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ABSTRACT 

Chinook ( Oncorhynchus kisutch) and coho ( 0. tshawytscha) salmon and sediment cores 

collected from Lake Ontario during the summer and fall of 2003 were subsequently 

analyzed for mirex and photomirex. Mirex in fish tissue ranged from 0.011 mg/kg to 

0.094 mg/kg (mean 0.048 mg/kg). Photomirex in fish ranged from 0.005 mg/kg to 0.045 

mg/kg (mean 0.020 mg/kg). Analysis of variance (ANOVA) was performed to test for 

differences between mirex concentrations among all sampling years. A significant 

difference occurred between all sampling years (p=0.000). Temporal trends in mirex 

concentration were determined by testing for differences in the slope of the regression 

line ofmirex concentration versus weight using analysis of covariance (ANCVOA). The 

2003 sampling year was significantly different than all other sampling years (p=0.000) 

except 1999 (p=0.081). A comparison of the elevation of each regression line determined 

that the elevation lines for 2003 and 1999 were significantly different than all years 

(p=0.000). There was no significant difference between the elevations lines among the 

2003 and 1999 sampling years. Mirex detected in sediment cores from Lake Ontario had 

a mean concentration of 134.01 µg/kg. A paired t-test indicated no significant difference 

in mirex concentration between correlating sample intervals of the cores. 
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INTRODUCTION 

Mirex is a fully chlorinated, synthetic, environmentally stable, compound 

possessing hydrophobic and lipophilic characteristics (Kaiser 1978). It is readily stored in 

fatty tissue, especially the brain and liver, where it shows a high potential for chronic 

toxicity (Todoroff et al. 1998). It was originally manufactured as an insecticide to control 

fire and harvester ants in the southern United States (World Health Organization [WHO], 

1984). It degrades photochemically, primarily to 8-monohydromirex or photomirex, 

which is also toxic and nonreactive (Mudambi et al. 1992). It is of major concern because 

it bioaccumulates and biomagnifies in aquatic systems, resists degradation and is not 

metabolized by most organisms (Mudambi et al. 1992, Murray 1991 , Makarewicz et al. 

2003). 

Lake Ontario is the only Great Lake with significant mirex contamination 

(Environment Canada 1977, Robertson and Lauenstein 1998). Large-scale manufacture 

ofmirex began in 1959, and by 1965, 1.50 million kg ofmirex had been produced in the 

Niagara watershed of Lake Ontario. The height of mirex influx into Lake Ontario 

occurred during the late 1960s and early 1970s (Daly 1989). The first detection of mirex 

in fish occurred from the Bay of Quinte, Lake Ontario in 197 4 (Kaiser 1978, Comba 

1993). By 1976 it was concluded that all fish species tested possessed mirex, although 

only salmonines contained levels above United States Federal Drug Administration 

[USFDA] federal action limit (0.10 mg/kg) (Makarewicz et al. 2003). Mirex was 

subsequently banned in 1977 in Canada and in 1978 in the United States due to its 

carcinogenic properties (Kaiser 1978). 
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Two points of entry are known to exist for mirex: the Niagara River (linked to 

Occidental Chemical Corporation, formally Hooker Chemical and Plastics Company) and 

the Oswego River (linked to Armstrong Cork Company). Estimates suggest that during 

its manufacture, 2, 700 kg of mirex entered the Lake Ontario system. Secondary sources 

of mirex occur at spawning sites through decomposing carcasses and eggs of pacific 

salmon (Oncorhynchus kisutch and 0 . tshawytscha) (Makarewicz et al. 2003). This 

recycling of mirex into the system at spawning sites may occur at a rate of 26 g/yr (Lewis 

and Makarewicz 1988). It is estimated that 550 kg of mirex has been removed via the St. 

Lawrence estuary (Comba et al. 1993, Makarewicz et al. 2003). Losses of mirex occur 

from the outflow of the St. Lawrence, through biomass removal via fishing and 

migration, volatilization and photolysis (Comba et al. 1993, Makarewicz et al. 2003). 

Cumulative losses due to volatilization into the atmosphere are deemed small due to a 

low Henry's Law coefficient of7.0 x 104 atm/m3/mol at 23° C (Arimoto 1989). The most 

probable loss of mirex from the system is through the sinking of mirex-laden organics or 

sediments and the loss to the St. Lawrence Estuary (Flint and Stevens 1989, Lewis and 

Makarewicz 1988, Makarewicz et al. 2003). The models ofHalfon (1987) have 

suggested that even with the cessation of loading to Lake Ontario, mirex concentrations 

could be significant in the future and contaminant coverage by clean sediments could 

take up to 600 years. The calculated sedimentation rates of Kemp and Harper ( 1976) 

confirm this estimate. The TOXFATE model (Halfon and Allen 1995) predicts that mirex 

concentration in large fish will be well above the USFDA federal action limit into the 

year 2010. 
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Remediation and restoration efforts of the landfills where mirex was buried 

however, may have affected the TOXF A TE model simulation predictors. The influence 

of Hyde Park dump, linked to the Niagara River via the Bloody Run Creek, has been the 

focus of several reviews (Jaffe and Hites 1986, Howdeshell and Hites 1996, Marvin et al. 

2003). This dumpsite closed in 1975 but sediment sampling in 1993 showed that 

contaminants within this site continued to migrate from the dump and ultimately were 

deposited in the open lake sediments of Lake Ontario (Howdeshell and Hites 1996, 

Marvin et al. 2003). The remediation of Hyde Park by Occidental Chemical Corporation 

between 1992 and 1998 may have caused the cessation of leaching of mirex from this site 

into Lake Ontario. 

Trend analysis has confirmed that mirex concentrations per kg in Lake Ontario 

salmonines have decreased over the past twenty-five years, most dramatically since 1999 

(Makarewicz et al. 2003). Due to this significant decrease since 1999, it is important to 

verify that these data were not an anomaly but rather a true representation of what was 

occurring in the system. 

The goal of my research is therefore twofold: 1) to determine if the decreased 

amount of mirex in terminal predators observed by Makarewicz et al. (2003) was a trend 

or merely an incongruity in the data~ and 2) to determine if a correspondent decrease in 

mirex in sediment cores of Lake Ontario occurred. 

METHODS 

Salmon Collection and Analysis 

Chinook (Oncorhynchus kisutch) and coho (0. tshawytscha) salmon were 

obtained via electroshocking on the State University of New York College at Brockport's 
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(SUNY) electroshock boat from Sandy Creek in Hamlin, NY on 30 September 2003 

(Figure 1). Twenty-four salmon (three coho salmon and twenty-one chinook salmon) 

were selected for mirex analysis based on three weight classes (<4.00 kg, 4.01to6.50 kg 

and >6.51 kg). A standard fillet (Armstrong and Sloan 1980) from each fish was wrapped 

in aluminum foil and frozen until analysis. The fillet was ground in a tissue homogenizer, 

wrapped in aluminum foil and placed in a labeled (species type, sex, weight, and length) 

plastic Ziploc~ bag. A fish scale was collected from each specimen and aged as per Jearld 

(1983). 

Analytical methods followed Makarewicz et al. (2003) without exception. 

Processing equipment and associated glassware were soaked in an RBS* (sodium 

hydroxide) bath overnight, rinsed with distilled water a minimum of20 times and then 

pre-rinsed with solvent before use. A 5 g aliquot of sample was mixed with 20 g of 

anhydrous sodium sulfate. The mixture was then transferred to a contaminant-free glass 

thimble and placed in a Soxhlet extractor. The sample was extracted overnight for 16 ± 4 

hours for a minimum 200 cycles with 75 ml of methylene chloride: hexane (20:80 v:v). 

After extraction, a 15 mL aliquot was concentrated to 1 mL under nitrogen gas followed 

by a florisil cleanup. A 20 mm id Pyrex chromatographic column fitted with Pyrex glass 

wool was packed with 5 g of florisil with a I cm layer of anhydrous sodium sulfate 

overlaid in the column. The concentrated sample was quantitatively transferred to the 

column using a glass Pasteur pipette. The aliquot was eluted with 50 mL of solvent 

(methylene chloride: hexane 20:80 v:v) at a rate of approximately 4 mL/min to a final 

volume of 50 mL. The eluent was then concentrated to a final volume of I mL under 
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nitrogen gas. Mirex and 8-monohydromirex (photomirex) were analyzed using an Agilent 

6890 Gas Chromatograph with a Ni63 electron capture detector. 

The gas chromatograph program was set at an initial temperature of 80° C with a 

5° C/min ramp to a final temperature of 300° C. The program held the final temperature 

for 34 min for a final run time of 78 min. The front inlet was set to a split injection at an 

initial inlet temperature of222° C and pressure of 7.45 psi, using argon-methane (95 :5%) 

as the carrier gas. The electron capture detector (µecd) back detector was set at 300° C 

with a constant column+makeup flow. The GC is equipped with a JW Scientific capillary 

column with the following specifications: model number 190911-433, maximum 

temperature of 325° C, length 30 m, 0.25 mm id and film thickness 0.25 µm (Appendix 

A). 

Sediment Sampling and Analysis. 

On 22 August 2003, three, 1 m sediment cores were taken at a depth of 100 m 

from the Mississauga Basin of Lake Ontario, USA, (N 43° 25 .508", W 077° 53 .823") 

using a KB Corer (Figure 1). The core was capped, taped, and stored in a 189.30 L rubber 

container filled with ice for transport to the Water Quality and Limnology laboratory at 

SUNY Brockport. The cores were frozen, then subsequently cut into l cm sections, and 

refrozen until analysis. For analysis, two 1 cm intervals were combined (approximately 

10 g dry weight), allowed to air dry overnight and extracted with 50 mL of methylene 

chloride: hexane (20:80 v:v) for 24-hours on a mechanical shaker table. The extract was 

decanted and filtered using a Millipore glass-fiber filter and collection tube. The samples 

were extracted two more times using 25 mL of methylene chloride: hexane (20: 80 v:v) via 

sonication and again filtered using a Millipore glass fiber filter and collection tube prior 
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to concentration under nitrogen gas to a final volume of l mL. The I mL extract was 

placed on a 22 mm id capillary column packed with 5 g of florisil with a 1 cm layer of 

anhydrous sodium sulfate on top for cleanup. The column was eluted successively at a 

rate of approximately 4 mIJmin to a final volume of 50 mL. The eluent was then 

concentrated to a final volume of 1 mL. Determination of mirex and photomirex was 

performed on an Agilent Gas Chromatograph utilizing the identical program used for fish 

analysis (Appendix A). 

Quality Control 

Quality control procedures included extraction blanks; spike recovery efficiencies 

(Appendix B), interyear crossover studies for comparison of technique (Appendix C), 

replicate sample analysis (Appendix D, Appendix E) and percent relative standard 

deviation for standards run multiple times on the gas chromatograph (Appendix F). 

Statistical Analysis 

Fish tissue for all sampling years was statistically analyzed using measures of 

central tendency (mean, maximum, minimum), measures of dispersion and variability 

(range, standard deviation), and standard error (Zar 1999). The r-squared value and slope 

of the regression line for the relationship between weight and mirex concentration in fish 

tissue was determined. Analysis of variance (ANOVA) was employed to test for temporal 

trends in average annual mirex concentration independent of weight. Analysis of 

covariance (ANCOVA) was used to test for temporal trends in mirex concentration with 

salmon weight as the covariate and weight x sampling year as the interaction term (Zar 

1999). Regression lines were compared using a pair-wise t-test for salmon among all 

years. A Bonferroni layering correction was employed to test for significance between 
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years. A Tukey test was used to compare inter-year elevation of the regression lines for 

the relationship between fish weight and mirex concentration for all sampling years using 

least square means (LSMEANS). LSMEANS are the means for salmon mirex 

concentration after the adjustment for weight as a covariate (Zar 1999). 

Sediment samples were compared statistically using measures of central tendency 

(mean, maximum, minimum), measures of dispersion and variability (range, standard 

deviation), and standard error. A paired t-test (0.05, 2-tailed) was employed to test for 

differences in sediment intervals (Zar 1999). 

RESULTS 

Fish Samples 

Mirex in fish tissue was analyzed and a statistical comparison between samples 

and among all sampling years was determined and is presented. The average weight and 

length of the twenty-four salmon collected was 5.33 kg (range 1.81 to 9.52 kg) and 73 .41 

cm (range 48.26 to 104.14 cm) (Table 1). Mirex concentration (mg/kg) plotted versus 

weight for the 2003 sampling data delivered an r2 of0.216 (Figure 2). Average percent 

lipid was 3.34 (range 0.51to9.86) (Table 1). Mean mirex concentration was 0.048 mg/kg 

(range 0.011 to 0.094 mg/kg), while mean photomirex concentration was 0.020 mg/kg 

(range 0.005 to 0.045 mg/kg) (Table 1). 

Analysis of variance (ANOVA) tested for a difference in mean mirex 

concentration for all test: years. A significant difference in mirex concentration among 

years was found among salmonines from 1977 to 2003 (ANOV A, F=I4.89, df=6, 139, 

p=0.000) (Table 2). Once a significant difference was determined, the post hoc 

Bonferroni test: was performed and indicated that average mirex concentrations in salmon 
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from 2003 were significantly lower than all years (p=0.000) except 1999, in which it was 

not significantly different (p=l.00) (Table 2). Comparison of percent lipid content from 

1986 to 2003 indicated no significant difference between all sampling years (ANOV A, 

F=0.093, df=4,95, p=0.984) (Table 2). 

The mean mirex concentration in salmon was calculated for the 25-year data set 

(Figure 3). There exists a problem with reporting mean concentrations because it does not 

account for the variance of weight between all sample years. Because of this, a trend 

analysis was employed, taking into account the influence offish weight on mirex 

concentration (Makarewicz et al. 2003 , Insalaco et al. 1982). Temporal trends in mirex 

concentration were analyzed by considering the slope of the regression line of mirex 

versus weight for each sampling year using analysis of covariance (ANCOVA) (Table 3). 

Pair-wise t-test comparisons of the slopes of the ANCOVA regression lines for each 

collection year confirm that the 2003 sampling year was significantly different than all 

other sampling years (p=0.000) except 1999 (p=0.081) (Table 3). The slope of the 

regression line for 1999 was significantly different from all years except 1996 (p=0.074) 

(Figure 4, Table 3). The slope for the 1996 sampling year was significantly different than 

the 1977 (p=0.003), 1982 (p=0.007), 1986 (p=0.020) and 1992 (p=0.026) sampling years. 

Slopes for the 1977, 1982, 1986, and 1992 ANCOV A regression lines were not 

significantly different (Table 3). 

The least square means (LSMEANS) of the weight adjusted mirex concentrations 

from ANCOV A comparison of differences in elevations of each regression line (Table 4) 

detennined that the elevation lines for 2003 and 1999 were significantly different than all 

years (p=0.000). There was no significant difference between the elevation of the 2003 
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and 1999 sampling years. The elevation line for the 1996 sampling year was significantly 

different from the 1977 (p=0.000), 1982 (p=0.009), and 1986 (p=0.020) sampling years 

but not significantly different from the 1992 sampling year (p=0.067). Two distinct 

reductions in elevation for mirex concentrations versus weight throughout the sampling 

years were revealed. The first occurred between 1977 and 1982 while the second 

decrease in elevation occurred between 1996 and 2003 (Figure 4). 

Sediment Samples 

Sediment cores collected from Lake Ontario August 2003, were analyzed for 

mirex and photomirex and compared statistically. The results are presented below. 

Concentrations of mirex were detected in sediment cores taken from Lake Ontario 

August 2003 (Figure 5, Table 5). No photomirex was detected in the sediment cores. 

Mirex was not detected in the interval 19-20 cm in the sediment cores (Figure 5, Table 5). 

The intervals 15-20 cm within the sediment cores had a mean mirex concentration of 1 . 02 

µglkg (range 0.00 to 4.27 µg/kg) . The intervals 7-14 cm within the sediment cores had 

comparatively high mirex levels with a mean of 331 . 76 µg/kg (range 173 .86 µglkg to 

605 .00 µglkg) (Figure 5, Table 5). The average mirex concentration of the intervals 0 to 6 

cm was 3.35 µglkg (range 0.00 to 7.29 µg/kg) (Table 5). The overall core average for 

mirex concentration for the top 20 cm (2003) was 134.01 µg/kg (Table 5). An 

approximate date was established for each sediment interval in the core using the 

sedimentation rate of Durham and Oliver (1983) (approximately 4 yr/cm, Table 6, Figure 

6). The greatest concentration of mirex correlates to the years 1964-1970 (Figure 6). The 

calculated mirex concentration per year was compared to the values of Durham and 
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Oliver (1983) (Figure 7). A paired t-test (t c.o.s 2) p = 0.693) indicated no significance in 

mirex concentration between the correlating sample intervals of the two cores. 

Quality Control 

Recovery efficiencies utilizing tuna tissue in oil spiked with 0.020 mg/kg mirex 

ranged from 99.22% to 157.91% with a mean of 127.16% for three replicates (Appendix 

B). The recovery efficiencies are equivalent to Damaske (1999) (116.5%) and Emerson 

(1996) (105 .0%). To determine interyear variability, a sample from the 1999 sampling 

year with a known concentration of mirex (0.11 mg/kg) was Soxhlet extracted, florisil 

cleaned, and GC/ECD analyzed multiple times (Appendix C). Percent relative standard 

deviation (%RSD ), a measure of sample variability, was determined to be 15. 7 4%. These 

results are analogous to Damaske (1999) who reported 16.32% and Merner (1995) 

20.00% for their replicate samples. Fish tissue, although homogenized, remains 

somewhat heterogeneous and explains the high relative standard deviation. Mirex 

standards were analyzed multiple times by GC-ECD. Variability, as determined by 

percent relative standard deviation of the analysis, was low (2.71% for a 0.05 mg/kg 

standard and 1.01% for a 0.01 mg/kg standard, Appendix F). 

· During analysis on the gas chromatograph an unknown peak in some fish analysis 

was discovered at retention time 30.798. A latex glove was rinsed with solvent and the 

sample was retained and analyzed on the gas chromatograph. The sample containing 

residue from the latex glove showed a peak in retention time corresponding to 30.798. It 

was determined that this peak in retention time resulted from contact of the solvent with a 

latex glove worn by the analyst. 
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DISCUSSION 

Mirex is a hydrophobic substance that readily concentrates and accumulates in 

fatty tissue (Scrudato and Delprete 1982). This, along with the fact that mirex is a 

carcinogen, makes mirex of great economic and health concern for the Lake Ontario 

fisheries and creates a need to determine its residence time (Metcalf et al. 1973, Scrudato 

and Delprete 1982, Makarewicz et al. 2003). In fact, the 2004-2005 New York State 

Health Advisory from the Department of Health [NYSDOH] states that women of 

childbearing age, infants, and children under the age of 15 should not consume any fish 

from Lake Ontario. The rest of the populace should neither eat any chinook, nor coho 

salmon greater than 63. 5 cm due to high levels of mirex. These fish consumption 

advisories for Lake Ontario may be the cause of the decrease in fishing activities that has 

occurred over the past ten years (NYSDEC 2003). 

The 2003 sampling data indicate that salmon in Lake Ontario have less mirex per 

kg offish than any time in the past 20 years. In 2003, all but one fish was below the 0.10 

mg/kg action limit imposed by the USFDA for mirex, whereas twenty years ago only 

juvenile salmon were below this level (Table 1 ). In fact, mirex concentrations in salmon 

for the 2003 sampling year are the lowest detected since its discovery by Kaiser (1978). 

The reduction of mirex concentrations in salmon detected from 1977 to 1999 and the 

further decrease in 2003 is not an anomaly but rather indicative of mirex concentrations 

in Lake Ontario. 

One plausible reason for the significant reduction in mirex concentration over the 

past 25 years is that there is less adipose tissue in salmon available for the accumulation 

of mirex. In fact, New York State Department of Environmental Conservation found that 
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chinook salmon in 2001 had the lowest weight per age class since the early 1980s 

(NYSDEC 2003). However, percent lipid content has not changed significantly over the 

25-year data set (Table 2). This suggests that rather than less fat available for storage, 

there is less mirex available for biomagnification. 

Makarewicz et al. (2003) review several plausible proximal causes for the recent 

reduction of mirex concentration in salmon These include a decrease in lake 

productivity, possibly due to the Lake Ontario Phosphorus Abatement Program, the 

sequestering ofmirex into the benthic zone of Lake Ontario by zebra (Dreissena 

polymorpha) and quagga (D. bugensis) mussels, and a reduction in mirex concentration 

due to a younger, smaller forage fish base for salmon. The most reasonable cause for the 

recent reduction of mirex concentrations, however, is theorized to be due to losses of 

mirex from the St. Lawrence River, the removal of mirex through sedimentation, and a 

reduction in mirex loading from dumpsites along the Niagara River (Makarewicz et al. 

2003). Ultimately, a reduction in the availability of mirex to the trophic web is required 

prior to significant reductions in terminal predators. 

The TOXF ATE model (Halfon and Allen 1995) predicted that mirex 

concentrations would exceed the 0.10 mg/kg FDA action limit in large fish into 2010. 

Due to its highly stable nature and the potential for redistribution from bottom sediments, 

the residence time of mirex was believed to be long (Holdrinet et al. 1978, Todoroff et al. 

1998). However, the diminution of mirex in salmonine has occurred much faster than 

predicted by the TOXF ATE model. The decrease in mirex observed in the early 1980s 

corresponds to the banning of mirex in Canada in 1977 and the U.S. in 1978 (TFM 1977, 

Kaiser 1978), while the rapid decrease of mirex in terminal predators beginning in the 
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mid 1990s corresponds to the remediation of Occidental Chemical Corporation 

(Makarewicz et al. 2003, Marvin et al. 2003, NYSDEC 1999). 

If remediation of the Occidental site has been successful, it follows that in 

addition to a decrease in salmonines, a decrease in suspended sediments from the Niagara 

River and a decrease in Lake Ontario sediments should be evident. Suspended sediment 

analyzed from the Niagara River plume from 1986 to 1999 by Environment Canada 

(Richardson, Violet, Environment Canada, unpublished data) revealed that mirex had 

been discharged into the Niagara River during and since the remediation of Occidental 

Chemical Corporation (Appendix G). The frequency of mirex concentration detected in 

the suspended sediments of the Niagara River however, decreased from the years 1992 

through 1999. Between 1992 and 1999 only three noteworthy peaks of mirex 

concentration (greater than 10.00 µg/kg) occurred in the suspended sediments ofthe 

Niagara River. These discharge events took place in the summer of 1994, the fall of 1996, 

and the fall of 1998 (Appendix G). The decrease in frequency of mirex analyzed in the 

suspended sediments suggests less mirex has been discharged and therefore less is 

available for biomagnification in all trophic levels. Concentrations of mirex were below 

detection limits within the water column during the 1986 through 1999 sampling years 

(Richardson, Violet, Environment Canada, unpublished data). Mirex in suspended 

sediments appears to have decreased throughout the sampling years. 

Sediment Concentration 

Howdeshell and Hites ( 1996) found mirex and associated contaminants had 

leached from the Hyde Park Dump site and were ultimately deposited in Lake Ontario. 

Therefore, the mirex reduction observed in the 2003 surficial sediments is conceivably 
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due to the remediation at this site, given that mirex leaching was reduced from the Hyde 

Park dump starting in 1992. It is estimated that two-thirds of contaminant loading to the 

Mississauga basin come from the Niagara River (Thomas et al. 1983). Current (2003) 

Lake Ontario sediment core analysis for mirex reveals a reduction in mirex concentration 

has occurred since the 1983 sampling year (Durham and Oliver 1983). The mean mirex 

concentration in surficial sediments (0-2 cm) for the 2003 data is approximately 500/o 

lower than the sediment mirex data from 1983 (10.00 µg/kg to 5.29µg/kg) (Figure 7, 

Table 6) (Durham and Oliver 1983). Furthermore, there has been a ten-fold reduction in 

mean mirex concentration for the upper 6 cm of the sediment cores between 2003 (3 .35 

µg/kg) and 1983 (32.00 µg/k.g). 

A noticeable difference occurred in peak mirex concentrations between the 1983 

sediment data and the 2003 sediment data (Figure 7). The sedimentation rates analyzed 

through 21°Fb radiodating by Durham and Oliver were not the same across all years. The 

calculated sedimentation rates for the 2003 sampling year came from the average of these 

sedimentation rates (Table 6). This averaging may theoretically have caused an 

underestimation of a sedimentation rate in one year and an overestimation in another. 

Further investigation would require radiodating sediment cores to determine the actual 

rate of sedimentation per year. 

With the cessation of loading of mirex to Lake Ontario since the remediation at 

Occidental Chemical Corporation, reductions in mirex concentrations in terminal 

predators and sediment have occurred much more swiftly than predicted by the modeling 

efforts ofHalfon (1987, 1995). Modeling has calculated that the majority ofmirex within 

the lake system is bound to lake sediments (Halfon 1995). Therefore, due to decreased 
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mirex loadings, mirex could be realistically removed from the system in relatively short 

order as compared to the estimates of 200-600 years by Halfon (1987). Currently, mirex 

within the water column is below detection limits and there are no known sources of 

mirex into Lake Ontario. 

CONCLUSION 

Mirex concentrations in Lake Ontario salmon have decreased significantly since 

1992. The remediation efforts of Occidental Chemical Corporation are correlated with the 

significant decrease in mirex concentration within terminal predators. I suggest that the 

loss of mirex through sedimentation and the decline in contaminated influx from the 

Niagara River has caused a significant reduction in the concentration of mirex in salmon 

since 1992 and more significantly since 1996. The mirex concentration in sediment 

within the Mississauga Basin has reduced significantly since 1983. The results of my 

research support the conclusion that the significant decrease in mirex concentration since 

1999 has not been an anomaly but are indicative of the status of the Lake Ontario system. 

Ad~itionally, there has been a 500/o reduction in mirex concentration in the surficial 

sediment, and a ten-fold reduction for the uppermost 6 cm since the 1983 sampling year. 
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Table 1. Data for 2003 collection of Lake Ontario coho and chi nook salmon. 

Lipid Weight ~ Mirex Photonftx 
Number - . - - - . -···- Me 'tit lkal (an) . ... 

30 30SEPT03-A CHINOOK 2 0.89 5.90 76.20 0.034 0.016 
3 30SEPT03-8 CHINOOK 2 0.95 2.95 55.88 0.011 0.005 
5 30SEPT03-C CHINOOK 1 1.67 1.81 48.26 0.029 0.013 
2 30SEPT03-D CHINOOK 1 3.09 2.15 50.80 0.036 0.017 
8 30SEPT03-E CHINOOK 1 0.55 2.04 50.80 0.029 0.014 
17 30SEPT03-F CHINOOK 3 3.32 6.58 90.17 0.019 0.009 
18 30SEPT03-G CHINOOK 3 5.64 9.52 97.79 0.050 0.022 
16 30SEPT03-H CHINOOK 2 1.75 5.10 80.01 0.069 0.029 
13 30SEPT03-I COHO 2 9.86 5.67 71 .12 0.040 0.018 
14 30SEPT03-j COHO 2 6.76 5.78 72.39 0.042 0.018 
9 30SEPT03-K COHO 2 4.35 2.38 53.34 0.050 0.023 
15 30SEPT03-L CHINOOK 2 2.25 6.35 77.47 0.056 0.024 
25 30SEPT03-M CHINOOK 3 4.32 7.71 91 .44 0.068 0.032 
21 30SEPT03-N CHINOOK 2 0.89 7.26 91 .44 0.044 0.017 
23 30SEPT03-0 CHINOOK 3 6.67 8.16 91.44 0.076 0.036 
20 30SEPT03-P CHINOOK 3 2.26 8.39 81.28 0.067 0.032 
27 30SEPT03-Q CHINOOK 3 1.76 9.52 104.14 0.058 0.026 
6 30SEPT03-R CHINOOK 1 7.80 2.04 52.07 0.082 0.037 
10 30SEPT03-T CHINOOK 1 0.98 2.95 54.61 0.026 0.012 
1 30SEPT03-U CHINOOK 1 0.51 2.04 52.07 0.024 0.012 

11 30SEPT03-V CHINOOK 2 5.03 6.46 81.28 0.042 0.019 
12 30SEPT03-W CHINOOK 2 2.78 5.56 80.01 0.062 0.026 
29 30SEPT03-X CHINOOK 3 6.98 6.35 80.01 0.075 0.035 
26 30SEPT03-Y CHINOOK 3 1.88 8.62 99.06 0.094 0.045 

Mean 3.34 5.33 73.41 0.048 0.022 
Std.Oevialion 2.85 2.82 18.05 .. 0.020 0.010 

Maximum. 9.88 9.52 1'04~14 0.094 0.045 
Mlnfn11.m 0.51 1.11 48.28 0.011 0.005 

standafd Error 0,541 0.534 3.885 0.004 0.002 
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Table 2. Descriptive statistics for salmon fillets from 1977 to 2003 and ANOV A results. 
Mirex concentrations are in mg/kg-wet weight. Also shown are the results of the post hoc 
Bonferroni test of rnirex concentration from 2003 compared to all other sampling years. 
Percent lipid data is not available for 1977 and 1982 sampling years. LSMEANS are the 
weight adjusted rnirex concentration for each sampling year from ANCOV A. and ratios 
of 8-monohydromirex or photomirex to rnirex (PIM) are shown; n/a represents data 
which are unavailable . 

v.. .... 19 m3 

n· 24 24 24 12 19 19 24 ..... 
Mlnlix 

0.22 0.18 0.19 0.24 0.16 0.08 0.05 14.890 0.000 

0.02 0.02 0.02 0.04 0.02 0.01 0.004 

.07-.41 .03-.35 .02-.41 .09-.48 .06-.29 .02-.26 .01-.94 

0.000 0.000 0.000 0.000 0.000 
F p 

1.000 • 

nla nla 3.36 3.88 3.62 3.81 3.34 0.093 0.984 

nla nla 0.43 0.56 0.32 1.28 0.54 

n/a nla .35-9.08 1.9-7.9 1.4-6.37 .52-17.28 .51-9.86 

3.20 3.69 4.45 7.11 5.62 7.23 5.33 

0.47 0.52 0.66 1.10 1.09 0.67 0.53 

62.19 64.15 70.13 82.56 69.06 80.00 73.41 

3.41 3.15 3.67 5.32 5.09 2.96 3.69 

0.277 0.219 0.206 0.182 0.155 0.070 0.047 

0.35 0.60 0.42 0.43 0.38 0.37 0.11 

* Indicates 2003 data that were compared statistically using the post hoc Bonferroni to all 
other sampling years. 
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Table 3. ANCOVA results and slopes of the regression lines are represented for all years 
for the relationship between fish weight and mirex concentration (ANCOVA). Presented 
are the p values from a pair-wise comparison of the slopes of the regression lines for each 
year using a Bonferroni Layering correction. A p value of <0.05 indicates a significant 
difference. 

ANCOVA TABLE 

df F p 

Year 6 2.039 0.065 

Weight 1 137.865 0.000 

Year*Weight 6 7.966 0.000 

Probability values of pair-wise comparisons of the slopes of the regression 
line for each year. 

Year 19n 1982 1986 1992 1996 1999 2003 
n 24 24 24 12 19 19 24 

Slope 0.029 0.027 0.025 0.027 0.013 0.004 0.004 

1977 0.788 0.557 0.789 0.003 0.001 0.000 

1982 0.754 0.976 0.007 0.001 0.000 

1986 0.809 0.020 0.014 0.000 

1992 0.026 0.007 0.001 

1996 0.074 0.009 

1999 0.081 

2003 

Table 4. Probability values from a Tukey test comparison of inter-year elevations of 
regression lines from 1977 to 2003 utilizing LSMEANS of ANCOV A for the relationship 
b fih .h d. . d etween s wet~ t an mirex concentration are presente . 
Probability values from a comparison of interyear elevations of 
regression lines from 1977 to 2003. 
Year 1977 1982 1986 1992 1996 1999 2003 
1977 0.002 0.001 D.002 D.000 0.000 0.000 
1982 0.541 D.205 D.009 0.000 0.000 
1986 D.467 D.020 0.000 0.000 
1992 D.067 0.000 0.000 
1996 0.000 D.000 
1999 D.943 
~003 
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Table 5. Mirex results for sediment cores 2 and 3 from core samples taken from Lake 
Ontario, Au st 2003. No hotomirex was detected in the sediment anal sis. 

0-2 10.00 7.22 0-2 11 .00 3.36 5.29 

14.50 0.00 13.30 2.20 1.10 

5-6 13.00 7.29 5-6 16.00 0.00 3.65 

7-8 14.50 337.00 7-8 18.00 55.56 198.28 

9-10 11.50 592.00 9-10 17.00 111.85 351.93 

11-12 13.25 1210.00 11-12 17.00 0.00 805.00 

13-14 14.50 0.00 13-14 15.30 347.66 173.83 

15-16 10.50 4.27 15-16 16.40 0.00 2.14 

17-18 12.00 1.82 17-18 18.10 0.00 0.91 

·19-20 12.50 0.00 19-20 17.75 0.00 0.00 
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Table 6. Comparison of depth interval and its corresponding years between 1983 and 
2003 data from Durham and Oliver (1983). Year intervals from Durham and Oliver were 
d . ed b 210 fr d etermm 1y Pb dating om y-countin ~ using Aptec hyper-pure Ge etectors. 

Depth CorTaapo.-dng Depth Avg. mirex 
Interval v .... . mlrex Interval 2003 Corresponding 

(cm) I ' (29Pb c_::.._ii • 1• (cm) (ua/kg) years 

from llm'h8m and Oliver (1983) Sediment samples taken August 2003 
0-2 5.29 1997-2003 

2-4 1.10 1991-1997 
4-6 3.65 1985-1991 

0-1 1980-1981 10 6-8 196.28 1979-1985 
1-2 1978-1980 14 
2-3 1976-1978 36 8-10 351.93 1973-1979 
3-4 1974-1976 65 

4-5 1972-1974 36 

5-6 1969-1972 31 10-12 605.00 1967-1973 

6-7 1967-1969 55 

7-8 1965-1967 190 12-14 173.83 1961-1967 

8-9 1962-1965 400 

9-10 1959-1962 1700 14-16 2.14 1955-1961 

10-11 1956-1959 61 

11-12 1953-1956 8 16-18 0.91 1949-1955 

12-13 1950-1953 0 

13-14 1947-1950 0.3 18-20 0.00 1943-1949 

15-16 1940-1944 0 

17-18 1932-1936 0 

19-20 1921-1927 0 
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Figure 1. Salmon and sediment sampling site in Lake Ontario. 
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Figure 5. Average mirex concentration (µg!kg) within the sediment profile (cm) taken 
from Lake Ontario, August 2003 . 
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Lake Ontario August 2003 . Time intervals were deduced by calculating the average 
sedimentation rate from Durham and Oliver (1983). 
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APPENDIX A. GC Program for Salmon and Sediment Analysis 

============================================================= 
--------------------------------

6890 GC METHOD 
============================================================= 
--------------------------------
OVEN 

Initial temp: 80 'C (On) 
Initial time: 0.00 min 
Ramps: 

# Rate Final temp Final time 
1 5.00 300 34.00 
2 O.O(Off) 

Post temp: 80 'C 
Post time: 0.00 min 
Run time: 78.00 min 

Maximum temp: 325 'C 
Equilibration time: 3.00 min 

FRONT INLET (SPLIT/SPLITLESS) BACK INLET (SPLIT/SPLITLESS) 
Mode: Split Mode: Split 
Initial temp: 222 'C (On) Initial temp: 50 'C (Off) 
Pressure: 7.45 psi (On) Pressure: 0.00 psi (Off) 
Split ratio: 31 .753:1 Total flow: 45.0 mUmin 
Split flow: 12.8 mUmin Gas saver: Off 
Total flow: 15.0 mUmin Gas type: Argon methane 5% 
Gas saver: Off 
Gas type: Argon methane 5% 

COLUMN 1 COLUMN 2 
Capillary Column (not installed) 

. Model Number: Agilent 19091 J-433 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325 'C 
Nominal length: 30.0 m 
Nominal diameter: 250.00 um 
Nominal film thickness: 0.25 um 
Mode: constant pressure 
Pressure: 7.45 psi 
Nominal initial flow: 0.4 mUmin 
Average velocity: 13 cm/sec 
Inlet: Front Inlet 
Outlet: Back Detector 
Outlet pressure: ambient 

FRONT DETECTOR (FID) BACK DETECTOR (µECO) 
Temperature: 250 'C (Off) Temperature: 300 'C (On) 
Hydrogen flow: 40.0 mUmin (Off) Mode: Constant column+makeup flow 
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Air flow: 450.0 mUmin (Off) 
Mode: Constant makeup flow 
Makeup flow: 45.0 mUmin (Off) 
Makeup Gas Type: Helium 
Flame: Off 

Combined flow: 30.0 mUmin 
Makeup flow: On 
Makeup Gas Type: Argon methane 5% 
Electrometer: On 

Electrometer: Off 
Lit offset: 2. O 

SIGNAL 1 
Data rate: 20 Hz 
Type: back detector 
Save Data: On 
Zero: 0.0 (Off) 
Range: 0 
Fast Peaks: Off 
Attenuation: 0 

COLUMN COMP 1 

SIGNAL2 
Data rate: 20 Hz 

Type: front detector 
Save Data: Off 

Zero: 0.0 (Off) 
Range: 0 

Fast Peaks: Off 
Attenuation: 0 

COLUMN COMP 2 
Derive from back detector Derive from front detector 

POST RUN 
Post Time: 0.00 min 
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APPENDIX B. Quality Control: Mirex Spike Recovery Efficiency 

**5 gram aliquots of tissue samples were spiked with a known amount of mirex 
and recovery efficiencies were determined utilizing soxhlet extraction, florisil 
cleanup, and GC analysis. 

Std. Dev. =standard deviation 
% RSD= percent relative standard deviation- a measure of sample variability. 

This is determined by dividing the standard deviation by the mean. 

Actual Expected Percent 
Replicate mg/kg mg/kg recovery 

1 0.025 0.020 124.29 

2 0.020 0.020 99.23 

3 0.032 0.020 157.99 

Mean 0.025 127.17 

Std. Dev. 0.006 29.49 

%RSD spike recovery, Richardson 2003 4.166 

%RSD spike recovery, Damaske 1999 10.59 

0~RSD spike recovery, Emerson, 1996 16.94 
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APPENDIX C. Quality Control: Interyear Crossover Laboratory 
Analysis 

These results are a comparison of average mirex concentration for the same fish 
(coho #4-1999) analyzed by soxhletic extraction, florisil cleanup, and GC 
between Damaske, 1999 and Richardson, 2003 to compare analytical technique. 

Std. Dev. =standard deviation 
% RSD= percent relative standard deviation- a measure of sample variability 
Std. Error= standard error 
Min =minimum value 
Max= maximum value 

Quality Control: Sample Replication Precision 
Old Coho Salmon #4-99 

Richardson, Damaske,1999 Replicate 2003 Mlrex (mg/kg) Mlrex: - ~ 

II 

1 0.100 0.110 
2 0.130 
3 0.110 

Mean 0.110 
Std. Dev 0.020 

Std. Error 0.008 
%RSD 15.740 

Min 0.100 
Max 0.130 
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APPENDIX D. Quality Control: Replicate Samples 

Comparison of mirex concentration in coho salmon ( coho-4 2000) by soxhlet 
extraction, florisil cleanup, and GC analysis. 

Std. Dev. =standard deviation 
% RSO= percent relative standard deviation- a measure of sample variability 
Std. Error = standard error 
Min =Minimum value 
Max = maximum value 

Quality Control: Sample Replication Precision 
Coho #4, 2000 ... 

0.040 0.010 
0.060 0.020 
0.060 0.020 

0.050 0.020 
0.010 0.003 
0.002 0.00006 
18.840 18.310 

0.040 0.010 
0.060 0.020 
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APPENDIX E. Quality Control. Replicate Sample Analysis 

Results presented are the replicate analysis performed every six samples of fish tissue 
analysis. 

Replicate Analysis of Fish Tissue from the 2003 
Sam lin ear 

Sam le#1 

Re licate #1 

Sam le#6 

Re licate #6 

Sam le#25 

Re lleate #25 

Sam le#26 

Re lleate #26 

Mirex Cone. 
m 

0.062 

0.075 

0.024 

0.019 

0.051 

0.068 

0.094 

0.101 
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Photomirex Cone. 
m k 

0.027 

0.035 

0.012 

0.011 

0.023 

0.032 

0.045 

0.049 



APPENDIX F. Quality Control: Percent Relative Standard 
Deviation 

Determination of operator variability using two levels of mirex concentration. Results are 
in percent relative standard deviation, which is a measure of the sample variability. 

Std. Dev. =standard deviation 
% RSD= percent relative standard deviation- a measure of sample variability 

Replicate 0.05 mg/kg 
Replicate 0.01mglkg 

mirex mirex 

1 0.050 1 0.010 

2 0.051 2 0.010 

3 0.051 3 0.010 

4 0.047 4 0.010 

5 0.050 5 0.010 

6 0.050 MEAN 0.010 

7 0.049 ST DEV 0.000 

8 0.047 %RSD 1.013 

9 0.051 

10 0.049 

11 0.050 

MEAN 0.049 

ST DEV 0.0()1 

%RSD 2.710 

35 



w
 

I 
°' 

4
/2

1
1

9
8

6
 

9
/2

/1
9

8
6

 

21
21

19
87

 

7
/2

1
1

9
8

7
 

12
12

11
98

7 

5
/2

1
1

9
8

8
 

1
0

/2
1

1
9

8
8

 

3
/2

/1
9

8
9

 

8
/2

1
1

9
8

9
 

1 /
2

/1
9

9
0

 

6
/2

1
1

9
9

0
 

1
1 

/2
11

99
0 

4/
21

19
91

 

9/
21

19
9

1 

2
/2

1
1

9
9

2
 

7
/2

1
1

9
9

2
 

12
12

11
99

2 

5/
21

1
9

9
3

 

1
0/

21
1

9
9

3
 

3/
21

19
94

 

8
/2

1
1

9
9

4
 

1 /
21

1
9

9
5

 

6
/2

1
1

9
9

5
 

11
 /2

1
1

9
9

5
 

4/
21

1
9

9
6

 

9
/2

11
9

9
6

 

2/
21

19
9

7
 

7
/2

11
9

9
7

 

1
2/

21
1

9
9

7
 

5/
21

1
9

9
8

 

10
/2

11
9

9
8

 

3
/2

1
1

9
9

9
 

C
on

ce
nt

ra
tio

n 
(n

g/
g

; 

O
C
J
l
O
t
n
~
!
'
:
i
l
~
~
~
~
~
H
:
g
i
~
 

=- - - - ,.. - - - .... .. - ~
 r .. i ~ ~
 

I 
~
 ... 

I 

; 
~
 2

; 
~ 
~
 
~
 

g 
~
 

tp
l 

!.
 ;1

 
~
 

s
~
~
 

9 
~ 
~
 

9 
.., 

C'"
1 

c 
~
.
 

C
l 

-
-

· 
c 

~ 
9 

3:
 

::
t 
~
 

-
· 

o
·.

-.
.,

 
C
l
_
,
~
 

"' 
a 

~ 
N

 
9 

(')
 

0 
0 

0 
tp

l 
C

l 
~
C
l
~
 

-
~ 

::
;.

 
C

l 
.., 
-

0 
~ 

C
l 9 

g. 
~
 

C
l 

C
l 

-
·
 

-
C

l 
('

) 
0

0
 

~
 

c 
C

l 
~
 

~
 

"O
 

Q
. 
~
 

~
 

C
l 

"'
 

Q
. 

~
~
 

~
 

0
0

 
CT

' 
~
 

~
 

Q
. 

Q
. 

-
·
 

~
 

9 
0 

~
 

Cl
 

Cl
 

"' 
- 0 _, -CT' ~ 


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	Cover
	iii
	iv
	Thesis Defense
	Title
	v
	vi
	vii
	viii



