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Executive Summary

This report assesses changes in total copper concentrations above and below the Spectacle Wetland diversion, as well as resulting changes in total copper concentrations in the Tsolum River.  An abandoned copper mine on Mt Washington continues to be a significant source of copper which affects the downstream waters of the Tsolum River.  While earlier reclamation work at the mine site is thought to have reduced the copper loadings to the Tsolum substantially, further improvements in water quality were needed.  To protect the fisheries resource of the Tsolum River from the impacts of the mine site, a partnership approach was taken.  The partnership included the Tsolum River Restoration Society, Timber West, the Pacific Salmon Foundation, the Department of Fisheries and Oceans, Environment Canada and the Ministry of Water, Land and Air Protection.  The partnership approach resulted in the initiation of the Spectacle Lake wetland project.  In the fall of 2003, an 850 meter  section of Pyrrhotite Creek was re-routed through the Spectacle Lake wetland.  This report assesses the effects of the diversion on the copper concentrations in the Tsolum River.

Included in the report are an assessment of changes in total copper concentrations above and below the Spectacle Wetlands, an assessment of objectives attainment in the Tsolum River on both a monthly and seasonal basis in 2004 compared with results from 2001 - 2003, a comparison of the results of an in situ bioassay conducted in 2004 with the results with a similar study conducted in 1986, and an attempt to correlate precipitation and total copper concentrations in the Tsolum River.
Total copper concentrations decreased from above Spectacle Wetlands to below the wetlands on 138 of the 156 days when samples were collected (88%), while increases from the upper to lower site were seen on 15 days (10%).  The remaining three days saw copper concentrations remain the same above and below the wetlands.  In those instances where total copper concentrations decreased between the upper and lower sites, the percent decrease ranged from 2.6% to 98.2%.  When copper increased from the upper to the lower site, increases ranged from 9.8% to 158.5%.  Increases occurred in either July or December, while the highest percent decreases tended to occur in November and December.  However, the highest total decreases occurred during the spring freshet, in May or June, with decreases as great as 0.168 mg/L in total copper from the upper site to the lower site.  In addition, on 15 of the 17 days (88%) when samples were collected at the diversion from Pyrrhotite Creek as well as upstream from the Spectacle Wetlands, total copper concentrations decreased between the two sites, by between 0.023 mg/L and 0.141 mg/L.  Increases seen between the upper and lower sites are likely due to increased residence times during low-flow periods making a comparison of samples collected above and below the wetlands on the same day inappropriate.
Total copper concentrations were measured 118 times on an almost daily basis between late March and late July, 2004, as well as between late September and late October, 2004 in the Tsolum River 500 metres downstream of its confluence with Murex Creek, with total copper concentrations ranging from 0.00363 mg/L to 0.0244 mg/L.  Maximum concentrations occurred during spring freshet, in early June.  Total copper concentrations decreased significantly (p<0.005 for a 1-sided t-test assuming equal variance) between 2001 and 2002 and again between 2003 and 2004 (p<0.005), while concentrations remained similar between 2002 and 2003 (p=0.49).  However, maximum total copper concentrations decreased consistently between years over the four-year period.

T-tests (1-sided, assuming equal variance) were conducted by comparing total copper concentrations measured each year with the preceding years data.  There was a significant decrease in total copper concentrations on a monthly basis for most of the years. Rolling average total copper concentrations were also calculated whenever samples were collected with sufficient frequency (a minimum of five samples within a 30-day period are required to determine an average value).  There was an obvious decrease in average copper concentrations between each of the four years of record, although the values calculated for 2004 appear to be offset somewhat from each of the preceding years.  This is likely due to the fact that there was an exceptionally early snowmelt in 2004, so the spring freshet occurred about three weeks earlier than usual and therefore the peak in total copper concentrations also occurred about three weeks early.  When the data from 2004 are offset by three weeks, there is a much better seasonal correlation between each of the years.

A further analysis was undertaken to determine changes (if any) in the attainment of the maximum and average water quality objectives for total copper in the Tsolum River.  While there appeared to be a slight decrease in objectives attainment between 2002 and 2003, overall there has been a steady increase in the number of samples meeting both the maximum and average water quality objective for total copper at this site.

Juvenile coho salmon were caged at four locations in the Tsolum River and one location in Murex Creek over a three-week period between May 11 and June 2, 2004.  There was no mortality at any of the sites.  This compares very favourably with results from 1986, where there was 100% mortality of both rainbow trout and coho salmon in Murex Creek above its confluence with the Tsolum River, 87% mortality in rainbow trout and 73% mortality in coho salmon in the Tsolum River 500 metres downstream from its confluence with Murex Creek, and 60% mortality in rainbow trout and 40% mortality in coho salmon in the Tsolum River at Farnham (there was no mortality at the control site, Tsolum River at Duncan Main, in this study).
An analysis was conducted on the effects of daily rainfall as measured at a nearby weather station on total copper concentrations in the Tsolum River 500 metres downstream from the confluence with Murex Creek.  While it appeared that elevated copper levels occasionally occurred on days when precipitation was high (e.g. May 28, October 8 and October 19), there did not appear to be a strong relationship between the two parameters.  A regression analysis calculated for those days when both precipitation and total copper concentrations were measured gave an r2 value of 0.0002 and a p-value of 0.85, suggesting that the data are not correlated.

Recommendations for future research include a study to determine the variability in residence times for water passing through Spectacle Creek to enable an accurate determination of the wetlands effects on total copper concentrations, the collection of additional data during the mid to late summer period where traditionally relatively little data has been collected, and the collection of sediment and benthic invertebrate samples within the Spectacle Wetlands to determine the long-term effects of the diversion and to give some indication of the potential life-span of this project in terms of improving the water quality of Pyrrhotite Creek.
1.0   Introduction
An abandoned copper mine on Mt Washington continues to be a significant source of copper which affects the downstream waters of the Tsolum River.  While earlier reclamation work at the mine site is thought to have reduced the copper loadings to the Tsolum substantially, further improvements in water quality were needed .   To protect the fisheries resource of the Tsolum River from the impacts of the mine site, a partnership approach was taken.  The partnership included the Tsolum River Restoration Society, Timber West, the Pacific Salmon Foundation, the Department of Fisheries and Oceans, Environment Canada and the Ministry of Water, Land and Air Protection.   The partnership approach resulted in the initiation of the Spectacle Lake wetland project.  In the fall of 2003, an 850 meter  section of Pyrrhotite Creek was re-routed through the Spectacle Lake wetland.  This report assesses the effects of the diversion on the copper concentrations in the Tsolum River.
The Tsolum River originates on Mount Washington and flows southeast about 30 km before joining the Puntledge River just before it enters Comox Harbour and the Strait of Georgia (see Figure A-1).  Murex, McKay, and Pyrrhotite creeks are the tributaries that drain the Mt. Washington mine to the Tsolum River (Figure A-1).

The river is licensed for domestic and irrigation water supply.  In the past, the river supported large populations of steelhead and resident rainbow trout, sea-run cutthroat trout, and coho, pink and to a lesser extent, chum salmon.  The fisheries resource is believed to have declined in the basin predominantly because of the acid mine drainage from Mt. Washington.  Other factors such as the reduction of summer low flows by irrigation withdrawals, over-fishing, logging and gravel extraction may have also played a role for certain species.  The neighbouring Puntledge River has continued to support strong salmonid populations, despite similar human disturbances.  In any case, the Tsolum River has the potential to support an extensive fishery, with or without an enhancement program.

2.0   Historical Summary

2.1 Mining
A small open pit copper mine was operated near the summit of Mt. Washington during 1964-67.  The area disturbed was about 13 ha, with 940 000 t of waste rock and 360 000 t of ore excavated.  The ore body is an iron-copper-sulphide deposit, which produces sulfuric acid when oxidized by bacteria in the presence of water and atmospheric oxygen.  The acid dissolves the metals in the ore and waste rock remaining at the mine, resulting in acid drainage with very low pH and very high dissolved metals concentrations.  The acid drainage flows into Pyrrhotite and McKay creeks, which flow into Murex Creek and the Tsolum River.  Several metals are present at elevated concentrations in the acid mine drainage, but copper is the most toxic (to fish) by a factor of 10 or more.

The then Ministry of Energy, Mines and Petroleum Resources began to reclaim the mine in 1988.  Extensive work was carried out in 1988 and 1989.  Through the early 1990’s, reclamation activity gradually came to a halt.  It was perceived that the reclamation activity was incomplete and was of little benefit.  However, since that time it is believed that copper loadings leaving the mine site, as well as copper concentrations in the river, have decreased substantially.  Little reclamation activity has occurred since the early 1990’s.
2.2 Fisheries
In the past, the Tsolum River supported large populations of steelhead and resident rainbow trout, sea-run cutthroat trout, and coho, pink and to a lesser extent, chum salmon.  Peak historical escapement (spawning returns) were: 100,000 pink salmon, 15,000 coho salmon, 11,000 chum salmon, and 3,500 steelhead.  Escapements underwent drastic decreases in the 1980’s to early 1990’s, but spawning numbers are now once again improving.  The fisheries resource is believed to have declined in the basin predominantly because of the acid mine drainage from Mt. Washington, but other factors such as the reduction of summer low flows by irrigation withdrawals, over-fishing, logging and gravel extraction may have also played a role for certain species.  With the exception of Murex Creek, tributaries of the Tsolum have good water quality and are suitable for fish.  However, the mainstem of the Tsolum exposes fish to higher copper levels at various stages of their life cycle.

The Tsolum River hatchery on Headquarters Creek was built by the Department of Fisheries and Oceans to maintain and enhance fish stocks in the Tsolum River.  It was originally designed as an adult capture and egg-take facility to produce 3 million pink salmon fry.  Despite this output, returns of pink salmon were extremely poor through much of the 1990’s.  More recent escapements have improved significantly, with 30,000 pinks and 10,000 coho returning in 2001 - the best returns in over 40 years.  However, returns of pink salmon have continued to be highly erratic.
In 1987 the 50-year values of the Tsolum River fishery were estimated to be $1.6 million with the current harvest, $9.5 million at the natural capability harvest, and $12.1 million with enhancement.  Similarly, the 1987 number of annual angler-days was 188, with 3000 and 6000 possible at the natural capability and enhanced capability, respectively.

3.0   Hydrology
The Tsolum River is approximately 39 km long, from its origin on Mt. Washington to the point where it joins the Puntledge River in Courtenay, just upstream from Comox Harbour. The drainage area of the Tsolum River near its mouth at Courtenay is 258 km2. Murex Creek drains 41 km2 on the eastern flank of Mt. Washington, including the acid drainage from the abandoned mine. The drainage area of the Tsolum just downstream from Murex Creek is 78 km2.

A hydrological analysis of the basin downstream from the abandoned mine was conducted to assist in the assessment of the water quality (Chapman, 1991).  The majority of the runoff from the mine was at 1300 m near the Mt. Washington ski area.  This runoff flows into the headwaters of Pyrrhotite Creek, through Murex Creek, the Tsolum River, and the Puntledge River, finally discharging into Comox Harbour and the Straight of Georgia near Courtenay.

The patterns of runoff in the Tsolum watershed are influenced greatly by the mountain topography.  The entire Tsolum watershed has a median elevation of 230 m and an average runoff of 1250 mm (10.2 m3/s), with 71% of this occurring in winter due to rainfall.  In contrast, the high-elevation Pyrrhotite Creek watershed (median elevation of 1300 m) has an average runoff of 2030 mm, with 50% occurring in spring due to snowmelt.  The Murex Creek watershed is intermediate in elevation (670 m median), and exhibits characteristics of both the spring snowmelt and winter rain regimes.  All three watersheds experience very low flows during the summer.

4.0   Effects of Spectacle Wetlands Diversion on Total Copper Concentrations
In late 2003, an 850 metre section of Pyrrhotite Creek was diverted through the Spectacle Wetlands (see Figure A-1). It was thought that the wetland would act as a passive treatment system reducing copper levels in three ways: a) binding metals within the organic rich anoxic sediments; b) biological uptake by the vegetation in the wetland; c) binding of dissolved copper with organic carbon complexes in the water column (Deniseger, pers comm. 2005).  However, it was not clear how the efficiency of the wetland would vary through the year due to varying flows, temperature and growth rates.  To test the efficiency of the wetland, water samples were collected every one to three days from November 2003 to July 2004, and again from late October 2004 to early January 2005, both upstream and downstream from the wetland (Table A-1).  Of the 156 days where samples were collected both upstream and downstream from the wetlands, copper concentrations were lower at the downstream site on 138 of the days (88%), while increases from the upper to lower site were seen on 15 days (10%) (Figure A-2).  The remaining three days saw copper concentrations remain the same above and below the wetlands.  In those instances where total copper concentrations decreased between the upper and lower sites, the percent decrease ranged from 2.6% to 98.2%.  When copper increased from the upper to the lower site, increases ranged from 9.8% to 158.5%.  Increases occurred in either July or December, while the highest percent decreases tended to occur in November and December (Table 4-1).  However, the highest total decreases occurred during the spring freshet, in May or June (Table 4-2), with decreases as great as 0.168 mg/L from the upper site to the lower site.
In addition to the samples collected above and below the Spectacle Wetlands, samples were also collected at the diversion from Pyrrhotite Creek on 17 occasions.  On 15 of these occasions (88%), there was a decrease in total copper concentrations between the diversion and the site upstream from the wetlands ranging from 0.023 mg/L to 0.141 mg/L, suggesting that something is occurring between the diversion and the beginning of the wetland to decrease copper concentrations.  On the other two dates, increases ranging from 0.053 mg/L to 0.058 mg/L occurred from the diversion to the site upstream from the Spectacle Wetlands.

The reasons for the occasional increase in total copper concentrations from the beginning of the diversion to the site upstream from the Spectacle Wetlands, as well as from the site upstream from the Spectacle Wetlands to downstream from the wetlands is not certain, but is likely due to increased residence times of the wetlands during lower-flow periods.  During spring freshet (May and June), the length of time required for water to travel through the wetlands is approximately 24 hours, and therefore measurements collected above and below the wetlands on the same day allow a comparison of water from about the same time period.  However, during low flows, residence times increase to days or possibly even weeks due to the high variability in flow rates in Pyrrhotite Creek.  Mean monthly discharges range from 0.001 m3/s in September to 0.051 m3/s in May (Deniseger and Pommen, 1995).  Therefore, measuring copper concentrations above and below the wetlands on the same day does not always allow an accurate comparison (the water flowing out of the wetlands should actually be compared with water flowing in a few days, or even weeks, earlier, depending on the residence time).  Efforts should be made to determine the range of residence times for water in the wetlands to allow for a more accurate determination of the effects of the wetlands on total copper concentrations.
5.0   Comparison of Total Copper Concentrations in Tsolum River in 2004 versus 2001, 2002 and 2003.

Total copper concentrations were measured on an almost daily basis between late March and late July, 2004, as well as between late September and late October, 2004 in the Tsolum River 500 metres downstream of its confluence with Murex Creek.  Samples were collected on 118 days, with total copper concentrations ranging from 0.00363 mg/L to 0.0244 mg/L.  Maximum concentrations occurred during spring freshet, in early June.  Data collected in 2004 was compared with similar data collected in each of 2001, 2002 and 2003 (Figure A-3).  Total copper concentrations decreased significantly (p<0.005 for 1-sided t-test assuming equal variance) between 2001 and 2002 and again between 2003 and 2004 (p<0.005), while concentrations remained similar between 2002 and 2003 (p=0.49).  However, maximum total copper concentrations decreased consistently between years over the four-year period.  Table 5-1 shows a comparison of the extremes and averages for total copper concentrations in each of the four years.
Table 5‑1.  Minimum, maximum, average and standard deviations of total copper concentrations (mg/L) measured in the Tsolum River 500m downstream from Murex Creek in 2001, 2002, 2003, and 2004.

	
	2001
	2002
	2003
	2004

	Minimum
	0.0032
	0.00042
	0.00409
	0.00363

	Maximum
	0.043
	0.0388
	0.0252
	0.0244

	Average
	0.0171
	0.0121
	0.0121
	0.0094

	Std Deviation
	0.0087
	0.0086
	0.0059
	0.0038

	# of Samples
	142
	162
	76
	118


Table 5-2 shows a comparison of the total copper data measured in the Tsolum River 500 metres downstream from the Murex Creek confluence for each of 2001, 2002, 2003 and 2004 on a monthly basis for those months where there were sufficient data to do an accurate comparison.  As well, a 1-sided t-test assuming equal variance was conducted by comparing daily total copper concentrations measured each year with the preceding years data.  From this table, we can see that there was a significant decrease in total copper concentrations on a monthly basis for most of the years.  One exception was April 2002 versus 2003 and May 2001 versus 2002, where the decrease was not significant, and for April and May of 2003 versus 2004, where the average value actually increased significantly.  This increase is thought to be due in part to the early snowmelt mentioned earlier, and therefore we recalculated the values with the spring 2004 data offset by three weeks (i.e. data from April 1 to April 30, 2003 are compared with data from March 7 to April 6, 2004) (Table 5-3).  When this is done, there is no statistically significant difference between the total copper concentrations measured in April or May of 2003 versus three weeks earlier in 2004, but there continues to be a significant decrease in copper concentrations in June and October between these two years.
Table 5‑2. Comparison of monthly minimum, maximum, and average total copper concentrations (mg/L) measured in the Tsolum River 500m downstream from Murex Creek in 2001, 2002, 2003, and 2004 and p-values for t-tests comparing monthly total copper data for each pair of years.

	April
	2001
	2002
	2003
	2004

	Minimum
	0.0061
	0.00614
	0.00578
	0.00673

	Maximum
	0.025
	0.0126
	0.012
	0.0149

	Average
	0.01349
	0.00795
	0.00833
	0.01032

	P value (1-sided t-test)*
	< 0.005
	0.325
	0.015
	

	May
	
	
	
	

	Minimum
	0.00987
	0.00902
	0.00409
	0.00902

	Maximum
	0.03894
	0.0388
	0.0252
	0.0244

	Average
	0.02055
	0.01864
	0.01130
	0.01418

	P value (1-sided t-test)*
	0.182
	< 0.005
	0.027
	

	June
	
	
	
	

	Minimum
	0.0139
	0.0103
	0.00875
	0.0056

	Maximum
	0.042
	0.0329
	0.0233
	0.0162

	Average
	0.0240
	0.0197
	0.0169
	0.0094

	P value (1-sided t-test)*
	0.013
	0.032
	< 0.005
	

	October
	
	
	
	

	Minimum
	0.0032
	0.00282
	0.00722
	0.00407

	Maximum
	0.043
	0.00488
	0.013
	0.0115

	Average
	0.0118
	0.0036
	0.0095
	0.0064

	P value (1-sided t-test)*
	< 0.005
	< 0.005
	< 0.005
	


*p value represents comparison of two years worth of data, i.e. first value is for 2001 versus 2002 data, second value is for 2002 versus 2003 data, and third value is for 2003 versus 2004 data.  The p value represents the likelihood that the two samples come from the same population, and therefore a low p value (the threshold is generally considered to be <0.05) suggests that the two samples are significantly different.
Table 5‑3.  Comparison of monthly minimum, maximum, and average total copper concentrations (mg/L) measured in the Tsolum River 500m downstream from Murex Creek in 2001, 2002, 2003, and 2004 and p-values for t-tests comparing monthly total copper data for each pair of years with three week offset for spring 2004 data.

	April
	2001
	2002
	2003
	2004

	Minimum
	0.0061
	0.00614
	0.00578
	0.00398

	Maximum
	0.025
	0.0126
	0.012
	0.0101

	Average
	0.01349
	0.00795
	0.00833
	0.00793

	P value (1-sided t-test)*
	< 0.005
	0.325
	0.314
	

	May
	
	
	
	

	Minimum
	0.00987
	0.00902
	0.00409
	0.00875

	Maximum
	0.03894
	0.0388
	0.0252
	0.0149

	Average
	0.02055
	0.01864
	0.01130
	0.01129

	P value (1-sided t-test)*
	0.182
	< 0.005
	0.498
	

	June
	
	
	
	

	Minimum
	0.0139
	0.0103
	0.00875
	0.00836

	Maximum
	0.042
	0.0329
	0.0233
	0.0244

	Average
	0.0240
	0.0197
	0.0169
	0.0135

	P value (1-sided t-test)*
	0.013
	0.032
	< 0.005
	

	October
	
	
	
	

	Minimum
	0.0032
	0.00282
	0.00722
	0.00407

	Maximum
	0.043
	0.00488
	0.013
	0.0115

	Average
	0.0118
	0.0036
	0.0095
	0.0064

	P value (1-sided t-test)*
	< 0.005
	< 0.005
	< 0.005
	


*p value represents comparison of two years worth of data, i.e. first value is for 2001 versus 2002 data, second value is for 2002 versus 2003 data, and third value is for 2003 versus 2004 data.  The p value represents the likelihood that the two samples come from the same population, and therefore a low p value (the threshold is generally considered to be <0.05) suggests that the two samples are significantly different.
Rolling average total copper concentrations were also calculated whenever samples were collected with sufficient frequency (a minimum of five samples within a 30-day period are required to determine an average value).  Each rolling average represents a 1-day offset from the previous average, providing there were the requisite minimum of five samples collected during that 30-day period (i.e. an average was calculated for all values collected between April 1 and April 30, and then a separate average was calculated for all values between April 2 and May 1, etc.).  Results from these calculations are shown in Figure A-4.  There was an obvious decrease in average copper concentrations between each of the four years of record, although the values calculated for 2004 appear to be offset somewhat from each of the preceding years.  This is likely due to the fact that there was an exceptionally early snowmelt in 2004, so the spring freshet occurred about three weeks earlier than usual and therefore the peak in total copper concentrations also occurred about three weeks early.  When the data from 2004 are offset by three weeks (Figure A-5), there is a much better seasonal correlation between each of the years.
6.0   Maximum and Average Total Copper Attainment

A further analysis was undertaken to determine changes (if any) in the attainment of the maximum and average water quality objectives for total copper in the Tsolum River.  The water quality objective for total copper in the Tsolum River allows a maximum value of 0.011 mg/L and an average value of 0.007 mg/L.  Table 6-1 shows the attainment of the maximum water quality objective for 2001 – 2004, while Table 6-2 shows the average attainment for the same period.

Table 6‑1.  Comparison of objectives attainment for total copper concentrations in the Tsolum River 500m downstream from the Murex Creek confluence.

	
	2001
	2002
	2003
	2004

	Number of samples
	142
	162
	76
	118

	No. samples exceeding maximum objective (>0.011 mg/L)
	96
	69
	35
	33

	% samples exceeding maximum objective
	67.6%
	42.6%
	46.1%
	28.0%


Table 6‑2.  Comparison of objectives attainment for average copper concentrations in the Tsolum River 500m downstream from the Murex Creek confluence.
	
	2001
	2002
	2003
	2004

	Number of averages calculated
	214
	210
	118
	168

	No. values exceeding average objective (>0.007 mg/L)
	214
	164
	108
	111

	% samples exceeding maximum objective
	100.0%
	78.1%
	91.5%
	66.1%


These tables show that while there appeared to be a slight decrease in objectives attainment between 2002 and 2003, overall there has been a steady increase in the number of samples meeting both the maximum and average water quality objective for total copper at this site.  Table A-2 shows the results for all of the copper analyses conducted on samples from the Tsolum River and Murex Creek.  Attainment of the total copper water quality objective is summarized in Table 6-3 and Table 6-4 summarizes the attainment of the average objective at each site.
Table 6‑3.  Summary of attainment of the maximum total copper objective (0.011 mg/L) in the Tsolum River and Murex Creek in 2004.

	
	Tsolum Duncan Mn.
	Tsolum 500m d/s Murex
	Tsolum u/s HQ
	Tsolum Farnham
	Murex Duncan Mn.

	Number of samples
	25
	143
	25
	25
	26

	Number of exceedences
	1
	40
	6
	9
	9

	Percent of samples exceeding objective
	4.0%
	28.0%
	24.0%
	36.0%
	34.6%


Table 6‑4.  Summary of attainment of the average total copper objective (0.007 mg/L) in the Tsolum River and Murex Creek in 2004.
	
	Tsolum Duncan Mn.
	Tsolum 500m d/s Murex
	Tsolum u/s HQ
	Tsolum Farnham
	Murex Duncan Mn.

	Number of samples
	8
	166
	8
	8
	8

	Number of exceedences
	0
	118
	7
	7
	8

	Percent of samples exceeding objective
	0.0%
	71.1%
	87.5%
	87.5%
	100.0%


7.0   Comparison of 2004 and 1986 Tsolum River Bioassay

To further document the anticipated improvements in water quality in the Tsolum River, in situ bioassays were conducted during the spring of 2004.  Juvenile coho salmon were caged at four locations in the Tsolum River and one location in Murex Creek over a three-week period between May 11 and June 2, 2004.  The sites are as follows: Tsolum River at Duncan Main (upstream from copper loadings, and used as a control site); Murex Creek upstream from the confluence with the Tsolum River; the Tsolum River 500 metres downstream from its confluence with Murex Creek; the Tsolum River upstream from its confluence with Headquarters Creek; and the Tsolum River at Farnham.  The fish were checked and fed every 2 days throughout the 3 week bioassay.  There was no mortalities at any of the sites.  In comparison, a similar bioassay done in 1986 found considerable mortality as follows:  a) 100% mortality of both rainbow trout and coho salmon in Murex Creek above its confluence with the Tsolum River; b) 87% mortality in rainbow trout and 73% mortality in coho salmon in the Tsolum River 500 metres downstream from its confluence with Murex Creek; c) 60% mortality in rainbow trout and 40% mortality in coho salmon in the Tsolum River at Farnham; d) no mortalities at the control site ( Tsolum River at Duncan Main) (Table 7-1).
Table 7‑1.  Summary of survival rates for bioassays conducted in 1986 and 2004 at three sites in the Tsolum River and one site in Murex Creek.

	
	1986
	2004

	
	RT % Mortality
	Coho % Mortality
	Coho % Mortality

	Murex Ck. U/S Tsolum R.
	100
	100
	0

	Tsolum R. 500m D/S Murex Ck.
	87
	73
	0

	Tsolum R. at Farnham
	60
	40
	0

	Tsolum R. at Duncan Main
	0
	0
	0


8.0   Correlation between Precipitation and Total Copper in Tsolum River

An analysis was conducted on the effects of daily rainfall as measured at a nearby weather station on total copper concentrations in the Tsolum River 500 metres downstream from the confluence with Murex Creek (Figure A-6).  While it appeared that elevated copper levels occasionally occurred on days when precipitation was high (e.g. May 28, October 8 and October 19), there did not appear to be a strong relationship between the two parameters.  A regression analysis calculated for those days when both precipitation and total copper concentrations were measured gave an r2 value of 0.0002 and a p-value of 0.85, suggesting that the data are not correlated (Table A-3).
9.0   Recommendations

In general, a good deal of data has been collected for total copper concentrations in Pyrrhotite Creek, Murex Creek and the Tsolum River during both spring freshet and the fall low-flow periods, giving a fairly clear picture of trends both seasonally and from year to year.  With the diversion of Pyrrhotite Creek through the Spectacle Wetlands, significant improvements in water quality are quite evident, and the monitoring program conducted in 2004 was successful in documenting these improvements.  However, we do have a few recommendations to improve the monitoring program even further.

As mentioned in Section 4.0, the lack of a clear understanding of changes in residence times for water passing through the Spectacle Wetlands makes it somewhat difficult to accurately assess its effects on changes in total copper concentrations throughout the year.  For this reason, we recommend a study be undertaken to determine residence time estimates for various times throughout the year, especially during the extremes of spring freshet and late summer low flows.
As well, while a good deal of data has been collected during the spring freshet and late summer low-flow periods, outside of these periods relatively little data has been collected.  While high snow levels during the winter months make additional sampling during this period unfeasible, we recommend collecting at least once per week for the remainder of the year, to enable us to assess the attainment of the average total copper objective for these watersheds.
While the wetlands project has significantly reduced copper levels in the Tsolum River, it must be noted that the water quality objectives are not always met.  Therefore, further efforts must be made to reduce total copper concentrations to the degree that water quality objectives for this metal are consistently met.
Finally, we recommend that sediment and benthic invertebrate samples be collected at a representative point within the Spectacle Wetlands at least once per year, to enable us to document possible increases in sediment total copper concentrations and changes in the existing biota.  This would give us some idea of the impacts that the diversion of Pyrrhotite Creek is having on the wetlands, as well as give an indication of the possible length of time we might expect to see the improvements in water quality in Pyrrhotite Creek to continue.
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Figure A‑1.Tsolum River Basin showing Spectacle Wetland diversion and selected water quality monitoring sites.
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Figure A‑2.  Comparison of total copper concentrations above and below the Spectacle Wetlands
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Figure A‑3.  Comparison of total copper concentrations measured in the Tsolum River 500 metres downstream of its confluence with Murex Creek.
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Figure A‑4.  Comparison of rolling 30-day average total copper concentrations for 2001, 2002, 2003 and 2004.
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Figure A‑5.  Comparison of rolling 30-day average total copper concentrations for 2001, 2002, 2003 and 2004 with three-week offset for 2004 data.
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Figure A‑6.  Comparison of daily precipitation and total copper concentrations measured in the Tsolum River 500 metres downstream from Murex Creek.

Table A‑1.  Comparison of total copper concentrations measured in the Pyrrhotite Creek diversion upstream and downstream from Spectacle Wetlands (µg/L)
	Date
	Upper Inlet
	Upper Spectacle
	Lower Spectacle
	Difference (Upper to Lower)
	% decrease (Upper to Lower)

	04-Nov-03
	
	83.0
	37.0
	46.0
	55.4%

	11-Nov-03
	
	
	19.0
	
	

	12-Nov-03
	
	40.0
	22.0
	18.0
	45.0%

	13-Nov-03
	
	22.0
	17.0
	5.0
	22.7%

	14-Nov-03
	
	26.0
	23.0
	3.0
	11.5%

	15-Nov-03
	
	38.0
	15.0
	23.0
	60.5%

	16-Nov-03
	
	38.0
	13.0
	25.0
	65.8%

	17-Nov-03
	
	39.0
	18.0
	21.0
	53.8%

	18-Nov-03
	
	44.0
	17.0
	27.0
	61.4%

	19-Nov-03
	
	36.0
	
	
	

	20-Nov-03
	
	29.0
	
	
	

	21-Nov-03
	
	28.0
	
	
	

	22-Nov-03
	
	23.0
	
	
	

	23-Nov-03
	
	24.0
	
	
	

	24-Nov-03
	
	26.0
	
	
	

	25-Nov-03
	
	30.0
	
	
	

	26-Nov-03
	
	30.0
	
	
	

	27-Nov-03
	
	43.0
	
	
	

	28-Nov-03
	
	
	32.0
	
	

	03-Dec-03
	
	41.0
	106.0
	-65.0
	-158.5%

	04-Dec-03
	
	44.0
	17.0
	27.0
	61.4%

	05-Dec-03
	
	32.0
	17.0
	15.0
	46.9%

	06-Dec-03
	
	56.0
	16.0
	40.0
	71.4%

	07-Dec-03
	
	17.0
	14.0
	3.0
	17.6%

	08-Dec-03
	
	17.0
	9.0
	8.0
	47.1%

	09-Dec-03
	
	22.0
	9.0
	13.0
	59.1%

	10-Dec-03
	
	22.0
	14.0
	8.0
	36.4%

	11-Dec-03
	
	16.0
	11.0
	5.0
	31.3%

	12-Dec-03
	
	15.0
	12.0
	3.0
	20.0%

	13-Dec-03
	
	18.0
	11.0
	7.0
	38.9%

	14-Dec-03
	
	19.0
	18.0
	1.0
	5.3%

	15-Dec-03
	
	24.0
	11.0
	13.0
	54.2%

	16-Dec-03
	
	20.0
	10.0
	10.0
	50.0%

	17-Dec-03
	
	21.0
	14.0
	7.0
	33.3%

	18-Dec-03
	
	15.0
	11.0
	4.0
	26.7%

	19-Dec-03
	
	15.0
	10.0
	5.0
	33.3%

	20-Dec-03
	
	21.0
	15.0
	6.0
	28.6%

	21-Dec-03
	
	20.0
	12.0
	8.0
	40.0%

	22-Dec-03
	
	24.0
	12.0
	12.0
	50.0%

	23-Dec-03
	
	22.0
	11.0
	11.0
	50.0%

	24-Dec-03
	
	18.0
	20.0
	-2.0
	-11.1%

	25-Dec-03
	
	
	20.0
	
	

	26-Dec-03
	
	26.0
	18.0
	8.0
	30.8%

	27-Dec-03
	
	20.0
	17.0
	3.0
	15.0%

	28-Dec-03
	
	
	15.0
	
	

	29-Dec-03
	
	
	18.0
	
	

	02-Jan-04
	
	18.0
	13.0
	5.0
	27.8%

	09-Jan-04
	
	131.0
	
	
	

	15-Jan-04
	
	44.0
	32.0
	12.0
	27.3%

	16-Jan-04
	
	49.0
	30.0
	19.0
	38.8%

	17-Jan-04
	
	41.0
	24.0
	17.0
	41.5%

	18-Jan-04
	
	40.0
	28.0
	12.0
	30.0%

	19-Jan-04
	
	39.0
	33.0
	6.0
	15.4%

	20-Jan-04
	
	31.0
	21.0
	10.0
	32.3%

	21-Jan-04
	
	43.0
	29.0
	14.0
	32.6%

	22-Jan-04
	
	35.0
	35.0
	0.0
	0.0%

	23-Jan-04
	
	37.0
	18.0
	19.0
	51.4%

	24-Jan-04
	
	31.0
	31.0
	0.0
	0.0%

	25-Jan-04
	
	34.0
	26.0
	8.0
	23.5%

	26-Jan-04
	
	29.0
	16.0
	13.0
	44.8%

	27-Jan-04
	
	28.0
	31.0
	-3.0
	-10.7%

	28-Jan-04
	74.0
	30.0
	18.0
	12.0
	40.0%

	29-Jan-04
	
	28.0
	18.0
	10.0
	35.7%

	31-Jan-04
	
	21.0
	19.0
	2.0
	9.5%

	02-Feb-04
	
	21.0
	15.0
	6.0
	28.6%

	04-Feb-04
	
	21.0
	13.0
	8.0
	38.1%

	06-Feb-04
	
	22.0
	13.0
	9.0
	40.9%

	08-Feb-04
	
	21.0
	13.0
	8.0
	38.1%

	10-Feb-04
	
	24.0
	19.0
	5.0
	20.8%

	12-Feb-04
	72.0
	20.0
	10.0
	10.0
	50.0%

	14-Feb-04
	
	21.0
	14.0
	7.0
	33.3%

	16-Feb-04
	
	25.0
	17.0
	8.0
	32.0%

	18-Feb-04
	
	24.0
	15.0
	9.0
	37.5%

	20-Feb-04
	
	25.0
	14.0
	11.0
	44.0%

	22-Feb-04
	
	23.0
	14.0
	9.0
	39.1%

	24-Feb-04
	
	26.0
	13.0
	13.0
	50.0%

	26-Feb-04
	
	33.0
	16.0
	17.0
	51.5%

	28-Feb-04
	
	29.0
	16.0
	13.0
	44.8%

	01-Mar-04
	63.0
	28.0
	16.0
	12.0
	42.9%

	03-Mar-04
	
	27.0
	17.0
	10.0
	37.0%

	05-Mar-04
	
	27.0
	15.0
	12.0
	44.4%

	07-Mar-04
	
	26.0
	13.0
	13.0
	50.0%

	09-Mar-04
	
	45.0
	24.0
	21.0
	46.7%

	11-Mar-04
	
	37.0
	21.0
	16.0
	43.2%

	13-Mar-04
	
	36.0
	20.0
	16.0
	44.4%

	15-Mar-04
	
	37.0
	19.0
	18.0
	48.6%

	17-Mar-04
	
	37.0
	19.0
	18.0
	48.6%

	19-Mar-04
	66.0
	36.0
	21.0
	15.0
	41.7%

	21-Mar-04
	
	28.0
	23.0
	5.0
	17.9%

	23-Mar-04
	
	34.0
	18.0
	16.0
	47.1%

	25-Mar-04
	
	28.0
	20.0
	8.0
	28.6%

	27-Mar-04
	
	28.0
	18.0
	10.0
	35.7%

	29-Mar-04
	
	35.0
	19.0
	16.0
	45.7%

	31-Mar-04
	
	43.0
	27.0
	16.0
	37.2%

	02-Apr-04
	74.0
	37.0
	22.0
	15.0
	40.5%

	04-Apr-04
	
	41.0
	26.0
	15.0
	36.6%

	06-Apr-04
	
	43.0
	26.0
	17.0
	39.5%

	08-Apr-04
	
	46.0
	25.0
	21.0
	45.7%

	10-Apr-04
	
	51.0
	31.0
	20.0
	39.2%

	12-Apr-04
	
	89.0
	53.0
	36.0
	40.4%

	14-Apr-04
	
	87.0
	54.0
	33.0
	37.9%

	16-Apr-04
	
	80.0
	51.0
	29.0
	36.3%

	18-Apr-04
	
	73.0
	48.0
	25.0
	34.2%

	19-Apr-04
	110.0
	72.0
	45.0
	27.0
	37.5%

	21-Apr-04
	
	49.0
	43.0
	6.0
	12.2%

	23-Apr-04
	
	61.0
	35.0
	26.0
	42.6%

	25-Apr-04
	
	68.0
	40.0
	28.0
	41.2%

	27-Apr-04
	
	103.0
	45.0
	58.0
	56.3%

	29-Apr-04
	
	96.0
	62.0
	34.0
	35.4%

	01-May-04
	
	153.0
	91.0
	62.0
	40.5%

	03-May-04
	
	169.0
	116.0
	53.0
	31.4%

	05-May-04
	
	159.0
	119.0
	40.0
	25.2%

	07-May-04
	300.0
	184.0
	110.0
	74.0
	40.2%

	08-May-04
	
	
	91.0
	
	

	09-May-04
	
	180.0
	
	
	

	10-May-04
	
	
	97.0
	
	

	11-May-04
	
	159.0
	
	
	

	12-May-04
	
	
	113.0
	
	

	13-May-04
	
	194.0
	
	
	

	14-May-04
	
	
	121.0
	
	

	15-May-04
	
	232.0
	
	
	

	16-May-04
	
	
	143.0
	
	

	17-May-04
	
	189.0
	
	
	

	18-May-04
	
	
	144.0
	
	

	19-May-04
	
	232.0
	141.0
	91.0
	39.2%

	20-May-04
	
	
	154.0
	
	

	21-May-04
	437.0
	296.0
	165.0
	131.0
	44.3%

	23-May-04
	
	288.0
	161.0
	127.0
	44.1%

	25-May-04
	
	277.0
	144.0
	133.0
	48.0%

	27-May-04
	
	315.0
	164.0
	151.0
	47.9%

	29-May-04
	
	172.0
	122.0
	50.0
	29.1%

	31-May-04
	
	240.0
	120.0
	120.0
	50.0%

	02-Jun-04
	
	195.0
	121.0
	74.0
	37.9%

	04-Jun-04
	
	294.0
	126.0
	168.0
	57.1%

	06-Jun-04
	
	276.0
	127.0
	149.0
	54.0%

	07-Jun-04
	332.0
	218.0
	136.0
	82.0
	37.6%

	09-Jun-04
	
	251.0
	128.0
	123.0
	49.0%

	11-Jun-04
	
	196.0
	105.0
	91.0
	46.4%

	13-Jun-04
	
	177.0
	95.0
	82.0
	46.3%

	15-Jun-04
	
	144.0
	90.0
	54.0
	37.5%

	17-Jun-04
	
	133.0
	75.0
	58.0
	43.6%

	19-Jun-04
	
	154.0
	73.0
	81.0
	52.6%

	21-Jun-04
	
	123.0
	73.0
	50.0
	40.7%

	23-Jun-04
	
	82.0
	90.0
	-8.0
	-9.8%

	25-Jun-04
	163.0
	61.0
	91.0
	-30.0
	-49.2%

	27-Jun-04
	
	
	88.0
	
	

	28-Jun-04
	
	70.0
	
	
	

	29-Jun-04
	
	
	75.0
	
	

	01-Jul-04
	
	50.0
	80.0
	-30.0
	-60.0%

	03-Jul-04
	
	54.0
	79.0
	-25.0
	-46.3%

	04-Jul-04
	
	46.0
	
	
	

	05-Jul-04
	
	
	71.0
	
	

	06-Jul-04
	
	44.0
	
	
	

	07-Jul-04
	
	46.0
	72.0
	-26.0
	-56.5%

	08-Jul-04
	
	49.0
	
	
	

	09-Jul-04
	
	51.0
	63.0
	-12.0
	-23.5%

	11-Jul-04
	
	
	50.0
	
	

	12-Jul-04
	150.0
	87.0
	54.0
	33.0
	37.9%

	14-Jul-04
	
	77.0
	52.0
	25.0
	32.5%

	16-Jul-04
	
	56.0
	56.0
	0.0
	0.0%

	18-Jul-04
	
	38.0
	60.0
	-22.0
	-57.9%

	20-Jul-04
	
	37.0
	66.0
	-29.0
	-78.4%

	22-Jul-04
	
	35.0
	52.0
	-17.0
	-48.6%

	24-Jul-04
	
	34.0
	54.0
	-20.0
	-58.8%

	26-Jul-04
	
	32.0
	59.0
	-27.0
	-84.4%

	28-Jul-04
	
	43.0
	67.0
	-24.0
	-55.8%

	30-Jul-04
	43.0
	
	67.0
	
	

	27-Oct-04
	12.0
	70.0
	49.0
	
	

	29-Oct-04
	
	85.0
	
	
	

	31-Oct-04
	
	77.0
	
	
	

	02-Nov-04
	
	69.0
	
	
	

	04-Nov-04
	
	68.0
	
	
	

	06-Nov-04
	
	118.0
	
	
	

	08-Nov-04
	
	197.0
	
	
	

	10-Nov-04
	
	170.0
	
	
	

	12-Nov-04
	
	136.0
	
	
	

	14-Nov-04
	
	147.0
	
	
	

	16-Nov-04
	129.0
	83.0
	68.0
	15.0
	18.1%

	18-Nov-04
	
	53.0
	31.0
	22.0
	41.5%

	20-Nov-04
	
	43.0
	40.0
	3.0
	7.0%

	22-Nov-04
	
	52.0
	32.0
	20.0
	38.5%

	24-Nov-04
	
	59.0
	46.0
	13.0
	22.0%

	26-Nov-04
	
	56.0
	1.0
	55.0
	98.2%

	28-Nov-04
	
	
	42.0
	
	

	30-Nov-04
	
	
	43.0
	
	

	02-Dec-04
	
	
	30.0
	
	

	04-Dec-04
	
	38.0
	36.0
	2.0
	5.3%

	06-Dec-04
	
	
	42.0
	
	

	07-Dec-04
	66.0
	43.0
	33.0
	10.0
	23.3%

	09-Dec-04
	
	49.0
	35.0
	14.0
	28.6%

	11-Dec-04
	
	
	77.0
	
	

	13-Dec-04
	
	
	52.0
	
	

	14-Dec-04
	
	85.0
	70.0
	15.0
	17.6%

	16-Dec-04
	
	74.0
	56.0
	18.0
	24.3%

	18-Dec-04
	
	83.0
	58.0
	25.0
	30.1%

	20-Dec-04
	
	87.0
	67.0
	20.0
	23.0%

	22-Dec-04
	
	72.0
	52.0
	20.0
	27.8%

	23-Dec-04
	10.0
	63.0
	48.0
	15.0
	23.8%

	25-Dec-04
	
	78.0
	44.0
	34.0
	43.6%

	27-Dec-04
	
	66.0
	43.0
	23.0
	34.8%

	29-Dec-04
	
	54.0
	42.0
	12.0
	22.2%

	31-Dec-04
	
	51.0
	39.0
	12.0
	23.5%

	02-Jan-05
	
	46.0
	34.0
	12.0
	26.1%

	04-Jan-05
	
	40.0
	33.0
	7.0
	17.5%

	06-Jan-05
	
	39.0
	38.0
	1.0
	2.6%

	08-Jan-05
	
	37.0
	29.0
	8.0
	21.6%

	10-Jan-05
	
	34.0
	28.0
	6.0
	17.6%

	12-Jan-05
	68.0
	28.0
	22.0
	6.0
	21.4%


Table A‑2.  Summary of total copper concentrations and 30-day average calculations for Tsolum River and Murex Creek sites in 2004.
	 
	Tsolum Duncan Mn.
	Tsolum 500m d/s Murex
	Tsolum u/s HQ
	Tsolum Farnham
	Murex Duncan Mn.

	Date
	Total
	Rolling averages
	Total
	Rolling averages
	Total
	Rolling averages
	Total
	Rolling averages
	Total
	Rolling averages

	18-Feb-04
	0.006
	 
	0.006
	 
	0.006
	 
	0.006
	 
	0.009
	 

	27-Feb-04
	0.006
	 
	0.011
	 
	0.006
	 
	0.789
	 
	0.007
	 

	12-Mar-04
	0.009
	 
	0.006
	 
	0.006
	 
	0.006
	 
	0.008
	 

	28-Mar-04
	0.006
	 
	0.006
	 
	0.006
	 
	0.006
	 
	0.006
	 

	11-Apr-04
	0.006
	 
	0.010
	 
	0.009
	 
	0.015
	 
	0.011
	 

	16-Apr-04
	0.006
	 
	0.008
	 
	0.013
	 
	0.006
	 
	0.011
	 

	25-Apr-04
	0.006
	 
	0.008
	 
	0.008
	 
	0.006
	 
	0.012
	 

	30-Apr-04
	0.006
	 
	0.013
	 
	0.013
	 
	0.010
	 
	0.015
	 

	7-May-04
	0.006
	0.006
	0.016
	0.011
	0.015
	0.012
	0.015
	0.010
	0.020
	0.014

	16-May-04
	0.006
	0.006
	0.020
	0.013
	0.019
	0.014
	0.014
	0.010
	0.026
	0.017

	22-May-04
	0.007
	0.006
	0.020
	0.015
	0.015
	0.014
	0.015
	0.012
	0.024
	0.019

	26-May-04
	 
	0.006
	 
	0.017
	 
	0.016
	 
	0.014
	0.023
	0.022

	30-May-04
	0.006
	0.006
	0.017
	0.017
	0.014
	0.015
	0.016
	0.014
	0.020
	0.021

	4-Jun-04
	0.006
	0.006
	0.013
	0.017
	0.010
	0.015
	0.013
	0.015
	0.017
	0.022

	15-Jun-04
	0.006
	0.006
	0.008
	0.016
	0.008
	0.013
	0.007
	0.013
	0.010
	0.020

	4-Jul-04
	0.001
	 
	0.006
	 
	0.005
	 
	0.004
	 
	0.007
	 

	16-Jul-04
	0.004
	 
	0.005
	 
	0.006
	 
	0.012
	 
	0.009
	 

	31-Jul-04
	0.002
	 
	0.039
	 
	0.003
	 
	0.027
	 
	0.007
	 

	14-Aug-04
	0.001
	 
	0.003
	 
	0.003
	 
	0.001
	 
	0.005
	 

	30-Aug-04
	0.001
	 
	0.007
	 
	0.004
	 
	0.004
	 
	0.009
	 

	19-Sep-04
	0.001
	 
	0.007
	 
	0.006
	 
	0.008
	 
	0.010
	 

	26-Sep-04
	0.015
	 
	0.005
	 
	0.005
	 
	0.002
	 
	0.009
	 

	4-Oct-04
	0.001
	 
	0.004
	 
	0.009
	 
	0.002
	 
	0.007
	 

	8-Oct-04
	0.001
	 
	0.010
	 
	0.003
	 
	0.003
	 
	0.012
	 

	15-Oct-04
	0.001
	0.004
	0.005
	0.006
	0.004
	0.006
	0.003
	0.004
	0.008
	0.009

	29-Oct-04
	0.001
	 
	0.006
	 
	0.004
	 
	0.004
	 
	0.011
	 


*all values mg/L
Table A‑3.  Results of correlation analysis between total precipitation and total copper concentrations for the Tsolum River 500 metres downstream from Murex Creek.
	Regression Statistics
	
	
	
	
	
	
	

	Multiple R
	0.016413
	
	
	
	
	
	
	

	R Square
	0.000269
	
	
	
	
	
	
	

	Adjusted R Square
	-0.00835
	
	
	
	
	
	
	

	Standard Error
	8.003629
	
	
	
	
	
	
	

	Observations
	118
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F
	
	
	

	Regression
	1
	2.002401
	2.002401
	0.031259
	0.8599718
	
	
	

	Residual
	116
	7430.736
	64.05807
	
	
	
	
	

	Total
	117
	7432.739
	 
	 
	 
	
	
	

	
	
	
	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	Lower 95%
	Upper 95%
	Lower 95.0%
	Upper 95.0%

	Intercept
	2.947991
	1.993149
	1.479062
	0.141834
	-0.9997
	6.895672
	-0.99969
	6.895672

	X Variable 1
	34.84517
	197.0852
	0.176803
	0.859972
	-355.507
	425.197
	-355.507
	425.197
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