernistry. Earlier samples were obtained fiom CBDC and NSDOE 

records. The results of laboratory analysis of al1 the known samples coIlected between 

1980 and 1 997 are given in Appendix 3. 

Table A3-2. Surnmary of water samples, No.25 site. 
Date 
'15-&t-80 

No.25+0 
X 

No.25+ 100 No.25+3 15 No.25+240 No.25+900 
X 

Background 
X 

Duplicate 



Appendix 4 - Isotopic Water Chemistry 

In this appendix the isotope data are presented dong with a summary of the relevant 

laboratory procedures. The isotope anaiysis results for the outfds and the shafl samples 

obtained in this study are presented below in Tables A44 and A4-2, respectively. 

No. 1 1 1 1-hg-971 5.4 1 -8.66 1 -55.6 1 3.40 1 0.86 1 9.52 1 

Table A4- 1. Sumrnaxy of isotope measurements, outfalis. 

No. 1 1 (Repeat) 

N0.25 

N0.25 m t )  

Momsons Pond 

Momsons Pond 

Clyde 

Clyde (Repeat) 

S ~ H  
Tu 

6.1 

6.0 

Sample 

NO. lA  

NO. 1 A 

N0.7 

6 I 8 h  

O/, 

-7.99 

-7.89 

Date 

1-Aug-97 

1-Aug-97 

1-hg-97 

1-hg-97 

1- AU^-97 
1-Aug-97 

3 1-Aug-97 

3 1 -Aug-97 

3 1 -Aug-97 

3 1 -Aug-97 

6'*- 
O Io0 
2.83 

1.78 

- ZjYssor ' 
O Io0 
10.82 

9.67 

F2H 
O 100 
-55.6 

-51.8 

6.7 

6.2 

b4Sm 
O loo 
5.46 

5.84 

3 .O4 

-8.78 

-8.78 

-8.77 

-8.34 

-8.19 

-55.9 

-58.5 

-61.4 

-55.6 

-57.7 

3.81 

14.52 

14.67 

0.73 

0.76 

0.43 

10.21 

-2.24 

4.10 

18.99 

6.53 

12.44 



Table 
Sample station, 
depth below 
surface (A) 

450 

450 

475 

475 

500 

500 (Repeat) 

525 

525 

600 

625 

625 (Repeat) 

650 

1B+650 

A4-2. Surnmary 
Date 

28-Aug-97 

28-Aug-97 

28-Aug-97 

28-Aug-97 

28-hg-97 

28-Aug-97 

28-Aug-97 

28-Aug-97 

29- AU^-97 
29-hg-97 

29-Aug-97 

29-Aug-97 

29-hg-97 

of 
6 3 ~  
TU 

6.8 

7.6 

8.0 

7.8 

6.8 

isotope sneasurements, 1 B shaft (1  997). 
5 I 8 h  

O /w 

6.5 1 

6.82 

6.34 

6.29 

4.78 

4.96 

4.91 

5.44 

6 1 8 b  
O 

/O0 

-7.07 

-7.25 

-7.19 

-7.60 

-7.60 

-7.83 

6 l 8 k  - 834~S04 
O 
/a0 

13.58 

13.59 

13.48 

12.56 

12.51 

13.27 

S 2 ~  
O 
/oo 

-54.8 

-53.1 

-50.5 

-56. f 

-52.4 

-51.3 

S3%= 
O 100 

13.06 

13.01 

10.00 

10.64 

12.03 

12.12 

9.55 

9.46 

7.92 

8.61 

8.5 1 

8.78 

8.68 



Table A4-3. Surnmary of isotope measurement s, previous data. 

CBDC-54 

CBDC654 

CBDC654 

Sea Wsta 

&%soc - S " S S ~  
O 
/oo 
nd 

nd 

nd 

nd 

I 

CBDG63506 09-Nov-92 Phalai SE nd -5.70 -33.00 1.16 -0.78 4.92 

CBDC-648 29-Jun-93 Phalen 6E c0.8 4.20 -28.60 nd nd nd 

CBDG648 29-Jun-93 Phalai 6E nd -4.15 nd nd nd 

Sample 

CBDC-52 

CBDC52 

Lingan A 

Lin- A 

18-Jan-89 

19-Jul-93 

19-Jul-93 

6% 

5.08 

nd 

7.40 

nd 

Date 

18-Jan-89 

18-Jan-89 

27-Mar-90 

27-Mar-90 

Sea Wata 

Sea Wata 

Sea Wata 

Cl& rind Fritz 

6 ' ~  
O 
/00 

-28.60 

nd 

-22.50 

nd 

G " h o  
O 

/O0 

4.1 1 

-4.07 

-3.20 

-3.41 

S o m  

Lbgan-A 

Lingan-A 

Lin*-A 

Liilgaii-A 

12.00 

7.10 

nd 

7.10 

SYs= 
O 
/00 

nd 

nd 

nd 

nd 

S"~s&c 
O 
/00 

nd 

nd 

nd 

nd 

-2.56 

-2.52 

-2.72 

-2.52 

-17.30 

-23.80 

-22.20 

-23.80 

nd 

18.90 

18.98 

21.00 

nd 

9.58 

nd 

9.50 

nd 

12.10 

nd 

12.02 



Technical procedures used by the University of Waterloo Environmental Isotope 

Laboratory (EIL) in this study are summarised below (M.E. Patton, pers. comm, 1998). 

Oqgen isotope ratios in water were determined on a VG MM 903. The VG MM 903 is a 

triple Faraday bucket collector mass spectrometer which employs a 90°, 9 cm radius 

magnet for precise and simultaneous deteminations of oxygen isotopes in COL gas. This 

entails equilibration of CO2 with 2-8 ml water samples in a temperature controlled bath, 

with continuous shaking. This shaking continues for a minimum of 3 hours. Preparation 

and extraction of the CO2 was done on a fùlly automated system of thirty - 30 ml vessels 

attached to the mass-spectrometer. Quality control was maintained by placing the 

laboratory water standard (EL-12; deionized water calibrated to VSMOW and SLAP) at 

the beginning of each rack and at the end of the run. Standard correction was then 

performed based on the current EL- 12NSMOW/SLAP calibration. 

Deuteriurn analysis was performed on hydrogen gas produced fiom water reduced on hot 

zinc. The samples were introduced to the evacuated reaction vessel containing prepared 

zinc (BDH "mossy" zinc). The water was then fiozen and the vessel re-evacuated. The 

vessel was then heated to 450 OC, which then released hydrogen of identicai isotope 

concentration to that of the original water. The precision for this technique is +/- 2.0 

pennil. 

Tritium was rneasured using a liquid scintillation counting (LSC) technique. Tritium 

measurements have a lower lirnit of detection of approximately 6 tritium units for water 

counted directly. Samples with a tritium content near this level are e ~ c h e d  approximately 

15 times by electrolysis and are then counted. The detection lirnit for enriched samples is 

0.6 +/- 0.8 TU. Enrichment was perfôrmed on the samples in this study. Tritium 

measurements [counts per minute (cpm)] were converted directly into absolute 

concentrations. The E L  used a Canberra-Packard Pico-fluor LLT (low level tritium) 



cocktail which has a high carrying capacity for water with high efficiency and low 

background characteristics. The Iaboratory standard was NBS-4361 tritium reference 

material diiuted with background water which was then calibrated to NBS4926C. The 

background water is fiom a well with a Radiocarbon activity older than 3500 years and a 

conductivity of fess than 300 prnhos/crn. 

The stable sulphur isotopes of and l 8 0 s W  were measured by mass spectrometry. Both 

the aikalinity and sulphate concentration of the samples were supplied to the E L  and that 

information was used in the sarnple preparation. These inorganic parameters were 

determined fiom split samples analyzed at ESL. The pH of the isotope samples were 

lowered to between 4 and 5 to prevent CO-precipitation of BaCOa. Precipitation of the 

sulphate was achieved by adding barium chioride. The Bas04 was then converted to 

sulphur dioxide by combustion with a soiid oxidant. The purified SOz was then analyzed 

on a VG MicroMass 602D dual collector, 90" sector, 6 cm radius spectrometer designed 

for carbon, oxygen, nitrogen, and sulphur stable isotope analysis. 



Appendix 5 - Calculated Acidity 

Acidity is a measure of the base neutralization capacity of a volume of water. Three types 

of acidity exist: organic acidity (associated with dissolved organic compounds), proton 

acidity associated with pH (a measure of fiee hydrogen ions), and mineral acidity 

(associated with dissolved metals) (Hem 1 985). 

Minewaters generally have very low organic acidity due to low dissolved organic carbon. 

At the sites in this study it was observed that the total organic carbon (TOC) ranges fiom 

approximately 1 to 6 mg/L at the various sites in this study. An exception is No. 111-650 

where the totai organic carbon is 10 rngL where the water is interpreted to originate fiom 

a landfill. 

The acidity of coal mine drainage arises from fiee hydrogen ions (pH) and mineral acidity 

fiorn dissolved Fe, Mn and Al. These metals are considered because they can undergo 

hydrolysis reactions that produce W. 

Hydrolysis reactions known to produce H' (or fiee hydrogen ions) are: 

These reactions can be used to calculate the total acidity of the minewaters and to 

partition the acidity into its various components. The expected acidity of the mine water 

sarnple is caiculated fiom its pH plus the milliequivalents of the acidic rnetals (causing fiee 

protons). For most coal mine drainage, the calculation recommended by Hedin et al. 

(1 994) is: 



2 ~ e ~ '  3 ~ e ~ '  3 A l  2Mn + 

Acid, = 50(-+- 56 
56 +- 27 55 1 

where: 

i) Ac ib ,  = Calculated Acidity as CaCO3 

ii) all metal concentrations are in mgL , and 

iii) 50 is the equivalent weight of CaC03 

Using this formulation the acidity was calculated for the outfâiis and compared to the 

measured acidity (Table 5-2). The calculated and measured acidity are not equal. The 

best match between cdcuIated and measured acidity occurs at the more acidic sites 

(Momsons Pond, No.24 and No. 1 1 ). The No. 1 A site showed some signifiant differences 

between the measured and calculated acidity (i.e. measured 63.6mg/L and calculated 

9.5mg/L, July 28, 1997 sample). Should treatment for these waters be considered the 

source of these discrepancies will need to be resolved. Net alkaline waters can be treated 

aerobicaiîy. Net acidic waters require generation of alkalinity and anaerobic treatment 

( N a h  and Hedin, 1993). 



Appendix 6 - Reaction Balancing Refinements 

The reactions presented in Section 5.2.6.2 to describe the changes in chemistry observed 

at the No. 1A site may be better balanced with slight (5%) changes in the Ca and Mg 

concentration. This falls in the range of accuracy of the laboratory measurements. 

Increasing the change in Ca and Mg between the initial and final waters by 5% (Ca from 

0.74 mmol/L to 0.78 mmoVL and Mg fkom 0.3 1 mmoVL to 0.33 mmol/L), for the 

dissolution of calcite and dolomite, results in reactions: 

By adding Rxns 15-7 and 5-81 we obtain: 

3 was This indicates that 1.1 1 mmoi/L of H+ may be consumed and 1.1 1 mmoYL of HCO - 

produced by the dissolution of calcite and dolomite. 

The 1.1 1 mrnoVL of alkalinity generated may be consumed in reaction: 

Substituting the change in molar concentrations into this reaction limited by 1.1 ImmoVL, 

of HC03 results in: 



Of the total 2.2 rnmoVL of the H+ produced by the oxidation of pyrite, 1.1 mmoVL was 

consumed by the dissolution of calcite and dolomite, 1.1 mmoVL was consumed by the 

buffering reaction of acid + alkalinity. This leaves a balance of 2.2 mmoVL-2.2 mmoVL= 

0.0 mmoVL of H' . In addition the surplus alkalinity (0.02 rnmol/L = 2.22 moVL -2.20 

mrnoi/L) is essentially the sarne as the very slight increase in alkalinity observed between 

the initial (May 6, 1997) and final (September 26, 1997) waters. 



Appendix 7 - Hydrograph Constants 

The time constant t, (tirne of storage) was calculated fiom the No. 1 A hydrograph. This 

general constant is used mathematically to describe hydrographs and is usefil when 

comparing different systems. The forrnuIation for this constant is: 

where: 

t = time (herein, days), 

t, = time of storage (herein, days), 

Q, = initial discharge (L3/T, herein ImpgaVmin), and 

Q = discharge at m y  point in time (L3/'I', herein ImpgaVmin). 

Solving this equation by regression of In(Q) versus time in days yields: 

t, = 66 days 

This is related to the hydrologic constant K. 

Q= QSt 

where: 

t = time (herein, days), 

Q, = initiai discharge (L~/T, herein ImpgaVmin), and 

Q = discharge at any point in tirne (L)/T, herein Impgdmin). 

Equating Eqns /A7-1 and A7-21 and solving for K yields: 



Appendix 8 - List of Reactions 

2FeS2 + 2H20 + 702 + 2Fe2+ + 4 ~ 0 4 ~ '  + 4 w  Cs-1 1 
4Fe2' + 4 B  + O2 + 4 ~ e ) '  + 2H20 [5-21 

FeS2 + 1 4 ~ e ~ '  + 8H20 + 15Fe2' + 2 ~ 0 5  + 1 6 r  15-31 

~ e ) '  + 3H20 -+ Fe(OH), + 3w [5-41 

4FeS2 + 14H20 + 1502 -+ 4Fe(OH)3 + 8~0: + 16w [5-51 

Fe(OH)3 + FeOOH + H20 [5-61 

C~CO)  + IT + ca2' + ~ ~ 0 3 -  15-71 

CaMg(C03)2+ H' + ca2+ + M ~ ~ '  + HCO; 15-81 

FeC03 + H' + ~ e ~ '  + HCOi [5-9] 

4Fe2' + O2 + 10H20 + 4Fe(oH')3 + 8w [5-103 

0.3 1CaMg(C03)2 + (0.43)CaC03 +1.04H* + 0.74ca2' + 0.3 1 ~ ~ ~ '  + 1 .04HC03- 15-1 11 

2Hco3' + 2H' + 2H20 + 2C02 [5-121 

~ e ~ '  + 0 2  + H20 + Fe(OH)3 + H' [5-131 

Fe2' + 1/4 0 2  + 2HC03 -f FeOOH + ?4 Hz0 + 2C02 [5- 141 

4Fe2' + O2 + 6H2O -+ 4Fe(OOH) + 8H' [S-151 

2CH20 + soi2 -t H2S + 2HCO3- 15-161 

CO2 + H20 + &CO3 [5-171 

&Co3 + HCO; + HC [5-181 

ca2+ + ~ 0 4 ~ '  + Cas04 [5- 1 91 

~ 1 ~ '  + 3H20 -+ A(Ow3 + 3H' [As- 11 

IWn2' + 1/. O2 +3/2H20 -+ MnOOH + 2 g  [A521 




