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1.0 INTRODUCTION AND BACKGROUND 

This report presents the results of an evaluation of existing end-pit lakes created 
as part of the reclamation program at the Coal Valley Mine (CVM). The Coal 
Valley Mine is located approximately 90 km south of Edson, in west-central 
Alberta, on the eastern slopes of the Canadian Rocky Mountains. This report was 
prepared by Hatfield Consultants Partnership; this report integrates the results of 
fieldwork conducted in September 2006 on five existing end-pit lakes created at 
the CVM and a natural lake with historical monitoring data collected on end-pit 
lakes in the 1980s and 1990s. 

1.1 BACKGROUND 

A number of end-pit lakes have been created as part of the reclamation program 
at the existing mine. Additional end-pit lakes are planned for a proposed project 
in the Mercoal West and Yellowhead Tower Mine (MW/YT) extension areas. On 
completion of mining, the final cut end-pits will be created where there is an 
insufficient amount of overburden material available to reclaim the natural 
profile of the landscape. It was determined that an acceptable method of 
reclamation was to create an end-pit lake in these areas (End-pit lakes Working 
Group 2004). The construction of end-pit lakes is completed by replacing and 
reshaping the overburden removed during mining and then filling the remaining 
pit with water from surface inflows, surface runoff, and groundwater. 

Although their development is legislatively restricted in the United States (Castro 
and Moore 2000), end-pit lakes in Canada are advocated as alternatives to 
restoration of original landscapes because of potential for fish and/or wildlife 
habitat (End-pit lakes Working Group 2004). Commonly, pit lakes are developed 
from abandoned metal mines, but they are also common in coal mining areas 
(Castro and Moore 2000, Anderson and Hawkes 1985). 

End-pit lakes are characterized by high maximum depth with a low surface area. 
The shape results from the original mining techniques, which can include truck 
and shovel and dragline. Dragline operations tend to produce long and narrow 
lakes that are asymmetrical about the long axis of the lake; one side is steep-
sided, while the opposite side has a more gentle slope. Truck and shovel lakes 
tend to be rounder, deeper, and have consistently steep walls (End-pit lakes 
Working Group 2004, Mackay 1999). The great depth and low surface area of all 
end-pit lakes often results in permanent stratification, known as meromixis. In 
holomictic (completely mixing) lakes, weak thermal gradients between the upper 
(epilimnion) and lower (hypolimnion) layers of the lake can be overcome 
through wind-generated action driving the upper water across the lake, 
eventually, down into the hypolimnion (Wetzel 2001). In meromixis, the lower 
layers of the lake become either permanently or partially isolated from the upper 
layers resulting in a low probability of periodic mixing (Wetzel 2001). The lower 
strata, or monimolimnion, is usually maintained by a strong chemocline and lack 
of wind-generated energy because of low surface area (Wetzel 2001). Often total 
dissolved solids and conductivity increase in the monimolimnion and this is 
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often accompanied by a decrease in dissolved oxygen levels (Castro and Moore 
2000). In meromictic lakes purple sulfur bacteria can often be the dominant 
organism in the hypoxic strata (Wetzel 2001). 

Water quality in end-pit lakes is often characterized by high levels of acid, 
sulphate, and dissolved metals (Castro and Moore 2000). Poor water quality, 
however, can be attenuated depending on alkalinity of groundwater, 
composition of the wall rocks, and the quality and quantity of surface runoff 
(Castro and Moore 2000). Acidity is important because the solubility of many 
metals will increase with decreased pH (i.e., aluminum), as do the toxic and 
indirect impacts of metals (i.e. appetite suppression) to aquatic organisms (Duis 
2001; Besser et al. 2001). However, metals can also be at high levels in circum-
neutral lakes (Castro and Moore 2000). Transfer of metals through food web 
linkages can result in higher body burdens in top consumers than those expected 
from aqueous exposure alone (Besser et al. 2001). Some pit lakes do have good 
(comparable to reference) water quality conditions (Anderson and Hawkes 1985) 
and some have been used as sources for drinking water (Castro and Moore 2000) 
or can support healthy fish populations (Miller et al. 1996). Commonly, end-pit 
lakes with good water quality have the following characteristics: low pyrite 
availability, high carbonate, large inputs of organic matter and inorganic 
nutrients (Castro and Moore 2000). 

1.2 STUDY OBJECTIVES 

As well as being a key component of coal mine reclamation and closure plans, 
the objectives of creating the first end-pit lakes on the eastern slopes of the Rocky 
Mountains (End-pit lakes Working Group 2004) were to: 

 Increase habitat diversity in the local area which will in turn increase floral 
and faunal diversity above that which the region supported before mining; 

 Buffer discharge from the local landscape following storms and spring 
melt leading to more stable flows from their watersheds; and 

 Increase recreational opportunities, primarily in the form of lake sport 
fisheries. 

Because end-pit lakes are continuously being created as part of the existing CVM 
and will form part of the proposed mining project, CVM decided to update the 
limnological information from a number of existing end-pit lakes. This would 
increase the understanding of ecological sustainability of end-pit lakes created 
from surface coal mine pits using conventional techniques and provide useful 
guidance to the design of future end-pit lakes. 

The key questions that guided this study were: 

 How do environmental conditions in end-pit lakes change over time? 

 What are the similarities and differences in limnological indicators 
between end-pit lakes and natural undisturbed lakes found in the same 
ecoregion and how have these changed over time? 
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 Are the chemical characteristics of the end-pit lakes suitable for 
supporting aquatic life? 

 What lessons for future end-pit lake development can be learned from 
the observed pattern of ecological development in existing end-pit lakes? 

1.3 OUTLINE OF STUDY REPORT 

This end-pit lake study report is organized into four main sections: 

 A description of the 2006 field study methodology; 

 A presentation of the 2006 results and a comparison of the 2006 data with 
results of previous studies conducted on the same end-pit lakes; 

 A comparison of the ecological conditions of the sampled end-pit lakes 
with Performance Assessment Criteria for end-pit lakes in the Northern 
east slopes of Alberta (End-Pit Lake Working Group 2004); and 

 Recommendations for design of future end-pit lakes in the Coal Valley 
area based on the study results. 
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2.0 DESCRIPTION OF SEPTEMBER 2006 FIELD PROGRAM 

2.1 LAKES SAMPLED AND SAMPLING LOCATIONS 

Five end-pit lakes and one natural lake (Figure 1) were sampled over a four-day 
period in September 2006: 

 Lovett Lake, created in the 1980s; 

  Silkstone Lake, created in the 1980s; 

 Pit 24 (Stirling Lake), created in the early 1990s; 

 Pit 35 Lake, created in the late 1990s; 

 Pit 45 Lake, created in the late 1990s; and 

 Fairfax Lake, a natural lake situated in the vicinity of the five end-pit 
lakes listed above. 

Basic information on the sampled lakes is provided in Table 1. 

Figure 1 to Figure 5 present the locations on each lake that were sampled for the 
different surface aquatic resources. Table 2 contains the coordinates of each of the 
sampling locations indicated in Figure 1 to Figure 5. 

2.2 SUMMARY DESCRIPTION OF DATA COLLECTION1 

Data collected for this study consisted of bathymetric mapping for Pit 35 and Pit 
45 lakes which had not yet been completed, depth profiles of basic water quality 
information, detailed water quality, sediment quality, and communities of 
phytoplankton, zooplankton, and benthic invertebrates. The other end-pit lakes 
were previously mapped and their bathymetry maps are provided in 
Appendix A2. These data were collected as follows: 

 Water quality profiles – single profile of temperature, conductivity, pH, 
total dissolved solids (TDS), dissolved oxygen (DO), conducted at the 
deepest part of each lake, with measurements obtained at 1 m depth 
intervals; 

 Secchi depth – measured at the same location as the water quality 
profiles; 

 Water chemistry – two samples for each lake, one for the epilimnion (1 m 
below the surface), one for the hypolimnion (3 m above the lake bottom), 
with the samples taken at the same location as the water quality profiles. 
Water quality variables that were analyzed are provided in Table 3; 

                                                           
1  Detailed descriptions of field and analytical methods are provided in Appendix A1 



Table 2 Geographic locations of sampling locations on each lake. 

UTM Location 
(NAD83, Zone 11) Lake Date Sampling Activity 

Easting Northing 
pelagic water quality sampling, Wisconsin zooplankton net haul 528195 5869244 

Wisconsin zooplankton net haul 528247 5869224 
Wisconsin zooplankton net haul 528377 5869193 

bottom grab for sediments and benthic invertebrates  528005 5869323 
bottom grab for sediments and benthic invertebrates  528283 5869314 

Fairfax 19-Sep-06 

bottom grab for sediments and benthic invertebrates  528619 5869037 

pelagic water quality sampling, Wisconsin zooplankton net haul 519832 5876762 
Wisconsin zooplankton net haul 519724 5876919 20-Sep-06 

Wisconsin zooplankton net haul 519637 5877036 

21-Feb-00 bottom grab for sediments and benthic invertebrates  519591 5877108 

bottom grab for sediments and benthic invertebrates  519700 5876929 

Lovett 

22-Sep-06 
bottom grab for sediments and benthic invertebrates  519862 5876758 

pelagic water quality sampling, Wisconsin zooplankton net haul 523481 5871572 
Wisconsin zooplankton net haul 523544 5871441 19-Sep-06 

Wisconsin zooplankton net haul 523603 5871299 

bottom grab for sediments and benthic invertebrates  523493 5871608 
bottom grab for sediments and benthic invertebrates  523528 5871471 

Pit 35 

20-Sep-06 

bottom grab for sediments and benthic invertebrates  523604 5871282 

pelagic water quality sampling, Wisconsin zooplankton net haul 523726 5871869 
Wisconsin zooplankton net haul 523778 5871816 
Wisconsin zooplankton net haul 523790 5871528 

bottom grab for sediments and benthic invertebrates  523747 5871765 
bottom grab for sediments and benthic invertebrates  523832 5871432 

Pit 45 20-Sep-06 

bottom grab for sediments and benthic invertebrates  523875 5871162 

pelagic water quality sampling, Wisconsin zooplankton net haul 519007 5877077 
Wisconsin zooplankton net haul 518849 5877171 21-Sep-06 

Wisconsin zooplankton net haul 519347 5876831 

bottom grab for sediments and benthic invertebrates  518819 5877251 
bottom grab for sediments and benthic invertebrates  519108 5877043 

Silkstone 

22-Sep-06 

bottom grab for sediments and benthic invertebrates  519381 5876815 

pelagic water quality sampling 519032 5875814 

pelagic water quality sampling 519094 5875706 

Wisconsin zooplankton net haul 519094 5875706 

Wisconsin zooplankton net haul 519196 5875721 

Wisconsin zooplankton net haul 519279 5875713 

bottom grab for sediments and benthic invertebrates  519030 5875828 

bottom grab for sediments and benthic invertebrates  519165 5875719 

Pit 24 
(Stirling) 21-Sep-06 

bottom grab for sediments and benthic invertebrates  519265 5875700 
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Table 3 Water quality and sediment quality variables measured in each lake. 

Water Quality Variables 

Conventional Variables dissolved organic carbon, pH, total alkalinity, total dissolved 
solids, total hardness, total suspended solids, total organic 
carbon, turbidity 

Major Ions Bicarbonate, Calcium, Carbonate, Chloride, Magnesium, 
Potassium, Sodium, Sulphate, Sulphide 

Nutrients Ammonia-N, Nitrate-N, Nitrite-N, Total Kjeldahl Nitrogen, Total 
Phosphorus 

Organics/Hydrocarbons naphthenic acids, total phenols, total recoverable 
hydrocarbons 

Metals (total and 
dissolved) 

Aluminum, Antimony, Arsenic, Barium, Beryllium, Boron, 
Cadmium, Chromium, Cobalt, Copper, Iron, Lead, 
Manganese, Mercury, Ultra-trace mercury1, Molybdenum, 
Nickel, Selenium, Silver, Strontium, Sulphur, Thallium, 
Uranium, Vanadium, Zinc 

Sediment Quality Variables 

Physical Variables % sand, % silt, % clay, moisture content 

Carbon Content total inorganic carbon, total organic carbon, total carbon 

Total Metals Aluminum, Antimony, Arsenic, Barium, Beryllium, Boron, 
Cadmium, Calcium, Chromium, Cobalt, Copper, Iron, Lead, 
Magnesium, Manganese, Mercury, Molybdenum, Nickel, 
Potassium, Selenium, Silver, Sodium, Strontium, Sulphur, 
Thallium, Uranium, Vanadium, Zinc 

1 Total only, sampled with a detection limit of 0.6 ng/L. 
 

 Phytoplankton (samples collected at the same location as the water 
quality profiles): 

o Chlorophyll a – single composite sample for the epilimnion, with 
each of four samples collected at four equally-spaced depths over the 
euphotic zone (estimated as twice the Secchi depth), thus providing a 
depth-integrated sample; 

o Phytoplankton counts and biomass – a single composite sample for 
the epilimnion, with each of three samples collected at three equally-
spaced depths over the euphotic zone. Phytoplankton counts and 
biomass were estimated by taxonomic group down to the species 
level or lowest practical level if species could not be identified; 

 Zooplankton – single composite sample from two vertical hauls from a 
depth of 20 m or the lake depth to the lake surface. Density and biomass 
were estimated by taxonomic group down to species level or lowest 
practical level if species could not be identified; 

 Sediment composition and quality – one composite sample from each 
lake, with the composite being from three randomly-selected locations in 
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the littoral zone. Sediment quality variables that were analyzed are 
provided in Table 3; and 

 Macrobenthos – one composite sample, with the composite being from 
three randomly-selected locations in the littoral zone. Counts by 
taxonomic group were identified to species or lowest practical level if 
species could not be identified. 
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3.0 RESULTS 

3.1 LAKE BATHYMETRY 

The bathymetric characteristics of both Pit 35 and Pit 45 end-pit lakes (Figure 6) 
reflect their origin. Both lakes were created from pits made by coal mine dragline 
operations, resulting in narrow basins with cross-sections that are steep-sided, 
(steeper on one side), and deep. The bathymetric profiles of these two end-pit 
lakes are typical of end-pit lakes created from a dragline (Mackay 1999). This 
basic bathymetric form is also reflected in the basins of Lovett and Silkstone Lake 
(Appendix A2), while the shape and cross-section of Pit 24 (Appendix A2) 
reflects its origin as a pit created by a truck and shovel operation, with more 
uniformly steep sides and a more rounded lake shape. The bathymetric profiles 
of the end-pit lakes (Figure 6, Appendix A2) are in contrast to that of Fairfax 
Lake, which is shallow with more gradually-sloped sides (Appendix A2). 

3.2 WATER QUALITY2 

3.2.1 Water Quality Profiles 

Figure 7 to Figure 11 present the depth profiles of basic water quality variables 
measured in September 2006 in each of the lakes. 

Fall lake turnover had occurred in Pit 35 Lake and Fairfax Lake by the time fall 
2006 sampling was conducted; these two lakes had little variation with depth in 
either water temperature (Figure 7) or conductivity (Figure 10), and dissolved 
oxygen concentrations at lake bottom were at or above 5 mg/L, in contrast to 
dissolved oxygen concentrations at the bottom of the other end-pit lakes which 
were below 1 mg/L (Figure 8). The more gradual decline with depth in dissolved 
oxygen concentration in Pit 35 Lake from a surface concentration of about 
8.5 mg/L suggests that turnover in Pit 35 Lake may have been incomplete near 
the lake bottom at the time sampling was conducted. 

In contrast, the thermoclines, oxyclines, and chemoclines in Lovett, Silkstone, and 
Pit 24 (Stirling) Lakes in fall 2006 suggest either lake turnover had not yet 
occurred or that these lakes are meromictic and do not turn over (Figure 7 to 
Figure 11). 

3.2.2 Source of Water for End-Pit Lakes 

Figure 12 presents the ionic characteristics of sampled end-pit lakes, 
groundwater in the study area, and surface water in the study area. 
Groundwater in the study area is strongly bicarbonate or bicarbonate-sulphate, 
and sodium-calcium, while surface waters are strongly bicarbonate and 
primarily calcium with equal amounts of sodium and magnesium. 

                                                           
2  Unless indicated, concentrations of all metals presented in this report are for total metals. 



Table 1 Summary information on lakes in September 2006. 

Lake Year 
Created Type Location Approximate 

Surface Area (ha) 
Maximum

Depth 
(m) 

Mean
Depth 

(m) 
Inflow Outflow Recent Fish Stocking 

Programs1 
Monitoring 

History 

Lovett 
Lake2 1985 Dragline 10-47-19-

W5M 6.0 18 5.5  √* 
1,000 RNBR per year 
since 2004, average 
length: 18 to 21 cm 

1987, 1989, 
1991, 1993, 

1998 

Silkstone 
Lake 1986 Dragline 9-47-19-

W5M 6.4 14.8 4.7 √ √ 
1,300 RNBR per year 
since 2004, average 
length: 18 to 21 cm 

1987, 1989, 
1991, 1993, 

1998 

Pit 24 
(Stirling) 

1993 Truck and 
shovel 

4-47-19-
W5M 4.9 23.5 8.1   

First stocked in 2006 
with 750 RNBR, average 

length: 12 cm 

1998 

Pit 35 1999 Dragline 26-46-19-
W5M 4.5 20 8  √ 

First stocked in 2006 
with 390 RNBR, average 

length: 12 cm 

Not monitored 
prior to 2006 

Pit 45 1999 Dragline 26-46-19-
W5M 12.5 15 7 √ √ 

First stocked in 2006 
with 1,100 RNBR, 

average length: 12 cm 

Not monitored 
prior to 2006 

Fairfax 
Lake Natural Natural 17-46-18-

W5M 28.4 7.6 3.2  √ 
10,000 RNBR per year 
since 2004, average 
length: 18 to 21 cm 

1998 

RNBR – rainbow trout 
1 Recent fish stocking information found at http://www.srd.gov.ab.ca/fw/fishing/FishStocking.html#Reports. Information only published from 2004 onward. 
2 Both Lovett Lake and Silkstone Lake were stocked with rainbow trout experimentally in 1991 and, based on information contained in Mackay (1999) and at 

http://www.srd.gov.ab.ca/fishwildlife/fishingalberta/fishstocking.aspx, appears to have been stocked annually since 1995 at the levels described in this table. 
* Outflow is thorough a subsurface connection to Lovett River. 
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Figure 1     Location of lakes sampled in September 2006.
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Figure 2     Sampling locations for Lovett and Silkstone Lakes.
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Figure 3     Sampling locations for Pit 35 and Pit 45 Lakes.
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Figure 4     Sampling locations for Pit 24 (Stirling) Lake.
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Figure 5     Sampling locations for Fairfax Lake.
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Figure 6     Bathymetry of Pit 35 and Pit 45 end-pit lakes.
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Figure 7 Temperature depth profiles of sampled lakes. 
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Figure 8 Dissolved oxygen depth profiles of sampled lakes. 
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Figure 9 Total dissolved solids depth profiles of sampled lakes. 
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Figure 10 Conductivity depth profiles of sampled lakes. 
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Figure 11 pH depth profiles of sampled lakes. 
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The ionic characteristics of Fairfax Lake are very similar to the ionic 
characteristics of surface waters of the study area, while ionic characteristics of all 
end-pit lakes with the exception of Pit 35 Lake in 2006 are similar to the ionic 
characteristics of groundwater (Figure 12). In particular, despite Silkstone Lake 
and Pit 45 Lake having natural inflows (Table 1), ionic characteristics of their 
waters more closely resemble groundwater rather than surface waters. Mackay 
(1999) suggests that higher salinity in the end-pit lakes relative to Fairfax Lake 
could be a result of leaching salts from the disturbed overburden or due to the 
mineralized ground water flowing into the lake. 

In addition, while there have been some fluctuations in the ion balance in Lovett 
Lake and Pit 24 (Stirling) Lake over time, the ionic characteristics of these lakes 
has remained as bicarbonate-sodium. Also, the ionic characteristics of end-pit 
lakes have remained largely consistent over time (15 years in the case of Lovett 
Lake and 8 years in the case of Pit 24 Lake). 

These results suggest that groundwater is the main source of water for end-pit 
lakes, and that the fundamental ionic characteristics of end-pit lakes change very 
little from the time of formation due to the ongoing influence of groundwater as 
the main source of water for these lakes. 

Coal Valley Mine: An Evaluation of Existing End-Pit Lakes 18 Hatfield 



Figure 12 Ionic characteristics of sampled end-pit lakes, natural lakes, 
groundwater, and surface watercourses. 

Note: LSA refers to “Local Study Area” and describes the ionic characteristics of surface waters sampled as 
part of the Application by Coal Valley Resources Inc. for the Mercoal West-Yellowhead Tower Mine Extension 
Project (Hatfield 2008). 
 

3.2.3 Lake Water Quality 

Water quality was similar in all end-pit lakes in September 2006, with higher 
levels of alkalinity, bicarbonate, calcium, conductivity, total dissolved solids 
(TDS), hardness, magnesium, potassium, sodium, and sulphate than in Fairfax 
Lake (Table 4). All end-pit lakes had lower levels of dissolved organic carbon 
than Fairfax Lake and all lakes, Fairfax Lake included, were slightly alkaline in 
September 2006 and had low TSS. Sulphide concentrations were much higher in 
the hypolimnion relative to the epilimnion of all end-pit lakes with the exception 
of Silkstone Lake. In most of the lakes the higher concentration of the two 
sulphide measurements (samples were collected in both the epilimnion and 
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hypolimnion) was above the water quality guideline for sulphide, with the 
exception of Pit 35 Lake. 

Concentration of TDS, a measure of total ion content, was three to five times 
greater in the end-pit lakes relative to Fairfax Lake. While ion content of most 
lakes was dominated by sodium and bicarbonate (Figure 12), the concentrations 
of these ions was much higher in the end-pit lakes than in Fairfax Lake. 

Turbidity was low in all lakes, which indicated there were little suspended 
materials such as clay, silt, or algae in the water column. For most of the other 
water quality variables, concentrations in the end-pit lakes were near or below 
the detection limits and were consistent with concentrations in Fairfax Lake. 

There were a number of exceedances of water quality guidelines for the 
protection of aquatic life in the eplimnion in September 2006 (Table 4), including: 
sulphide (all five end-pit lakes), total phosphorus (Pit 35 Lake), total aluminum 
and total cadmium (Pit 45 Lake), and total selenium (Silkstone Lake). Eplimnetic 
concentrations of sulphide and total cadmium in Fairfax Lake in September 2006 
also exceeded surface water quality guidelines. 

Hypolimnetic water quality in the five end-pit lakes was generally similar to 
epilimnetic water quality. Similar to the epilimnion, concentrations of sulphide 
exceeded the surface water quality guideline in the hyoplimnion of all lakes. 
Total phosphorus concentrations exceeded water quality guideline in the 
hypolimnion of Pit 35, Lovett, and Silkstone lakes, while total Kjeldahl nitrogen 
concentrations in the hypolimnion of Lovett and Stirling lakes exceeded water 
quality guidelines. In the total metals group, concentrations of aluminum and 
cadmium were higher than water quality guidelines in Pit 45 Lake, and cadmium 
and selenium concentrations exceeded water quality guidelines in Silkstone 
Lake. 

Water chemistry was monitored in Lovett Lake in 1991 (6 years since formation) 
and 1998 (13 years since formation, Agbeti 1999). Over time, nutrients, ions, and 
physical variables have increased in concentration in Lovett Lake in both the 
epilimnion and the hypolimnion (Table 5). In particular, total dissolved solids 
and sodium concentrations (indicators of salinity) were greater in 2006 relative to 
1998, especially in the hypolimnion. Concentrations of total metals have 
generally decreased over time in Lovett Lake, primarily in the eplimnion. 

Water chemistry was monitored in Stirling Lake in 1998 (5 years since formation, 
Agbeti 1999). Generally, metal and nutrient concentrations in Stirling Lake were 
lower in 2006 than in 1998 (Table 6). TDS concentrations were also lower in 2006, 
suggesting some decrease in salinity. Water hardness in 2006 was greater than 
in 1998. 



Table 4 Water chemistry of sampled lakes. 

Sample Depth (m) m 1 5 1 8.7 1 9 1 13 1 13.8 1 11.3

Alkalinity, Total (as CaCO3) mg/L 5 69 69 131 131 182 182 387 636 183 313 547 464
Ammonia-N mg/L 1.37a 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 1.28 <0.05 0.64 <0.05 0.09
Bicarbonate (HCO3) mg/L 5 84 84 160 160 220 220 463 776 211 382 653 527
Calcium (Ca) mg/L 0.5 19.4 19.5 29.3 29.6 27.1 27.2 30.3 72.6 18.7 37.9 59.1 24
Carbonate (CO3) mg/L 5 <5 <5 <5 <5 <5 <5 <5 <5 6 <5 7 19
Chloride (Cl) mg/L 230b 1 1 1 1 1 2 2 2 1 <1 1 3 3
Conductivity (EC) µS/cm 0.2 130 130 259 257 400 402 762 1140 454 698 1290 1180
Dissolved Organic Carbon mg/L 1 7 7 3 3 4 4 3 3 4 4 3 3
Hardness (as CaCO3) mg/L 64 64 124 126 99 100 130 243 83 148 232 123
Magnesium (Mg) mg/L 0.1 3.7 3.7 12.4 12.6 7.7 7.7 13.3 15.1 8.7 13 20.4 15.2
Nitrate+Nitrite-N mg/L 13c 0.1 <0.1 <0.1 0.2 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <0.1
pH pH 6.5-9.0d 7.8 7.7 8.2 8.2 8.3 8.3 8.3 7.8 8.6 8.3 8.3 8.6
Phosphorus, Total mg/L 0.05e 0.02 <0.02 <0.02 3.57 0.34 <0.02 <0.02 <0.02 0.31 <0.02 0.24 <0.02 <0.02
Potassium (K) mg/L 0.5 1 1 1.4 1.7 3.7 3.8 3.7 4.1 2.7 3.3 11.8 4.6
Sodium (Na) mg/L 1 8 8 19 19 58 59 146 209 71 110 250 231
Sulfate (SO4) mg/L 100f 0.5 2 1.8 23.8 24.3 32.4 32.4 43.7 34.9 54.2 67.5 181 170
Sulphide mg/L 0.002g 0.003 0.005 <0.003 <0.003 <0.003 <0.003 0.005 <0.003 5.25 <0.003 1.46 0.003 <0.003
Total Dissolved Solids mg/L 10 77 77 166 168 240 241 471 718 265 421 856 727
Total Kjeldahl Nitrogen mg/L 1h 0.2 0.4 0.4 0.2 <0.2 0.2 0.2 0.3 1.6 0.2 1.4 0.2 0.3
Total Suspended Solids mg/L i 3 3 4 <3 <3 4 4 <3 <3 <3 5 <3 <3
Turbidity NTU 0.1 1.1 1.2 0.95 1.6 2.8 4.7 1 32 0.4 40 1.3 1.2
Bold  Below detection limit.

 Guideline exceedance.

1 Guidelines are Alberta Environment Guidelines for the Protection l BC ambient water quality guideline for boron (BC 2003)
of Freshwater Aquatic Life (1999) unless otherwise specified. m Is equal to 10(0.86*LOG(Hardness)-3.2) (CCME 2006)

a at pH 8.0, 10oC (CCME 2006) n Guideline for chromium III is 0.0089 mg/L; guideline for
b Set to USEPA continuous concentration guideline chromium VI is 0.0010 mg/L (CCME 2006). Most stringent guideline (0.0010 mg/L) is 
c CCME guideline for nitrate is 13 mg/L; CCME guideline for nitrite is 0.060 mg/L. o BC working water quality guideline (BC 2006a)
d CCME (2006).  AENV (1999) guideline: "To be in the range of 6.5 to 8.5 but p Guideline is hardness-dependent: 0.002 mg/L at hardness = 0 to 120 mg/L;

not altered by more than 0.003 mg/L at hardness = 120 to 180 mg/L; 0.004 mg/L at hardness > 180 mg/L (CCM
e Guideline is for chronic total (inorganic and organic) phosphorus. q Guideline is hardness-dependent: 0.001 mg/L at hardness = 0 to 60 mg/L;
f BC approved water quality guideline (BC 2006b) 0.002 mg/L at hardness = 60 to 120 mg/L; 0.004 mg/L at hardness > 120 mg/L (CCME
g USEPA continuous concentration guideline (as H2S) r chronic guideline (AENV 1999)
h set to total nitrogen guideline (AENV 1999) s Guideline is hardness-dependent: 0.025 mg/L at hardness =0 to 60 mg/L;
i AENV (1999) acute and chronic guideline for suspended solids states: 0.065 mg/L at hardness = 60 to 120 mg/L; 0.11 mg/L at hardness  = 120 to 180 mg/L;

 "Not to be increased by more than 10 mg/L over background value." 0.15 mg/L at hardness > 180 mg/L (CCME 2006).
j at pH>=6.5; [Ca2+]>= 4 mg/L; DOC>=2 mg/L (CCME 2006). t BC working water quality guideline (BC 2006a)
k CCME (2006)

Detection
Limit

Stirling Lake 
(Pit 24 Lk) Silkstone Lake

21-Sep-06

Pit 45 Lake Lovett Lake

21-Sep-06

Fairfax Lake Pit 35 Lake

19-Sep-0619-Sep-06

Physical Variables, Nutrients, Ions, and Organics/Hydrocarbons

Units
Regulatory
Guideline1

20-Sep-0620-Sep-06
Water Quality Variable
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Table 4 Cont’d. 

Aluminum µg/L 100j 0.5 52.5 97.9 10.5 6.03 213 273 25.6 21.1 36.1 12.2 73.1 85.4
Arsenic µg/L 5k 0.002 0.981 0.929 0.435 0.414 1.11 1.11 1.2 1.49 0.868 1.96 1.39 1.61
Boron µg/L 1200l 0.05 17.3 14.3 6.77 6.29 36.7 34.6 73.6 93.7 22.8 32.7 60.7 61.9
Cadmium µg/L m 0.002 0.0238 0.0136 0.0022 <0.002 0.0299 0.028 0.0038 0.002 0.0075 0.0102 0.0217 0.0267
Chromium µg/L 1n 0.04 0.197 0.204 0.033 0.053 0.323 0.41 0.163 0.122 0.301 0.162 0.278 0.254
Cobalt µg/L 0.9o 0.001 0.0637 0.0797 0.0139 0.02 0.0968 0.121 0.0514 0.403 0.0336 0.339 0.0505 0.251
Copper µg/L p 0.05 0.949 1.02 0.483 0.15 0.85 0.946 0.561 0.314 0.931 0.73 0.926 1.1
Iron µg/L 300 2 37.6 69 123 130 138 192 20 150 15.5 82.9 43.8 37
Lead µg/L q 0.001 0.783 0.344 0.148 0.128 0.234 0.724 0.742 0.45 0.447 0.31 0.214 0.174
Mercury µg/L 0.005r 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.0362 0.0188 <0.01 <0.01
Molybdenum µg/L 73k 0.001 5.26 5.15 0.409 0.4 13.6 13.6 0.978 0.375 3.74 1.01 12.3 13.3
Nickel µg/L s 0.005 0.281 0.369 0.005 0.005 0.822 0.907 0.566 0.178 0.49 0.485 1.07 1.97
Selenium µg/L 1k 0.1 0.881 0.899 0.114 0.103 0.448 0.486 0.198 0.16 0.552 0.497 2.14 1.78
Silver µg/L 0.1k 0.0005 0.0027 0.0021 0.0015 0.001 0.0024 0.003 0.0012 0.001 0.0014 0.0019 0.0012 0.0018
Thallium µg/L 0.8k 0.0003 0.0098 0.009 0.0017 0.0016 0.01 0.011 0.0039 0.0023 0.0298 0.041 0.0435 0.0421
Titanium µg/L 100t 0.04 0.79 1.68 0.441 0.401 4.33 5.82 0.715 3.07 1.85 2.89 4.27 3.6
Zinc µg/L 30k 0.1 3.2 4.17 1.25 1.06 2.2 4.74 0.771 2.11 5.7 3.87 1.62 2.04

Hydrocarbons, Recoverable (I.R.) mg/L 1 <1 1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1
Naphthenic Acids mg/L 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Phenols (4AAP) mg/L 0.005k <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.001 <0.001 <0.001 <0.001 <0.001
Total Organic Carbon mg/L 1 7 7 3 3 4 4 4 3 5 5 4 3
Bold  Below detection limit.

 Guideline exceedance.

1 Guidelines are Alberta Environment Guidelines for the Protection l BC ambient water quality guideline for boron (BC 2003)
of Freshwater Aquatic Life (1999) unless otherwise specified. m Is equal to 10(0.86*LOG(Hardness)-3.2) (CCME 2006)

a at pH 8.0, 10oC (CCME 2006) n Guideline for chromium III is 0.0089 mg/L; guideline for
b Set to USEPA continuous concentration guideline chromium VI is 0.0010 mg/L (CCME 2006). Most stringent guideline (0.0010 mg/L) is used
c CCME guideline for nitrate is 13 mg/L; CCME guideline for nitrite is 0.060 mg/L. o BC working water quality guideline (BC 2006a)
d CCME (2006).  AENV (1999) guideline: "To be in the range of 6.5 to 8.5 but p Guideline is hardness-dependent: 0.002 mg/L at hardness = 0 to 120 mg/L;

not altered by more than 0.003 mg/L at hardness = 120 to 180 mg/L; 0.004 mg/L at hardness > 180 mg/L (CCME 20

0

e Guideline is for chronic total (inorganic and organic) phosphorus. q Guideline is hardness-dependent: 0.001 mg/L at hardness = 0 to 60 mg/L;
f BC approved water quality guideline (BC 2006b) 0.002 mg/L at hardness = 60 to 120 mg/L; 0.004 mg/L at hardness > 120 mg/L (CCME 20
g USEPA continuous concentration guideline (as H2S) r chronic guideline (AENV 1999)
h set to total nitrogen guideline (AENV 1999) s Guideline is hardness-dependent: 0.025 mg/L at hardness =0 to 60 mg/L;
i AENV (1999) acute and chronic guideline for suspended solids states: 0.065 mg/L at hardness = 60 to 120 mg/L; 0.11 mg/L at hardness  = 120 to 180 mg/L;

 "Not to be increased by more than 10 mg/L over background value." 0.15 mg/L at hardness > 180 mg/L (CCME 2006).
j at pH>=6.5; [Ca2+]>= 4 mg/L; DOC>=2 mg/L (CCME 2006). t BC working water quality guideline (BC 2006a)
k CCME (2006)

Regulatory
Guideline1

Detection
Limit

Stirling Lake 
(Pit 24 Lk) Silkstone Lake

19-Sep-06 19-Sep-06 20-Sep-06 20-Sep-06 21-Sep-06 21-Sep-06
Water Quality Variable Units

Pit 45 Lake Lovett LakeFairfax Lake Pit 35 Lake

Organics and Hydrocarbons

Total Metals



Table 5 Changes in concentrations of water quality variables in Lovett Lake. 

Concentrations 

September 
1991 

October 
1998 

September 
2006 

Water Quality 
Variable Units 

Epil. Hypo. Epil. Hypo. Epil. Hypo. 

Total phosphorus mg/L <0.005 0.09 0.008 0.06 0.02 0.31 

Total dissolved phosphorus mg/L 0.004 0.004 0.006 0.036 - - 

Ammonium-N mg/L <0.005 0.09 <0.05 0.37 0.05 1.28 

Nitrate-Nitrite mg/L <0.005 0.8 0.17 <0.05 0.1 0.1 

Total Kjeldahl nitrogen mg/L 0.6 0.9 <0.2 0.4 0.3 1.6 

Sodium mg/L 114 123 122 143 146 209 

Potassium mg/L 2.7 2.9 2.7 2.8 3.7 4.1 

Calcium mg/L 14.3 34.4 38.8 63.6 30.3 72.6 

Magnesium mg/L 3.2 4.8 10.8 13.3 13.3 15.1 

Chloride mg/L 0.2 2 1.1 1.1 2 1 

Sulphate mg/L 25.8 32.9 47.5 49.6 43.7 34.9 

Total alkalinity mg/L 268 345 400 525 387 636 

Bicarbonate mg/L 303 421 488 641 463 776 

Carbonate mg/L - - <5 <5 5 5 

Hardness mg/L 45.4 - 141 214 130 243 

Total dissolved solids mg/L 369 454 463 588 471 718 

Total suspended solids mg/L 1.4 1.3 12 8 3 3 

pH pH units 8.2 7.6 8 7.4 8.3 7.8 

Turbidity NTU 1.2 1 3.4 3 1 32 

Aluminum mg/L <0.02 0.049 0.15 0.11 0.0256 0.0211 

Arsenic mg/L 0.0008 0.0012 <0.001 <0.001 0.0012 0.00149 

Barium mg/L 0.12 0.32 0.222 0.36 0.163 0.302 

Boron mg/L 0.07 0.11 0.075 0.088 0.0736 0.0937 

Iron mg/L <0.02 0.018 0.25 0.37 0.02 0.15 

Manganese mg/L <0.001 0.017 0.0392 1.04 0.0687 0.725 

Strontium mg/L 0.156 0.811 1.16 1.55 1.08 1.67 

Zinc mg/L <0.002 0.004 0.049 0.012 0.000771 0.00211 

Only water quality variables that were sampled in at least two of the three years indicated are included in the table. 
Epl. – Epilimnion; Hypo. – Hypolimnion. 
Figures preceded by “<” indicated concentrations below detection limits. 
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Table 6 Changes in concentrations of water quality variables in Stirling Lake. 

Concentrations 

October 1998 September 2006 Water Quality Variable Units 

Epil. Hypo. Epil. Hypo. 

Total phosphorus mg/L 0.006 0.06 0.02 0.24 

Total dissolved phosphorus mg/L 0.005 0.049 - - 

Ammonium-N mg/L <0.05 0.26 0.05 0.64 

Nitrate-Nitrite mg/L <0.05 <0.05 0.1 0.1 

Total Kjeldahl nitrogen mg/L 0.4 0.6 0.2 1.4 

Sodium mg/L 125 156 71 110 

Potassium mg/L 3.1 3.3 2.7 3.3 

Calcium mg/L 16.8 23.7 18.7 37.9 

Magnesium mg/L 8.5 9.3 8.7 13 

Chloride mg/L 0.7 2.3 1 1 

Sulphate mg/L 111 139 54.2 67.5 

Total alkalinity mg/L 213 336 183 313 

Bicarbonate mg/L 245 410 211 382 

Carbonate mg/L 7 <5 6 5 

Hardness mg/L 77 97 83 148 

Total dissolved solids mg/L 393 536 265 421 

Total suspended solids mg/L 4 2 3 5 

pH pH units 8.6 7.9 8.6 8.3 

Turbidity NTU 1.9 2.4 0.4 40 

Aluminum mg/L 0.19 0.13 0.0361 0.0122 

Arsenic mg/L <0.001 <0.001 0.000868 0.00196 

Barium mg/L 0.0541 0.35 0.0706 0.141 

Boron mg/L 0.027 0.087 0.0228 0.0327 

Iron mg/L 0.18 0.37 0.0155 0.0829 

Manganese mg/L 0.0057 1.01 0.00504 0.992 

Strontium mg/L 0.323 1.5 0.365 0.647 

Zinc mg/L 0.074 0.053 0.0057 0.00387 

Only water quality variables that were sampled in at least two of the three years indicated are included in the table. 
Epl. – Epilimnion; Hypo. – Hypolimnion. 
Figures preceded by “<” indicated concentrations below detection limits. 
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3.2.4 Lake Trophic Status 

Fairfax, Lovett and Stirling lakes were all classified as oligotrophic in 1998 
(Agbeti 1999). In 2006, all lakes at all depths had nutrient and chlorophyll a 
concentrations corresponding to an oligotrophic trophic status (Table 7), 
indicating that low productivity in the end-pit lakes, as well as in Fairfax Lake, 
has been consistent over time. This indicates that it may be common for lakes in 
the Northern east slopes of Alberta to have low nutrient content and low 
productivity and that meromixis in end-pit lakes does not necessarily inhibit 
productivity relative to natural lakes in the region. 

Table 7 Trophic status of each lake based on lake classifications in relation to 
phosphorus, nitrogen and chlorophyll a (Wetzel 2001). 

Chlorophyll-a  Total phosphorus  Total nitrogen 
Variable 

mg/L mg/L mg/L 

Oligotrophic 0.0017 0.008 0.661 

Mesotrophic 0.0047 0.0267 0.753 

Eutrophic 0.0143 0.0844 1.875 

1 m 0.0022 0.02 0.5 
Fairfax 

5 m - 0.02 0.5 

1 m 0.0014 3.57 0.4 
Pit 35 

8.7 m - 0.34 0.5 

1 m 0.0015 0.02 0.3 
Pit 45 

9 m - 0.02 0.3 

1 m 0.0063 0.02 0.3 
Stirling 

13 m - 0.31 1.7 

1 m 0.0044 0.02 0.4 
Lovett 

13.8 m - 0.24 1.5 

1 m 0.0012 0.02 0.6 
Silkstone 

11.3 m - 0.3 0.4 

Oligotrophic lakes have low nutrient concentration and are generally unproductive with low phytoplankton 
production (Wetzel 2001). Eutrophic lakes have high nutrient concentration with high productivity and generally 
have high levels of organic matter. Nutrient concentrations and productivity of mesotrophic lakes are 
intermediate to oligotrophic and eutrophic lakes. 
 

3.2.5 Sediment Composition and Quality3 

Particle size distribution was very similar among end-pit lakes (Figure 13). Silt 
and clay made up most of the sediment composition in the end-pit lakes with a 
smaller percentage of sand. Fairfax Lake had a higher percent of sand with very 
little clay and silt, an indication of low organic matter concentrations. The higher 

                                                           
3  All sediment quality data are presented in Appendix A3. 



content of smaller substrate, such as silt and clay indicated higher organic matter 
accumulation in the end-pit lakes relative to Fairfax Lake. Organic matter is a 
result of decomposition of organisms at the bottom of the lake and accumulates 
when there are fewer turnover events and mixing in the lake, which was evident 
in the end-pit lakes. 

Figure 13 Particle size distribution of sampled lake sediments. 
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Among the end-pit lakes, total carbon and total organic carbon (TOC) 
concentrations were highest in Lovett and Silkstone lakes, the oldest of the end-
pit lakes that were sampled (Table 8). However, total and organic carbon 
concentrations were three to four times higher in Fairfax Lake than in end-pit 
lakes. 

Table 8 Concentration of total inorganic carbon, total organic carbon, and total 
carbon in sampled lake sediments. 

Parameter Fairfax 
Lake 

Pit 
35 

Pit 
45 

Lovett 
Lake 

Stirling Lake 
(Pit 24) 

Silkstone
Lake 

Total Inorganic Carbon (%) <0.1 0.3 0.4 0.3 0.3 0.3 

Total Organic Carbon (%) 13.7 3.1 3 4.2 3.2 4.3 

Total Carbon (%) 13.7 3.4 3.4 4.5 3.5 4.6 

 

Total metal concentrations in sediment samples were similar among all lakes 
(Table 9). Concentrations of most metals in Fairfax Lake were at the lower end of 
the range of measured values of all lakes; Silkstone and Lovett lakes, the two 
oldest end-pit lakes, had the highest metal concentrations of all sampled lakes, 
particularly for zinc, strontium, barium, and lead. The higher concentrations of 
metals in sediments of the older end-pit lakes may indicate an accumulation of 
metals over time in the sediment. 
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Arsenic concentrations in sediments of all end-pit lakes were higher than 
sediment quality guidelines, and below guideline in Fairfax Lake (Table 9). 
Chromium concentrations in sediments exceeded sediment quality guidelines in 
Pit 35 Lake, Stirling Lake, and Silkstone Lake. Copper concentration in sediments 
of Silkstone Lake was higher than sediment quality guidelines, while silver and 
nickel concentrations in sediments of all lakes exceeded sediment quality 
guidelines. There were no metal concentrations in sediments of any lake that 
exceeded probable effect levels (PEL). 

Table 9 Concentration of total metals in sediments of sampled lakes. 

Sediment Concentrations (mg/kg) Regulatory 
Guidelines1 Metal 

ISQG PEL 

Fairfax 
Lake 

Pit 35 
Lake 

Pit 45 
Lake 

Lovett 
Lake 

Stirling 
Lake 

(Pit 24) 
Silkstone 

Lake 

Antimony - - <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Arsenic 5.9 17 5.6 9 10.1 9 7.9 7.9 

Barium - - 409 337 380 470 434 467 

Beryllium - - 1 1 1 1 1 1 

Cadmium 0.6 3.5 <0.6 <0.5 <0.5 <0.5 <0.5 <0.5 

Chromium 37.3 90 27.2 40.3 24.7 32.7 42 38.2 

Cobalt - - 10 17 12 14 14 16 

Copper 35.7 197 33 35 32 29 30 40 

Lead 35 91.3 15 15 13 15 15 19 

Mercury 0.17 0.486 <0.06 <0.05 <0.05 <0.05 <0.05 <0.06 

Molybdenum - - 1 1 2 1 2 <1 

Nickel 16 75 34 44 35 40 50 49 

Silver 0.5 - <1 <1 <1 <1 <1 <1 

Strontium - - 75 80 139 223 143 314 

Thallium - - <1 <1 <1 <1 <1 <1 

Tin - - <5 <5 <5 <5 <5 <5 

Vanadium - - 40 55 35 45 48 50 

Zinc 123 315 100 100 90 110 80 120 
1 CCME: Canadian Council of Ministers of the Environment. 
2 ISQG: Interim Sediment Quality Guidelines; PEL: probable effect level is the level above which adverse effects are 

expected to occur frequently. 
Shaded entries indicate concentrations exceed ISQG guidelines. 

 
3.2.6 Phytoplankton4 

Chlorophyll a concentration was higher in Stirling (Pit 24) Lake than all other 
lakes (Table 10, Figure 14). However the cell count (Figure 15) and biovolume 

                                                           
4  All phytoplankton data are presented in Appendix A3. 

Out/inflow 



(Figure 16) of phytoplankton in Stirling (Pit 24) Lake was very low relative to the 
other lakes. 

Phytoplankton diversity was highest in Silkstone Lake, one of the oldest 
established end-pit lakes, followed by Fairfax Lake, Lovett, Pit 35, and Pit 45 
lakes, all with similar phytoplankton diversity, and then Stirling (Pit 24) Lake (no 
inflow) which had the lowest phytoplankton diversity (Figure 17). 

Table 10 Phytoplankton density and biomass in sampled lakes. 

  Fairfax Lake Pit 35 Silkstone 
Lake Pit 45 Lovett 

Lake 
Stirling Lake

(Pit 24) 

Biovolume (um3/m3) 214.43 79.19 92.47 573.88 114.09 12.32 

Cell Count ('000/L) 522.91 572.35 345.96 635.73 107.57 50.28 

Number of taxa 12 10 15 9 10 6 

Chlorophyll a (µg/L) 2.21 1.37 1.21 1.46 4.44 6.35 

 

Phytoplankton composition in Fairfax Lake was dominated by species of the 
Cryptophyceae family, particularly Chroomonas acuta. Silkstone Lake, one of the 
oldest end-pit lakes, was also dominated by the same species. Phytoplankton 
composition in Pit 45 and Lovett lakes was dominated by Dinobryon sertularia and 
Dinobryon sp., respectively from the Chrysophyceae family, species which can be 
found in slightly brackish water with colder temperatures. Phytoplankton 
composition in Pit 35 and Stirling lakes was dominated by Crucigenia retangularis 
and Schroederia setigera, respectively, from the Chlorophyceae family.  

Phytoplankton studies were conducted on Lovett and Stirling lakes in 1998 as 
well (Agbeti 1999). In 1998, a diatom, Asterionella formosa from the 
Fragilariophyceae family, was the most dominant phytoplankton species in the 
two end-pit lakes but was were completely absent in 2006. The shift in dominant 
species in Lovett Lake between 1998 and 2006 could be due to continued 
meromixis resulting in colder temperatures and increased salinity over much of 
the lake profile. In general, both lakes have maintained a similar number of taxa 
over time, but Lovett Lake has continued to maintain a phytoplankton biomass 
twice as high as Stirling Lake. 

Purple sulfur bacteria were found in phytoplankton samples from Lovett Lake 
which indicate stratification and meromixis. Purple sulfur bacteria are found in 
anaerobic environments usually in stagnant waters where oxygen is low (Wetzel 
2001). Meromictic lakes (permanently stratified) where hydrogen sulfide can 
accumulate in the sediment and diffuse into the anoxic water column are 
favourable conditions for growth of purple sulfur bacteria. 
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Figure 14 Chlorophyll a concentration in each sampled lake. 
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Figure 15 Cell count of phytoplankton in each sampled lake. 
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Figure 16 Biovolume of phytoplankton in each sampled lake. 
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Figure 17 Number of phytoplankton taxa in each sampled lake. 
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3.2.7 Zooplankton5 

Zooplankton density, biomass and number of taxa were highest in Fairfax Lake 
relative to the sampled end-pit lakes (Table 11, Figure 18). Among the end-pit 
lakes, Stirling Lake had the highest zooplankton density and number of taxa, but 
the lowest biomass (Figure 19). Zooplankton density was lowest in the two oldest 
end-pit lakes despite high biomass. All lakes had high numbers of, or were 
dominated by, Daphnia sp., specifically either Daphnia galeata (Fairfax Lake was 
the only sampled lake containing D. galeata) and D. pulex; All of the end-pit lakes 
contained D. pulex which was dominant in Pit 35 and Silkstone lakes. Lovett and 
Stirling lakes were dominated by Cyclops bicuspidatus, but had high biomass of 
D. pulex. The older lakes (Silkstone, Lovett, and Stirling) contained C. 
bicuspidatus, which was not present in either Pit 35 or Pit 45 lakes. 

Table 11 Zooplankton density and biomass in sampled lakes. 

Parameter Fairfax 
Lake 

Pit 35 
Lake 

Silkstone 
Lake 

Pit 45 
Lake 

Lovett 
Lake 

Stirling 
Lake  

(Pit 24) 

Density 
(individuals/L) 41.3 28 19.5 24 15.3 28.5 

Biomass 
(mg/m3) 674.1 344.6 343.1 186.1 179.8 129.6 

Number of taxa 22 11 13 13 13 18 

 

Figure 18 Density of zooplankton in each sampled lake. 

0

10

20

30

40

50

Fairfax Pit 35 Lovett Silkstone Pit 45    Stirling     
(Pit 24)

D
en

si
ty

 (#
 in

di
vi

du
al

s/
L)

Outflow Out/Inflow Closed
 

                                                           
5  All zooplankton data are presented in Appendix A3. 
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Figure 19 Number of zooplankton taxa in each sampled lake. 
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Zooplankton biomass was dominated in Lovett Lake in 1998 by D. pulex (Agbeti 
1999), similar to 2006 results. Rotifers were more dominant in 1998 in both Lovett 
and Silkstone lakes, but were rare in 2006. C. bicuspidatus was dominant (density) 
in both lakes in 2006 but was absent from both lakes in 1998. The number of 
zooplankton taxa in both lakes was lower in 2006 as compared to 1998; there 
were 27 and 23 zooplankton taxa in Lovett and Stirling lakes, respectively, in 
1998 compared to 13 and 18 zooplankton taxa in each lake, respectively, in 2006. 

3.2.8 Benthic Invertebrate Communities6 

Benthic invertebrate density and number of taxa was greatest in the two oldest 
end-pit lakes, Lovett and Silkstone lakes, which was higher than the natural 
Fairfax Lake (Table 12, Figure 20). In contrast, Stirling (Pit 24) Lake had the lowest 
benthic invertebrate density and number of taxa. Stirling Lake was the only truck 
and shovel end-pit lake that was sampled and was generally deeper than the 
dragline end-pit lakes that were sampled (i.e. Lovett, Pit 35, Pit 45 and Silkstone 
lakes, Table 1). Stirling (Pit 25) Lake was only sampled lake with no inflow or 
outflow; Lovett Lake has no defined surface outflow, but does have a spring which 
feeds the Lovett River. Inoculation of a lake with benthic invertebrates requires 
and/or outflow sources. 

Among end-pit lakes, benthic invertebrate diversity was highest in the two oldest 
lakes, Silkstone and Lovett lakes; benthic invertebrate diversity in these two lakes 
was comparable to Fairfax Lake (Figure 21). Benthic invertebrate diversity and 
was lowest in Pit 35 lake, one of the newest end-pit lakes, and in Stirling Lake. 

                                                           
6  All benthic invertebrate data are presented in Appendix A3. 



Table 12 Benthic invertebrate community indices for each sampled lake. 

Lake Density 
(No. organisms/m2) 

Taxa 
Richness Diversity Evenness Bray-Curtis 

Index 

Fairfax 6,450 11 0.60 0.23 0.00 

Pit 35 4,233 2 0.05 0.52 0.26 

Silkstone 40,167 11 0.61 0.24 0.76 

Pit 45 14,183 6 0.54 0.36 0.54 

Lovett 15,917 10 0.69 0.32 0.49 

Stirling 2,033 3 0.11 0.37 0.55 

 

Generally, all lakes, except Pit 45 lake, were dominated by species from the 
Chironomidae family (an important food source for fish), specifically 
Cladotanytarsus, Procladius, Chironomus and Microtendipes sp. Pit 45 Lake was 
strongly dominated by species of Ostracoda (seed shrimp), but there was also a 
significant presence of Chironomidae in this lake. Silkstone and Lovett lakes had 
high concentrations of Tubificidae, which were found also in Fairfax Lake but in 
none of the other end-pit lakes. This could indicate that Tubificidae species are 
slow colonizers or that the conditions favourable to development of populations 
of Tubificidae are present in older, but not younger, end-pit lakes. Evenness was 
highest in the younger end-pit lakes, Pit 35 and Pit 45 lakes, indicating a more 
equal density of each taxa in these end-pit lakes in contrast to a dominance of 
specific taxa in the older end-pit lakes. 

In 1989, benthic invertebrates in Lovett Lake were dominated by the Diptera 
(Chironomidae family). snails (Gastropoda), Coleoptera (bettles) and Trichoptera 
(caddisflies) (Agbeti 1999). The number of taxa has increased in Lovett Lake from 
1998 to 2006. Chironomidae was always been the most dominant taxon in Lovett 
Lake. In 1998, benthic invertebrates in Stirling Lake were dominated by 
Chironomids, snails, and caddisflies similar to Lovett Lake when it was first 
developing and chironomids were still the most dominant group in Stirling Lake 
in 2006. The number of benthic invertebrate taxa has decreased in Stirling Lake 
since 1998; in 2006, samples contained only Dipterans (mostly chironomids). The 
decrease in diversity could be due to the closed system and stratified 
environment of Stirling Lake, or because of preferential feeding of stocked fish.  
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Figure 20 Density and total taxa richness of benthic invertebrates in each 
sampled lake. 
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Figure 21 Benthic invertebrate community evenness and Simpson’s diversity for 
each sampled lake. 
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4.0 COMPARISON WITH END-PIT LAKE DEVELOPMENT 
GUIDELINES 

Draft guidelines for end-pit lake development at coal mine operations were 
prepared by the End-Pit Lake Working Group (2004) to provide guidance to the 
design, management, and monitoring of end-pit lakes in the mountain foothills 
of the Northern east slopes region of Alberta. The end-pit lakes sampled in the 
2006 study may not meet all criteria outlined in End-Pit Lake Working Group 
(2004) because the guidelines were developed after the sampled end-pit lakes 
were created. In addition, some of the guidelines contained in End-Pit lake 
Working Group (2004) were not evaluated in this study, which focused on the 
chemical and biological characteristics of each lake. 

Relevant guidelines, extracted from End-Pit Lake Working Group (2004), were 
used to evaluate the end-pit lakes. The characteristics of each end-pit lake were 
screened against Fairfax Lake for each of the relevant guidelines (Table 13). 

4.1 END-PIT LAKE EVALUATION 

Relative to Fairfax Lake, the end-pit lakes were similar or within the same range 
for sediment erosion conditions and water chemistry. Guideline exceedances 
were similar in the epilimnion layer with a somewhat higher number of 
exceedances at lower depths in some end-pit lakes. Considering Fairfax Lake was 
much shallower than the end-pit lakes, it was more likely to mix in the spring 
and fall. Generally, except for a few cases, diversity and biomass of 
phytoplankton and zooplankton were lower in the end-pit lakes relative to 
Fairfax Lake. Benthic invertebrates were also found at higher densities in the 
older end-pit lakes (Lovett and Silkstone), but had similar taxa richness 
compared to Fairfax Lake. 

Some end-pit lakes show similarities to Fairfax Lake, while others do not. Pit 35 
Lake is more similar to Fairfax Lake in some biological (density of zooplankton 
and benthic invertebrates) and chemical (water and sediment chemistry) 
guideline indices relative to other end-pit lakes, such as Silkstone Lake. This may 
be because Pit 35 and Fairfax Lake have an outflow but no inflow, but large 
differences between the two lakes in benthic invertebrate diversity and evenness 
suggest other factors are involved. Given that Pit 35 Lake is relatively young end-
pit lake, the lower benthic invertebrate diversity as compared to Fairfax Lake 
could be due to a shorter developmental time period. Lovett Lake, one of the 
oldest end-pit lakes, had similar benthic invertebrate diversity and biomass to 
Fairfax Lake, but Lovett Lake has no surface outflow. Lovett Lake does, however, 
have a subsurface discharge point that feeds the Lovett River as a spring. Also, 
phytoplankton and zooplankton density and diversity were lower in all end-pit 
lakes compared to Fairfax Lake. 



Table 13 Assessment of each end-pit lake against lake development criteria and against Fairfax Lake. 

Design Factors1 Indicators1 Parameter1 Fairfax Lake Pit 35 Lake Silkstone 
Lake Pit 45 Lake Stirling Lake 

(Pit 24) Lovett Lake 

Inlet Presence/ 
Absence Absence Absence Presence Presence Absence Absence 

Outlet Presence/ 
Absence Presence Presence Presence Presence Absence Presence* 

Hydrological 

Sediment 
Yield-Erosion 

Total suspended 
solids 3 mg/L 

Within 
range 

(3-5mg/L) 

Within 
range 

(3-5mg/L) 

Within 
range 

(3-5mg/L) 

Within 
range 

(3-5mg/L) 

Within 
range 

(3-5mg/L) 

Toxic 
Substances 

Water Guideline
Exceedances 

sulphide, 
cadmium 

exceedances 

similar sulphide,
exceeded 

phosphorus 

similar sulphide, 
cadmium, 
exceeded 
selenium 

similar sulphide, 
cadmium, 
exceeded 
aluminum 

similar sulphide, 
exceeded TKN, 
TP at low depth

similar sulphide, 
exceeded TP, 

TKN at low depth

Summer 
stratification Presence Presence Presence Presence Presence Presence 

Chemical 

Overturn 
Fall mixing Presence Absence Absence Absence Absence Absence 

Diversity of 
phytoplankton 12 taxa lower (10) higher (15) lower (9) lower (6) lower (10) 

Biodiversity 
Diversity of 
zooplankton 22 taxa lower (11) lower (13) lower (13) lower (18) lower (13) 

Biovolume of 
phytoplankton 214 µm3/m3 lower (79) lower (92) higher (574) lower (12) lower (114) 

Biomass of 
zooplankton 674 mg/m3 lower (345) lower (343) lower (186) lower (130) lower (180) Biomass/ 

Productivity 
Biomass of 

benthic 
invertebrates 

6,450 
individuals/m2 

lower 
(4,233) higher (40,167) higher (14,183) lower (2,033) higher (15,917) 

Biological 

Fish Habitat 
Effectiveness 

Diversity of 
invertebrates 11 taxa lower (2) equal (11) lower (6) lower (3) within range (10)

1 from End-Pit Lake Working Group (2004). 
Notes: End-pit lake assessments were reported based on comparisons with Fairfax Lake characteristics. *subsurface outflow is present (spring that feeds the Lovett River). 
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Because of the considerable variation in water quality, sediment quality, and 
biological characteristics among the end-pit lakes and in comparison to Fairfax 
Lake, it is unclear which factors (i.e. time since establishment, presence of inflows 
and outflows, meromixis, flushing rates, bathymetry, habitat complexity, or other 
characteristics), are more important to end-pit lake development, to what degree 
these factors influence the end-pit lakes, and how these factors interact to 
produce sustainable ecosystems. 

4.2 ISSUES OF LAKE STRATIFICATION AND TURNOVER 

Earlier studies (Agbeti 1999, Mackay 1999) suggested that Lovett Lake and Pit 24 
(Stirling) Lake exhibited thermoclines, oxyclines, and chemoclines in summer 
and either mixing in the fall, or thermoclines and oxcylines at greater depths in 
the fall versus the summer. 

Partial mixing during fall turnover that may have occurred in Pit 35 Lake in 2006; 
this end-pit lake had water quality profiles that suggested complete mixing (i.e. 
turnover) had occurred prior to the sampling in the fall of 2006.  

Meromixis likely to develop in lakes with basins that are unusually deep and 
steep-sided relative to lake surface area are characteristics of the sampled end-pit 
lakes. However, most of the end-pit lakes showed evidence that there of no 
spring or fall turnover. Sampling took place in fall 2006 and profile plots of 
temperature, dissolved oxygen, pH and total dissolved solids (Figure 7 to 
Figure 11) exhibited patterns consistent with stratification. The design and 
physical characteristics of the end-pit lakes did not promote turnover and mixing 
of the entire water column. Two major factors that promote mixing are (i) the 
surface area: depth ratio (higher values promote mixing) and (ii) the wind 
direction, wave action, and fetch (i.e., distance traveled by waves without 
obstruction; End-Pit Lake Working Group 2004). Fetch and wind direction are 
difficult to control when developing an end-pit lake. However inflow and 
outflow sources for flushing and increasing productivity are characteristics that 
can be taken into account in the design stage. 

A large surface area relative to the depth promotes lake turnover. Figure 22 
shows the probable mixing capabilities of lakes sampled in 2006 based on a 
model of end-pit lake mixing developed by Golder (2006). The three oldest lakes, 
Silkstone, Lovett and Stirling, had higher saline concentrations at the bottom 
compared to the surface water and smaller surface area, indicating a meromictic 
environment and the probability of partial mixing at best. Of the two newer end-
pit lakes, Pit 35 Lake had uniform salinity, indicating a higher probability of 
mixing and Pit 45 had slight increases in salinity as depth increased, but had a 
larger surface area to depth ratio which could promote greater mixing. Fairfax 
Lake exhibited uniform salinity and given the larger surface area and shallower 
depth, this lake had a high probability of success for complete mixing in the 
spring and fall. 
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Figure 22 Nomograph indicating expected type of mixing for each sampled lake. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Based on Golder 2006. 
 

4.3 RECOMMENDATIONS FOR FUTURE END-PIT LAKE DEVELOPMENT 

Limnological information on five end-pit lakes in the northern east slopes of 
Alberta, including data obtained from detailed sampling program conducted in 
September 2006, was assessed in order to provide guidance for the development 
of future end-pit lakes in the Coal Valley area as part of the proposed project 
plan for the Mercoal West-Yellowhead Tower Mine Extension Project. 
Comparisons between conditions in natural lakes in the region and the end-pit 
lakes, changes in the lakes over time, and whether the chemical characteristics 
are able to support aquatic life in the end-pit lakes were evaluated. 

Generally, water quality across all end-pit lakes was similar with very few 
guideline exceedances. Water quality in the upper layer of the end-pit lakes was 
similar to natural conditions measured in the shallower natural Fairfax Lake. The 
trophic status of all sampled lakes, including Fairfax Lake, continues to be 
oligotrophic, which was the trophic status of end-pit lakes and Fairfax Lake 
measured in previous studies in 1990s. 

Civersity and biomass of phytoplankton, zooplankton and benthic invertebrates 
have increased in Lovett and Silkstone lakes since they were first formed. The 
number of taxa and density of species are generally higher in the two oldest end-
pit lakes than in the younger end-pit lakes, although the younger end-pit lakes 
(Pit 35 Lake and Pit 45 Lake) are indicating colonization and composition rates 
similar to the early development of the older end-pit lakes. Differences among 
the end-pit lakes of particular age ranges suggest that other factors besides 
simple time since formation, such as presence/absence of inflows and outflows, 
flushing rates, and bathymetry are also influences. 
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A main difference between the natural Fairfax Lake and the sampled end-pit 
lakes was the stratification between the epilimnion and hypolimnion layers in the 
end-pit lakes. Dissolved oxygen, temperature, pH and total dissolved solids 
significantly changed with depth in most end-pit lakes; in contrast, these water 
quality variables were uniform at all depths in Fairfax Lake. The stratification in 
the end-pit lakes restricts the productive part of these lakes and reduces habitat 
for aquatic organisms. However, water quality in the epilimnion of the end-pit 
lakes was still conducive to aquatic life, such as a diverse benthic community in 
the littoral zone. Oxygen-depleted conditions in the hypolimnion of the sampled 
end-pit lakes are not favorable to aquatic organisms. 

Certain criteria are taken into consideration when designing an end-pit lake in 
order to ensure a high probability that the lake will closely approximate natural 
lakes in the region. Criteria can also be used to promote plant production, fish 
habitat, turnover, and good water chemistry. The most apparent feature of end-
pit lakes is their lack of, or minimal, turnover. The following steps can be taken to 
increase conditions for mixing: 

 Increasing the ratio of lake area to lake depth; 

 Planting low-growing vegetation around the lakes to decrease erosion; 

 Minimizing slope gradients; and 

 Decreasing the amount of total dissolved solids coming into the lake in 
order to decrease chemical gradients. 

Aquatic biota, including phytoplankton, zooplankton, and benthic invertebrates, 
are clearly present and populating the end-pit lakes which suggests they are 
adequate for supporting aquatic life. However, a self-sustaining fish population 
is an important objective of many end-pit lakes and while it was difficult to 
assess whether self-sustaining fish populations exist in these end-pit lakes, the 
stratification of the end-pit lakes and very low oxygen levels in their 
hypolimnion may limit physical habitat available for successful spawning and 
population growth. 

Some important characteristics should be considered when developing and 
maintaining fish populations in end-pit lakes, including connection to the 
existing hydrologic network through inflows and outflows. Inflows and outflows 
enhancing biological inoculation from the surrounding watershed; increase lake 
flushing rate; create fish spawning habitat; and minimize stagnant, stratified 
water by increasing mixing. It is also important to ensure a range of habitat types 
exist within the end-pit lakes in order to promote diversification of invertebrate 
or fish communities, residence of fish, and cover from terrestrial or avian 
predators. 
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A1.0 DETAILED FIELD METHODS 

A1.1 LAKE BATHYMETRY AND SAMPLE SITE SELECTION 

Bathymetric surveys of Pit 35 and Pit 45 lakes were performed on September 12 
and 13, 2006, respectively. Surface elevations of the lakes were essentially the 
same then as on October 2, when the height above sea level was 1329.0 m at Pit 
35 and 1324.9 m at Pit 45 (D. Woods and J. Hay, personal communication). 

Soundings were made using a digital echo sounding system consisting of a 
BioSonics DTX scientific echo sounder and transducer, a computer to control 
the sounder and record data, and a Garmin GPSmap 182 differential GPS to 
geo-code data as they were collected. The map datum used for all sampling and 
analysis was NAD83. 

The shoreline of each lake was delineated with the GPS before bathymetric 
sampling was begun. Coordinates were taken at multiple locations along each 
lake shore to describe all major features such as bays and points. 

Depth measurements were made on a grid of transects spaced approximately 
20 m apart (Pit 35) or 30 m apart (Pit 45). Soundings were made continuously at 
the rate of several per metre as the boat moved along transects at about 1 m per 
second. The nominal accuracy of GPS positions was 3 m, as good as or better 
than that of a 1:20,000 scale map. 

The accuracy of depth measurements was verified in the field by a bar 
calibration (sounding on a reference target suspended a known distance 
beneath the water surface). Tests at 1 and 2 m depths indicated that measured 
and actual depths differed by no more than 2.5% (e.g., 1.95 m versus 2.0 m). 

Digital data files were processed with SonarData Echoview ™ software to 
create echograms and ASCII format files containing depth, latitude, and 
longitude for each sounding. Surfer ™ software was then used to interpolate a 
regular grid of depths (by kriging), from which the bathymetric maps were 
made. 

During the survey, the presence or absence of aquatic macrophytes (rooted 
aquatic plants) was observed in shallow areas where the bottom was visible. 
During acoustic data processing, the maximum depth to which macrophytes 
extended was determined from the echograms. 

Using the bathymetric maps for each lake, a single pelagic sampling station was 
geo-referenced over the deepest point in each lake. With waypoints fixed, the 
crew navigated to each pelagic station using guidance from a hand held GPS 
receiver. 
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A1.2 IRRADIANCE AND LIGHT ATTENUATION OVER THE WATER 
COLUMN 

Phytoplankton samples were collected from the euphotic zone, defined as the 
uppermost portion of the water column extending to twice the Secchi depth, 
which approximates the compensation depth (depth at which light is 
attenuated to 1% of the surface irradiance). 

Secchi depth was measured using a standard 20 cm Secchi disc at the pelagic 
station on each lake that was selected as described in Section 2.2. The disk was 
lowered on the shaded side of the boat until it disappeared from the observer’s 
view (without sun glasses or viewing box) and then retrieved until it again 
became visible. The Secchi disk transparency depth was reported as an average 
of the disappear/reappear depth. 

A1.3 WATER CHEMISTRY 

A broad range of chemical analytes were measured either directly using 
instruments or in samples that were collected over the period of September 19 – 
22, 2006 from the six lakes (Silkstone Lake, Lovett Lake, Pit 24 (Stirling), Pit 35, 
Pit 45, and Fairfax Lake). Many of the measurements were similar to those 
completed in largely ad hoc sampling from previous years (P. McNamee, 
Hatfield Consultants, Pers Comm.) and others were new and were considered 
important indicators of system structure and function. Many of the variables 
were considered useful for later comparison to the Canadian Water Quality 
Guidelines (CCME 2006) to assess suitability of the lakes to support aquatic life. 
The comparison to guidelines will provide limited insight into lake functioning 
and will mainly be done to examine potential toxicity of selected chemical 
constituents. The chemical analytes that were identified by HCL for 
measurement in water samples from 2006 included: 

 Macronutrients (total Kjeldahl nitrogen, NH4-N, NO3-N, NO2-N, total 
phosphorus, dissolved organic carbon (DOC), total inorganic carbon 
(TIC), total organic carbon (TOC)) that contribute insight into nutrient 
availability for primary production; 

 Electrochemical and other parameters that provide insight into the 
carbonate equilibrium that is fundamental to any limnological analysis 
(temperature, dissolved oxygen (DO), alkalinity, bicarbonates, 
carbonates, conductivity, pH, total dissolved solids (TDS), hardness); 

 Major anions and cations (Cl, K, Na, SO4); 

 Sulphide to examine potential extent of any reducing conditions that 
can lead to aquatic toxicity; 

 Non-metal contaminants (naphthenic acids, total phenolics, total 
recoverable hydrocarbons, TSS, turbidity, and Hg); and 
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 Total and dissolved metals including Al, Sb, As, Ba, Be, B, Cd, Ca, Cr, 
Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, Se, Ag, St, S, Tl, U, V, and Zn. 

Field and lab methods for water chemistry analysis conformed as much as 
possible to those that were used in previous sampling of the end-pit lakes and 
are standard and accepted techniques in the current literature. 

The electrochemical analytes (temperature, dissolved oxygen (DO), 
conductivity, TDS, pH) and turbidity were measured over the complete depth 
profile of each lake in approximately 1m intervals using a YSI 6920 multi-
parameter Sonde. The Sonde was calibrated on the day of measurement with 
conductivity standard (1.413 mS/cm, Hanna Instruments, HI7031), pH 7 and 
pH 4 buffers (Hoskin Scientific, E-999-PHB07 and E-999-PHB04 respectively) 
and turbidity standard (0 NTU (deionized water) and 123 NTU standard (YSI, 
6073G)). The DO probe was calibrated on-site in a water vapour saturated 
atmosphere in a calibration cup with the barometric pressure determined from 
a hand held YSI 650 display. Depth was calibrated using air pressure detected 
by the Sonde when the pressure port was held dry just above the water surface 
prior to beginning each profile. 

At time of sampling, the recording file in the Sonde was enabled and the Sonde 
was placed into discrete run mode. The Sonde was lowered to the desired 
depth and data were recorded in the field data book after the temperature 
stabilized or after approximately one minute. Data were also saved into Sonde 
memory (RAM) prior to progressing to the next interval. Care was taken to 
avoid saving data to RAM while the nephelometer (turbidity) probe wiper was 
in operation. As a quality control measure, the electrolyte and DO membrane 
was replaced overnight and the probe was recalibrated on the morning of lake 
sampling. 

Data was transferred to the YSI 650 display from the Sonde and subsequently 
transferred to a laptop (Toshiba Satellite) computer using the YSI EcoWatch 
program and saved as a data file compatible with Microsoft Excel. 

Water samples for analysis of the macronutrients, the analytes describing 
carbonate equilibria (alkalinity, bicarbonates, carbonates, and hardness), major 
anions and cations, sulphide, non-metal contaminants, and the total and 
dissolved metals were collected using a 3.2 L vertical van Dorn bottle (Kahlsico 
International Corporation, El Cajon, California) that was hand deployed from 
the boat. One sample was collected from 1 m below the surface and one was 
from 2 - 3 m off the lake bottom in each lake for a total of 12 samples from all six 
lakes. The sampler was retrieved into the boat, an upper cap was opened, and 
water was dispensed through a valve into bottles. The water for the dissolved 
organic carbon (DOC) sample was dispensed into a 60 cc disposable plastic 
syringe and filtered through a 25 mm diameter 0.45 µm pore size membrane 
filter mounted in a disposable luerlok swinnex filter holder (Fisher Scientific, 
Vancouver). A volume of filtrate from each new filter unit (rinseate) was 
discarded prior to dispensing into the sample bottle. Several filter units were 
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required to deliver sufficient sample when the raw sample contained a high 
concentration of particulates. This changing of filters helped to avoid an 
unacceptably high differential pressure on the filter, which might result in 
leakage of cell contents. A small volume of sample was used to rinse each of the 
bottles and caps prior to filling. 

Several sizes and types of bottles were used for the collection and shipping of 
water samples to laboratories. These bottles and the associated tests and 
preservatives are listed in Table A1.1. All bottles were supplied by the 
analytical laboratories. 

The water samples were kept in ice filled coolers during shipment to 
laboratories the day following sampling. Small bottles were placed in Ziploc 
bags to avoid contamination that may result if bottle necks are immersed in ice 
melt water. 

Table A1.1 Bottle types and preservatives added for each of the chemical 
analyses of water in the pit lakes. 

Bottle Preservative Analysis Lab 

100 mL poly (keep cool) Total metals, dissolved metals  
(filtration was done at the lab) 

ARC 

500 mL poly H2SO4 TKN, NH4-N, TP ALS 

100 mL amber 
glass 

Filtration and add 
H2SO4 

DOC (filtered in the field) ALS 

100 mL amber 
glass 

H2SO4 TOC ALS 

100 mL poly Zn acetate and 
NaOH 

Sulphide ALS 

250 mL amber 
glass serum 

top 

(keep cool) Naphthenic acids ALS 

100 mL amber 
glass 

H2SO4 Total phenolics ALS 

1 L wide 
mouth amber 

glass 

HCl Oils & grease, Total recoverable hydrocarbons ALS 

500 mL poly (keep cool) Routine potable, NO2-N, NO3-N, Cl, K, Na, SO4, TSS, 
Hardness, Alkalinity, Bicarbonates, Carbonates 

ALS 

 
All water samples not requiring analysis of metals concentration were 
submitted for analysis to the ALS Laboratory Group in Edmonton along with a 
trip blank, a field blank, and a field split as part of QAQC procedures. All 
samples for metals analysis were submitted to the Alberta Research Council 
Lab in Vegreville along with a trip blank, a field blank, and a field split as part 
of QAQC procedures. Trip blanks were prepared by staff at the labs and were 
transported along with the sampling bottles. They were returned unopened 
with the other samples. At one of the stations and depths, water from the van 
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Dorn bottle was collected in an additional set of bottles and processed and 
submitted as a station and depth unidentified Field Duplicate. A Field Blank 
consisted of DI obtained from the laboratory which was processed in the field 
and submitted in the same manner as a sample. 

All laboratory procedures followed standard methods reported in APHA 
(1992). 

A1.4 SEDIMENT CHEMISTRY AND PARTICLE SIZE DISTRIBUTION 

A 6"×6"×9" (152×152×228 mm) Eckman grab sampler (Wildlife Supply 
Corporation, Buffalo, New York) was used to collect the sediment samples. At a 
randomly selected littoral zone site, the Eckman was lowered on a line and with 
the apparatus firmly placed on the lake bottom; the jaw closure mechanism was 
activated using a messenger. The sampler with its contained sample was pulled 
to the surface. The sampler was lifted into the boat, the jaws were opened, and 
the contents were released into a RubberMaid basin. Incomplete samples 
caused by vegetation, stones, or other debris jamming in the sampler jaws were 
discarded. A silicon rubber tipped spatula and streams of lake water from a 
wash bottle were used to wash all particles from the sampler. Any volume of 
water in the basin was reduced by pouring the supernatant through a 153 µm 
pore size 15 cm (6”) diameter (10 cm wall height) sieve. Sample retained by the 
sieve was combined with the sample in the basin. Subsamples were then 
dispensed to fill one third the volume of each of the bottles shown in 
Table A1.2. The same collection process was repeated at a second randomly 
selected site and another third of the sample bottles was filled. The process was 
repeated again at a third site, which resulted in filling the final third of the 
sample bottles. This process resulted in a single composited sediment sample 
from each lake for each test. In the laboratory (ALS Laboratory Group in 
Edmonton), the contents of the filled bottles that are listed in Table 2 were 
thoroughly mixed and analysed for: 

 Particle size distribution, measured as percent sand, silt, and clay; 

 Concentration of total inorganic C (TIC), total organic carbon (TOC), 
and total carbon (TC); and 

 Concentration of total metals including Al, Sb, As, Ba, Be, B, Cd, Ca, Cr, 
Co, Cu, Fe, Pb, Mg, Mn, Hg, Mo, Ni, K, Se, Ag, St, S, Tl, U, V, and Zn. 

This process of sediment sample collection was completed on each of the six 
lakes resulting in one measurement of each parameter for each lake. 
Macrophytes within the littoral zone were not dense enough to prevent 
sampling at any site in any of the lakes. 

Coal Valley Mine: An Evaluation of Existing End-Pit Lakes A1-5 Hatfield 



Table A1.2 Bottle types and preservatives added for each of the chemical 
analyses of sediments in the pit lakes. 

Bottle Preservative Analysis Lab 

50 mL wide mouth None Sediment particle size analysis ALS 

2×100 mL wide 
mouth 

None Sediment TIC, TOC, TC ALS 

Ziploc None Sediment metals ALS 

 

A1.5 PHYTOPLANKTON 

Water for a phytoplankton sample was collected from the pelagic sampling 
station on each lake (Section 2.2) with the same van Dorn bottle that was used 
for the collection of water samples for chemical analysis (Section 2.4). 
Phytoplankton was collected from the euphotic zone that was defined as the 
profile of twice the Secchi depth. A cast of the van Dorn sampler was made at 
four equally-spaced depths over the euphotic zone, thus providing a depth-
integrated sample. Contents of the four casts were poured into a rinsed 
polyethylene bucket and mixed with a measuring cup. Aliquots were 
transferred into a 1 L poly bottle and a 100 mL amber glass bottle and kept in 
the shade or in darkness on the boat in an ice filled cooler until filtrations or 
preservation could be completed on shore. 

Contents in the amber glass bottles were preserved with the addition of 2–3 mL 
of Lugol’s iodine stain solution. The preserved samples were placed into Ziploc 
bags and shipped to Vancouver for the identification and enumeration of cells. 
Cell counts at the lowest reliable taxonomic level were made at 500x magnification 
after settlement in Utermohl chambers. Only cells containing cytoplasm were 
enumerated. A minimum of 100 individuals of the most abundant genus or 
species and a minimum of 300 cells in total were counted. The biovolume of each 
taxa was determined as the cell count multiplied by the volume of a simple 
geometric shape corresponding most closely with the size and shape of the algal 
taxon. 

Phytoplankton biomass was measured as the concentration of chlorophyll a in 
water dispensed to the 1 L poly bottle. Aliquots of 250 ml of well mixed sample 
from the 1 L poly bottle were filtered through 47 mm diameter, 0.45 µm pore 
size membrane filters (equivalent to cellulose nitrate Millipore HA), using a 
Nalge filtration apparatus. The filtration apparatus was rinsed with DI before 
sample filtration. The volume of sample was reduced if flow through the 
membrane filter was extremely slow. The filter was submitted for analysis of 
chlorophyll a concentration using the fluorometric method described by Holm-
Hansen et al. (1965). For shipping, the filter was folded in half (sample side in, 
using 2 pairs of forceps) and placed into a labelled foil pan. The foil pan was 
labelled by etching the bottom with a sharp point (nail, scriber, or thoroughly 
washed out pen tip). An empty foil dish was used as a cap for a stack of filters 
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and masking tape was used to keep the bundle together in a Ziploc bag. Both 
the tape and bag were clearly labelled. The volume of sample filtered was 
noted. The filters were kept cold in a cooler for the duration of the field trip, 
stored frozen and shipped to the Department of Fisheries and Oceans Cultus 
Lake Laboratory (Cultus Lake, B.C.) on dry ice to avoid autolysis and 
degradation of the photosynthetic pigments. 

A1.6 ZOOPLANKTON 

A 30 cm diameter, 153 µm mesh, Wisconsin net (Whitehouse Plankton Nets, 
Kamloops, B.C.) was used to sample zooplankton from a vertical profile 
extending from 2 – 3 m off bottom to the surface of each lake. Each of the three 
hauls occurred at offset locations near the deepest location in each lake. Water 
passing through the net mesh during descent of the sampler kept organisms 
from entering the mouth during deployment. Net retrieval commenced as soon 
as the line became taut and vertical at sampling depth. The retrieval rate (< 0.5 
m/sec) was slow to avoid a pressure wave ahead of the net intake that can 
deflect water and particles. 

After the sampler broke surface, water was sprayed or splashed against the 
outside of the net to wash organisms into the sample cup. When the sample 
was entirely within the lower half of the cup, it was unscrewed from the net 
and swirled to reduce the sample volume. Club soda was poured into the 
sample cup to anaesthetize the zooplankton (to minimize shedding of eggs 
when added to preservative). Volume was again reduced to minimize content 
of club soda in the sample jar that can evolve CO2 and cause leakage. 

The sample was transferred to a 250 mL wide mouth glass jar containing 50 mL 
of sugar-formalin solution. To minimize the number of organisms that may dry 
onto the bottle cap, water was added to almost fill the bottle. The tightly closed 
bottle was mixed by gentle inversion. Electrical tape was wrapped over the side 
of the cap and the upper part of the bottle to help seal the bottle for shipping. 
Bottles were surrounded with padding (paper toweling or bubble wrap) to 
avoid breakage during shipping. The sealed samples were shipped in a 
container separate from the water chemistry samples to avoid contamination. 

In the laboratory, zooplankton samples were split using a Folsom plankton 
splitter to a volume which contained not less than 100 post naupliar stages of 
the most abundant taxa of crustaceans. For each random subsample comprising 
a known proportion of the sample, species were enumerated and sex and stage 
of maturity was determined at 5-100x magnification under a GSZ-Zeiss stereo 
microscope. Rotifers and nauplii were counted as encountered. Rotifers were 
identified to the genus level. The dry weight biomass of individual taxa of 
crustaceans was determined from the counts and from body length 
measurements using regressions reported by McCauley (1984) that predict dry 
weight from body length. 

Coal Valley Mine: An Evaluation of Existing End-Pit Lakes A1-7 Hatfield 



A1.7 BENTHIC INVERTEBRATES 

The benthic invertebrates were collected using the same Eckman grab and grab 
procedure that was used for the collection of sediment for chemical analysis. 
The sampler contents were removed from the Eckman using the procedures 
described in Section 2.5. At each of the three randomly selected littoral sites on 
each lake, a sample was placed into 1 L or 4 L wide mouth plastic bottles. This 
process resulted in three samples from each lake. At the truck, formalin 
(37% formaldehyde) was added to each bottle to make a 10% formalin solution. 
The sample was mixed by gentle inversion to ensure uniform exposure to the 
preservative. Samples were then shipped to Vancouver for identification and 
enumeration of the invertebrates. 

In the laboratory, individual bottles for a given lake were combined and mixed 
to make a composited sample before subsampling and analysis. Hence, the field 
and lab procedures resulted in one composited sample from each lake. 

A set count approach was used to enumerate the invertebrates. All large 
animals >1 mm were picked from the complete sample and in the process all 
twigs, clumps of algae and other debris will be removed. All small organisms 
that were adhered to this debris were also picked, leaving the bulk of the 
sample without large particulate matter that can affect the distribution of 
organisms among subsamples. All animals that were picked from the large 
debris were considered “macrobenthos” and was identified and enumerated in 
its entirety. The remaining sample containing “microbenthos” (organisms <1 
mm) was evenly split into 4 to 16 subsamples using a plankton splitter. A 
greater number of splits were applied to samples having large numbers of 
organisms and a smaller number of splits were applied to samples having 
fewer organisms. A minimum of 200 individuals was picked from one or more 
of those subsamples or at least one subsample was examined in its entirety even 
if it contained more than 200 organisms. The total count, by taxa, of 
microbenthos in a whole sample was determined by rating the subsample count 
to the proportion of the total sample that was represented by the subsample. 
The total sample count was the sum of macrobenthos and microbenthos. QAQC 
procedures included resorting of 10% of samples to test for sorting efficiency. If 
sorting efficiency is found to drop below 90%, the samples were resorted and 
enumerated again to ensure the efficiency was always greater than 90%. 

A1.8 COMMUNITY INDICES 

Three indices were calculated to describe benthic community composition for 
each lake, and compared among lakes. These indices were calculated using 
taxon density data for each station. Benthic invertebrate density of each lake, or 
the number of individuals per square metre, was calculated using the total grab 
area (i.e., 3 Eckman grabs x 0.02 m2). Descriptions of each biotic index are 
presented below. 
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Evenness Index 

Evenness can be quantified for each station as presented in Smith and Wilson 
(1996). The index takes into consideration the abundance of each taxon in 
proportion to total abundance, and the taxonomic richness in the lake. Evenness 
is calculated as: 
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where: E = Evenness; 

 pi = proportion of ith taxon in the lake; and 

 S = number of taxa in the sample. 

Simpson’s Diversity Index 

Simpson’s diversity can be calculated for each lake as presented in Krebs (1985). 
The index takes into account both the abundance patterns and the taxonomic 
richness of the community and determines for each taxonomic group at a lake, 
the proportion of individuals that it contributes to the total in that lake. 
Diversity is calculated as: 
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Where: D = Simpson’s index of diversity; 

 S = the total number of taxa in the lake; and 

 pi = the proportion of the ith taxon in the lake. 
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Appendix A2 
  

Additional Bathymetric Maps 

 



Figure A2.1 Bathymetric Map of Lovett Lake. 

 



Figure A2.2 Bathymetric map of Pit 24 (Stirling) Lake. 

 



Figure A2.3 Bathymetric map of Silkstone Lake. 

 



 

Figure A2.4 Bathymetric map of Fairfax Lake. 



 

Appendix A3 
  

Phytoplankton, Zooplankton and 
Benthic Invertebrate Data 



Table A3.1 Phytoplankton cell count and biovolume in each sampled lake. 

Fairfax Lake 
19-Sep-06 

Pit 35 
19-Sep-06 

Pit 45 
20-Sep-06 

Lovett Lake 
20-Sep-06 

Stirling Lake (Pit 24) 
21-Sep-06 

Silkstone Lake 
21-Sep-06 

Taxa 
Cell count 

('000/L) 
Biovolume 
(μm3/m3) 

Cell count 
('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cyanophyceae             

Anabaena affinis - 0 - 0 - 0 0 3.95 - 0 - 0 

Chlorophyceae             

Schroederia 
setigera 14 2.77 - 0 2 0.34 10 2.06 33 6.65 2 0.42 

Ankistrodesmus 
sp. 10 1.56 12 1.73 3 0.51 8 1.16 8 1.15 2 0.31 

Oocystis sp. - 0 - 0 - 0 - 0 - 0 29 2.91 

Crucigenia 
retangularis - 0 290 11.6 - 0 - 0 - 0 - 0 

Elakatothrix 
gelatinosa - 0 - 0 20 1.23 - 0 - 0 - 0 

Scenedesmus 
sp. - 0 - 0 - 0 - 0 3 0.2 - 0 

Pandorina sp. 14 2.77 - 0 - 0 - 0 - 0 - 0 

Chrysophyceae             

Dinobryon sp. 12 15.76 - 0 - 0 64 82.63 - 0 - 0 

Dinobryon 
sertularia - 0 - 0 457 548.14 - 0 - 0 32 38.65 

Ochromonas sp. 61 3.03 13 0.64 34 1.7 - 0 - 0 9 0.47 

Mallomonas sp. 7 6.23 - 0 - 0 2 1.55 1 0.77 - 0 

Bacillariophyceae            

Achnanthes sp. - 0 - 0 - 0 - 0 2 0.14 11 0.91 

Achnanthidium 
minutissimum - 0 105 7.37 5 0.36 - 0 - 0 - 0 

Cocconeis 
placentula - 0 10 9.24 - 0 - 0 - 0 1 0.93 

Nitzschia sigma - 0 - 0 - 0 - 0 - 0 1 0.53 
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Table A3.1 Cont’d. 

Fairfax Lake 
19-Sep-06 

Pit 35 
19-Sep-06 

Pit 45 
20-Sep-06 

Lovett Lake 
20-Sep-06 

Stirling Lake (Pit 24) 
21-Sep-06 

Silkstone Lake 
21-Sep-06 

Taxa 
Cell count 

('000/L) 
Biovolume 
(μm3/m3) 

Cell count 
('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Cell 
count 

('000/L) 

Biovolume 
(μm3/m3) 

Brachysira vitrea - 0 - 0 - 0 3 1.44 - 0 - 0 

Stauroneis sp. - 0 - 0 2 1.14 - 0 - 0 - 0 

Coscinodiscophyceae            

Cyclotella sp. 2 0.17 - 0 - 0 1 0.09 - 0 17 1.66 

Fragilariophyceae            

Diatoma tenue - 0 1 0.23 - 0 - 0 - 0 1 0.19 

Fragilaria 
crotonensis 19 13.14 - 0 - 0 - 0 - 0 - 0 

Cryptophyceae             

Chroomonas 
acuta 270 27.01 86 8.6 102 10.23 2 0.17 - 0 220 22.02 

Cryptomonas 
erosa 55 55.41 6 6.42 10 10.23 12 12.02 3 3.41 6 6.23 

Cryptomonas 
ovalis 57 85.71 9 13.47 - 0 6 9.02 - 0 10 15.58 

Dinophyceae             

Peridinium sp. - 0 - 0 - 0 - 0 - 0 1 0.62 

Total 523 214 572 79 636 574 108 114 50 12 346 92 
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Coal Valley Mine: An Evaluation of Existing End-Pit Lakes A3–3 Hatfield 

Table A3.2 Count and biomass of zooplankton in each sampled lake. 

Fairfax Lake Pit 35 Pit 45 Lovett Lake Stirling Lake (Pit 24) Silkstone Lake 
Taxa Stage 

Count Biomass Count Biomass Count Biomass Count Biomass Count Biomass Count Biomass 

Phyllopoda              

Bosmina longirostris fem&eggs 1.55 2.36 - - - - - - - - - - 

Bosmina longirostris fem 3.37 5.46 - - - - - - - - - - 

Bosmina longirostris juv 1.71 0.74 - - - - - - - - - - 

Diplostraca sp.  0.11 0.04 - - 0.09 0.04 - - 0.13 0.05 - - 

Daphnia galeata fem&eggs 0.72 33.29 - - - - - - - - - - 

Daphnia galeata fem 9.73 463.58 - - - - - - - - - - 

Daphnia galeata juv 5.97 68.93 - - - - - - - - - - 

Daphnia galeata male 1.33 19.87 - - - - - - - - - - 

Daphnia pulex fem&eggs - - 0.10 6.28 0.14 4.21 0.08 4.86 0.10 10.17 1.23 93.20 

Daphnia pulex fem - - 3.96 209.68 1.76 49.33 1.86 97.71 0.37 27.83 4.07 167.30 

Daphnia pulex juv - - 6.67 79.91 2.27 26.40 2.69 43.53 0.54 5.86 5.64 49.13 

Daphnia pulex male - - 0.34 3.69 0.05 1.06 0.41 5.24 0.10 3.56 0.24 4.72 

Diplostraca sp.  - - - - - - - - 0.13 1.16 - - 

Copepoda  - - - - - - - - - - - - 

Aglaodiaptomus 
leptopus fem - - 0.29 8.05 - - - - - - - - 

Aglaodiaptomus 
leptopus male - - 0.39 8.58 - - - - - - - - 

Acanthodiaptomus 
denticornis fem&eggs 0.44 7.60 - - 0.05 0.80 0.04 0.67 0.13 2.66 0.05 0.69 

Acanthodiaptomus 
denticornis fem 1.71 34.93 0.58 11.84 4.36 57.02 0.70 10.99 0.71 13.75 0.43 7.11 

Acanthodiaptomus 
denticornis male 0.88 13.94 0.34 4.33 1.49 14.22 0.21 2.15 1.14 15.99 0.47 5.95 

Acanthodiaptomus 
denticornis copepodites 0.97 8.86 4.06 11.96 7.89 32.34 2.45 9.99 6.16 32.11 1.80 10.31 

Acanthodiaptomus 
denticornis 0.50 0.54 0.24 0.30 0.28 0.35 0.99 1.16 0.44 0.53 0.52 0.61 
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Table A3.2 Cont’d. 

Fairfax Lake Pit 35 Pit 45 Lovett Lake Stirling Lake (Pit 24) Silkstone Lake 
Taxa Stage 

Count Biomass Count Biomass Count Biomass Count Biomass Count Biomass Count Biomass 

Cyclopoida sp. copepodites - - - - 0.79 0.31 - - - - - - 

Cyclops 
bicuspidatus fem&eggs 0.06 0.14 - - - - - - 0.34 0.83 - - 

Cyclops 
bicuspidatus fem 0.11 0.29 - - - - - - 1.82 4.02 0.21 0.62 

Cyclops 
bicuspidatus male 0.11 0.21 - - - - - - 0.91 1.26 0.12 0.19 

Cyclops 
bicuspidatus copepodites - - - - - - 5.26 3.48 14.83 9.85 4.69 3.23 

Mesocyclops edax fem 0.44 3.56 - - - - - - - - - - 

Mesocyclops edax male 0.11 0.24 - - - - - - - - - - 

Mesocyclops edax copepodites 5.75 9.46 - - - - - - - - - - 

Pterygota  - - - - - - - - - - - - 

Diptera sp. larvae - - - - - - 0.12 - 0.06 - 0.02 - 

Acarina sp.  0.06 - - - - - - - - - - - 

Rotifera  - - - - - - - - - - - - 

Filina sp.  - - - - - - - -   0.44 - - - 

Asplanchna sp.   - 11.02     - - - - - 

Platyias sp.  0.06 - -    0.04 - - - - - 

Kellicottia sp.  5.58 - -  4.50   - - - - - 

Keratella quadrata      0.28  0.46 - 0.13 - - - 

Total   41.25 674.06 27.99 344.62 23.95 186.08 15.33 179.76 28.48 129.62 19.49 343.05 

 



Table A3.3 Number of benthic invertebrates collected at each sampled lake. 

Fairfax  
Lake Pit 35 Pit 45 

Stirling 
Lake 

(Pit 24) 
Silkstone 

Lake 
Lovett  
Lake Taxa Stage 

19-Sep-06 20-Sep-06 20-Sep-06 21-Sep-06 22-Sep-06 22-Sep-06 

Oligochaeta       
Naididae  34 0 23 0 8 0 
Tubificidae  0 0 0 0 287 34 
Tubificidae juv 6 0 0 0 844 128 
Acarina        
Arrenuridae  4 0 0 0 0 4 
Limnesiidae  6 0 0 0 0 0 
Pionidae  0 0 1 0 4 0 
Amphipoda       
Anisogammaridae 0 0 0 0 17 0 
Ostracoda  24 0 467 0 64 216 
Diptera        
Dytiscidae adult 0 0 0 1 0 0 
Ceratopogonidae larvae 0 0 17 0 0 11 
Chaoboridae larvae 0 6 0 6 14 14 
Chironomidae pupae 231 248 342 115 960 453 
Trichoptera       
Hydroptilidae larvae 1 0 0 0 0 0 
Hydroptilidae pupae 2 0 0 0 0 0 
Ephemeroptera       
Caenidae larvae 7 0 1 0 8 8 
Odonata        
Gomphidae larvae 0 0 0 0 0 1 
Hydrozoa        
Hydridae  4 0 0 0 0 0 
Bivalvia        
Pisidiidae  33 0 0 0 185 44 
Gastropoda       
Physidae  0 0 0 0 2 0 
Valvatidae  30 0 0 0 17 42 
Total   382 254 851 122 2410 955 
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