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e s t ~ ç r d e s c e  waters in the Red . . 

b d .  Major Professor; Derek C.G. Muir. 

Pesticide concentrations were danmineci in surfàce water, precipitation and air over 

a four-year p e n d  in the South Tobacco Creek Watershed, a small(70 km2) agricultural 

watershed in soidhem Manitoba, Canada. The objectives of this project were to determine 

pesticide temporal trends in rivers and streams in southeni Manitoba and to relate 

concentrations to pesticide use patterns. Samples were collected on a weekly basis between 

1993 and 1995. During 1996, sample collection fiequency was increased to a two-day 

schedule. PCBs also were measured in atmosphenc and water compartments in the 

watershed. As part of a larger spectnim examination of pesticide levels in Manitoba surface 

waters, the Red River and its tributaries were sampled. Sample collection in 1993 was 

performed once every three weeks and sampling fhquency between 1994 and 1995 was 

biweekly . 

Temporal trends of pesbCides in the South Tobacco C m k  Watershed generally 

nfi+cted regional uses of cach chernid, with maximum concentrations occurring during and 

extendhg beyond regional application periods. Creek water concentrations of pesticides 

were wmistently at maximum levels when both precipitation and air concentrations were 

elevated. During the period of high pesticide concentrations in the precipitation and air, 



water flow was low in South Tobacco Creek and no overland flow events were observed, 

indiahg that atmospheric compartments were sigdïuint contn'butors to pesticide loadings. 

Results in the Red River and its tribubries were similar to observations in the South 

Tobacco Creek Watenhed, with maximum pesticide concentrations occirmng d h g  

regional application times. The widely used phenoxyacid herbicides were detected in river 

water at highest concentrations, however, minor use products were observed. A notable 

exception observed between the s m d  watershed and the Red River was the detection of 

alachlor in the Red River, although it b not used in Canada. It is, however, applied in the 

Red River drainage basin within the US which indicates that pesticide usage in the 

neighbouring states can impact Canadian water quality. 

No temporal trends of PCBs were observed in South Tobacco Creek water, however, 

seasonal Merences in air concentrations were observed. Air concentrations were wrrelated 

with temperature, inclkathg PCB sources were volatilizaîion fiom soi1 and plant surfaces. 

PCB concentrations in the water column were higher than anticipateci, based on levels 

obse~ed in large Iakes. These elevated concentrations may rdect PCB inputs to the 

watershed via surfâce runo& in addition to direct aûnospheric deposition of these chernicals 

to the water surface. 
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FOREWORD 

This thesis has been formatted to the mimuscript style and contains five individual 

manuscriptS. Two of the manusmipis, presented in this document as Chapter Three (A multi- 

year study of four herbicides in surface water of a srnail prairie watenhed, authored by: 

D I X .  Rawn, TKJ.  dorso on, W N .  Tumer, RN. Woychuk, J-G. Zakrevsb and D.C.G. 

Muir) and Chapter Four (A multi-year study of four herbicides in air and precipitation fiom 

a small prairie watershed, authored by D.F.K. Rawn, T.H J. Halldorson, B.D. Lawson and 

D.C.G. Muir) have ken  submitted to the Journal of Environmental Quaiity for publication 

as a paired set. Chapter Five (Atmospheric transport and deposition, an additional input 

pathway for atrazine to surface waters, authored by D.F.K. Rawn, T.H.J. Haildonon and 

D.C.G. Muir) is published in the American Chernical Society Symposium senes Book 683 

entitled "TriaPne Herbicides: Risk Assessment". The fourth manumipt, presented as 

Cbapter Six pesticides in the Red River and its tributaries in southem Manitoba, 1993- 1995, 

authored by D.F.K. Rawn, TH.J. Halldorson, RN. Woychuk and D.C.G. Muir), has k e n  

submitted to the Water Quaiity Research J o d  of Canada. The final manuscript, Chapter 

Seven (Polychlorinated biphenyls in a niral watershed in the southern prairie region of 

Canada, authored by D I X .  Rawn, T.H.J. Hddomn, B.D. Lawson and D.C.G. Muir) has 

acceptai for publication in Environmental Pollution. 

Each manuscript prescated m this thesis was written using the resdts of my graduate 



research under the direction of Dr. Derek C.G. Muir. Although 1 am the %+or author of 

each manuscript, 1 have included Thor Wldorson as a second author because he has worked 

with me wnsistently in the field and in the laboratory on this project as  a summer student, 

contractor and technician. Derek Muir, who has supenrised this research, also is present on 

each manuscript in the thesis. 

Other wauthors have been included when special assistance was received. Where 

help in the interpretation of air movements was needed, Bevan Lawson, fkom the 

Atmosphenc Environment S e ~ c e  in Winnipeg, provided assistance and has been included 

as an author on the origiaal papers. Additionally, technical assistance and support in the field 

was provided by RN. Woychuk and WH. Turner, d o  have k e n  recognized by 

coauthorships on the appropriate papers. Funding and data crucial to the interpretation of 

herbicide movement in suface waters were provided by Jean-Guy Zakrevsky, who is also 

included as a coauthor. 
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Traditionally, surface m o f f  has been wnsidered the major route of entry of 

pesticides into river systems. The highest concentrations of pesticides measured in nmoff 

generally occur during the nrst major m o f f  event foilowing application (Wauchope, 1978). 

Many d e s ,  particularly in the US midwest, have k e n  performed to determine pesticide 

losses via this pathway and reviews of this research are avaiJabIe (Wauchope, 1978; Leonard, 

1988). In Manitoba, Muir and Gr* (1 987) found that pesticides were lost from agriculhual 

land resulting in contamination of nvers following rainfall events which produced overland 

fiow. Beck et al. (1 992) observesi pesticide residues in the Stephenfîeld reservoir following 

major m o f f  events. These studies established that surface rudffiorn agricultural use of 

pesticides contributecl to pesticide loads in Manitoba sirrface waters. However, they did not 

continue over a pend  of years sufficient to define and confinn temporal trends. 

Major rivers and some of their tributaries in Manitoba have been monitored routinely 

for pesticide levels by various provincial and federal monitoring programs ( C h e  and 

Williamson, 1995). Although these programs have nprted pesticide residues in surface 

waters, samphg hquency has been resûicted to monthly, seasonal or even mual  

collection. Defining temporal tnnds and identifying mors which influence levels of 

pesticides m Manitoba riwr systems is dBicuit wÏth the limited sampling scheddes wd for 

these routine monitoring studits. 



Recent studies have shown that atmospheric pathways aiso are significant routes of 

deposition of persistent organic poiîutants, such as the older organochlorine insecticides, 

polycycli~ aromatic hydrocafbons ( P M )  and polychlorinated biphenyls (PCBs) to soil, 

plant and water surEzces (Jeremirison a al., 1997; Hombuckle a aL, 1995; McLachlan et al., 

1995; Franz and Eisenreich, 1993; M c C o ~ e i i  et al., 1993; Bacci et al., 1990; Swackhamer 

a al., 1988). Research in the Great Lakes region and Chesapeake Bay has repeatedly shown 

aie signincance of atmospheric deposition of persistent organic con tsmjnants to large lakes 

(Achman et al., 1993; Eisenreich and St rach ,  1992; Baker and Eisenreich, 1990). There 

is less information on direct atmospheric inputs to rivers. 

Although current use pesticides have been detected in atmospheric compartments 

(precîpitation, vapour and associated with particles) (Chevreuil and Garmouma, 1993; 

Nations and Hallberg, 1992; Richards et al., 1987), their deposition to aquatic environments 

via these pathways have been studied ody to a limited extent (Goolsby et al., 1994; Glotfelty 

et al., 1990). Atmosphenc levels of persistent, current use herbicides have been shown to 

contribute to pesticide loads in river systerns in Maryland during application perîods 

(Glotfelty et al., 1990). Precipitation samples coiiected in regions of high pesticide usage 

have been shown to contain higher concentrations than locations remote fiom use (Goolsby 

et al., 1995). Aûnospheric transport and deposition of pesticides has been shown to m u r  

in SwitzerIand and Gmnany (Bester et al., 1995; Buser, 1990). Buser (1990) wncluded that 

mospheric deposition was a major pathway of atrazine to alpine Mes. Similarly, Muir and 

G f i  (1995) found that atmospheric deposition was important for pesticide entry hto lakes 

fiom a mate area of northwestem Ontario. 



The objectives of this study were to establish the temporal trends of pesticides in 

streams and rivers of souîhem Manitoba and to relate pesticide concentrations in these 

s d c e  waters to regional pesticide usage and water fiow. The use of pesticides to control 

weeds, insects and other pests is widespread in southem Manitoba because it is considered 

essentiai for increased crop production by the majority of agricultural producers. The 

Canadian prairie region is a much drier environment than the US midwest and, therefore, 

atmospheric deposition processes may k of greater importance than nmoff. Measurements 

of pesticides in surface water samples and the atmospheric compartments, air and 

presipitation h m  a 4 southem Manitoba watershed were performed between 1993 and 

1996, and in the Red River and its tribuiaries between 1993 and 1995, to establûh the 

sigdicant pathways of pesticide entry kit0 siirface waters in souhem Manitoba. 

Atmospheric levels of PCBs are typically lower than observed for current use 

pesticides during application periods (Hoff et al., 19924. Atmospheric concentrations of 

PCBs have been i d e n a d  as a siflcant source of contamination in large lakes (McConnell 

et al., 1996; Hombuckle et al., 1995; Achman et al., 1993; Iwata et al., 1993; Baker and 

Eisenreich, 1990). The concentrations of PCBs in Manitoba river waters have been below 

method M o n  limits in pnvious monitoring studies, although they have been detected in 

river sediments and in aquatic invertebrates (Chacko et al.. 1991). PCB levels in both 

h c e  water and atmosphexic cornpartmats in a smd \rCgfeTShed in southem Manitoba also 

were establisbed as part of this study to determine which deposition pathways were 

signifiaint in cornparison to m t  use pesticides. 



The objective of this thesis was to d&be the transport and deposition of ciimnt use 

pesticides and polychlorinated biphenyls (PCBs) to surface waters via atmospheric 

comparbnents: air and precipitation. The review of literatrne, however, has k e n  restncted 

to the 16 pesticides under investigation in the research program and to PCBs in abiotic 

compartments. These chernicals were chosen for study because they were either a) 

extensively used products in southem Manitoba or b) not widely used in Manitoba, but 

widely used in the neighbouring US States or c) belong to a class of pesticides known to 

persist in soil and subject to long range tramport and deposition. This review of the 

iiterature supports the research goals, in that it descnbes previous shidies that have discussed 

the pathways by which pesticides and PCBs may be deposited to surfàce waters. In addition, 

obse~ations on the levels of these pesticides and PCBs in s d c e  water, air and precipitation 

are discussed. Emphasis has been placed on recently reported literature Gate 1980s - 1990s). 

2.1 Pathways of Pesticides and PCBs to Surface Waters 

2.1.1 Surface Runoff 

Surface ninoff generally has been considemi to be the most important mechanism 

of pesticide los  h m  treated fields. During @ods of rain or snow melt, the available wate~ 

may e x c d  the soi1 infiltratim wpc i ty  and lead to siirface nmoff Mntç which can transport 



pesticides ofhite W e I ,  1982). Pesticides lost h m  field sdaces diaing overland flow 

events are available for entry into rivers, streams and lakes. Pesticides are wnsidered to be 

available for loss through s d c e  nuioff if they are present in the top one cm of the soil 

(Leonad, 1988). Losses through this pathwsy include dissolved and particle sorbed phases 

(Squillace and Thman, 1992; Leonard, 1988). The highest concentrations of pesticides 

detected in nmoff generally occur in the h t  signifïcant nmoff event following application 

(Wauchope, 1978). Climatic conditions, soil properties and characteristics of the pesticide 

al1 influence the amount of  chernical lost via m o f f  (Wauchope, 1978). Because surface 

nmofhccurs during penods when water exceeds soi1 infÏ.ltration capacity, rainfall intensiîy 

and duration have a direct impact on nmoff loues (Hillel, 1982). Soil texture can also 

influence the rate of nmoff. For example, higher nmoff occm on fine textrired soil than on 

coarse textrrred soits because of inrreased soil infiltration in coarse textured soils (Buttle and 

Harris, 1991; Leonard, 1988). Surface cnisting and compaction of soiI reduces infiltration 

rates, thereby resulting in increased nmoff (Hillel, 1982). Elevated water content in soil and 

dope of land additionally result in increased nmoff potential. Chernical specifïc ictors such 

as water solubility, persisteme or biodegradabiIity and soi1 sorption characteristics wiii 

daermine the d e p  of pesticide IOSS during overland flow paiods (Wauchope and Leonard, 

1980). Pesticide fonnuIation~ and application rates have been show to affect losses during 

mff events, with weaable powders resulting in greatest losses (Wauchope and Leonard, 

1980). Tillage practices bave linle effect on pesticide loues through s d c e  =off, 

ho-, b d e d  applications d u c c  pesticide concentrations in nmoff (Gaynor a al., 1995). 

ï t h y  d e s  have ken Monned to determine the sigdicance of surfàce nmoff 



losses, relative to applied levels. Pesticide losses through surface nmoff are considered 

catastrophic ifthey exceed 2% of applied levels during any single event (Wauchope, 1978). 

Generally, losses are found to be 4 % of applied amounts (Leonard, 1 988). 

Pesticide losses fiom treatd fields via surface nmoff have been studied in many 

regions of Canada (Cessna et al., 1997; Gaynor et al., 1995; Gaynor and van Wesenbeeck, 

1995; Waite et al., 1992). In a s m d  prairie watershed in Saskatchewan, pesticide 

concentrations were higher in nmoff (4.05 - 2.0 &L) b m  agricultural fields than in ponds 

(c0.05 - 0.5 1 pgL) receiving overland flow nmoff (Waite a al., 1992). In the same study, 

pesticide concentrations in siaface waters were below levels measured in gromdwater 

samples (~0.05 - 4.9 p&), indicating infiltration of these chernicals fiom surface water was 

not the source for pesticides detected in gromdwater (Waite et al., 1992). 

Pesticide runoff has been studied extensively for rnany years and losses ftom 

agricdtural fields can be estimatecl ushg rnodels such as CREAMS (Chemicals, Runoff and 

Erosion fiom AIyicultural Management Systems) (Knisel, 1980), which was developed for 

the US Department of Agriculture and SWRRB (Simulator for Water Resources in Rural 

Basins), which is a US Environmental R o t d o n  Agency (EPA) model. These rnodels are 

based on soi1 water balance. The main equation in the SWRRB model is: 



cv8potranspiration, O = the percolation below the mot unie and QR = the amount of return 

flow (S WRRB Manual, 1985). Many of these models, including SWRRB, c m  be used to 

estimate the amount of pesticide leached into the so8 profile in addition to runoff. 

The pesticide component used in the SWRRB model includes equations for 

describing pesticide deposition to soil and plant interception of sprayed material. The 

amount of pesticide reaching the soi1 (PE) is detemhed using the relationship: 

where PA is the a d  amount applied and a is the M o n  of the pesticide actually reaching 

the grourid, resultiog fkom losses via spray tirif€ and volatikation. The total amount of 

chemical reaching the soil is also related to the fiaction of groimd covemd by plants with the 

relationship : 

where GC is the bction of the w i m d  wvered by plants, *ch is a fiinction of leaf area 

mdnr and FP = the fraction of pesticide intercepted by the plants. The amount of pesticide 

- h g  the ground (GP) is then detemiined by the relationship: 



hcreased amounts of pesticide are expected to reach the ground during storm events and, 

therefore, the amount of washoff O) may be estimateci for a pesticide by: 

WO = WOF *FP 

where WOF is the fkction of pesticide washed off of foliage (SWRRB Manuai, 1985). 

Pesticide degradation in the soil and on plants is calculated using first order kinetics. 

The mode1 output includes daily precipitation, nmoff, sedimentation yield and 

amount of pesticide leached. Separate estimates of the amount of pesticide in both the 

dissolved phase and sorbed to sediment in runoff is also reporteci, in addition to 

evapotranspiration, percolation, peak runoff rate, water yield, retum flow storage and soil 

water (S WRRB Manual, 1 985). 

2.1.2 Leaching 

Loss of pesticides as a result of movement h u g h  the soil profile into the water table 

has been studied for many years. Leaching occurs when the water entering the soii profile 

exceeds the soil-water &fi& therefore, the mount of -ter in excess of the deficit will lead 

to downward movement, or leaching (Rao, a al., 1988). Soi1 texture and moisture level in 

addition to pesticide faaors such as persistena (i.e., wlife) in soil, and soi1 sorption 

coefficients (Kd), are controlhg variables in the downward movanent of pesticides through 

the soii profle. I n d  soi1 mimbiaI actiMty will d u c e  the pesticide movement tkough 

the soil prome, however, the result may be leaching of pesticide metabolites (Jayachandran 

et al., 1994). Pesticide s d  adso@on will d u c e  downward movement, through binding 



to soi1 particles in the soil profile (Rao et ai., 1988). 

Potentid c o n ~ t i o n  of groundwater has been a concem in many regions, 

particularly where groundwater sources are used for drinking water. Gromdwater rehun 

flow may contribute to sur£àce water concentrations of pesticides if gtoundwaters themselves 

are contaminated. In the US midwest, where pesticides fiequentiy have been detected in 

grotmdwater samples, a large study was conducted to detrrmine levels of highly used 

products and their major &gradation products in well water (Kolpin et al., 1996). Herbicide 

metabolites were most fkequentiy detected in well water samples, ratber than the parent 

compound (Kolpin et al., 1996). Jayachandran et al. (1994) detennined atrazine, and its 

major degradation products deethylatrazine (DEA) and d e i s o p r o p y l a ~ e  (DIA), levels in 

tile drainage and groundwater samples coilected in Iowa and found that Zatrazine losses 

ranged h m  1 24.4% of appiied levels. The ratio of DEA to atrazine (DAR), in soil water 

samples has been used to determine the source of herbicide contamination (Adams and 

Thurman, 1991). Nonpoint source contamination, such as leaching, was indicated by hi& 

DAR * J ~ u ~ s ,  comsponding to increwed time for soil microbes to degrade a-e. A low 

DAR value, wnversely indicated elevated levels of atrazhe to that of DEA, which would 

only k possible in situatiom where the microbial populations have not had an opportunity 

to degrade mazhe,  thmfore, h d i a g  pint source ccmtamhtion (Adams and Thurman, 

1991). In mother study7 inverse relatioaships b&~een sulfate and chloride concentrations 

with herbicide concenldions mdicated m r f h  =off; rather than groundwater contribirtions 

was the major pathway to the Minnesota River (Schottler d al., 1994). 

Another nonpoint source of pesticide contaminaton d t s  h m  drift d d n g  



pesticide application. Aithough the majority of chernical lost via spray drift is deposited 

within a short distance fiom the treated area, some rernains in the atmosphere available for 

transport downwind of the treated region Wjewski and Capel, 1995). Many factors &ed 

the level of spray drift, however, the major considerations are method of application, 

formulation type and specifx equipmemt (Mijewski and Capel, 1995). 

Vohtihation of pesticides h m  ûeaîed fields, d c e  waters and plant surfhces may 

occur, d t i n g  in the introduction of chernicals into the tmposphere. The d e p e  of loss via 

this mechanism is related to a chernical's vapour pressure and its availability for 

v o l a ~ t i o n  which is dependent rrpon its rate of diffusion below the soi1 siirface (Majewski 

et al., 1993). 

2.13 Atmospheric Pathways 

Atmospheric concentrations of pesticides and other persistent organic pollutants 

(POPs) are genedy found at elevated levels in regions where they are used, however, long 

range transport of chemicals fkm regions of use to non-target areas has been observed 

(Hïilery et al., 1997; Stem et al., 1997; Oehme et al., 1996; Hoff a al., 1992~; Honet al., 

19926). Pesticides and other persistent organic chemicals, including PCBs, present in the 

overlying atmosphere may be deposited directly to water surfkces through one of three 

pathways: precipitation, dry deposition and gas absorption (Figure 2.1) (Eisenreich and 

Strachaq 1992). Deposition of chernicals to soi1 and plant surfhces may occur, rather than 

to water s h c e s ,  which may ultimately contribute to w n  triminrint loads of surface waters 

draining a waiershed (Figure 2.1). Aûnospherically dcposited contaminanis are available 

to move into surfàce watcrs via nmoff during ovaland £iow m t s ,  essociated with both the 





particdate and dissolved phases, or sorbed to plant material. Resently, the majority of 

studies examining atmospheric deposition have ken performed using highly persistent 

chemicals, such as the oldtr organochlorine insecticides and PCBs, although atmospheric 

deposition of cumnt use pesticides is becamhg incrcasingly well studied (Hoff et al., 1996; 

Goolsby et al., 1995; Eisenreich and Strachan, 1992). 

2.13.1 Washout via Precipitation. h o v a l  of chernicals fiom the atmosphere can occur 

through wet deposition present as rainfall, snowfall or during fog events in both the gas 

phase and associated with particdates (Figure 2.2) (Hoff et al., 1996; Poster and Baker, 

1996; Hoff et ai., 1995; Schomburg et al., 199 1). Chernicals present in the vapour phase may 

be dissolved into water droplets. This process may occur durkg both droplet formation and 

as the droplet fàils through the aû column, known as in-cloud scavenging and below cloud 

scavenging, respectively (Poster and Baker, 1996). In general, the dissolution of organic 

chemicals in the vapour phase is inversely related to a compound's air-water partition 

coefficient, or Henry's Law Constant (H) (Bidleman, 1988). If H is sufnciently hi&, the 

chernical in the vapour phase wil l  remain in the air, rather than be dissolved into water 

droplets, and only those chemicals associated with particles in the atmosphere would be 

subject to washout during precipitation events (Bideman, 1988). 

Particle scavenging is highly variable and is depmdent upon meteorological factors, 

cloud physics, in addition to particle Sues m the air column and chemicai composition of the 

particles themselves @idleman, 1988; Franz and Eisennich, 1993). Washout of orgaaic 

chemicals on parîicles is g e n d y  more efficient-on particles (Bidleman, 1988). 

~caveagbg rates iocre8sc as particle sizc hcrease theoretically, however, this does not 
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always occur (Poster and Baker, 1997). Below cloud scaveaging of particles has been show 

to decrease as the paxticIe s h  in- (Fm and E k i c h ,  1993). Efficient scavenging 

of submicron particles have been shown to OCCUT during rainfrül events, which contradicts 

dieoretid estimates (Poster and Baker, 1997). The enrichment of organic chemicais in fog 

water was observed in part due to the presence of submicron particles in the fog in a 

Californian study (Schomburg et al., 1991). These conflicts between theoretical and 

observed washout of particles have yet to be resolved. 

Although the majority of wet deposition studies have been perhmed with rainfall, 

organic chemicals are efnciently scavenged by snowDakes due to their large surfàce area and 

low temperatures (Hoff a al., 1995). Snowfiakes undergo change as they pass through the 

air column and continue to change &r they have Men to a surface where they are subject 

to compaction, fkezing and thawing (Hoff et al., 1995). Chernical (e.g., PCBs) 

concentrations are reduced in the snow pack relative to fie& snow samples (ûregor et al., 

1996). 

Deposition of organic chemicals associated with precipitation is the most straight 

forward atmospherk deposition process (Hoff et al., 1996). Although washout of organic 

compoimds present in both the vapour and arosol phases occurs, most studies coliect both 

phases together. In general, deposition via precipitation is calcuiated using the equation 

Gisennich and Strachan, 1992): 



where N,, = depositional flux via precipitation, C, = chemical concentration in 

precipitation (x particle and dissolveci phases; ng/L) and SA. = collection sdace area (m2). 

2.13.2 Dry Deposition. Deposition of con tamhnts fiom the atmosphere occurs via 

Midirectional dry deposition, which involves removal of chernicals associated with 

particdate matter, and bidirectional gas exchange (McVeety and Kites, 1988). Dry 

deposition rates are dependent upon a number of hctors, including mass to particle size 

ratios, total particdate mas, wind speed, turbulence in the atmosphere, sdace  rougimess, 

erodibility of surfaces, potential sheltering effects and physical-chernical properties of the 

coo taminant ( P h n e  et al., 1995; Noll et al., 1985). The atmospheric boundary layer above 

water surfaces, such as lake environments, differs fiom that over land surfaces which result 

in differences in dry depositional rates (Holsen et al., 1997). 

Larger particles are known to settle out of the atmosphere more rapidly than smaller 

particles (Noll et al., 1985). Dry deposition rates have been estimated fiom air particle 

concentrations measured on filters, however, rates are generally underestimated using these 

techniques (Holsen et al., 1993; Holsen et al., 199 1). A number of surrogate collection 

siirfaces have been used in dry deposition sRidies, including inverted fiisbaes and coated flat 

plates, although no standard surface has ken established (Koester and Hites, 1992; Noil et 

ai., 1990; Noll et al., 1988). 

Measurements using a Noll Rotary Impactor, where coarse particles are accurately 

detemiinad, have shown that >95% of dry deposition of cnirtal elements, anthropogenic 

metab and PCBs are associattd with particles %.5 (Holsen d al., 1997; Holsen et al., 

1993). This indicates that accurate estimates of large psrticles are necessary in the 



determination of organic con tamimnts associated with dry deposition. 

Although dina measu;xlement of dry deposition (Figure 2.3) of pesticides and POPs 

is difncult, estimates have km possible using relationships between measured air 

concentrations, estimated particle deposition rates, and htctions of a chemical associated 

with the particle phase over a &en s h c e  area (Eisenreich and Strachan, 1992). The 

equation used to estimate dry deposition is: 

where N,, = dry deposition flux, ÇA represents the air concentration (Zaerosol and vapour 

phase)(ng/m3), the fhction of chernical associated with the particle phase = 0, depositional 

velocity of particles = V, ( c d s )  and SA.(m3 = surface area over which dry deposition 

estimates are made. Frequently, particle s h s  are not determined and, therefore, the 

depositional velocity rate is generaly takm to be 0.2 cmls although it is known to be more 

representative of smaller particles (Eisenreich and Strachau, 1992). 

The fiaction of the chemical associated with the particdate phase has genedy k e n  

estimaîed using the Junge-Pankow relationship (Eisenreich and Strachan, 1992): 

when c = 17.2 Pa-cm, 0 is the surface a m  of particles per unit volume of air (m'/cm3) and 

Pm, = subcooled iiquid vapour pressure. Estimates of 8 bave been determjned for urban, 
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background and background plus local sources (Bideman, 1988). Dry deposition estimates 

for organic con taminants, such as PCBs, an wnsistmtly higher during wamier periods 

(Koester and Hites, 1992; Holsen et al., 1991; McVeety and Hites, 1988). These 

observations correspond to the seasonality of PCBs in the vapour phase. 

Recently, the octanol-air partition coefficient &J has ken w d  as a method of 

d e h .  . . g organic con taminant pamtioning khaviour baween the gas and particle phase 

(Hamer and Bidleman, 1996; Hamer and Mackay, 1995). Octanol pv ious~y  has &en used 

as a surrogate for Lipid material, which may sorb organic con taminanîs in aquatic systems. 

A cornparison of the relative concentration of a pesticide in -01 and in water, known as 

the octanol-water partition coefficient &,J a n  be used to predia a pesticide's potential for 

bioconcentration. Untii recently, GA has been estimated using the ratio of I&, with the 

dimensionless air-watrr partition coefficient: 

where R = gas constant (J/mol*K) and T = temperature (K). However, estimates using & 

are not as accurate as direct measurement of KoA because the &,, represents the octanol 

phase saturated with water and water saîurated with octanol, and H is measured for pure 

water (Hamer and Bidleman. 1996). Estimation of K, can k performed using the 

relationship: 



where sO, and pO, are the solubility in octano1 and subcooled liquid vapour pressure, 

respectively. Measurements of &, may be used to determine the partitioning of 

hydrophobie chemicals b e ~ a n  the air and lipid material disectly (Tolls and McLachlan, 

1994). K, is based on equilibrium condition of partitioning between these two phases, at 

a specific temperahire, therefore, a linear relationship between log K, and pO, should yield 

slopes near -1 (Simik et al., 1998). Field measurrments have resulted in slopes shallower 

than -1. Several factors have k e n  used to acwmt for tbese ciifferences which indude: 

increasing concentration during sarnpling, decrease in temperature during sampling, 

nonequilibrium, nonexchangeability, varying differences between enthalpies of desorption 

and v o l a ~ t i o n ,  varying number of sites available for adsorption and varying activity 

coefficients in organic matter within a class of compounds (Simik et al., 1998). Based on 

results of a large dataset fimm Chicago and southern Lake Michigan, the energy tmns 

(enthalpies and activity coefficients) are the majors factors in determining the slope of log 

GA and pu, (Simik et al., 1998). 

2.1.33 Gas Eschange. Movement of pesticides and other POPs across the aidwater 

interface has been weil studied in lake and ocean environments, however, there are limited 

data on gas exchange of chemicals across the air-water intefice of fiowing surfàce waters 

such as rivers or strrams. Gas exchange OCCUIS in both directions, resulting in absorption or 

volatiiization of chemicals h m  the water 6uTf8ce. The dominant model currently used in 

the estimate of gas exchange across the air-water inter£ace is the t w o - f i  model (Figure 2.4) 

@idlemm and McConneli, 1995; McComitIl a al., 1993; Schwa~~~~bach et al., 1993). Ihe 

surface renewal model (Figure 2.5), an adsptation of the two-fitm model, applies îhc two- 



film t h w  to flowing waters but has not been widely utilized (Schwamnbach et al., 1993; 

O'Connor and Dobbins, 1958). 

On either side of the air-water m m  thcm cxists a boundary iayer (Figures 2.4 and 

2.5). Both models include diffusivity parameters to qmsent molecular difhision of organic 

chernicals through both sides of this boundary layer. In the two-nlm model, the water-side 

transfer velocity (v,) is proportional to the diffusivity parameter @ & but in the surface 

renewal mode1 v, is proportio~ml to the square root of D,,, (Eiisemeich et al., 1997). The 

a d  v, determined in the two film model is based upon diffiisivity and wind speed taken 

at the 10 m height (u,,,) using the relationship (Schwanenbach et al., 1993): 

In shallow flowing shteams, the water depth and current WU influence the chernical 

movement in the water layer and, therefore, v,,, is estimated in the surface renewal mode1 

using the relationship (O'Connor and Dobbins, 1 958): 

vJchemial) = P,,,(chemical) water velocity (cm/s)/water depth(~rn)]"~. [12] 

Air-side transfer velocities (vJ are determined simk1y ushg both rnodels, idilizing 

wind speed at the 10 m height above the water mrfhce (u,,,). The air side transfer velocity 

of water has bsen fomd to mrrcspond to the rthtionsbip (Schw~lzenbach et al, 1993): 
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For organic chernicals, va values are calculated by extrapolation using diffusivity ratios with 

va for water (Schwarzenbach et al., 1993). 

and difhivity of the organic chernical is estirnated using the molecular weight ratio: 

The two models combine both air-side and water-side transfer velocities to establish the 

overall transfer velocity using the relationship (Schwarzenbach et al., 1993): 

l/v,, = 1 /v, + 1 /va' [where va' = va (H/RT)] [ 161 

using temperature corrected H and where R = gas constant and T = temperature (K). 

Gas exchange flux is then calcula& using the overd mass transfer velocity in both 

models with the equation (Schwarzenbach et al., 1 993): 



where K', = HRT. By convention, the chernical is king absorbed by the water if N is 

negative and chernical volatihzation occurs when N is positive (McComeil et al., 1993). 

Gas exchange estimates have been performed in the Great Lakes region for POPs 

such as the hexachlomcyclohexanes (HCHs), polycyclic aromatic hydrocarbons (PAHs) and 

PCBs (Hombuckle et al., 1995; Hombuckle et al., 1994; Achman et al., 1993; Mccomell 

et al., 1993; Baker and Eisenreich, 1990). Deposition of chernicals has been found d h g  

periods of cool temperatures, however, volatiiization is the dominant direction of 

semivolatile organic con tarninant gas exchange in the Great M e s ,  conesponding to wamier 

temperatwes observed in the summer months. 

A depositional flux was observed for both a-HCH and chlorinated bomanes, while 

volatiiization was observed for PCBs, chlordanes and hexachlorobenzene during a cruise of 

Lake Bailcal in June 1 99 1 (McConnell et al., 1 996). Gas exchange estimates of the HCHs 

in a lake on Cornwallis IsIand in the North West Territories, however, indicated a 

volatilization rather than depositional flux (Fdconer et al., 1995). 

Water temperature is an important factor in the determination of flux direction 

because of its innuence on H (McConnell et al., 1993). In large water bodies, such as the 

Great Lakes, the degree of d g  of the water column is also important (McConneU et al., 

1993). 



2.2 Pesticides 

Pesticides are used extensively in the Canadian prairies for control of weeds and 

insects. Greater than 20 million kilogams of herbicides alone are applied in the region 

(southem Manitoba, Saskatchewan, Alberta) annuaily (Grover et al., 1997). In southem 

Manitoba, 900,000 kg of phenoxyacid herbicides (e-g., MCPA) and 165,000 kg of 

dinitroanilines (e.g., trinuralin) are applied amually (Agriculture Canada, unpublished data). 

Pesticide losses fiom treated areas may lead to the contamination of surface waters or 

goundwaters causing a decrease in water quality for such uses as irrigation and drinking 

water, in addition to possible adverse effects on aquatic organisms. Residues of these 

chernicals may be transferred nom the site of application through both direct and indirect 

mechanisms. Direct loss nom treated areas may occur through spray drift during product 

application or volatilization fiom treated fields (Muir, 199 1). Indirect methods of pesticide 

loss include washoff of pesticides fÏom treated fields via surface runoff during rain events 

or snow melt, leaching through the soil profile into groundwater, wind erosion of soil 

particles and atmospheric transport of pesticides (GlotfeIty et al., 1990). 

2.2.1 Pesticide Contamination of Surface Waters 

Contamhation of s d c e  waters by agriculhiral chemids including pesticides has 

been the focus of a number of recent reviews. Harker et al. (1 997) reviewed rnon i to~g  &ta 

fkom the Canadian prairies to assess nonpoint effects of agriculture on water quality. Harker 

et al. (1997) concluded that the* was no large body of evidence indicating widespread 



contamination of surface and groundwater as a result of agicultural activity on the prairies, 

based on the Canadian water quaiity guidelines (Table 2.1). Although pesticides have been 

detected in surface waters within the prairie region, most products are found at levels below 

Canadian water quality guideline values (Harker et al., 1 997). A review of Alberta surface 

water quality found that herbicides have been detected in streams and nvers in Alberta 

(Alberta Agiculture Food and R d  Development, 1998), however, in general, the pesticide 

levels were below water quality guideline values for the protection of fieshwater aquatic life 

(Alberta Agriculture Food and R d  Development, 1998). The same reviews found that 

pesticide concentrations are elevated in prairie dugouts during spring met and nmoff penods 

in the Canadian prairies (Alberta Agiculture Food and Rural Development, 1998; Harker 

et al., 1997). 

Currie and Williamson (1995) examined pesticide data, which had been collected in 

southem Manitoba river systems over the past three decades, for long term trends and for 

exceedences of Canadian water quality guideline values. Guideline values were exceeded 

in < 1% of sample collections. While these data represent results of long term monitoring 

programs within Manitoba, sarnpling of these rivers was restricted to monthly, seasonal or 

annual collection. Relationships between application of pesticides and occurrence of 

pesticides in river systerns could not be established with these limited data. 

T r i h e  herbicides dominate the rneasurements of current use pesticides in surface 

water reported in the US, Canada and western Europe during the late 1980s and 1990s. 

These chernicals are persistent in the environment and are relatively water soluble 

(Wauchope d al., 1992). These characteristics of triazines increase both residence t h e  in 



Table 2.1 Canadim water quality guidelines for the protection of hshwater aquatic life for 
the 16 pesticides in this review (CCREM, 1987). 
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the environment and mobitity, which promotes their movement to surface waters. Triazines 

are widely used for broadleaf and p s  weed control in corn, which is grown extensively 

in the US midwest and central Canada, aithough they are only a minor use product on the 

Canadian prairies (Beck et al., 1 992). Atrazine [6-chioro-N'yl-N '-( 1 -methylethyl)- l,3 ,5- 

triazine-2,4-diamine] is generally the most widely reported compound of the triazine 

herbicides, owing to its widespread use. Atrazine concentrations in Quebec nven as high 

as 37 &L were reported during 1986-87 ( M a g u k  and Tkacz, 1993). Atrazine 

measurements fiom the same rivers in 199 1 and 1992 were lower (0.04 - 29 &L) (Berryman 

and Girow, 1994). A-e was obsenied in three major rivers in Ontario with a detection 

fkequency of 62 - 99% and maximum concentrations exceeded 5 pg/L (Frank and Logan, 

1988). Usage of atnzine in these southem Ontario watersheds was approximately one order 

of magnitude greater than 2,4-D [(2,4-dichlorophenoxy)acetic acid] and MCPA [(4-chloro-2- 

methy1phenoxy)acetic acid] (Frank et al., 1988). In Alberta and Manitoba, atrazine was 

detected l e s  hquently in surfàce waters than in Quebec and Ontario, where it is used more 

extensively (Ciarie and Williamson, 1 995). Reported concentrations of atraPne in Manitoba 

rivers range between ~0 .05  and 6.6 pg/L (Currie and Williamson, 1995). Levels of atrazine 

in the Stephenfield reservoir in southem Manitoba remained at 4 . 5  p g L  during 1987-88 

(Beck et al., 1992). 

In the US midwest, atrazine was found at maximum concentrations during the 

postplanting period, pnor to W e s t  (Thurman et al., 1992). Atrazine was detectable 

throughout the study (0.23 - 108 pgL) although concentrations during the preplanting and 

W e s t  periods wert 20 times less than the postplanting penod (Thurman et al., 1992). In 



27% of the samples collecteci in Arkansas, atrazine concentrations exceeded the US lifetime 

health advisory level (3 p&), a nonregdatory health-based reference concentration of 

pesticides in drinking water considered to be d e  based on a Iifetime exposure (Senseman 

et al., 1997). Only 4% of the Arkansas surface water samples, however, were found to 

exceed the US EPA maximum contaminant level for atrazine, where maximum 

concentrations (10.5 p g L )  were consistent with pre-emergence and post-emergence 

herbicide applications (Senseman et al., 1997). In Colorado, atrazine was present throughout 

a study of stream systems draining agricultural and urban regions. Concentrations of atrazhe 

in the agricultural drainage system ranged fiom 0.012 - 5.4 &L, however, the maximum 

concentration observed in the urban surface water remained at the detection limits (0.009 

&L) (Kimbrough and Litke, 1996). In a large scale study of pesticides in US midwestem 

reservoirs, Scribner et al. (1 996) reported the highest concentrations of atrazine generally 

occurred during the summer months. Maximum atrazine concentrations observed in the 

Minnesota River were observed during the first major discharge event following application 

in both 1990 and 199 1 (2 1 O0 and 800-900 ng/L, respectively) (Schottler et al., 1994). In two 

lakes in Nebraska, one of which received water from surnice runoff and the other mainly 

h m  groundwater discharge, a-e concentrations were observed early in June (Spalding 

et al., 1994). Higher concentrations of atrazine (1 7.4 pgL) were observed in the lake with 

surface runoff contributions than the lake with groimdwater discharge contributions (1 .O 1 

pgk) (Spalding et al., 1994). 

Numerou studies to determine pesticide loadings in the Mississippi Rwer have ken  

perfonned in ment years. The Mississippi River drains a major part of the agricuitural land 



h m  the US midwest and is subject to contamination through contributions fkom tributaries, 

surface ninoff, groundwater contributions in addition to atmospheric deposition. Aerazine 

concentrations were determined to be at maximum levels during May and June in the 

Mississippi River and its tributanes, corresponding to appiication t h e  m o n  et al., 1995). 

Concentrations dropped to near or below detection iimits in August and Septernber in the 

Mississippi River, due to reduced river flow and the lack of chernical applications during that 

p e n d  w o n  et al., 1995). A n u b e r  of &ses dong the Mississippi River demo-ted 

that aûazine levels accumulated with contributions fiom the tributaries (Pereira et al., 1992). 

Although atrazine applications were similar between 1987 - 1989, low stream loads were 

found during 1987- 1988, due to drought conditions that produced little nmoff indicating that 

herbicide transport in river systems is afTected by the hydrologie cycle during a given field 

season (Pereira and Rostad, 1990). In the following year, which was considered wet, much 

higher loads of atrazine and its degradation product were observed in the Mississippi River 

(Pereira and Rostad, 1990). 

Cyanazine [2-[[4-chloro-6-(ethylamino- 1,3,5-triazin-2-yl]amino]-2- 

methylpropionitrile], like atrazine, is not widely used in the Canadian prairie region. It is 

used, however, in eastern Canada and in the US midwest. In eastem Canada, c y a h e  was 

detected in QO% of the samples collecteci in three tributanes of the Great Lakes during the 

mid 1980s (Frank and Logan, 1988). The maximum concentration of cyanazine observed 

in Quebec agriculhuzii areas in 1992 and 1993 was detected in the L'Acadie River (4.8 pgL) 

(Benyman and Giroux, 1994). Cyanazine levels were considered more seasonal that atrazine 

residues in the Minnesota River drainage basin, due to its shorter half-life in soi1 (Table 2.2) 



(Schottier et al., 1994). Although maximum cy-e concentrations (6.5 &L, in June and 

early July) were higher than that observed for atraPne in the Minnesota River, it decreased 

to cl 0 ngR. by August duting both 1990 and 199 1 (Schottler et al., 1994). Thurman et al. 

(1992) fomd cyanazine at maxilnum concentrations (61 pgL)  in surface waters fiom the US 

rnidwest during the postplanting period, similar to results detemiined for atrazine. Water 

samples were collected dong the Mississippi River and its tributaries following a major 

rainfail event which occurred after herbicide applications had been performed in late May 

1990. During this event c y h e  was detected at m&um concentrations (4.5 pglt) in 

the Wabash River, a tributary rather than in the Mississippi River itself (Moody and Goolsby, 

1993). In four Vermont streams that were sarnpled following runoff producing rainfall 

events throughout the 1992 and 1993 agricultural seasons, cyanazine concentrations ranged 

fiom 0.1 - 6.9 pglL (Gniessner and Watnn, 1995). Cyanazine was present in surface water 

samples coliected in two of three tributaries of Chesapeake Bay at maximum concentrations 

in June, (108 and 210 ng/L, Susquehanna and Potomac Rivea, respectively), while 

maximum concentrations in the James River were observed in May (25 ngL) (Foster and 

Lippa, 1 996). Although terbuthy lazine [6-chloro-N-( l , 1 -dimethylethyl)-N-ethy 1- 1,3,5- 

triaPne-2,4-diamine] has not been as widely studied and reported in the literature as atraPne 

or cyanazine, it has k e n  detected in the Mississippi River and its tributaries (Pereira et ai., 

1992). Terbuîhylazine concentrations in the river Elbe in northem Germany were found to 

range fiom 4 10 - 140 n& (Bester et al., 1995). 







Alachlor 12-chloro-2',6'-diethyl-N-(methoxymethyl)aceide] is a pre-emergent 

herbicide used to kill grasses and broadleaf weeds in both corn and soybeans (Kolpin et al., 

1996). In the Minnesota River, alachlor reached maximum seasonal concentrations in mid- 

June, pnor to water flows reaching peak levels (Schonler et al. 1994). These results indicate 

that alachlor, similar to atrazine, is quickly mobilized and transported to rivers fiom treated 

regions during precipitation events (Schottler et al., 1994). The detection fiequency of 

alachlor in the tributaries of Chesapeake Bay was consistentiy lower than that of the triazine 

herbicides, although maximum concentrations were observed in June in both the 

Susquehanna and Potomac Rivers (Foster and Lippa, 1996). AlachIor was detected in the 

Mississippi River and its tributaries in a study of surface waters fiom the summer of 199 1 

extending into spring 1992. Concentrations observed in the autumn sampling period 

(October-November) were much lower than durhg the spring and summer sarnpling events 

(Pereira and Hostettler, 1993). In a broad survey of reservoin in the US midwest, alachlor 

was fomd to be the second moa fkquently detected herbicide, next to atrarine (Scribner et 

al., 1996). Alachlor was detected in 3.2,0.7 and 5.4% of the samples collected fiom the 

Grand, Saugeen and Thames Rivers in Ontario, b e w n  1981-85 (Frank and Logan, 1988). 

During this period alachlor was used within Canada. In 1985, however, alachlor was 

removed f b m  the Canedian market and in a recent monitoring program of nvers in Quebec, 

alachlor was not detected (Berryman and Giroux, 1994). 

Metolachlor [2-chloro-N-(2-ethyl-6-methylphenyI)-NN(2-methoxy-1 - 

methy1ethyl)acetamidel is stnictinally similar to alachlor, however, it has a gceater water 

solubility (Table 2.2). Metolachlor was more persistent than alachlor in sudixce waters fiom 



the US midwest, however, maximum concentrations of alachlor exceeded metolachlor durhg 

the postplanting period (5 1 and 40 pg& respectively) (Thurman et al., 1992; Thman et al., 

199 1). The median concentration of metolachlor increased by an order of magnitude in river 

systems, during the postplanting period, with a reduction to near preplanting concentrations 

by harvest (Thunnan et al., 1991). Metolachlor was present in al1 four Vermont strearns 

sampled in 1 992 and 1 993 and concentrations were similar to atrazine levels in al1 but one 

of the rivers (Gmessner and Waain, 1995). Seasonai temporal trends for metolachlor were 

similar to alachlor, with maximum concentrations in rivets murring in spring and summer, 

with reduced concentrations in fd periodç (Pereira and Hosttetler, 1993). Metolachlor was 

one of the most fkquently detected herbicides in the tributaries of Chesapeake Bay between 

1992 and 1993 (Foster and Lippa, 1996). Maximum metolachlor concentrations in the 

Susquehanna and Potomac nvers were observed in June, however, a major m o f f  event in 

April produced the highest seasonal concentrations in the James River (Foster and Lippa, 

1996). Metolachlor was detected in three major river basins in Ontario and detection 

fkquency was related to the t h e  of application of the herbicide (Frank and Logan, 1988). 

Diaing the 1992-1 993 water quality monitoring program in Quebec, metolachlor was present 

in 76% of the samples collected and concentrations ranged fiom <O. 1 - 21 pglL (Berryman 

and Girow, 1994). 

The phenoxyacid herbicides such as MCPA and 2,4D are relatively non-persistent 

in soi1 (Wauchope et al., 1992) (Table 2.2). These chernicals are used extensively in the 

Canadian prairie region. In a shdy of prairie lakes in Saskatchewan, 2,4D was found in 

78% of water samples collected, but MCPA was detected in 4 0 %  of the same samples 



(Donald and S yrgiannis, 1995). 2,4D was one of the most commonly detected herbicides 

in nven in Manitoba (c0.05 - 7.7 &L) (Currie and Williamson, 1995). Phenoxyacid 

herbicides in Danish seeam systems were present at elevated concentrations during the post 

application period for the region (Morgensen and Spliid, 1995). Maximum concentrations 

observed in these streams were 7.3, 6.6 and 2.8 pglL for MCPA, 2,4D and dichlorprop 

[(RS)-2-(2,4-dichlorophenoxylpropionic acid], respectively. 

Diclofop methyl [(RS)-2-[4-(2,4-dichlorophenoxy)phenoxy]propionic acid-methyl 

ester] was the second most fiequently detected herbicide in f m  dugouts on the Canadian 

prairies (Grover et al., 1997), however, it was rarely detected in Manitoba nven (Curie and 

Williamson, 1995). The maximum concentration of diclofop methyl reported in Manitoba 

rivers was 4.0 pg/L (Currie and Williamson, 1995). Frank and Logan (1 988) also did not 

detect diclofop methyl in two major rives in Ontario, although its use in the local watenheds 

was known to occur. 

Although bromoxynil [3,5-dibrorn&hydroxybeflzonitrile] is not a phenoxyacid 

herbicide, it is applied in combination with MCPA for broadleaf weed control and has k e n  

detected in surEdce waters during and extending beyond regional application penods. 

Bromoxynil was detected in water collected fiom fami dugouts in Saskatchewan most 

fiequently during summer sampling events, extending fiom late May into July, which 

corresponds to application periods for this compomd (Grover et al., 1997). Concentrations 

observed in Saskatchewan surface waters ranged fiom c0.05 pg/L to a maximum of 0.33 

pg/L (Grover et al., 1997). In Manitoba river systems, bromoxynil concentrations 

detennined as part of routine water q d t y  monitoring programs over a 30 year penod of 



record ranged h m  below detection (<0.0 1 pg/L) to 2.4 &L (Cmie and Williamson, 1995). 

In Danish Stream waters, bromoxynil was detected in 13% of samples coilected fkom a 

region characterizcd by a clay soil, however, it was only detected in 3.5% of the samples 

collected fiom a region with sandy soils (Morgensen and Spliid, 1995). Maximum 

concentrations in surface waters draining the clay soil region also exceeded observations in 

the sandy region (0.53 and 0.03 &L, respectively). (Morgensen and Spliid, 1995). 

Dinitroanüine herbicides are used widely for pre-plant and pre-emergence weed 

control in small grains in the US and Canadian prairies. These herbicides are detected in 

surface watea periodicaily, however, they are not present at elevated concentrations. 

Senseman et al. (1997) reported a detection fkequency of 0.4% for triflurdin [2,6-dinitro- 

N.N-dipropyl4(trifluoromethyl)benzenamine] in Arkansas surface waters. Triflura1i.n was 

detected in only two of the 256 samples collected at a maximum concentration of 1.3 @L 

(Senseman et al., 1997). Between 1992 and 1994, trinuralin was detected in 1.4% of water 

samples and 5% of particdate samples collected in the Mississippi River, at the Gulf of 

Mexico (McMillin and Means, 1996). Concentrations in suspended sediment samples (22 

pgL)  were an order of magnitude -ter than in the dissolved phase (2.8 pg/L). TduraIin 

was detected in 244% of lake water samples collected in agriculhiral regions of Nebraska 

and maximum concentrations ranged nom 0.09 - 0.1 1 pglL (Spalding et al., 1994). In 

Colorado, tri.fluralin concentrations were higher than ethalfluralin [N-ethyl-N-(2-methyl-2- 

. . propenyi>2,6-diiutrU-4-(trifluoromethyl)be] concentrations in agriculhnal regions 

(~0.012 - 0.1 1, c0.013 - 0.073 ,@L, respedvely) and temporal trends of these chernicals in 

stteams reflected regional application penods (Kimbrough and Litke, 1996). Neither 



chemical was detected in urban areas in the Colorado study. Trifluralin was detected most 

fkquently in samples collecteci diuing spring sampling in Saskatchewan farrn dugout water 

(Grover et al., 1997), corresponding to application times for the dinitroaniline herbicides. 

The maximum trifluraiin concentration observed in the two year study (1988 - 1989) was 

0.1 1 p g L  (Grover et al., 1997). 

Triallate [S-(2,3,3-trichlor0-2-propenyl)bis(1 -methylethyl)carbarnothioate] is another 

pre-emergence herbicide used for wild oat control applied in spring and fdl that has been 

detected in surface waters. Triallate was detected in samples collected in farm dugouts on 

the Canadian prairies during both spring and fall penods, with concentrations below 

detection limits during the summer months (Grover et al., 1997). Maximum seasonal 

concentrations (0.87 pg/L) were observed during the spring, although fkequency of detection 

was higher in fa11 samples in Saskatchewan dugouts (Graver et al., 1997). Although tridate 

is used for agricultural purposes, it was not detected in streams dmining agriculhiral regions, 

but was present in strearns (<0.008 - 0.036 pg/L) fiom urban regions in Colorado 

(Kimbrough and Litke, 1996). Similarly, triallate was not detected in either stream in the 

Stephenfield drainage basin in southem Manitoba, although it is used within this a@cdtural 

region (Beck et al., 1992). 

Tnclopyr [3,5,6-trichloro-2-p yndyloxyacetic acid] is mainly used as a forestry 

herbicide, however, there are small uses for control of broadleaf weeds in non-agricultural 

settings. It has been detected in a few rivers in Manitoba (<0.02 - 0.83 &L) (Cunie and 

Williamson, 1995). Triclopyr was not detected in river waters collected fiom agricultural 

regions of Quebec during a two-year sampling program (Berryman and Girow, 1 994). 



The organophosphorus insecticide chIorpyrifos [O, O-diethyl- 0-(3,5,6-trichloro-2- 

pyridyl) phosphorothioate] is used for Wheat Midge (SitodipZosis moselZuna) and Bertha 

Armyworrn (Mamestra configurata) (WIR) )  control in southem Manitoba, however, it has 

not been r~ported in river waters h m  this region (Curxie and Williamson, 1995). This may 

be a function of very high detection bits (0.8 pg/L) for this compound in most studies 

(Curie and Williamson, 1995). In Quebec rivers, however, chlorpyrifos was detected in 

samples coiiected in June of bot -  1986 and 1987 and the maximum concentration reported 

was 6.2 ngL (MAguire and Tkacz, 1993). Chlorpyrifos was detected (~0.03 -0.55 pg/L) in 

one of the 13 nvers sampled in a more recent survey of Quebec surface waters (Berryman 

and Giroux, 1994). Chlorpyrifos is ranked as the second most fiequently applied insecticide 

in Colorado for agicultural use and was detected in streams draining agricultural land 

(~0.008 - 0.22 p@) as well as in siaface water samples collected fiom urban regions 

(<0.008 - 0.30) (Kimbrough and Litke, 1996). The detection of chlorpyrifos in urban areas 

may be a function of use in municipal insect control programs or in domestic pesticide 

products. 

Chlortbal dimethyl (DCPA, dacthal) [2,3,5,6-tetrachloro- 1,4-benzenedicarboxylic 

acid, dimethyl ester] is registered for use in Canada for control of crabgrass and annual 

grasses, although its use in Manitoba has not been reported (Manitoba Agriculture, 

unpublished &ta). It has been detected in surface waters in Manitoba, however, detection 

hquency for this compound is below 2% (Currie and W'iamson, 1995). In Colorado, this 

product is widely used for weed control in onion fields and has k e n  detected in streams 

draining agricultural regions at elevated concenirations (0.033 - 100 ,ug/L) and in urban 



regions, althougb at lower concentrations (eO.005 - 0.29 &L) (Kimbrough and Litke, 1996). 

In the US midwest, chlorthal dimethyl was not detected in near surface aquifen, however, 

metabolites for this compound kquently were detected (Kolpin et al., 1 996). 

This review has described many studies on the measurements of pesticide 

concentrations in surface and groundwaters. Generally, the reports have been limited to 

either short term intensive studies or longer term low frequency monitoring. Intensive 

sampling programs, which were developed to determine temporal trends throughout the 

agricultural season, generally have been restricted to one year of rneasurements. Several 

cruises of major rivers systems have been reportecl, however, these sampiing expeditions are 

expensive and are, thexmefore, limited to intensive sampling campaigns over an annual cycle, 

again restncting the capacity to determine accurate temporal patterns of pesticides. Although 

samples may be collected as frequentiy as daily, one field season alone is not suficient to 

establish temporal trends because of the variability of meteorological conditions, which for 

a aven year may alter pesticide degradation rates and loadings to surface waters. Water 

quality monitoring programs such as those conducted in the prairie region (Alberta 

Agriculture Food and Rural Development, 1998; Currie and Williamson, 1995). have 

developed a long period of record, dthough the sample collection tiequency is limited to 

monthly, seasonal or annual events. The data f?om these types of programs cannot be used 

in the daennination of seasonal trends or loadings of pesticides. 



23.2 Pesticides in the Atmosphere 

2-2.2.1 Air. Most of the early research on pesticides in air was performed in fields or regions 

where pesticide use was hown. Only recently have measurements of c u ~ n t  use pesticides 

in areas remote fiom use been conducted. Post-application volatilization is a source of 

pesticides available for both local and global transport ( W h g  et al., 1993). This process 

c m  account for Iosses of up to 90% of applied levels of some pesticides witbin days of 

application (Majewski et al., 1993). Pesticide volatilization is dependent mainly on its 

vapour pressure at the soil or water surface, the air-water partitioning for the chemicai, in 

addition to the rate at which it moves away fiom the surface, e.g., leaching. A nurnber of 

other factors rnay contribute to pesticide volatilization losses. These include the type of 

formulation and application technique usecl, the degree of sorption to the application surface, 

soil moisture content and temperature, the nature of the air-surface interface, soil tillage 

practices and micrometeorologicaI conditions above the soil surîace (Majewski and Capel, 

1995). 

Volatilization losses of soil applied pesticides have been modelled, based on the 

assumption of a iinear equilibrium partitioning of the chemical between the vapour, liquid 

and sorbed phases. Jury et al. (1983) developed a model for screening the environmental 

behaviour, including volatilkation fiom soil, of pesticides and other organic chernicals based 

on their physical and chemical properties. The general assumptions of the model are that soil 

properties and water content remain constant, adsorption isotherms and H values are linear 

with concentration., initial pesticide incorporation bas occurred uniformly and volatilization 

losses of the pesticide and water are limited by gaseous diffusion though the stagnant air 



boundary layer. Pesticide degradation follows h t  order kinetics. Above the stagnant layer 

of air, the pesticide concentration is considered to be zero. The chemicals that fit this model 

are generally highIy soluble in water and can accumulate at the soil surface following 

convective movement of evaporating water. Jury et al. (1983) have used the model to 

determine volatilization of lindane and 2,4-D nom soil. In M e r  work, Jury et al. (1984) 

found that pesticide volatilization was controlled rnainly by its H, which wntrols how much 

the boundary layer restricts volatilization fiom soil, and chemicals could be categorizd 

based on the extent of limitation that the boundary layer had on volatilization rates. 

The triazine and acetanilide herbicides are more fkquently reported in air than other 

types of herbicides due to the extensive use and the persistence of these chemicals. Pesticide 

levels in air samples consistently are elevated during regional application times. Soi1 

moisture ais0 has been shown to be important in the regulation of herbicide volatilization 

fiom soil. Volatilbation losses of atrazine were found to increase under moist soil 

conditions in a study pefiorrned in eastem Maryland (Glotfelty et al., 1989). Irrigation 

resulted in increased concentrations of atrazhe in the air through evaporation of irrigation 

water which transports the atrazine off the soi1 surface (Clendenhg et al., 1990). 

Measurements of atrazine in air have been performed in North America and Europe. 

Air concentrations of aeaPne in Masrland ranged fiom 0.1 - 20 ng/m3, maximum 

concentrations were observed during local corn planting penods (Glotfelty et al., 1990). 

Elevated levels of atrazîne in air samples were observed durhg use penods for regions south 

ofthe sampling location and prior to local application periods (Glotfelty et al., 1990). Gas 

phase concentrations were found to contribute 95% of total atrazine levels (Glotfelty et ai., 



1990). Atrazine was detected in both the gas and particulate phase of air samples collected 

at a site removed nom direct agricuitural activity in North Dakota, concentrations ranged 

h m  5.646 pg/m3 (Hawthorne et al., 1996). Air concentrations of atrazine ranged fiom 1.9 - 

37 pg/m3 in the boreal forest in northwestem Ontario, an area which is remote fiom pesticide 

use (Muir and Gnft, 1995). 

Atrazine was not detected in air samples collected in an Italian forest between 1988 

and 1989 (Trevisan et al., 1993). However, in France triazine herbicides were present in 

85% of the samples collected in a niral region within a few hundred metres fiom triazine 

treated land. Atrazine Ievels in air ranged fiom 4 . 0 3  - 2 ng/m3 with maximum 

concentrations occinring in early May, coinciduig with agicultural activity (Chevreuil et al., 

1996). Atrazine was not detected in precipitation or river water samples in Japan, although 

it was detected in air samples (0.32 ng/m3) during sample collection in 1992 (Haraguchi et 

ai., 1995). 

CyanaPne was detected in air samples (c0.03 - 4 ng/m3) in France where maximum 

concentrations occmed in early May which corresponded to regional application times 

(Chevreuil et al., 1996). In contrast to atrazine, cyanazine was only detected in the 

particulate phase of air during a single sampling event in the US (22 pg/m3) (Hawthorne et 

al., 1996). Maximum terbuthylazine concentrations were lower than reported for cyanazine 

in a French study (3 and 4 ng/m3, respectiveiy) (Chevreuil et al., 1996). Maximum 

concentrations of atrazine and cyanazine were observed in early May, however, 

terbuthylazine maximum levels were detected in late May (Chevreuil et al., 1996). 

The acetanilide herbicides also have been reported in air samples, although not as 



extensively as the triazine herbicides. Alacblor has been more widely reported than 

metolachlor. Volatilization studies with alachlor indicate a similar Ioss mechanism as that 

of atrazine. Alachlor was found to volatilize fiom soi1 surfaces under moist conditions and 

a reduction in volatiiization occurred mrresponding to drying of soi1 (Glotfelty et al., 1989). 

A diumal variation in v o l a u t i o n  was observed for dachlor, bowever, this did not occur 

for atrazhe (Glotfelty et al., 1990). Alachlor and metolachlor were detected in air samples 

in Maryland (0.06 - 7.3 and 0.07 - 1.7 ng/m3, respectively) and seasonal patterns 

corresponded to regional applications (Glotfelty et al., 1990). Greater than 98% of these 

herbicides were detected in the vapour phase (GlotEelty et al., 1990). Machior and 

metolachlor were observed in air samples collected in a region remote fiom agricultural 

activity (6.7 - 87 and 32 - 81 pg/m3 dachlor and metolachlor, respectively), although 

maximum concentrations were lower than observed for use regions (Muir and Grift, 1995). 

Maximum air concentrations of alachlor (2.02 ng/m3) in an Italian forest were detected in 

May (Trevisan et al., 1993). 

Although the phenoxyacid herbicides are not as persistent in the environment as the 

triazines or acetdides  and have lower vapour pressures, they have been reported in air. 

Phenoxy acid concentratiom in atmospheric samples were elevated during regional uses of 

these products in Saskatchewan (Waite et al., 1995). Hawthorne et al. (1 996) only detected 

MCPA and 2,4-D in the particdate phase of air samples coilected in North Dakota in 1992 

and 1993. 2,4-D concentrations observed were two orders of magnitude higher than MCPA 

(1770 and 70 ~g/rn.', respectively) (Hawthorne et d., 1996). Although dichlorprop was an 

d y t e  in the North Dakota study, it was not detected in air durhg 1992 or 1993 (Hawthorne 



et al., 1996). 2,4-D was detected in air samples (cl - 33 pg/m3) in northwestem Ontario, 

although samples were coilected in a region removed from agricultural activity (Muir and 

G a  1995). The phenoxyacid herbicides 2,4D and MCPA were detected in air samples (1 0 

- 477 and 69 nghd, respectively) collected in Natal, South fia. MCPA was ody present 

in one sarnple and tnclopyr was not detected throughout the sampling period (Sandrnann et 

al., 1991). Although bromoxynil is not a phenoxyacid herbicide, it is fkquentiy applied in 

f o d a t i o n s  with the phenoxyacids. Bromoxynil was detected in air samples ((I - 37 

ng/m3) collected near known application sites in an air monitoring program in Califomia 

(Baker et al., 1996). 

Dinitroanilines are highly volatile, pre-emergent herbicides that have been detected 

in air samples f h m  many regions. Air concentrations of trifluraiin ranged from c l  - 78 

pg/m3 in a remote location in northwestem Ontario between 1990 and 1992 (Muir and Gr& 

1995). Hawthorne et al. (1996) reported f lural in in both the vapour and particdate phase, 

however, 295% was present in the gas phase of air samples collected in North Dakota. 

Maximum concentrations (700 pdm3) were observed in samples collected in the fâll, despite 

this product generally king used as a pre-emergent herbicide. In North Dakota, up to four 

treatments of trifluralin are used within a growing season (Hawthorne et al., 1 996). Levels 

of trifluralin reporteci in Italy ranged fhm below detection limits (1.1 7 ng/m3) to 5.6 ng/m3, 

with maximum concentrations occUmng in May (Trevisan et al., 1993). In Japan, trifluralin 

was detected in air during 1992 (0.21 nglm3) although it was not present in precipitation 

samples collected over the same pied (Haraguchi et al., 1995). Volatilkation studies with 

tnfluralin and triallate have show11 that losses of these chemicais increase with soil moistue 



(Majewski et al., 1993). Diumal patterns in volatilkation flux were observed coneçponding 

to daily drying of the soil (Majewski et al. 1993). 

Chlorthal dimethyl, although not widely reported in the literature, has been studied 

in air samples as part of a volatikation study. Maximum concentrations of chiorthal 

dirnethyl were found on the first day following application of the chernical after irrigation 

had taken place (Ross et al., 1990). Chlorthal dimethyl levels were found in the vapour 

phase under wet conditions and, conversely, associated with soil particles during dry 

conditions (Ross et al., 1990). During this study, an increase in volatilization was observed 

when wening of the soil occurred, through irrigation or rain events (Ross et al., 1990). 

Chlorthal dimethyl was not detected in air samples collected in Japan (Haraguchi et al., 

1995). 

Chlorpynfos levels in California were present at maximum concentrations during 

the peak of its application pend (Zabik and Seiber, 1993). Concentrations of chiorpyrifos 

were found to decrease with increasing elevation, based on results fiom three elevation levels 

(c1.4 - 3900,4.4 - 76 and ~0.7 pg/m3 at L 14,533 and 1920 m, respectively). Schomburg 

et ai. (1991) reported higher chlorpyrifos concentrations in agricuitural rather than non- 

agricdtural regiom. McComeU et al. (1 997) detected chiorpyrifos in 100% of the air 

samples coilected in Chesapeake Bay, lowest concentrations were observed in samples 

coIIected during March (2-3 pg/m3) and maximum levels were observed in June (95 pg/m3). 

f .2.2.2 Precipitation. Pesticides and other POPs may be removed fiom the atmosphere 

kough  association with rain during precipitation events and have been detected in wet 

deposition in the f o m  of rain, fog and snow (Figure 2.2) (Poster and Baker, 1997; Gregor 



et al., 1996; Goolsby et al., 1995; Capel et al., 199 1 ; Gregor and Gummer, 1989; Glotfelty 

et al., 1987). There have k e n  a few shrdies performed where pesticide loadings were 

determined in precipitation over the course of the rainfall event. Pesticide concentrations 

were found to decrease in rainwater as the precipitation period increased (Capel, 199 1; 

Richards et al., 1987). Although many classes of pesticides have been detected in 

precipitation, ûiazine and acetanilide herbicides are the most fiequently reported in the 

literahue (Goolsby et al., 1997). 

In a large study of pesticides in precipitation, a h e  and alachlor were present with 

increased detection fiequency and in higher concentrations in the US midwest where these 

products are widely used, relative to regions where there is limited use of these products 

(Goolsby et al., 1997; Goolsby et al., 1995). Pesticide concentrations were highest in 

precipitation samples following regional application periods (Goolsby et al., 1994; Glotfelty 

et al., 1990). Bulk precipitation samples collected in Iowa indicated washout fiom the 

atmosphere of four of the most highly used herbicides in the region (atrazine, alachlor, 

metolachlor and cyanazine), however, trifluralin, which is applied to a large area of the 

samplhg region, was not detected in min samples throughout the shidy (Nations and 

Hallberg, 1 992). 

Triazine herbicide levels were below detection limits in snow samples coilected 

between January and March in SwitzerIand, but they were detected in rainfd and maximum 

concentrations were observed in May and June (175 and 600 ng/L, respectively) following 

regionai application (Buser, 1990). Bulk precipitation samples collected throughout the year 

in MaryIand had deteetable atrazine midues, although concentrations in winter were 1% of 



the summer observations (Glotfelty et al., 1990). Although air samples collected in Japan 

had detectable levels of a-e, it was not detectable in precipitation samples (Haraguchi 

et al., 1995). 

Long range transport can msult in the deposition of a h e  to areas of non-use. 

Despite restrictions on atrazhe use in Gennany, it was detected in precipitation samples 

coIlected at three sites (Seibers et al., 1994). Atrazine was detected in al1 precipitation 

samples coIlected in northern Germany and maximum concentrations were observed in 

rainfall samples collected at the end of May at two o f  the four sampling stations, which 

corresponded to atranne use in the Netherlands and may indicate long range transport pester 

et al., 1995). AtraMe was detected at maximum concentrations (1.99 &L) in an italian 

forest in June (Trevisan et al., 1993). Muir and Grift ( 1  995) reported atrazine in precipitation 

at concentrations ranging from below detection limits (0.03 na) to maximum levels (51 

ng/L) in a region remote from aeaPne use. 

Terbuthylazine was detected in al1 precipitation samples collected in northem 

Germany during 1993 (Bester et al., 1 995). Maximum concentrations (>300 n a )  were 

observed in rain samples collected at the end of May for two of the four sampling locations 

in the study. At a third location, maximum concentrations were observed during the 

beginning of June. The maximum concentrations of terbuthylazine in precipitation 

correspondecl to local use perïods for this chernical and decreased as distance between areas 

of use and sampiing stations inmased (Bester et al., 1995). 

Alachlor was reported in precipitation samples wilected in Italy, with maximum 

concentrations (0.8 1 pg/L) occunhg in ûctober (Trevisan et al., 1 993). In the US, bulk 



precipitation samples were coilected throughout the year, however, alachlor was only present 

in samples collected between April and July (Glotfelty et al., 1990). Botb alachlor and 

metolachlor were present in precipitation samples for short penods, following local 

applications. Alachlor also was detecîed in precipitation samples collected in northwestem 

Ontario, at a sampling station removed fiom pesticide use (Muir and Grift, 1995). 

The phenoxyacid herbicides, MCPA and dichlorprop, were detected in precipitation 

in Norway at maximum concentrations during regional application periods (320 and 250 

ngL, respectively) ( M e  et al., 1995). 2,4-D was present in precipitation in the boreal forest 

region of northwestem Ontario at concentrations ranging fiom ~0.06 - 410 ngL (Muir and 

1995). In northem Italy, 2 ,4D was below detection levels in precipitation, however, 

dichlorprop was detected (~0.058 - 1.8 1 pglL) (Trevisan et al., 1993). 

Trifluralin was one of the most fiequently detected herbicides in precipitation in the 

same Italian study (Trevkn et al., 1993). It was not present, however, in Japanese rainfdl 

samples, despite its presence in air samples collected at the same time (Haraguchi et al., 

1995). Trifluralin concentrations ranged fkom ~ 0 . 0 2  - 3.5 n g 5  in northwestem Ontario 

raiafalI (Muir and Gnft  1995), but in a study in Saskatchewan, îrifluralin was not detected 

in any of the atmospheric samples collected (Waite et al., 1995). Triallate, another highly 

volatile compound was present in 53% of atmospheric samples collected on the prairies 

(Waite et al., 1995). 

Chlorpyrifos was not observed in rainfall coliected in Iowa despite its use regionally 

(Nations and Hallberg, 1 992). Similarly, although chlorpyrifos is used in Gerrnany, it was 

not detected in any precipitation samples collected between 1990 and 1992 (Seibers et al., 



2.3 Polychlorinated Biphenyls 

PCB use has been restricted in North America since the late 1970s, however, they 

continue to be detected in atmosphenc compartments, as well as in surface waters owing to 

their persistence in the environment (McConnell et al., 1996). PCB persistence in 

environmental matrices genedy  increases with increased number of chlorine atoms 

(Mackay et ai., 1992). 

PCBs are known to bioaccumulate in the fatty tissue of organisms (Bemhofi et al., 

1994). The greatest accumulation in organisms occun with congeners containing five to 

seven chlorines (Coulston and Kolbye, 1994). Movement of PCBs fiom liver and body fat 

to the brain has been shown to occur during reproduction and loss in body mas, resulting 

in higher PCB concentrations in the remahhg lipid tissues (Henriksen et al., 1996). 

The literature on biologicd effects of PCBs is very large and has been reviewed 

recently by Ahlborg et al. (1994) and Safe (1990). It will be sumrnarized very briefly here. 

PCBs have been shown to produce sublethal effects in marnmals and birds (Hutzhger et al., 

1983). Studies with mink exposed to oral doses of PCBs have resulted in reproductive 

failme (Aulerich and Ringer, 1977; Bleavins et al., 1980). A reduction in fertility resulting 

fiorn elevated levels of POPs, particularly PCBs, has k e n  observed in both harbour and 

ringed seals fiam the Baltic Sea (Olsson et al., 1992; Helle et al., 1 976~ ;  Heile et al., 19766). 

Similady, a deaxase in the reproductive performance in birds has been obsexved due to high 



PCB levels @eizeil et al., 1994 ; Barron et al., 1995; Bosveld and van den Berg, 1994). 

Other sublethal effects of PCB exposure have been observed including elevations in 

cytochrome P-450 dependent monooxygenases in mammals and fish (Tanabe et ai., 1994). 

Immune system suppression has been observed in laboratory organisms exposed to PCBs 

including birds and mice, resulting in increased susceptibility to infections (Nikolaidis et al., 

1988a; Niolaidis et al., l988b; Vos et al., 1 988). 

2-3.1 PCB Contamination of Surface Waters 

PCBs have been detected in riven, lakes and ocean environments, in the dissolved 

phase and in association with sediment particles and colloidal matter (Fox et al., 1996; Baker 

and Eisenreich, 1986; Capel and Eisenreich, 1985). Accumulation of PCBs on suspended 

particles in surface waters is known to occur due to their hydrophobic nature. PCB 

concentrations in water increase at the sediment-water interface as a result of resuspension 

fium bottom sediments (Baker et al., 1991). Concentrations of PCBs and other hydrophobic 

organic chernicals associated with colloidd matter result in apparently increased dissolved 

phase measurements (Baker and Eisenreich, 1986). Dissolved phase levels of PCBs should, 

therefore, be corrected for the fiaction bomd to colloids (Jeremiason et al., 1997). 

Sediment cores of two fluvial lakes dong the St. Lawrence River were dated and 

measured for organic con taminant loads, including PCBs (Carignan et al., 1994). PCB 

concentrations in sediments in bot. Lake St. Francis and Lake St. Louis reflected PCB use 

periods, with concentrations near detection levels prior to 1950. Concentrations increased 

durhg the late 1950s, extending to 1963 (Carignan et al., 1994). Another peak in PCB 



concentrations was observed in 1 970, foliowed by a marked decrease in loadings. Couillard 

(1982) reviewed PCB &ta h m  the S t  Lawrence region and found that both Lake St. Francis 

and Lake St. Louis were the most contaminated area in the region. PCB concentrations in 

Lake St. Louis sediments averaged 150 pglkg, however, concentrations in river sediments 

contained 75-140 pg/kg (Couillard, 1982). 

In a determination of PCBs in Siskiwit Lake, a smaii lake on Isle Royale within Lake 

Superior, the average XPCB concentration in water samples was 2.3 ngL (Swackhamer et 

al., 1988). Siskiwit Lake had PCB concentrations averaging 2.5 times higher than were 

observed in other regions of Lake Superior (Swackhamer et al., 1988). Similarly, Capel and 

Eisenreich (1 985) observed elevated PCB concentraions in western regions of Lake Superior 

relative to other regions of the lake. Similady, PCB concentrations were higher in the 

southem region of Lake Michigan, relative to levels in the nortbem part of the lake. Elevated 

levels in the southem part of Lake Michigan may be due to inputs fiom the Chicago area 

(Cotham and Bideman, 1995). The Fox River, which receives discharge nom 13 paper d s  

and 5 municipal wastewater treatment facilities, deposits PCB loadings into Green Bay 

(Hombuckle et al., 1993). This heavy PCB load contributes to the elevated concentrations 

observed in Green Bay relative to the northern part of Lake Michigan (Hombuckle et al., 

1993). 

In a number of other studies, regional ciifferences in PCB concentrations have been 

obsewed in large lake systems. The highest concentrations of PCBs in Green Bay were 

observed in the lower bay area, near the mouîh of the Fox River (Achman et al.,1993) and 

a decnase in concentration was observed corresponding to an increase in the distance fiom 



the nver mouth. 

Similady, Iwata et al. (1995) observed a change in congener contributions in Lake 

Baikal water samples coiiecfed fkom the centre of the lake compared to regions closer to the 

shoreline. The lower chlorinated congeners were the dominant homolog groups contributhg 

to mCBs in the central part of Lake Baikal, however, samples collected fkom other regions 

were dominated by the tetra- through hexachlorinated congeners (Iwata et al., 1995). The 

lower chlorinated homologs are dominant in sudace water in the central part of Lake Baikal 

due to atmospheric contributions, however, nearer to shore, contributions fiom watershed 

nmoff and river discharge altered congener contributions. Sovol, the PCB mixture used in 

Russia, contained the higher chlorinated congeners, which were deposited into regions where 

they could be transporteci into the lake via surface nmoff and nver inputs (Iwata et al., 1995). 

In many studies, PCB concentrations in surface waters were dominated by the lower 

chlorinated homolog groups (Jeremiason et al., 1997; Hombuckle et al., 1995; Achman et 

al., 1993; Baker and Eisenreich, 1990). Baker and Eisenreich (1990) reported that the 

congener profile of PCBs in Lake Supenor was similar to observations in air samples 

collected fiom the region, dominated by the tri- i-d tetrachlorinated congeners. Achman et 

al. (1 993) similarly determined that the tri- and tetrachlorinated congeners were dominant 

in Green Bay siirface waters. Io cmises of Lake Michigan between 1991 and 1993, the tri - 

and tetrachlorinated congeners represented 27% and 29%, respectively, of XPCBs present 

in the dissolved phase (Hombuckle et al., 1 995). In two lakes fiom a rernote region in 

northwestem Ontario, the trichloro- and tetrachlorinated congeners were the largest 

contributors to CPCB loadings (Jererniason et al., 1997). Lower PCB concentrations also 



were observed in Lake Baikal samples collected in the northem basin, than in the south 

durhg a cruise in Jme, 1991 (McConneU et al., 1996). Surface water samples were 

dominateci by the penta- and hexachlorinated cungeners, simila. to observations reported by 

Iwata et al. (1995). Surface runoff fiom soils contaminated by Sovol mixtures into lake 

waters contributed to these elevated levels of the higher chlorinated congeners. ZPCB 

concentrations (560 k 180 pg/L) in the dissolved phase observed by McConnell et al. (1996) 

in Lake Baikal were higher than reported by Iwata et al. (1995), which ranged between 18 

and 590 pg/L. 

Average total PCBs observed in Lake Superior were 547 * 366 pgL in 1986 based 

on d y s i s  of 35 congeners (Baker and Eisemeich, 1990). In a more recent study of Lake 

Superior, CPCB concentrations were reduced to 180 p& (Jeremiason et al., 1994). Totai 

PCB concentrations (460 - 8000 pglL) observed in the dissolved phase of Green Bay water 

samples appear to be much higher than reported for Lake Supenor by Baker and Eisenreich 

(1 WO), however, 50 more congeners were included in XPCB estimates (Achman et al. 1993). 

Jeremiason et al. (1997) measlned sunilar PCB concentrations in two northwestern Ontario 

lakes (300 pg/L) as those observed in Green Bay. Seasonality in PCB levels was observed 

in the northwestern Ontario lakes with maximum concentrations occiimng between May and 

June. 

lwata et al. (1993) reported ZPCB results fiom a global s w e y  performed between 

1989 and 1990 in which samples were coIlected in 18 seas and in the Pacific, Atlantic and 

Indian Oceans. The lowest mean XPCB concentration (dissolved) was observed in the 

Southern Indian Ocean (8.3 pgL) and the highest in the Meditmeatl  Sea (27 pg/L). PCB 



wngener composition in surfàce waters were found to differ between regions fiom the higher 

and lower latitudes (Iwata et al., 1993). Based on the results of this survey, tropical Asia is 

a significant emission source of PCBs. 

PCB concentraiions measured in the ship canal of the Hamilton Harbour were 

measured at two depths (Fox a al., 1996). PCBs present in the dissolved phase represented 

30 -70% of ZPCBs determined in surface water samples (Fox et al., 1996). Reported 

concentrations in the upper layer were higher than in the lower layer (6300 - 1 1400 pgR and 

4000 - 8900 pgîL, respectiveiy). Concentrations reported are the sum of 13 congeners 

analyzed in the sludy (Fox et al., 1996). Much greater concentrations would be expected if 

a larger group of congeners were determined. 

Maximum ZPCB concentrations in the Fox River (1 50 ngL) were observed near the 

DePere dam during sample collection between 1988 and 1993 as compared to previous 

measurements when PCB concentrations exceeded 250 n& Orelleu et al., 1995). 

Contamination o f  the river waters as they entered Green Bay was found to ongùiate fkom 

river bed sediments. Vellew and Endicott (1994) found that a 60% increase in PCB 

transport occurred between the DePere dam and the nver mouth into Green Bay, due to 

resuspension of nver sediments. PCBs were generally associated with the particdate phase 

in the Fox River upon entry into Green Bay. 

A high variation in PCB water concentdom was observed among tributaries of 

Lake Michigan. Higher XPCB concentrations were observed in outlet channels which pass 

through the urban and industrial regions of Calumet and Chicago (1200 ng/L) (Marti and 

Armstrong, 1990). These extremely high concentrations were similar to levels reported in 



the 1970s when PCBs were in use. Average PCB concentrations in these nver systems were 

higher than observed in lake waters (7 - 103 ng&) , although a high degree of variation was 

observed (Marti and Endicott, 1990). Factors contributing to the high variability were 

reported to be fluctuations in local sources, river discharge, sedirnent resuspension and 

clifferences in the rate of release fiom sediments (Marti and Endicott, 1990). 

Monitoring programs in the Canadian prairie region have detected PCBs in prairie 

nver systems. Of 18 water samples collected on the prairies, PCBs were detected in one 

sample (5.7 n a )  which was coliected &om the Qu'Appelle River in Saskatchewan (Chacko 

et al., 1991). PCBs were below detection (3.3 ng/L) in ali other water samples collected fiom 

riven in Manitoba and Saskatchewan, which may be a result of the high method detection 

limits for PCBs in the monitoring program. PCBs, however, were detected with greater 

frequency in macrophytes and forage fish fiom these nver systems, including the Red River 

at Emerson, Manitoba (Chacko et al., 1 99 1). 

2.3.2 PCBs in the Atmosphere 

2.3.2.1 Air. PCBs are present in the atmosphere tbroughout the world. The majonty of 

PCBs measwd in air have k e n  found in the vapour phase, rather than associated with 

particdates (Manchester-Neesvig and Andren, 1989). The fiaction of PCBs associated with 

the aerosol phase was show to be consist& throughout the year, with no seasonal variation, 

in one of the earlier studies on PCB loadings in the Great Lakes region (Swackhamer et al., 

1988). However, seasonal variation Un air concentrations of PCBs has been observed in more 

recent studies (Jeremiason et al., 1997; Monosmith and Hennanson, 1 996; Hoff et al., 1 9 9 2 ~ ;  

1992b). 



Air measurements in North America have shown that the lower cfüorinated (di- 

thro* tetrachlorinated) congeners contribute the greatest amount of PCBs, rather than the 

less volatile, higher chlorinated wmpounds (Jeremiason et al., 1997; Hombuckle et al., 1994; 

Achman et al., 1 993; Swackhamer et ai., 1 98 8). Iwata et ai. ( 1 993, however, fond that air 

concentrations of CPCBs were dominated by the tetra- through hexachlorinated congeners 

in the Lake Baikal region. These ciifferences in homolog contribution to air levels were 

attributed to the congener profile of the Sovol mixtures used in Russia (Iwata et al., 1995). 

Air concentrations observed the previous year in the Lake Baikd region were dominated by 

the lower chlorinated congeners, sunilar to North American observations (McConnefl et al., 

1996). Regional vapour phase concentrations observed by Iwata et al. (1995) also were 

lower than reported by McConneIl et al. (1 996) ( 9-23 and 1 13- 13 87 pg/m3, respectively). 

The 1991 samples were collected during warmer temperatmes, resulting in the higher 

concentrations observed by McConnell et al. (1 996). 

In an intensive sarnpling program, Hoff et al. (1 9 9 2 ~ )  measured PCBs and a variety 

of halogenated pesticides in air near the Great Lakes region, at Egbert Ontario. An muai  

trend in air concentrations was observed for PCBs in the Egbert study, where concentrations 

ranged nom 4 pg/m3 - 2000 pgm3 (Hoff et al., 1992a). Higher XPCB concentrations were 

observed in the sumrner than in the winter months corresponding to ambient aÛ 

ternperatures. Hoff et al. (1 992b) found good correlations between vapour phase air 

concentrations and inverse temperature indicating the source of PCBs was volatibtion fkom 

srn'faces. This was the nrst shidy that had been performed throughout the year with a high 

resoIution sampling schedde. In most sampling programs, samples have been collected with 



high fkquency for a short duration or at low fkequency over extended periods. 

Vapln phase concentrations have been correlated with air temperature in a number 

of shidies following the work of Hoff et al. (19926). Total PCB levels in North Dakota, at 

a location removed fiom industrial activity, were c50 pg/m3 (Hawthorne et al., 1996). 

Although no correlation was developed in the study, elevated concentrations were observed 

during periods with higher temperatures (Hawthorne et al., 1996). A significant inverse 

relationship between CPCB concentration and air temperature (&.52) was developed at the 

Experimental Lakes Area in northwestem Ontario, where maximum concentrations (330 

p&) were observed in early July 1994 (Jeremiason et al., 1997). 

Air concentrations of PCBs were detennined at three locations in the Great Lakes 

region with one site located close to urban activity and the other two being more remote 

Wllery et al., 1997). Gas phase concentrations were similar to levels reported by other 

researchen (mean values 89 - 370 pg/m3). Air concentrations were significantly correlated 

with air temperatures using Clausius-Clapeyron type relationships, similar to observations 

reported by Hoff et al. (19926) (HiUery et al., 1997). Additional h o r s  (e.g., wind speed and 

direction) were added to the relationship between concentrations and air temperature in an 

effort to M e r  explain seasonai fluctuations in PCB levels, however, these additional 

parameters only improved the correiatioh slighuy (Hülery et ai., 1 997). 

No significant relationship between vapour phase concentrations and temperature, 

however, was observed by Achman et al. (1993) in the Great Lakes region, dthough 

concentrations were within the range reporteci by other researchers (250 - 2300 pg/m3). 

Similady, no wnelations between air temperahae and PCB concentrations were established 



in air samples collected h m  both urban and rural settings in France. The highest 

concentrations were observed during periods of air temperature exceeding 18 OC and low 

levels corresponded to temperatures below 1 3 OC (4900 pg/m3 and 300 pg/m3, respectively ) 

(Chevreuil et al., 1996). The lack o f  relationship in the French study was attributed to 

variable air mass origins (Chevreuil et al., 1996). 

lo a cornparison between PCB levels at a ruml site with air concentrations fkom urban 

Chicago, differences between homolog contributions to 2PCB loadings were observed 

(Cotham and Bideman, 1995). The penta- through heptachlorinated congeners contributed 

the largest amount to total PCB levels in air at the rural site at Green Bay, while the lower 

chlorinated congeners contributed to the largest extent to Chicago air levels (Cotham and 

Bidleman, 1995). Air concentrations observed ranged from 300 - 1 O00 pg/m3, similar to 

other reported results for the region (Cotham and Bidleman, 1995). 

Spatial differences in ZPCB concentrations were observed along the coast of Lake 

Michigan (Monosrnith and Herxnanson, 1996). Although PCB concentrations at Traverse 

Bay (75 - 20 13 pg/m3) were higher than observed at Saginaw (206 - 1080 pg/m3) and Sault 

Ste. Marie (28 - 883 pdm3), concentrations were sirnilar to other remote areas of the Great 

Lakes region. PCB concentrations were higher during the summer months than at the colder 

temperatures experienced in winter a l d g  Lake Michigan (Monosmith and Hermanson, 

1996). 

In the United Kingdom, air samples were collected h m  four u r h  areas during 199 1 

and 1992 for determination of PCB concentrations. PCB concentrations were highest in 

London (3850 pg/m3), the largest urban centre under investigation (HalsaIl et al., 1995). 



Maximum air concentrations observed ranged between 112 - 3850 pg,m3, ssimi1a.r to 

concentrations reported in studies in the Great Lakes region of Canada (Haisall et al., 1995). 

The dominant homolog p q s  in air samples were the lower chlorinated congeners in each 

region. Elevated PCB levels were observed during the warmer summer months (Hdsall et 

al., 1995). 

A long term sampling program was established in the Canadian and Russian Arctic 

to measure POPs including PCBs in air. Mean ZPCB concentrations (100 congeners) for 

1993 ranged fiom 17 - 34 pg/m3 (Stem et al., 1997). In this study, weak relationships 

between air temperature and PCB concentrations were observed, similar to the observations 

in Nonvegian air samples (Stem et al., 1997; Oehme et al., 1996). The lack of relationship 

between PCB concentrations and air temperature is in contrast to observations in the Great 

Lakes region. Stronger correlations are expected in the Great Lakes Region because it is 

much closer to PCB sources than the sites in Norway and the Arctic (Stem et al., 1997; 

Oehme et al., 1996). 

Although many studies report similar levels of EPCBs in atmospbenc samples, direct 

cornparison is not always possible or accurate. PCB concentrations reported may be totals 

of a few congeners (e.g., eight ( H a l s d  et al., 1995); ûehme et al. 1996), however, other 

reported PCB levels may be the result of contributions fiom 90 or more congeners (Stem et 

al., 1997). In general, seasonal concentration patterns have k e n  observed in temperate 

zones, however, redaîively few studies have determined the relationship between air 

temperature and vapour phase PCB concentrations. Without these data, it is ClifFicult to 

compare between rrported temporal trends. 



Althou& contaminant loadings in the afmosphere have been detennined for many 

years, bue temporal dekition is quite limited. Hoff et al. (19924) have reported a year long 

sampling program with hi& resolution (two-&y cycle), however, few sampling regirnes 

continue throughout aIl seasons atl~lually. The Integrated Atmospheric Deposition Network 

(iADN) in the Great Lakes region is one of the long term shidies where sample collection has 

been performed on an annual cycle, for a pend of years (HilIery et al., 1997). The reported 

program in the Arctic is rare in that it provides high resolution sampling (weekly sample 

collection), in combination with nurnerous years of data (Stem et al., 1997). 

2.3.2.2 Precipitation. PCBs have been detected in precipitation samples collected fiom a 

wide range of locations studied in North Amenca (Offenberg and Baker, 1997; Cape1 et al., 

199 1; Gregor and Gummer, 1989). PCB concentrations in snow samples fiom the Canadian 

Arctic ranged between 0.2 and 1.76 ngL, however, the majority of observations resulted in 

CPCB levels of c l  ng/L (ûregor and Gummer, 1989). In subsequent measurements of PCBs 

in the Arctic, snow samples collected on a weekly basis at two locations were found to 

contain higher ZPCB concentrations than snow pack samples fiom the same regions (Gregor 

et al., 1996). PCB concentrations in snow fiom sampling sites at Mould Bay and Eureka 

ranged fiom 7 ng/L to 220 nglL and 17.6 to 32.5 n&, with average concentrations of 14 

and 23.7 n a ,  respectively (Gregor et ai., 1996). Average concentrations observed in snow 

pack samples, however, were 5.7 and 3.1 n a ,  for Mould Bay and Eureka, respectively 

(Gregor et al., 1 996). 

Cape1 et al. (1991) measured PCBs d u ~ g  foggy penods between September and 

DeCernber in SwitZetland. Reported concentrations were 7 - 22 ngL, a total of 3 1 congeners 



measured. Deposition of PCBs associated with fog was estimated to be 100 times greater 

than deposition through rainfd during this study (Cape1 et al., 199 1). 

In the Great Lakes region, many d e s  have detected PCBs in precipitation samples. 

Maximum PCB concentrations in precipitation samples h m  a Lake Michigan sampling site 

(7.2 ngL) were lower than observed at an urban Chicago location (1 89 ngL)  (Offenberg and 

Baker, 1997). Congeners associated with particles rather than in the vapour phase were 

dominant in precipitation samples collected. As with the other sites, maximum ZPCB 

concentrations observed were 8.14, 32.4 and 32.4 ng/L at Fayette State Park, Penainsula 

State Park and Green Bay, respectively ( F m  and Eisenreich, 1993). Although PCBs were 

measured between October and May, no seasonal trends were observed, in contrast to the 

seasonality observed in air PCB levels. Simila. homolog profiles were present in rain and 

mow samples with the lower chlorinated congeners dominating XPCB concentrations (Franz 

et al., 1993; Swackhamer et al., 1988). Swackhamer et al. (1 988) measured higher PCB 

concentrations in precipitation at Isle Royale in Lake Superior, although fewer congeners 

were measured than have been reported in the more recent studies. 



3. A MULTT-YEAR STUDY OF FOUR HERBICIDES IN SURFACE WATER OF 
A SMALL PRALRIE WATERSHED 

3.1 Abstract 

Temporal trends of three phenoxy- herbicides (2,4-D, dichlorprop and MCPA) and 

bromoxynil were determined in the South Tobacco Creek, which drains a 70 km2 agricultural 

watershed near Miami, Manitoba, over a four-year sampling program. The quantities of all 

pesticides used in the watershed and their application times were accurately recorded with the 

cooperation of landowners. Herbicide concentrations in South Tobacco Creek ranged from 

c0.01 n f l  to a maximum concentration of 680 ng/L for 2,4-D and reflected local application 

times. Spring melt contributions were important when no significant mnoff events occurred 

late in the previous growing season. Discharge of these herbicides in the South Tobacco 

Creek was cdcufated to be < 0.01% of their quantities used within the watershed. No 

correlation was found between the water quality parameters: total organic carbon, total 

nitrogen and total phosphorus and herbicide concentrations in South Tobacco Creek. Total 

nitrogen and phosphorus, however, were wrrelated to water flow, indicating runoff and 

groundwater sowces rather than atmospheric. We concluded that detailed temporal patterns 

of herbicides and nutrients wuld oniy be established if high sampling fiequency was 

maintained during such critical periods such as application periods and during major runoff 

events. An unexpected finding was that herbicide levels were not related to runoff losses, 



but instead they did correspond to elevated levels in precipitation and air measured within the 

watershed. 

3.2 Introduction 

The phenoxyacid and phenoiic type herbicides are widely used in the Canadian prairie 

region and in the northern Great Plains of the US, adjacent to Canada. Estimates of 2.4-D 

[(2,4-dich1orophenoxy)acetic acid], MCPA [(4-chloro-2-methy1phenoxy)acetic acid], 

dichlorprop [(RS>2-(2.4-dichlorop henoxy)propionic acid] and bromoxynil [3,5-dibromo-4- 

hydroxybenzonitrile] use in southem Manitoba during the late 1980s were 495, 595,253, and 

55 tonnes per year, respectively (Environment Canada, 1990). Monitoring programs in both 

the US (Zaugg et al., 1995) and in Canada (Cume and Williamson, 1995) include 

meaairements of the phenoxyacid and phenolic herbicides, although the results have not been 

as widely reported in surface waters as results for the more persistent compounds, such as 

atrazine. Cume and Williamson (1995) found 2 ,4D to be the most fiequently detected 

herbicide in southem Manitoba river waters. The acididphenolic compounds, including 2,4- 

D, MCPq dichlorprop and bromoxynil, have been detected in both western Canada and US 

surface waters (Donald and Syrgiannis, 1995; Tomes and Brigham, 1994; Beck et al., 1992; 

Muir and Gnft, 1987) and in atmospheric compartments (Waite et al., 1995; Hawthorne et 

al., 1996), despite their relatively short persistence in soi1 (Table 3.1). 

The temporal pattern of herbicides in surface water systems has been s h o w  tu be 

highly seasonal and variable between years (Pereira and Hostettler, 1993). Maximum 



concentrations of 2.4-D in the Red River at Emerson, Manitoba occur during March and 

June, annually (Tomes and Brigham, 1994). which correspond to spring runoff and 

application periods. Seasonal maximum concentrations of 2,4-D and MCPA in surface 

waters draining agricultural watersheds in Georgia and Alabama occur in April and May, 

respectively, which coincide with the majority of local use of these chernicals (Hippe et al., 

1994). Variability in results may reflect changes in use patterns of a chernical, in addition to 

differences in meteorological conditions between growing seasons. 

Table 3.1 Cornparison of  the chernical properties of the well-studied neutral compound 
atr-e with three phenoxyacid and one phenolic herbicide used in this hidy. (Wauchope 
et al., 1992). 

Herbicide Water Half-life Soi1 Sorption 
Solubility (d) (Koc) 

Dichlorprop 350 1 O' 170 

MCPA 825 25 110 
'ester 

The present study was perfomed in the South Tobacco Creek Watershed in southem 

Manitoba, near the town of The South Tobacco Creek Watershed (49'1928"N, 

98O21'5û"W) (Figure 3.1) is a 70 km2 agridtural watershed which originates in the Pembina 

Hilis of Manitoba. The creek draining this watershed flows down an escarpment and drops 



Figure 3.1 Lmation of the South Tobacco Creek Watershed. 
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approximately 130 m over an eight km distance (Yarotski, 1996). Landuse within the 

watershed is well-characterized and both meteorological information for the watershed and 

hydrologicai data for the creek draining this region were available (Yarotski, 1996; Miller, 

1995; Miller, 1994; Water Survey of Canada, 19941996). With the woperation of 

landowners and the Prairie Farrn Rehabilitation Agency (PFRA), we were able to obtain 

detailed landuse practices which included cropping practices and pesticide application 

information. Details of the formulation applied and rate of application, on a field by field 

basis was provided by the landowners for each year of the study. Application data were 

remrded on a weekly bais to ensure that correlations between local use and levels detected 

in the creek water would be possible. Each of the four herbicides discussed here were arnong 

the top 10 chernicals applied within the South Tobacco Creek Watershed, each year of the 

study. The creek banks are sorrounded by forested stnps, wbich may act as a buffer zone 

from rinsing of equipment after application of herbicides or spray drift during application. 

The purpose of this study was to develop relationships between use patterns and 

concentrations of four of the major herbicides applied within the South Tobacco Creek 

Watenhed and to detemillie the relative losses via discharge for these chemicals. Additionally 

our airn was to determine whether relationships between herbicide or nutnent levels and water 

flow existed in this watershed. In a cornpanion paper (Rawn et al., 19980 (Chapter 4)) we 

examined precipitation and air concentrations of the same four herbicides. This program was 

part of a larger study of levels and sources of pesticides in the South Tobacco Creek 

Watershed (Rawn, 1 998). 



3.3 Materials and Methods 

3.3.1 Sample Collection 

Creek water samples were collecteci over a four year period, 1993-1996 at the outflow 

of the watershed near Miami. In the first three years of the study, 18 L water volumes were 

collected in stainless steel containers, using a submersible pump in the centre of the creek. 

Sarnples were collected on a weekly (1994-5) and biweekly (July - October 1993) sampling 

schedule nom spring melt through fieeze up. hiring 1996, 2 L samples were collected every 

second day during the local pesticide application period (June - kly).  Sarnples were 

transported to the lab and aored at 4'C until samples were processed. Samples were filtered 

under pressure using pre-cleaned lpm GFA filters prior to extraction. Water samples (1 L) 

were collected for water chemistry parameters including total organic carbon (TOC), total 

nitrogen (TN), total phosphoms (TP), conductivity and non-filterable residue (NFR), sulfate 

(Soi) and chioride (CI-) by lowering a weighted sample bottle into the centre of the water 

flow. 

Automated water sarnplers (American Sigma Inc, New York, USA) were setup for 

runoff collection during periods ofoverland flow f?om two cropped fields, known as the Twin 

Watershed (Figure 3.2). No runoff events occurred and the samplers were not triggered 

during the pesticide application period. Autosamplers also were setup at two sites on South 

Tobacco Creek to collect samples during periods of high water flow caused by spnng melt 

or heavy min events. Daily water flow was recorded at the Environment Canada hydrornetric 

station in South Tobacco Creek near Miami, MB and at the Twin Watershed site during 



O 1 2 3 km 

Water sam pling 

- South Tobacco Creek - road rail allowance 

water sarnpling site 

Figure 3.2 Map of the South Tobacco Creek Watershed. 
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penods of water flow. 

3.3.2 Sample Analysis 

Dissolved herbicides wen extractai using a broad spectmm approach for both acidic 

and neutral compounds (e.g., 2.4-D and atrazine). Large volume samples were adjusted to 

pH 2 using sulphunc acid and mixed with dichloromethane @CM) to extract acid herbicides 

followed by adjustment to pH 10 using 10 M NaOH to extract the hydrophobic organics. 

During 1996, 2 L samples were extracted foUowing an adaptation of the USGS method 

(Burkhardt and Werner, 1994), using pre-conditioned solid phase extraction cartndges 

packed with Carbopack B (Supelco Sigma-Aldrich Canada Ltd.). Cartridges were eluted 

with 1 mL methmol, 6 mL 80:20 DCM:methanol followed by 8 mL 0.2% tnfluoroacetic acid 

in 80:20 DCM:methanol. Sample extracts were evaporated to srnall volumes and methylated 

using eeshly prepared diazomethane. Extracts were cleaned up using 5% deactivated Roisil, 

eluting with 20 mL hexane to remove polychlonnated biphenyls, followed by 85 mL, 18% 

ethyl acetate (EtAc) in hexane. The acid and phenolic herbicides were then analyzed as 

methyl ester derivatives after derivatization with diazomethane. Sample extracts were 

analysed by high resolution gas chromatography-low resolution mass spectrometry (Select 

Ion Monitoring) (Hewlett Packard 597 1 MSD) using a 60 m x 0.25 Pm DB-5 colurnn with 

helium as the c h e r  gas. Detection aitena were the correct ratios of two characteristic ions 

and retention times. Herbicides were quantified using extemal standard solutions and 

corrected for volume changes using PCB-104. Blanks of "Super Q water were analyzed 

with each batch of samples. Avemge spike recoveries of tnplicates analyses at both 10 ng/L 

and 100 ngiL for 18 L volumes were 26%, 115%, 52% and 65% for MCPA dichlorprop, 



2,4-D and bromoxynil, respectively. Spike recoveries for 2 L volumes were 59%, 100%, 

77% and 7 W ,  for MCPq dichlorprop, 2,4-D and bromoxynil, respectively. Detection limits 

for 18 L volumes were dculated to be 7, 10, 1 1 and 1 5 pg/L for dichlorprop, MCPA, 2,4-D 

and bromoxyd, respectively, using instrument detection limits plus three times the standard 

deviation of the lowest concentration analysis (Keith, 1991). TOC, TN, TP loadings in South 

Tobacco Creek were rneasured following standard colonmetnc techniques for nutrient 

andysis (Environment Canada, 1997). 

Discharge of each chemjcal f?om this agncultural watershed via the South Tobacco 

Creek was calculated for each complete season of study (1994 and 1995) and for 1996, 

between late May extending into August. For purposes of discharge calculation during 1 994 

and 1995, MCPA, 2,4-D and bromoxynil concentrations were corrected for recovery 

efficiency. Discharge was calculated as the produa of herbicide concentration and water flow 

for each day (Larson et al., 1995). Herbicide concentrations were estimated by linear 

interpolation for days when sampling was not performed and concentrations below detection 

lirnits were assigned a value of zero (Larson et al., 1995) in al1 discharge calculations. The 

daily discharge values were summed for the sampling season (March - end of October), to 

give the total seasonal discharge values. 



3.4.1 Temporal Patterns 

South Tobacco Creek water ranged in TOC fiom 6.8 to 43 rngL and in pH fiom 6.7 

to 8.0, during the course of the study. Total nitrogen ranged fkom 0.3 to 4.3 mg/L and TP 

ranged from 0.05 to 2.9 m@. Nutnent loadings in South Tobacco Creek were elevated 

during high flow penods corresponding to overland flow caused by spnng melt and heavy 

rains (Figure 3.3). Lower levels of TOC, TN and TP were observed dunng periods of 

reduced flow. 

Distinct seasonal concentration patterns were observed for MCPq dichlorprop, 2,4-D 

and bromoxynil over the four years of the study (Figures 3.4 - 3.7). These patterns may be 

divided into the spring, when snowrnelt and runoff from fields occurred, the application 

period and the post-application penod, which extended to freeze up and snow cover. In 

general, the highest herbicide concentrations corresponded to the period of application for 

each chernical within the watenhed. The 1994 field season was relatively dry with no runoff 

events occumng over the growing season. The South Tobacco Creek was diy for an 

extended tirne between late July and early September in 1994. Rain events in October 

produced overland flow within the watershed, however, pesticide loss from fields during that 

time was not initially considered to be important due to the long period of tirne between 

application of chernicals and rain events. However, because of the unusually low herbicide 

levels observed in the 1995 spring melt, the fdl mnoff event in 1994 may have been more 





March April May Jime July August September October November 

Figure 3.4 2,4-D concentrations in the dissolved phase of the South Tobacco Creek. A) 
1 996, B) 1 995, C) 1 994 and D) 1 993. Water flow is indicated by the bar graph, scale 
on the right. (Dry penods are indicated by - - -; application period indicated by*). 
NOTE: Concentration scale ciifferences between AJ3,C and D. 



March April May June July August Septmiber OctoberNovember 

Figure 3.5 MCPA concentdons in the dissolved phase of the South Tobacco Creek. A) 
1996, B) 1995, C) 1994 and D) 1993. Water flow is iadicated by the bar graph, scale 
on the right. (Dry periods are indicated by - - -; application period indicated by*). 
NOTE: Concentration d e  differences between A,B,C and D. 
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March April May J w  Juiy August September October November 

Figure 3.6 Dichlorprop concentrations in the dissolved phase of the South Tobacco 
Creek. A) 1996, B) 1995, C) 1994 and D) 1993. Water flow is indicated by the bar 
graph, scaie on the nght. (Dry periods are indicated by - - -; application period 
indicated by*). NOTE: Concentration scale difFerences between A,B,C and D. 



March April May June July August September October November 

Figure 3.7 Bromoxyd concentrations in the dissolved phase of the South Tobacco 
Creek. A) 1996, B) 1995, C) 1994 and D) 1993. Water flow is indicated by the bar 
graph, sale on the right. (Dry periods are indicated by - - -; application period 
indicated by -). NOTE: Concentration scale differences between A,.B,C and D. 

77 



Sgnificant than originally considered. The 1995 field season was not as dry as the previous 

year, but, there were two short intervals when South Tobacco Creek did not flow. South 

Tobacco Creek was flowing throughout the samplig period in 1996. 

3.4.2 Herbicides in Runoff from the Twin Watershed 

Runoff samples were obtained during the spring melt period of each year (1 994- 1996) 

at the Twin Watenhed site (Figure 3.2), however, oniy two major rainfall events produced 

rnid-season runoff over the four-year duration of this stud y. 2,4-D (282 g/L) and dichlorprop 

(300 fl) were applied as an emulsifiable concentrate to the field during the 1994 growing 

season at a rate of 1.75 Uha. None of these herbicides were applied to the Twin Watershed 

fields in 1993, 1995 or 1996. During the 1993 runoff event, MCPA was detected in mnoff 

water at a maximum concentration of 2 ng/L while maximum levels of dichlorprop, 2.4-D 

and bromoxynil were 0.3, 1 and 1.2 ngL, respectively (Table 3.2). Runoff collections during 

the late season event in 1994 resulted in elevated concentrations of 2,4-D (13 ngL)  and 

dichlorprop (20 ng/L). Brornoxynil (2 ng/L) was detected in mnoff water at lower 

concentrations and MCPA was measured at 9 ng/L in a single sample over this runoff event. 

MCPA was detected at < 1 ng/L in al1 other sarnples collected dunng the late October rainfall 

event. 

3.4.3 Herbicides in Spring Runoff 
' 

The seasonal maximum concentration of 2.4-D (7.4 na) (Figure 3 -4C) was observed 

in the first m p l e  coiiected in the spnng of 1994. A near maximum concentration of MCPA 

was observed in the same sample (4.9 ngL) (Figure 3.5C). Dichiorprop and bromoxynil 

concentrations were elevaîed during the spnng of 1994, but seasonal high concentrations for 



Table 3.2 Herbicide concentrations observed in field mnoff events at the Twin Watershed site. 

Chernical Year Concentration Range Season Type 01 Duration of # of Samplca Collccttd 
(n Runall Event (d) from cich Field 

Bromoxynil 1993 0.4 - 1.2 S m c r  Rein 3 2 

1994 4 . 0 1  5 - 0.2 Spnng Snowmelt 4 2 

4.015 - 2.0 Auiumn Rain 3 

1 995 0.15 - 0.2 Spring Snowmelt 3 

1996 4).015 - 5.0 Spring Snowmelt 3 

2.4-D 1993 0.3 - 1 .O Summef Rain 3 2 

1995 

1996 

Dichlorprop 1993 

1994 

1995 

1996 

MCPA 1993 

Spring 

Autumn 

Spring 

Spring 

Summcf 

Spnng 

A u t m  

Spring 

Spring 

Summer 

Snowmelt 

Rain 

Snowmelt 

Snowmelt 

Rain 

Snowrnelt 

Rain 

Snowmelt 

Snowmel t 

Rain 





both of these herbicides occurred in early July (Figures 3.6C and 3.7C, respectively). 

MCPA residues were below detedon lirnîts in the samples collected during the sprhg 

melt period in 1995. Elevated levels of dichlorprop (2.9 ng/L March 17th; 3.7 ng/L April 

3rd) were observecl in the eady spnng samples, while 2,443 and bromoxynil were present at 

< 1 ng/L. 

Ail four of the herbicides were found at elevated concentrations in the first sample 

collected in 1 996 (Figures 3.4A-3.7A). Both MCPA and dichlorprop concentrations 

exceeded 8 ng/L (8.4 and 8.8 ng/L, respectively). 2,4-D was found to be 4.7 ng/L and the 

concentration of bromoxynil was 5.5 ng/L in this sample. Concentrations of each herbicide 

decreased from this event, to at or near detection limits until later in the growing season, 

corresponding to regional application periods. 

3.4.4 Application and Post-Application Period 

Application of bromoxyd and MCPA commenced in late May and local application 

of dichlorprop and 2,443 did not begin until early June. Dichlorprop and 2,4-D applications 

were complet& by the end of June, but, bromoxynil and MCPA spraying was not completed 

until one to two weeks later each year. 

Herbicide concentrations were elevated throughout July 1993, but dropped rapidly 

to < 1 ng/L following heavy rain events behveen July 25th and 27th of that field season. We 

did not begin sampling until June in 1993 and thus the herbicide temporal profiles were not 

well established during that field season. 

In 1994, concentrations of each herbicide remained low in May and June. Seasonal 

maximum levels were obsecved for MCP A, dichlorprop and bromoxynil between July 7th and 



1 1 th (5, 9.3, and 5 -9 n&, respectively). Although the seasonai maximum was detected in 

spnng melt samples, the highest concentration of 2,4-D dunng the growing season was 

sunilarly observed July 1 1 th (4.5 ngL)  (Figure 3.4C), after application of this chemical was 

completed within the watershed. Concentrations of MCPq dichlorprop and bromoxynil 

remained at elevated levels in South Tobacco Creek for a longer period than was observed 

for 2,4-D. Although the maximum concentration of dichlorprop (Figure 3 AC) in South 

Tobacco Creek was higher than either bromoxynil or MCPA in 1994, it was detected in very 

few of the water samples. Bromoxynil and MCPA were detected throughout the sampling 

season in creek water. 

In 1995, temporal patterns of three compounds bromoxynil, dichiorprop and MCPA 

were similar to those observed in 1994, however, maximum concentrations of bromoxynil and 

MCPA were much higher than those for dichlorprop. Seasonal maxima in 1995 were 

obsewed during July for each of these compounds and the concentrations measured in water 

samples were higher than during the previous year. The maximum seasonal 2,4-D 

concentration measured was 9.6 ng/L August 2 1 9  (Figure 3.4B). The highest level of 

dichlorprop was found on July 8th (18.3 ng/L) (Figure 3.6B). The maximum bromoxynil 

concentration (4 1.6 ngR) (Figure 3.7B) observed during 1995 coincided with the dichlorprop 

maximum concentration. The highest concentration of MCPA (Figure 3.5B) was detected 

in the sarnple collected July 17th (44.2 ng/L). Dichlorprop concentrations were relatively 

low (s 4 nglL) within a one week interval both prior to and following the date where 

maximum levels were observed during 1995. Similar patterns were obtained for bromoxynil 

and MCPq showing islated occurrences of high herbicide concentration in the creek water. 



From these results we concluded that increased fkequency was necessary for complete 

definition of temporal trends of these pesticides. 

During 1996, the sarnpling fiequency was hcreased to e v q  two days. Rapid changes 

in creek water concentrations of 2,4-D, dichiorprop and MCPA were observed over a one- 

week to ten day penod during the local herbicide application time. Both dichiorprop and 

brornoxyrul were found at the highest levels during the growing season on June 30th (1 6 and 

4.3 ng/L, respectively), whereas the MCPA maximum concentration was detected in the 

sample collected Juiy 22nd (39 ng/L) (Figure 3 .SA). The maximum level of 2.4-D was 

obtained similarly on July 22, 1996. The 2.4-D concentration (680 ng/L) on that date was 

the highest observed concentration of any analyte in South Tobacco Creek water through the 

duration of the study. The highest herbicide concentrations observed in South Tobacco 

Creek, however, were one to two orders of magnitude below the Canadian water quality 

guideline values (Table 3.3) for the protection of freshwater aquatic life, where such values 

exist. Only one sarnple throughout the entire sampling regime exceeded proposed German 

guideline values for protection of freshwater aquatic life for 2,4-D (Table 3.3). 

3.5 Discussion 

Spring melt is the major source of surface water runoff in southem Manitoba. Each 

of the four herbicides was found at elevated concentrations in sarnples collected dunng spnng 

melt and runoff penods in March, but levels were reduced to near detection limits in April 

during both 1994 and 1996. This pattern was not observed in the 1995 field season and may 



be attributed to the late Oaober rain event in 1994, which produced overiand flow causing 

residual herbicides to be washed into the South Tobacco Creek. Less herbicide residue was 

available for runoff in the spring of the following season. 

Table 3.3 Cornparison of Canadian and Geman guideline values for protection of 
fieshwater aquatic life with maximum concentrations (ng/L) measured in South Tobacco 
Creek (CCREM, 1987). 

Chernical Freshwater Aquatic Life Maximum 
Guideline Value Concentration 

Observed 

Canada Gerrnany' 

Bromoxynil 

MCPA 

'Dieter Schudoma (Federal Environmental Agency, Berlin, Germany), 
personal communication, 1997 

bunder derivation 
'no water qudity guideline value exists at present 

Maximum concentrations of these herbicides in South Tobacco Creek were found 

during and extending beyond local applications. Based on the lack of activation of automated 

samplers at the Twin watershed site and on obseniations of local landowners, no mnoff events 

occurred during this interval in 1994-96. Thus, it is unlikely that elevated herbicide 

concentrations in creek water were due to overland flow events. However, elevations in 

herbicide concentrations were d a r l y  obsewed in both ambient air and precipitation samples 



over this period. Higher phenoxyacid and bromoxynil concentrations were consistently 

observed in creek water coinciding with elevated levels of these herbicides in air and 

precipitation, during the lW4- 1996 field years (Figures 3.8-3.1 O). Therefore, the most likely 

source of these chemicds is via the atmospheric deposition processes, min, dlyfall and gas 

exchange. The temporal concentration trends of the four herbicides throughout the field 

season observed in this study were similar to the pattern of 2,4-D observed in the Red River 

(Tomes and Brigham, 1994). Elevated concentrations of 2-4-D in the Red River at Emerson, 

Manitoba ocair in March and maximum seasonal concentrations occur in June corresponding 

to use in North Dakota (Tomes and Bngham, 1994). Similarly, seasonal maximum 

concentrations of 2,4-D and MCPA were observed dunng April and May, respectively, 

corresponding to local application times in the southern US (Hippe, et al., 1994). Muir and 

Grift (1995) reported 2,4-D in a lake in the Experirnental Lakes Area, near Kenora, in the 

boreal forest of Northwestern Ontario where atmospheric sources are the sole contnbutor. 

2,4-D, MCPA, dichiorprop and bromoxynil d l  were detected in Danish surface waters 

samples (Mogensen and Spliid, 1995) at fiequencies and time of year corresponding to 

regional use. 

Phenoxyacid and bromoxynil concentrations were not correlated to flow nor the water 

chemistry parameters: conductivity, TN,' TP, TOC, SOL CI- and NFR (3 < 0.11 ). There 

were, however, significant correlations b e w n  the nutrient levels: TOC (3 = 0.52; p<0.001), 

TN (?= 0.42; pK0.001) and 'ïP (?= 0.47; p<0.001) with creek water flow (Figure 3 . 3 4  B 

and C, respeaively). Nutrient levels in South Tobacco Creek were greatest during the high 

flow periods, spring rnelt and heavy rain events late in October, 1994. This differs 6om 





Water Flow (ms/s) 
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March April May June luly August September October Mar& Apnl May June July August September Odoba 

Figure 3.1 0 MCPA (A-D) and 2,4-D (E-H) concentrations in 1996 in the South TobaccoCreek Watershed. A&E) air, B&F) 
precipitation, D&H) creek water. Water flow is indicated by the bar graph, scale on the right. (Dry periods are indicated by - - -; 
application period indicated by *). Rainfall is indicated in panel C&G. NOTE: Concentration scale differences for each panel. 



nitrate- nitrogen levels in tributaries of the Mississippi River which showed little response to 

rainfall (Goolsby et al., 199 1). 

Inverse relationships between herbicide concentrations and SOP and Cl- levels have 

been used to indicate sunace water inputs into the Minnesota River (Schottler et al., 1994). 

No correlation was found between SO," and Cr levels and any of the four herbicides 

(-.0006 - 0.02) in the present study. 

Estimates of the quantity of each herbicide discharged via South Tobacco Creek 

ranged from 3 - 28 g (Table 3.4). Discharge levels of bromoxynil, 2,4-D, dichlorprop and 

MCPA via South Tobacco Creek were < 0.01% of the amounts applied within the watershed. 

However, underestimation of seasonal creek herbicide discharge is likely, particularly for the 

1994 and 1995 field seasons. The weekiy sampling protocol used over these years was 

proven insufficient, with respect to the development of well defined temporal trends for these 

herbicides in South Tobacco Creek water. Several isolated "spikes" in herbicide 

concentrations were observed through the first three years of this study. This indicated that 

we were rnissing important movement of these herbicides in South Tobacco Creek and lead 

to changes in our sampling strategy. The need for high îrequency mpling was confinned 

with the 1996 data. Concentration profiles in 1996 showed that herbicide levels can change 

drarnatically within a one week period. Nthough sampling was lirnited to a short interval, 

rather than throughout the entire field season in 1996, discharge estimates of 2,4-D increased 

an order of magnitude over the 1994 and 1995 values. Larson and coworkers (1995) 

reported a similar under prediction of pesticides lost via discharge fiom the Mississippi River 

basin. 



Table 3.4 Seasonal discharge via South Tobacco Creek cornpared with amounts of each chernical applied within the South Tobacco 
Creek Watershed. 

- - 

Chernical 1994 1995 1996 

Discharge Applied Discharge Applied Discharge Applied 

Bromoxynil 5.42' k1.63 295 10.1 '*3 .O2 292 2.95*0.89 275 

Dichlorprop 3.27i0.98 312 8.85k2.66 275 2.72k0.82 387 

MCPA 18.3W.74 51 1 4.07'*1.22 852 1 O, 813 .24 985 

'corrected for % recovery 



3.6 Conclusions 

This dataset provides a detailed account of the seasonal trends of the phenoxyacid 

and phenolic herbicides in surface waters, over a four year period. We found that, under a 

variety of environmental conditions, in a region where they are heavily used, the phenoxyacid 

and phenolic herbicide concentrations in creek water do not exceed Canadian guideiine levels 

for the protection of fieshwaier aquatic life. In most years of the study, the maximum 

concentration for each herbicide detected in creek water wrresponded to the local application 

tirne for each chemical and levels remained elevated for up to a month, followed by a rapid 

decrease in concentration. Spnng runoff losses from treated fields also resulted in a brief 

increase in chernical concentrations. 

An unexpected finding was that the highest levels of herbicides in creek water 

corresponded to elevated herbicide levels in air and precipitation throughout the growing 

season, during penods when no known runoff events occurred. This suggests that 

atmospheric deposition is a major source of these chernicals to the water surface. No 

correlation existed between elevated herbicide Ievels and water flow, in contrast to nutrient 

levels which indicates diEerent sources for these two groups. The nutrients appear to enter 

South Tobacco Creek via mnoff and groundwater movement, rather than via atmospheric 

processes. 

High fiequency sampling over a focussed penod around local application times is 

necessary to follow herbicide temporal concentration patterns. Without strategic sampling 

schedules, monitoring programs are subject to missing important riverine herbicide 



movement. 

Calculated discharges of the herbicides from the catchment were about 1% of the 

amount applied. 



4. A MULTI-YEAR STUDY OF FOUR EERBIClDES IN AIR AND 
PRECIPITATION FROM A SMALL PRAIRIE WATERSHED 

4.1 Abstract 

Temporal trends of three phenoxyacid herbicides: 2,443, dichlorprop and MCPA and 

the phenolic herbicide: bromoxynil, were detemined in ambient air and precipitation over a 

four year penod within a weii defined watershed in southem Manitoba. Air concentrations 

ranged nom below detection limits to 3.5, 1.0, 13 and 2.0 ng/m3, for 2,4-D, dichlorprop, 

MCPA and bromoxynil, respectively. The herbicides under investigation were four of the 

highest use herbicides in the South Tobacco Creek Watershed and were present in both air 

and precipitation sarnples at maximum concentrations during penods of local use. 

Concentration patterns for each herbicide in precipitation were similar each year of the study. 

Ofthe four herbicides, precipitation fluxes were greatest for MCPA in the watershed and the 

surroundhg region. Although brornoxynil and dichlorprop were less widely used than 2.4-D, 

bromoxynil precipitation fluxes exceeded those of 2,+D in 1993 and 1994, and dichlorprop 

precipitation f lues were greater than 2 . 4 ~  in 1994. Elevated levels of these herbicides in 

creek water sarnples were observeci during periods of high concentration in both atrnosphenc 

compartments, despite the lack of Surface runoff events within the watershed over that penod. 



4.2 Introduction 

The atmosphere has been shown to be an important source of persistent organic 

poilutants (e-g., organochlorine insecticides) to surface waters (McConnell et al., 1996; Iwata 

et al., 1995; McConneil et ai., 1993). These compounds have been shown to be transported 

fiom regions of use into non-target areas prior to deposition (Stem et al., 1997; Hoff et al., 

1996). The majority of the work performed has examined atrnospheric deposition to lakes 

(Honrath et al., 1997; Jeremiason et al., 1994; Achman et al., 1993), rather than to 

watersheds and riverine environs. 

Atmospheric sources of current use herbicides, however, have been less well 

studied. Herbicide losses corn treated fields to surface waters have been thought to occur 

rnainly as a result of runoff during rain events and spring thaw periods or groundwater 

movement (Fischer et al., 1995; Muû and ûrift, 1995; Schottler et al., 1994; Leonard, 1988). 

Volatktion of pesticides fiom treated fields has been show to occur within the first weeks 

following application (Glotfelty et al., 1989; Grover et ai., 1985). Recently, several studies 

have examined herbicide presence in atmospheric compartments as a source of contamination 

of regions outside of the target area (Goolsby et al., 1997; Chevreuil et al., 1996; Trevisan 

et al., 1993; Capel, 1991; Glotfelty et il., 1987). In general, the study of atmospheric 

deposition of herbicides has been focussed on the persistent, highly used classes, such as the 

triazines, acetanildes and phenyl ureas (Goolsby et al., 1997; Rawn et al., 19986 (Chapter 5); 

Chevreuil et al., 1996; Nations and Hallberg, 1992; Buser, 1990; Chevreuil and Garmouma, 

1993; Richards et al., 1987). Very few studies have examined phenoxyacid or phenolic 



herbicides in these compartrnents. This may be a result of their characteristic short half-life 

in soi1 and low volatility (Wauchope et al., 1992). 

In the Great Plains region of western Canada and north central USA, phenoxyacid and 

phenoiic herbicides are widely used for control of broadleaf weeds in cereal crops 

(Anonymous, 1996; Donald and Syrgiannis, 1995; Gianessi and Anderson, 19950; Gianessi 

and Anderson., 19956). Atmospheric samples collected in this region have s h o w  the 

presence of many of these chernicals (Waite et ai., 1995; Hawthorne et ai., 1 996). Hawthorne 

et al. (1996) found seasonal maximum concentrations of 2,4-D and MCPA levels in air 

samples fiom an agricultural region of North Dakota corresponded to regional application 

times. Elentions in MCPA levels in ambient air in California also were found to correspond 

to regional use patterns (Woodrow et al., 1990). There has been little work to define long 

term temporal patterns of these chemicais in atmospheric compartments. 

Less is known about phenoxyacid and phenolic herbicides in precipitation. MCPA and 

dichlorprop were detected in rain samples collected dunng 1992 and 1993 at two sites in 

Nonvay (Lode et al., 1995). Temporal patterns o f  these herbicides in rain samples 

corresponded to local application. Maximum concentrations of MCPA and dichlorprop 

detected in precipitation were 320 ng/L and 250 ngL, respectively (Lode et al., 1995). 

MCPA and dichlorprop both were daeak in the raÙiwater in an Italian study, however, 2,4- 

D was not detected in any rainfdl sarnple collected between A p d  and late October dunng 

1988 (Trevisan et al., 1993). Although there have been numerous studies to determine more 

persistent herbicides e-g., atrazine in precipitation in the US (Goolsby et al., 1993), we are 

not aware of any sirnilar reports on phenoxyacid/phenolic herbicides in precipitation. 



The purpose of the present study was to determine the concentrations and fluxes to 

surface waters of three phenoxyacids (2,4-D, dichlorprop and MCPA) and one phenolic 

(bromoqd) herbicide fiom arnbient air and precipitation, in a small agriculrural watershed 

in southem Manitoba. Arnbient air and precipitation sarnples were collected within the well 

defined 70 km' agricultural South Tobacco Creek Watershed (49' 1gt28"N, 98 '2 1'5OWW), 

previously described in Rawn et a1.(1998c (Chapter 3)). Landuse data for the entire 

watershed were obtained with the cooperation of landownen. The dataset provided 

information on applied chemicals, which included rate of application, for each field on a 

weekly basis, for dl years of the study. 

4.3 Materials and Methods 

4.3.1 Sam ple Collection 

Air and precipitation were sarnpled over a four year penod (1 993-1996) to determine 

pesticide levels in two atmosphenc compartments. The sampling program was designed to 

coUect large volumes of air and precipitation in order to masure locaiiy used pesticides and 

those entering the watershed via long range transport. Sampling of atmospheric 

wmpartments began in June 1993. Atmospheric sample collection in 1994 and 1995 began 

in &y May, prior to the commencement of any local spraying of 2,4-D, dichlorprop, MCPA 

or bromoxynil. In 1996, a more intensive sampling regime, limited to use periods (June-Juiy) 

for the chemicals of interest was fouowed. 

Air samples were collecteci uskig a high volume air sampler (General Metalworks PS- 



1) using polyurethane foam plugs (PUF) with a GF/A glas fibre filter to trap pariicuiate 

matter. Fil ters were prepared for use by heating for 1 8 houn at 265 " C . PUF plug s were pre- 

cleaned by Soxhla with hexane for 24 h pnor to use. Approximately 3 50 m3 of air was drawn 

through the sampling unit over a 24 h period every 6 days during the early part of the growing 

season. Later in each field season, sarnples were collected every 12 days. Samples were 

collecteci Junactober L 993, May-November, 1 994 and May-October 1 995. During 1 996, 

air sarnples were collecteci (24 h) on a MO-day cycle. PUFs were placed in sealed glass jars 

and stored at 4OC until extraction and analysis. Filters were placed in "Whirl pak" 

polyethylene bags and stored at 4OC until extraction and analysis. 

Rainfall was collected using an automated wet-oniy sampler (0.2025 m2) 

(Meterological Instrument Centre, Mississauga, ON) located in the geographical centre of the 

watershed. Rain collected over two week periods (1993-1995) was stored in 18 L stainless 

steel soft drink cans. Rain water was filtered through a glas wool plug at the bottom of the 

collection basin for removal of large particles. Dichloromethane (DCM) was added to the 

tanks as a preservative. Sarnple volumes ranged from 3 to 18 L. During 1996, the 

precipitation sampler was checked for rain water every second day and samples were taken 

when rainwater was present. Sarnple volumes ranged from 1 - 8 L in the 1996 field season. 

4.3.2 Sample Analysis 

A broad spectrum approach was used for sample analysis to analyse both acid and 

neutrd herbicides (e.g., 2,4-D and atratine). Atrazine results are reported elsewhere (Rawn 

et ai., 19983 (Chapter 5)). PUFs were extracted using Soxhlet with DCM for 4 h. 

Deuterated (d,) 2.4-D was used as an intemal recovery standard which was added at the 



extraction step. 

Precipitation sarnples were extracted in the sampling containers using DCM. 

Precipitation samples were extracteci foUowing the method for creek water sarnples descnbed 

in the first paper in this series (Rawn et ai., 1 W 8 c  (Chapter 5)). Ail analytes were quantified 

using gas chrornatography-mass spectrometry (Hewlett Packard 5971 MSD) using a 60 rn 

x 0.25 Pm DB-5 d u r n n  with helium as the carrier gas. Detection criteria were the correct 

ratios of two characteristic ions and retention times. Herbicides were quantified using 

extemal standard solutions and corrected for volume changes using PCB-104. Blank PUFs, 

filters and blanks of "Super Q" water were anaiysed with each batch of samples. Sample 

blanks for PUF and flter samples were collected once every sinh sample throughout the 

period of study. Herbicide levels were below detection limits in blank samples. Herbicide 

recoveries fiom PUF plugs were 100%, 95%. 72% and 85% for MCPq dichlorprop, 2,443 

and bromoxynii, respectively. Recoveries of herbicide spikes into water sample blanks were 

reponed previously (Rawn et al., 1998c (Chapter 3)). Precipitation fluxes for these herbicides 

to the South Tobacco Creek and land sufices of the watershed were calculated for each year 

of the study. For purposes of flux calculation during 1993 - 1995, MCPA, 2,4-D and 

bromoxynil concentrations were corrected for recovery efficiency. 

Detection limits were calculated to be 7, 10, 1 1 and 15 pg/L for 1 8 L volumes of 

precipitation; and 1.9, 2.1, 2.7 and 2.9 pg/m3 based on 350 m3 air samples, for dichlorprop, 

MCP A, 2,4D and bromoxynil, respectively, using instrument detection limits plus three times 

the standard deviation of the lowest concentration analysis (Keith, 199 1). 



4.4 Results 

4.4.1 Air 

Maximum concentrations of each herbicide in both air and precipitation occurred 

during periods of local use for al1 years of the study. MCPA was detected primady in the 

vapour phase (Figure 4.1A-D) (Table 4.1). However, maximum concentrations in 1993 were 

observed June 21% where 98% of MCPA was associated with particles. In al1 years except 

1995, MCPA was detectable, aithough at low concentrations, during periods when there was 

no local use of this chernical. This may be a result of regional use. Dichlorprop levels 

similarly reflected local use patterns (Figure 4.2A-D). In 1993, al1 dichlorprop residues 

detected in air samples were aûociated with particles (Figure 4.2D), however, in 1994- 1996, 

the majority of dicbiorprop was in the vapour phase. During 1994, dichlorprop was applied 

to the field adjacent to our air sampler, but the maximum dichlorprop concentration was 

detected in the sarnple coilected prior to that application. Temporal patterns of 2,4-D (Figure 

4.3A-D) in air do not appear as clearly defined as either of the other phenoxyacid herbicides 

or bromoxyrul. 2-4-D maximum concentrations were lower than al1 other analytes during the 

1993-1995 field years. The seasonality of 2,4-D in air was least obvious in 1994 (Figure 

4.3C), when this chemical was applied to the field adjacent to the sampling station. By 

sampling on a two-day cycle in 1996, seasonal patterns were more clearly discemed and 

reflected local use (Figure 4.3A). 

Differences between pattems of bromoxynii (Figure 4.4A-D) and those of the 

phenoxyacids were observed in aU field seasons. Distinct seasonal patterns reflecting local 
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Figure 4.1 MCPA concentrations in air (C vapoin and particdate phases) in the South 
Tobacco Creek Watershed. A) 1996, B)1995, C) 1994 and D) 1993. Sampling 
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Figure 4.2 Dichlorprop concentrations in air (Z vapour and particdate phases) in the 
South Tobacco Creek Watershed. A) 1996, B)1995, C) 1994 and D) 1993. 
Application period indicated by W .  



Table 4.1 Maximum concentrations (pg/m3) of each herbicide observed in ambient air (vapour and particle phase); [date of maximum 
concentration]. 

- - -- - - - - 

Year Bromoxynil 2,4-D Dichlorprop MCPA 

Vapour Particle Vapour Particle Vapour Particle Vapour Particle 

[19/6] [1/6] [il71 [3117] [19/6] [ilIlO] [19/6] [20/5;1/6] 

1995 66 130 20 18 160 15 16 ND' 

[28/6] [28/6] [2 1 161 [ 1 4/41 (28161 [24/6] [28/6] [ 1 6/71 

'Not Detected 
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Figure 4.3 2,4-D concentrations in air avapour and parthlate phases) in the South 
Tobacco Creek Watershed. A) 1996, B) 1995, C) 1994 and D) 1993. Application 
period indicated by *. 
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use were observed each year of the study. Contributions of bromoxynil associated with 

particles occurred throughout the field season (Figure 4.4A-D). Maximum concentrations 

of bromoxynil in air were higher than 2,4-D and dichlorprop in the 1993- 1995 field years. 

Bromoxynil concentrations in air were higher than ail of the phenoxyacid herbicides in both 

1994 and 1 995, despite the tàa that less brornoxynil was used in the watershed than ail of the 

phenoxyacids (Rawn et al., 1998c (Chapter 3)). Dichlorprop application was marginally 

lower than bromoxynil in 1995 (Rawn et al., 199& (Chapter 3)). 

4.4.2 Precipitation 

Concentration profiles for b r o m o ~  2,4-D, dichlorprop and MCPA in precipitation 

were very similar each year (Figure 4.5-4.6). Maximum concentrations of each chemical in 

1994 were found in Iate May and early June. This is the penod of the most intense 

application of these chemicals in the South Tobacco Creek Watershed, based on information 

provided by the landownen. Concentrations in min samples were at, or near, detection limits 

prior to this sampling penod. A gradua1 decrease in concentrations of the herbicides was 

observed for bromoxynii, dichlorprop and MCPA (Figures 4.5 and 4.6). 2,4-D was detected 

only d u ~ g  late June 1994 (Figure 4.6). Maximum concentrations of 2,4-D were lower than 

the maxima determined for each of the other analytes. 

The temporal pattern of brornoxynil in precipitation during the 1995 season differed 

h m  the other chemicals. Elevated bromoxyni1 concentrations (Figure 4.5) were observed 

in the sample collected in early May, whereas, 2,4-D, dichlorprop and MCPA were not 

detected in rainfall samples until June 1995. Bromoxynil was found in four of the eight 

samples collecteci over the season, while the others were below detection limits at al1 but two 







sampling tunes. The concentration patterns for each herbicide Whially overlapped during the 

1996 sampling season. Because lower volumes were sampled in 1996, p a t e r  frequency was 

possible which resulted in a near event-based sampling. The higher concentrations of MCPA 

may be due to les  dilution with continued rainfàll d e r  initiai washout from the atmosphere. 

Much higher concentrations of MCPA (Figure 4.6) were observed in precipitation during this 

field year, cornpared with previous seasons' data. Maximum concentrations of all chemicals 

were found during the same time fiame as previous years, although the temporal resolution 

was improved for each of the herbicides. 

4.5 Discussion 

Temporal trends of each of these herbicides in both air and precipitation reflected local 

use throughout the study. These cheMcals persisted for only short periods, compared with 

other current use chemicals such as atrazine (Rawn et al., 19986 (Chapter 5)) or chlorthal 

dîmethyl (dacthal) (Rawn, 1998) measured at this site. In previous work at this site, we found 

elevated levels of atrazine in air when the air mass originated in the US and passed over the 

rnidwest States (Rawn et al., 19986 (Chapter 5) ) .  Goolsby et al. (1997) have detected 

atrazine and alachlor in precipitation sarnples outside of use regions. Rawn et al. (19986 

(Chapter 5)) reported atrazine in both air and precipitation samples collected fiom northwest 

Ontario and southem Manitoba, two regions where there is Iirnited atrazine is use. 

Concentrations of the phenoxyacid herbicides in air were not related to the origin of 

the air mass above the South Tobacco Creek Watershed during sarnphg events in this study . 



Air mass back trajectory analyses were perforrned for two consecutive sarnpling events in 

June, 1994 when the concentration of phenoxyacid herbicides and bromoxynil were elevated 

in air. During the 12 h penod pnor to sampling on June 13, 1994, the air mass above the 

watershed was slow moWig, situated above the region (Figure 4.7A). However, the air mass 

above the watershed during the following sarnpling period moved into the watershed fiom 

South Dakota dunng the 12 h period pnor to sarnple collection (Figure 4.7B). Therefore, 

while long range transport from distant agncultural regions may contnbute to phenoxyacid 

concentrations in air, local sources appear to be the major contributor. 

No significant correlations between air temperature and concentrations of MCPA, 

dichlorprop, 2.4-D and bromoxynil existed based on air data collected over the eniire 

sampling regime. Similarly, no relationships existed between air temperature and vapour 

concentrations for these herbicides during the period of regional application (3 = 0.07 - 0.24), 

based on 1 993- 1 996 sarnpling data. This lack of correlation also suggests that the source of 

these herbicides is current uses, rather than volatilkation fiom surfaces. Good correlations 

between air temperature and vapour phase concentrations of serni-volatile organic chernicals 

are thought to be indicative of revolatilization fiom soi1 and plant surfaces (Hoff et al., 19%). 

These relationships have been show to ocair for PCBs and other organochlorine compounds 

in temperate regions (Wery et al., 1997; Kawn et al., 1998d (Chapter 7); Hoff et al., 19923). 

Temporal patterns and concentrations of phenoxyacids in atmosphenc compartments 

in other pubiished work compare well with results in the present study. Strongly seasonal 

distribution of the phenoxyacid herbicides, dichlorprop and MCPA has been observed in 





Norwegian rain (Lode et al., 1995). Maximum concentrations of MCPA and dichlorprop 

were 320 and 250 ng/L, respectively, collectecl over the sarne one week interval in midJune, 

1992. 2,4-D was not detected in precipitation sarnples colieded in Italy dunng 1988 

(Trevisan et al., 1993). however, both MCPA and dichlorprop were detected. Dichiorprop 

was detected in an isolateci sarnple, coUected in mid-September, whereas MCPA was present 

in rainfall samples collected in both July and September (Trevisan et al., 1993). 2.4-D was 

consistently detected in min samples collected between March and October, 1987 in a South 

Afiican midy to a maximum concentration of 430 pg/L (Sandmann et al., 199 1). three orders 

of magnitude higher than observed in the present study. 

Temporal trends of the herbicides in air followed similar trends to those observed in 

other studies, with detection of these chernicals occumng during local use penods. 

Hawthorne et al. (1996) observed both MCPA and 2,4-D in air sarnples collected at non- 

farmed sites, in an agricultural region of North Dakota during the 1993 and 1994 field 

seasons. Mawnum concentrations reported for MCPA and 2,4-D were observed in 1993, 70 

and 1770 pg/m3, respectively (Hawthorne et al., 1996). Temporal patterns coincided with 

application times for the region (Hawthorne et al., 1996). Extremely high levels of 2,443 

were observed in South Afncan air samples collected between September and December, 

1987 (Sandmann et al., 1991), where the maximum concentration reported was 60 ng/m3. 

h an examination of airborne pesticides in CaIifornia, MCPA levels were present in ambient 

air samples throughout regional use periods corresponding to sarnpling times (Woodrow et 

al., 1990). MCPA levels in air declined with the completion of local use of this herbicide 

(Woodrow et al., 1990). 



Although concentrations observed in North Dakota were within the range of levels 

determined in this nudy. these chernicals were reported to be associated with particles, with 

no contribution from the vapour phase (Hawthorne et al., 1996). Hawthome et al. (1996) 

collected air samples at locations removed fiom field applications of pesticides, thereby 

eliminating spray drift and volatiiization fiom treated fields as a source. Also, by using a total 

suspended particulate sarnpling head equipped with quartz filters for air sampling, Hawthorne 

et al. (1996) obsewed large soi1 particles (< 50pm) on the filter surfaces. These larger 

particles may have contributed to sorption of the phenoxyacid herbicides, removing these 

compounds fiom the vapour phase prior to air reaching the PUF plug in the sampler. 

Although soi1 particles were observed on fiiter papers from the present study, our sampling 

head, which is similar to those used in the Integrated Atmospheric Deposition Network 

(IADN) program, is known to discriminate against particle sizes WOpm (Hoff et al., 1996) 

and rnay explain the differences in sampling efficiency. Additionally, the sampler in the 

present study was centraily located in the watershed where local applications of the herbicides 

occurred within 0.2 -5 km of the sampling station. These differences in sarnpler design and 

particle coilection efficiency as well as location of sampler relative to where herbicides were 

applied rnay have resulted in the differences in particle/vapour ratios for the phenoxyacid 

herbicides between the present study and '~awthorne et al. (1 996). 

Seasonai precipitation fluxes were calnilated for each herbicide (Table 4.2) for each 

year of the study by the following equation which relates chernical concentrations to 

precipitation volume coilected, corrected for surface area (S.A.) and duration over which the 

samples were collected: 



N- e (I.) nghd-d. [il 
S.A.. # days sample was collected 

The amount of each herbicide added directly to the South Tobacco Creek via rainfâil (Table 

4.3) has been related to discharge losses reported previously (Rawn et al., 1998~  (Chapter 3)) 

for the 1994 (May-October) through 1996 (June-July) field seasons. The percent of discharge 

that precipitation contnbutes is highly variable for each chemicai. Direct precipitation is 

responsible for less than 50% of herbicide levels discharged via South Tobacco Creek with 

the exception of MCPA in 1994 and 1995 and 2,4-D in 1995. Because the temporal 

resolution in 1996 was 2 d, rather than biweekly as in the previous years, the 1996 results 

reflect more accurately the precipitation contributions to discharge. The creek water depth 

was low during the period of elevated herbicide concentrations in South Tobacco Creek in 

the 1994- 1996 agricultural growing semons. Dunng the intenral of high herbicide 

concentrations, there were no overiand flow events observed by landowners in the watershed 

and autosamplers equipped to respond to increased water flows were not triggered (Rawn 

et al., 1998c (Chapter 3)). Therefore, wash in of herbicides via raidaIl mnoff could not be 

identifid as the route of entiy for these compounds. Maximum concentrations in creek water 

correspondeci t o  devated herbicide levels in the two atmosp heric compartments; preci pi tation 

and air (Rawn et al., 1998c (Chapter 3)). Precipitation may have scavenged airbome 

herbicides and deposited these compounds directly into the water column. Deposition of 

these herbicides to the land surface of the watershed was greater than two orders of 

magnitude higher than the discharge losses (Table 4.2). The fate of these herbicides 

deposited to the watershed is unknown, however, they may have been degraded, 



Table 4.2 Seasonal precipitation fluxes (g) to the South Tobacco Creek water surfacea and 
the land surface of watershedb. 

-- 

Chernical 1993 1994 1995 1996 

bromoxynil 

2,4-D 

dichlorprop 

MCPA 

'South Tobacco Creek estimated to be 58409 m2 
standard error associated with the determination of precipitation concentrations 

bland surface of watershed = 76341591 m2, fluxes to land surface area are given 
in parentheses 

Table 4.3 The contribution of herbicide inputs via precipitation to total dischargea (%) fiom 
the South Tobacco Creek. 

- - - - - - - - 

Ch em ical 1994 1995 1996 
(May-October) (May-October) (Ju ne-Jul y) 

bromoxyd 35 3t 16 18 k 7.8 12k5.1 

dichlorprop 14 6.2 6.1 6.2 26* 11 

MCPA 62 * 27 256* 113 19 8.5 
- 

' % of what would have landed directly to water sunace of the South Tobacco Creek 
via precipitation 

standard error of precipitation concentrations and discharge estimates 



s d a r  to degradation losses in mil. (Wauchope et al., 1992). Deposition of these compounds 

M y  to the water surfice through precipitation contnbuted significantly to South Tobacco 

Creek discharge losses (Table 4.3). Additionally, herbicides in air rnay have wntributed to 

herbicide loadings in the creek water through gas absorption. DuMg both wet and dry 

periods, deposition of herbicides may dso have occurred through association with dryfall 

(Hoff et al., 1996). 

The dynamics of the phenoxyacid herbicides, 2,4-D, dichloqrop and MCPA, and the 

phenolic herbicide brornoxynil in the atmosphere are not well understood. These chemicals 

are applied as amines, esters or salts of the acid or phenol and may be present in one of 

several forms. These chemicals have very low vapour pressures resulting in low volatility, 

however, they have been found in atmosphenc compartments previously and in the present 

study . 

We previously found that gas absorption of atrazine was a sigruficant pathway of entry 

to the South Tobacco Creek (Rawn et al., 19986 (Chapter 5)). This estimation was not 

possible for the phenoxyacid herbicides and bromoxynil due to the lack of data on the physical 

properties for these compounds. The calculation of gas absorption or volatilization of these 

chemicals at the air-water interface requires Henry's Law Constant and dry deposition 

requires subcooled liquid vapour pressure values (Eise~eich and Strachan, 1 992). Vapour 

pressures of the phenoxyacid and phenolic herbicides are often estimated based on the ester 

or salt forms of these chemicals. These compounds, however, are detected in atmosphenc 

samples in the acid or fiee phenol form. Vapour pressure values reporteci for the f?ee acid 

or phenol fiequently are recorded as les than a given value, e-g., dichlorprop (acid and salts) 



c l  x 10" rnmHg; bromoxynil @arent phenol) x 1 O "mrnHg (Wauchope et ai., 1992). 

These herbicides are dissolved in creek water at pHs above their known pK, values (Rawn 

et al., 1998c (Chapter 3); Wauchope et al., 1992) and, therefore, are present in the water 

column in their freely dissociated foms, which fùrther wmplicates the estimates of their 

chernical dynamics. 

4.6 Conclusions 

Although these phenoxyacid and phenolic herbicides are considered to be non-volatile, 

they were present in both gas and particle phases and precipitation in this study. Their 

presence in atmosphenc compartments was generally restricted to use periods within the 

South Tobacco Creek Watershed. Phenoxyacid levels in South Tobacco Creek water follow 

concentration patterns of these herbicides in precipitation more closely than air concentration 

patterns. The temporal distribution ofbromoxynil in the creek water corresponds to both the 

air and precipitation concentration patterns. The behaviour of bromoxynil in ambient air 

d i e r s  h m  the phenoxyacids. Bromoxynil is present in air samples over longer periods than 

was observed for 2,4-D, dichlorprop or MCPA each year of the study. Bromoxynil was 

found in both the gas and particle phase throughout the season, whereas phenoxyacids were 

restricted rnainly to the vapour phase. Although bromoxynil use was less than that of the 

phenoxyacid herbicides within the South Tobacco Creek Watershed, precipitation fluxes were 

pater. Accurate vapour pressure values for the appropriate forms of these phenoxyacid and 

phenolic herbicides are required to enable estimates of gas exchange to water surfaces and 



deposition associated with dryfall. 

The high sampling frequency which we employed in 1996 resulted in more accurate 

detamination of the temporal patterns of herbicides in atmospheric compartments. Accurate 

physical property measurements also are required to further examine gas absorption, dryfdl 

and contributions to discharge of the phenoxyscid and phenolic herbicides. In general. high 

frequency sampling is required for these chemicals which have short residence times. 



5. ATMOSPHERIC TRANSPORT AND DEPOSITION, AN ADDITIONAL INPUT 
PATHWAY FOR ATRAZINE TO SURFACE WATERS 

5.1 Abstract 

This paper reviews the aiment literature observations of atrazine in precipitation and 

ambient air and evaluates the importance of atrnospheric deposition to surface waters using 

mearrurements of atrazine in water, air and precipitation at two locations where this chernical 

is not used. Precipitation was found to be an important route of entry Uito aquatic systems, 

partiailady during periods when extensive regional use of atraEne occurs. Gas exchange and 

dry deposition were estimated using established methods and gas exchange was found to be 

the primary dry process of atrazine deposition to surface waters. 

5.2 Introduction 

Surface mnoff losses fiom treated fields and groundwater contamination have been 

traditionally viewed as the main sources of the triazine herbicides to rivers (Muir and Grifk, 

1995). There has been Little attention paid, until recently, to the role of atmospheric 

contniutions to Surface waters by current use herbicides, particularly in agricultural regions. 

In the most comprehensive study to date, Goolsby et al. (1994) have measured atrazhe in 

precipitation samples h m  both agricultural and non-agricultural regions of the US. 



Maximum a h e  concentrations in precipitation m p l e s  coUected through mid west em and 

northeastem US were observed in May and June during 1990 and 1991 (Goolsby et al., 

1995). Atrazine deposition via precipitation and gas exchange was examined in the 

Chesapeake Bay region (Glotfelty et al., 1990), based on buk rain and arnbient air levels. 

From this and previous studies, Glotfelty et al (1990) wncluded that seasonal high atrazine 

concentrations in surface waters resulted from runoff contamination, whereas atmospheric 

deposition was responsible for low-level, widespread contamination year round. Although 

the triarines have been detected in precipitation and air, there has been little research to 

examine dry deposition and gas exchange of these chemicals (Figure 5.1), or the relative 

importance of each of these pathways to surface waters. The objective of this paper is to 

review existing information on atrazine in precipitation and air, and to evaluate the importance 

of atmospheric deposition pathways. 

Tnazines are relatively non-volatile (Table 5.1), which may be the reason why 

volatilization losses and atmospheric transport of these chemicals have not been studied as 

extensively as surface runoff losses. Atrazine losses in the vapor phase from treated fields 

in a southem California study were found to be 0.16% during the first 3 days of the 

experiment (Clendening et al., 1990). Atrarine losses through volatilization from treated 

fields in Mkyland, however, were found to be 2.4% (Glotfelty et al., 1989). Surface runoff 

losses of pesticides are considerd aitastrophic if they exceed 2% of applied levels in a single 

event (Wauchope, 1978). In 1989, 1.7% of the atrazine applied in the US Midwest was 

estimated to have been transported via runoff to the Gulf of Mexico (Pereira et al., 1992). 

Thus, overail atrazine losses via volatilization may be similar to runoElosses. 
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Figure 5.1 Atmospheric inputs and loss pathways of atrazine in agricultural watersheds. 
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Seasonal trends of atrazine in precipitation have been found, generally corresponding 

to application times (Richards et al., 1987). Goolsby and wworkers (1994) found temporal 

patterns of atrazine in rainwater samples fit closely to the trends in water previously observed 

for the Mississippi River. The highest observed concentrations were detected in sarnples 

collected during application times fkom regions where greatest atra2ine use occurred. AtrazUie 

was found infiequently in areas where it is not used, such as Maine and parts of Michigan. 

Mien detected in these areas, it was at much Iower concentrations than observed in high use 

regions (Goolsby et al., 1994). 

Table 5.1 Physicaikhernical properties related to atmospheric behaviour of triazines. 
--- - - -. - - 

Chemical Molecdar Water Subcooled Melting Henry's 
Weight' Solubilih) Liguid PoinC Law 
g/mol m a  Vapor OC Constantc 

(Toc) Pressureb Pam3/moi 
VPL, mEb 

YShiu et al., 1990) 
bCalculated using the relatiomhip: (VPflm13 = exp[6.8 1 (T ,,, ,. f w l  

(Schwanenbach et al., 1993) 
'(Wauchope et al., 1992) 

Recent atrazine measurements in several European wuntries also show seasonal 

trends in precipitation and evidence of long range transport. Although atrazine use was 

reduced in Switzerland in 1988, detectable levels of atrazine were found in precipitation 

samples wllected during 1988 and 1989 (Buser, 1990) (Table 5.2). Detectable levels of  



Table 5.2 Recent observations of atrazine in precipitation. 

Location Concentration Duration of Study Maximum Concentration Reference 
Range (n&) O bserved 

Ontario, Canada 4 0  - 445 Apr. '91 - Sept. '92 May '92 Hall et al., 1993 

Midwvestem - Eastern US 4 0  - 16,000 Mar. '90 - Sept '9 1 lune '90, '9 1 Goolsby et al., 1994 

Iowa, US < 1 O0 - 40,000 Oct. '87 - Sept. '90 June '89 

Minnesota, US <20 - 2,000 Mar. - Nov. '89 May '89, 

Nations and Hallberg, 1992 

Capel, 199 1 

Mar. - Apr. '90 June '90 

Northeastern US 4 0  - 1,500 Apr. - Aug. '85 May '85 Richards et al., 1987 

Northem Gennany <IO - 113 Mar. '90 - Mar. '92 May '90, '91 Seibers et al., 1994 

North Sea Germany <3 - 140 Apr. - Jul. '93 May '93 Bester et al., 1995 

France C S -  140 Mar. '9 1 - Feb. '92 April - May '9 1 Chevreuil and Garmouma, 1 993 

Switzerland <O, 1 - 600 Feb. '88 - Jul, '89 May - June '89 Buser, 1990 

Italy <IO0 - 1,990 May - Oct. '88 June '88 Trevisan et al., 1993 

Nonrrav <10 - 86 Jun. - Sept. '921'93 Mav '93 Lode et al., 1995 



were found in approximately 25% of the precipitation samples collected in Germany, 

both pnor to, and following, the ban on atrazine use in 199 1 (Seibers et al., 1994). Atrazine 

was detected in precipitation samples at four locations in Nozthem Germany, however 

concent rations were not found to be significantly different between agricultural, urban and 

coastal sites (Bester et al., 1995) and no seasonal or spatial differences in atrazine 

concentrations were observed. Atrazine was not registered for use in Gemany throughout 

the duration of the latter study. Maximum atrazine concentrations in rainwater samples 

collected near an Italian forest were 1.9 p@, with temporal trends reflecting local high use 

intervals (Trevisan et al., 1993). Combined wet and dryfaIl concentrations of atrazine were 

found at maximum levels in early spring in a niral area of France (Chevreuil and Garrnouma, 

1993). In Paris, however, the highest obsewed levels were found dunng sampling in June, 

1991 (Chevreuil and Garrnouma, 1993). Atrarine residues in Nonvegian rain samples 

cullected during 1993 were detectable dunng early to mid-May sampling times (Lode et al., 

1995), four years folIowing its removal from the market in Nonvay. In al1 cases, highest 

concentrations observed in precipitation samples reflected local or regional atrazine 

application. 

Atmospherïc deposition of semivolatile organk contaminants (SOCs) dso occurs via 

dry processes which can be separated intb gas exchange and particle associated deposition 

(Figure 5.1). There has been limited research to estimate relative contributions of SOCs 

through each of the pathways. Estirnates of atrazine associated with the dryfall wmponent 

were made for the Great Lakes region by Eisenreich and Suachan (1 992) using total air 

concentrations (vapor + particle). Particle deposition is a funaion of both the size and mass 



of a particle, in addition t o  nonchernical factors such as the wind speed, temperature and 

surface characteristics (Majewski and Capel, 1995). The majority of work in this area has 

been performed for persistent organochiorine compounds, rather than current use herbicides. 

For some chemicds, relationships between concentration associated with the particles and 

ambient air temperature have been developed (Eisenreich and Strachan, 1992; Bidlernan and 

Foreman, 1987). 

As far as we are aware, there have been no direct measurements of atrazine in dry 

deposition although several authors have measured total precipitation and dryfidl using 

uncovered precipitation collecton (Seibers et al., 1994; Chevreuil and Garmouma, 1993; 

Nations and Hdlberg? 1992). Representative measurement of  dry deposition is difficult to 

perform. Many devices have been used to measure dcyfail and have resulted in the bias 

toward one particle size or another. Inverteci firisbee and coated flat-plate samplers were used 

in the determination of polychiorinated dibenzo-pdioxin (PCDD) and -furan (PCDF) dry 

deposition fluxes (Koester and Hites, 1992). Koester and Hites (1 992) concluded that fnsbee 

and flat plate colledors were less efficient than water surfaces, based on mass balance 

estimates. 

Knowledge of depositional velocity (VJ and particle surface areas (S.A.), used in the 

caldation of the ha ion  associateci with the particle phase (0) are cntical for estimating dry 

deposition. V, is dependent upon the fiaction of corne or fine particles in air avaiiable for 

dry deposition (NoIl et al., 1988). Estimates of particle S.A. fiom mral and urban regions 

difFier by p a t e r  than one order of magnitude (Bidlernan, 1988). Surface area estimates are 

used in combination with subcooled liquid vapor pressure (VPJ to estimate the fraction of 



a given SOC associated with the particle phase using the Junge-Pankow mode1 (Pankow, 

1987). 

There have been fàr fewer meanirements of atrazhe in air than in precipitation (Table 

5.3). Concentrations of atrazine in air have generally been reported to be low, or non- 

detectable (< 1 ng/m3). Particle-associated or vapor phase atrazine was not detected in 

ambient air sarnples coUected in Italy (Trevisan et al., 1993). This may have been a fùnction 

of the high detection lirnit 1.6 ng/m3 for atrazine. In Paris, air samples collected between 

Apnl and June contained detectable levels of atrazine in the vapor phase (Chevreuil and 

Garmouma, 1993) at levels (0.05 ng/m3) very near detection lirnits (0.03 nglrn"), when 

observed. In a Japanese study of pesticides in ambient air, atrazine was detected during both 

spring and wmrner sampling tirnes (Haraguchi et ai., 1994), but only in the vapor phase (0.2- 

0.32 ng/m?, with no contribution fiom the particdate phase. Arnbient air measurements of 

atrazine ranged between 0.1-20 ng/m3 in the Wye River region, near Chesapeake Bay and 

varied seasonally. Five percent of the atrazine concentration detected in arnbient air was 

associated with the particle phase during the wanner sampling times and increased particle- 

bound a h e  was observed during winter sarnpling events (Glotfelty et al., 1990). Seasonal 

differences in ambient air levels of atrazine were observed in the Wye River region, with 

winter samples containhg approximately 1% of observed summer values. Alachlor and 

metolachlor, two other herbicides used in this region, were limited temporally to local use 

times in ambient air samples, whereas both atrazine and sirnazine were detected throughout 

the year (Glotfelty et al., 1 990). Glotfelty and coworkers (1 990) concluded that the source 

of high pre-application aaaPne lwels resulted fiom long range transport from southern aates, 





where atra2ine application ocairred during March and April. B a d  on the measured atrazhe 

concentrations in each of the wetfkü, ambient air and Chesapeake Bay surface waters, atrazine 

deposition via gas exchange from the atmosphere to the river was considered important 

(Glotfelty et al., 1990). 

In the following sections we examine the relative importance of atmospheric 

contniutions of the triazine herbicide atrarine via individual atmosphenc pathways based on 

data from two locations; one in the centre of the agriniltural region of Manitoba, and the 

other at a remote location, within a boreal forest in northwestern Ontario. 

5.3 Materials and Methods 

5.3.1 Watershed Description 

The South Tobacco Creek Watershed (49" 19'28"N, 98O21'50"W) (Figure 5.2) is a 

70 km2 agricultural watenhed in southern Manitoba. Detailed landuse information is available 

including weekly pesticide application information within the watershed, details of the 

formulation applied and rate of application, on a field by field basis. A survey of 41 

landownen over the past five years show that there has been no atrazine application within 

this watershed. South Tobacco Creek, which drains the watershed ranged in dissolved 

organic carbon from 6.5 to 68 mgL" and in pH fkom 6.7 to 8.0, during the course of the 

study . 

At the Experirnental Lakes Area, lake and atmospheric samples were coiiected in a 

boreal forest in northwestern Ontario 50 lan east of Kenora, ON (4g045'N, 93 O47'W) (Figure 
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Figure 5.2 South Tobacco Creek Watershed and Experimental Lakes Area locations. 
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5.2). This location is in a remote area, at least 100 km from the nearest agricultural area and 

1000 km fiom the US "corn belt". 

5.3.2 Sample CoUection 

South Tobacco Creek Watershed: Air, precipitation and creek water were sampled 

over a three year period, from 1993-1995 to detedne pesticide levels in each of the 

companments. The sampling program was designed to collect large volumes of air, 

precipitation and aeek water in order to detennine locally used pesticides and those entering 

the watershed via long range transport. 

Air samples were wlleded using a high volume (General Metalworks PS-1) PUF 

sampler with a GF/A glass fibre filter to trap partiailate matter. Filters were prepared for use 

by heating for 18 houn at 265 OC. PUF plugs were pre-cleaned by Soxhlet with hexane for 

24 h prior to use. Approxirnately 350 m3 of air was drawn through the sampling unit over a 

24 h period every 6 days during the early part of the growing season, sampling commenced 

in June 1993. Samples were collected every 12 days later in the field season, annually. 

Samples were coiiected June-October 1993, May-November, 1 994 and May-October 1995. 

PUFs were placed in sealed glas jars and stored at 4°C until extraction and analysis. Filters 

were placed in "Whirl pak" bags and stored at 4'C until extraction and analysis. 

Rainfall was collected, using ' an automated wet-oniy (0.2025 m3 sarnpler 

(Meterological Instrument Centre) in the centre of the watershed, continuousiy over two 

week penods in 18 L staidess steel transfer tanks. Sarnple volumes ranged h m  3 to 18 L. 

Rain water was fiitered through a glass wool plug at the bottom of the collection basin, for 

removal of large particles and dichloromethane (DCM) was used as a preservative. 



Creek water was collected using a submersible pump in the centre of the creek and 

pumping 18 L into stainless steel containers. Samples were filtered under pressure through 

precleaned 1 Pm GFC glass fibre filters. Samples were collected on a weekly (1994-5) and 

biweekly (beginning in July 1993) sampling schedule, fiom spring melt through freeze up. 

Experirnental Lakes A . :  Air and precipitation sarnples were collected throughout the 1995 

field season. Air samples were d e c t e d  for a 24 h period on a 12 day cycle using a PS- 1 high 

volume air sampler. Precipitation samples were collected on a wntinuous basis corn May to 

October 1995, using an automated wet-only sampler. Sample containers were exchanged on 

a monthly basis through the season. 

5.3.3 Sample Aoalysis 

A broad spectmm approach was used for sample analysis to analyse both acid and 

neutral herbicides (e.g., 2,4-D and atrazine). PUFs were extracted using Soxhlet with DCM 

for 4 h. Deuterated (dJ atrazine was used as an interna1 recovery standard which was added 

at the extraction sep. 

Creek water and precipitation sarnples were extracted in the sarnpling containers using 

DCM. Creek water sarnples were filtered (1 prn glas fibre) prior to extraction. Water was 

adjusted to pH 2 to extract acid herbicides and phenolics and then taken to pH 10 to recover 

hydrophobie organics. Extracts were èvaporated to small volumes and methylated using 

ffeshly prepared diazomethane. Cleanup was perfomed using 5% deact ivat ed Ho risil, elut ing 

with 20 rnL hexane to remove poIychlorinated biphenyls, followed by 85 mL, 18% ethyl 

acetate (EtAc) in hexane. Using this procedure, the acid and phenolic herbicides were 

analysed as methyl ester derivatives and results will be reported elsewhere. Atrazine was 



quantifid using gas chromatopphy-mass spctrometry (Hewlett Packard 597 1 MSD) using 

a 60 m x 0.25 Pm DB-5 column with helium as the carrier gas. Detection cntena were the 

cunect ratios of two characteristic ions and retention times. Herbicides were quantified using 

extemal standard solutions and conected for volume changes using PCB-104. 

5.3.4 Qualiîy Assurance 

Blank PUFs, filtas and blanks of "Super Q" water were analysed with each batch of 

samples. Pm and air filter samples were corrected for intemal standard recoveries. Average 

interna1 standard recovery for precipitation and creek water was 107%. Water and 

precipitation results were not corrected for d,-atrazine standard recovenes. Desethylatrazine 

(DEA) was detected in water and precipitation, although recovery fi-orn water may be 

inefficient using liquid-liquid panitioning, resulting in lower observed concentrations in the 

present study (Thurman, E.M., U.S. Geological Survey, Lawrence, KA. persona1 

communication, 1996), therefore, DEA concentrations are not reported for precipitation or 

creek water samples. 

5.4 Results and Discussion 

5.4.1 Air 

Temporal patterns of atrazine in ambient air were similar between the South Tobacco 

Creek Watenhed (STCW) and the Experimental Lakes Area (ELA) sites (Figure 5.3). 

AtraPne concentrations at the ELA location were generally lower than those rneasured in the 

STCW. M-um concentrations were detected at both sites during Md-June sarnpling tirnes 



1 ELA 1 

1 STCW 1 Ambient Air 1 
1 (vapor + particleH 

' 
. . . . * .  . . . . . . . . . . . . . . . . . . 
: œ 9 . i *  S .  . .. 

i ii 

Creek i: - 
Dry ; .  

i - : ;  
-fi 
I I I I l I  

Y .  

Y . . - - -  

1 16 31 15 30 15 30 14 29 14 29 13 28 12 27 l2 27 
Mar. Apr. May Jun. Jul. Aug. Sept O a  
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Creek, b) in ambient air (ng/m3) in the South Tobacco Creek Watershed and c) in 
ambient air @dm3) at the Expeximental Lakes Area. 



(0.3 ng/m3 STCW; 0.09 nglm3 ELA). Atrazine presence in ambient air reflected its probable 

use pattern, with maximum values obtained during the period between May and July when 

high herbicide use would be expected (Figure 5.3). Hoff and coworkers (199%) found a 

sirnilar pattern for trifluralin levels in air sarnples collected in southern Ontario. 

5.4.2 Water 

Atrazine concentrations during the pre-application period were at or near detection 

iimits (0.04 n@) in South Tobacco Creek water and remained at Iow levels until early June 

sampling times. Elevated concentrations were detected in the water column at most sampling 

times through June and July (Figure 5.3a). Temporal patterns of atrazine in the South 

Tobacco Creek foiiow similar trends to those detennined in Roberts Creek (Iowa) which also 

drains a small (16 km2) watershed, where maximum concentrations were found in June 

(Kolpin and Kalkhoff, 1993). Maximum concentrations (8.9 p g L )  were much higher in 

Roberts Creek than observed in the southem Manitoba watershed, (4.4 ngR) where no 

atrazine use occurred. 

Maximum seasonal atrazine concentrations in South Tobacco Creek water coincided 

with seasonal maximum levels observed in ambient air and elevated levels in precipitation 

(Figure 5.4a,b). Low concentrations of atrazine were detected in creek water samples 

collected during spring mnoff events. Similarly, 1994 results indicate low atrazine levels in 

South Tobacco Creek following an extended (July-early September) dry period. Maximum 

atrazine concentrations observed dunng the 1994 field season were found during the May 

sampling times, which wrresponded to maximum concentrations in both precipitation and 

ambient air sarnples. 
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Figure 5.4 Atrazine concentrations (nglL) in precipitation samples collected in the South 
Tobacco Creek Watershed: a) 1994; b) 1995; c) Experimental Lakes Area 1995; 
correspondhg rainfall (mm) indicated in d) e) and f), respectively. 



5.4.3 Precipitation 

Seasonal patterns of atrazine in precipitation within the STCW varied between the 

1994 and 1995 field seasons (Figure 5.4qb). The 1994 pattern is in better agreement with 

the majonty of other research. High atrarine levels in precipitation, during the period of 

application in areas of use, have been found in Genany (Seibers et al., 1994), Switzerland 

(Buser, 1990) and in the US (Richards et al., 1987; Goolsby et al., 1994). Glotfelty and 

coworkers (1990) found highest atrazine concentrations in rain samples prier to local 

application, which they attributed to atmospheric transport from more southem locations, 

where atraPne use began earlier in the year than in the Chesapeake Bay region. In this study, 

maximum observed atrazine concentrations were much lower during 1995 (1 0 n@) than 

1994 value (57 ng/L). The 1995 pattern of atrazine in precipitation is similar to the observed 

pattem found for the first year of sampling by Hall and coworken (1993). where maximum 

concentrations were found later in the field season (June), rather than during local application 

times at three sampling sites. 

The trend in atrazine levels observed in precipitation at the remote ELA site and the 

STCW suggest different input sources. Atrazine concentrations at ELA correspond to 

sources from spring application (Figure 5.4c), sirnilar to the 1994 determinations in the 

STCW. Temporal relationships within a precipitation event were not possible because rainfall 

was collected on a continuous basis for two to four weeks to obtain bulk raidal1 sarnples. 

Precipitation weighted concentrations observed in this study for both sites, where atrazine is 

not used, were three to four orden of magnitude below values obtained in the high herbicide 

use areas in the US (Table 5.4): 



Table 5.4 Precipitation weighted atrazine concentrations. 
-- - 

LocatiodYearfReference Atrazine Concentration Weighted Concentration' 

1993 STCWb 

1994 STCW 

1995 STCW 

1995 ELA 

1990 - 1992 ELA 

Muir and Grift, 1995 

Midwest US 

Goolsby et al., 1994 

North Dakota 1990 

Goolsby et al., 1995 

Minnesota 199 1 

Goolsby et al., 1995 

Iowa, Illinois and Indiana 

Goolsbv et al., 1994 

'precipitation weighted concentration = B(Precipitation ,, [atrazine])EPreeipitation -t 
bbased on June-October sampling 
'estUnated by taking atrazine levels reported to be below deiection limits (50 ng/L) as 
0.5 x detection limit concentrations (25 ng/L) 

5.4.4 Sources 

Air-mass back trajectories were performed by the Canadian Meteorological Centre, 

(Environment Canada) for five day periods at six hour intervals at the 900 mbar pressure 

level. Results fiom the 1 994 field year indicated that elevated concentrations of atrazine were 

arsociated with air movement fiom the south. During the penod of maximum atrazine in air 



samples in 1995. air masses had moved in fiom the south, at both sampling sites (Figure 

5.54b). Low concentrations of atrazhe were generally observed in samples collected over 

penods when air masses entered fiom non-source regions. 

Atrazine concentrations in the gas and particle phase were used to calculate the 

fraction of atrazine associated with the particle phase in order to estimate dry deposition. 

Previously Eisenreich and Strachan (1992) had estimated this fraction (0) to be 0.75 during 

summer months and 0.85 during winter periods. The value obtained in the present study was 

much lower (0.40). b a s 4  on 85 sampling observations producing detectable levels of atrazine 

in both vapor and particle phases, from both ELA and STCW (1993-1995). A wide range 

of atrarine in the gaiparticle distribution was observed in ambient air samples (Figure 5 -6a). 

Atrazine presence in the vapor phase was higher during penods of application, relative to 

particle phase levels (Goolsby, D.A., U.S. Geological Survey Lakewood, CO. personal 

communication, 1996). Problems with stripping of SOCs ffom filter surfaces during extended 

sampling tirnes have been reported for highly volatile compounds such as trifluralin (HofFet 

al., 1992a), however. the vapor pressure of atrazine is sufficiently low (0.0399 mPa) and the 

total air volumes of -350 m3 were small enough to suggest that this was not an important 

source of error. 

Hoff and coworkers (19926) plotted log concentrations of several SOCs against 

inverse temperature in Clausius-Clapeyron type plots and showed a clear relationship between 

ambient air wncentration and temperature for several organochlorine insecticides. A similar 

Clausius-Claperyron plot of vapor phase atrazine concentrations measured in this study with 

temperature, indicated a poor relationship between these paramet ers (CO rrelation coefficient 



Figure 5.5 Air m a s  back trajectories a) to the South Tobacco Creek Watershed: June 14, 
1995 (981 mbar); b) to the South Tobacco Creek Watershed and Experirnentai Lakes 
Area: June 20, 1995 (950 mbar). 
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Figure 5.6 Atrazine temperature relationships: a) atrazine concentration in the vapor 
phase of ambient air; b) fiaction of atrerine on particles. Data nom the 1993 through 
1995 sampling years at the South Tobacco Creek Watershed and measurements during 
1995 at the Experimental Lakes Area site were used for the Clausius-Clapeyron type 
plot (a). 



= 0.02) (Figure 5.6b) and suggests that atrazine sources are not temperature related. 

Sources at a distance removed fiom sampling sites appear to be controlling local 

concentration, not sorptionldesorption processes. 

5.4.5 Flux 

Deposition via precipitation (Nd to the STCW was calculated for each of the 

compartrnents under investigation, for both the 1994 and 1995 sarnpling seasons and for the 

ELA site for 1995, by relating atriuine concentration to the volume of precipitation colleaed, 

corrected for surface area and duration over which the sample was collected: 

N,= (& - -le V o l m ~ -  ng/m2-d [ I l  
S.A. - # days sample was collected 

where C, = avazine concentration in precipitation (sum of particle and dissolved phases) and 

S.A. = collection surface area. 

Deposition of atrazine 6om dry particles (N*) was estimated using the relationship 

(Eisenreich and Strachan, 1992): 

N,, = CTA * 0 - Vd S.A. nglm2-d PI 

where the £?action of atrazine asmiated with the particle phase, a, was taken to be 0.4, based 

on meanired results in this study. Total atraPne concentrations (ÇJ in air (vapor + particle) 

were required for the dry deposition estimates. Particle size measurements were not 

pefiormed in this study and, therefore, the deposition velocity (V,,) was taken to be 0.2 cmk, 

which is more representative of smdl particles and used by Eisenreich and Strachan for 



deposition estimates in the Great Lakes (Eisenreich and Strachan, 1992). The coarse particle 

fraction which has greater deposition velocity, (Noll et al., 1985) was not considered. Dry 

deposition estimates were calculated over a 1 m2 surface area (S.A.). 

Particle size distribution ratios and deposition velocities have been determined and 

used in flux estimates of metals (Holsen and Noll, 1992; Noll et al., 1990), however, similar 

results for organic contaminants are not available. Meteorological factors such as wind speed 

and direction, ground condition and atmospheric stability play an important role in the 

deposition of particles (Nol1 et ai., 1985). 

Gas exchange of organic contaminants between a water surfiace and the air above the 

water body can result in deposition of contaminants to the water system or export of the 

chernical fiom the water to the atmosphere. Gas exchange can be calculated for lake 

environments using the two-film rnodel (Schwarzenbach et al., 1993). For small streams, 

where water depths are low and where bonom topography Bay affect the air-water interface, 

the surface renewal mode1 can be used (Schwarzenbach et al., 1993). The total mass transfer 

velocity ( v d  is calculated as two separate factors, air and water (va and v, respectively). 

Air transfer velocities (vJ were calculated using the relationship between water and 

wind speed at 10 m above the water surface (u,J : va (H ,O) = 0.2 u ,, (mk) + 0.3 (cmk) 

(Schwarzenbach et al., 1993) and extrapolated to the chernical of interest by the relationship: 

Atrazine difisivity in air was estimated using a molecular weight ratio (Schwarzenbach 
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et al., 1993): 

The caiculation of the transfer velocity in water (v,) takes into account factors such 

as water currents and water depths which affect v, in a small stream. Molecular diffisivities 

in water can be calculated, using oxygen as the reference compound because gas exchange 

of O, is only dependant on v, and not va (Schwarzenbach et al., 1993). The transfer velocity 

of a shallow stream can be calculated using a relationship that includes water velocity and 

depth of the water (Schwarzenbach et al., 1993): 

v, - [(DJatrazine) (crn2/s) water velocity (cm/s)/water depth (cm)]' '. PI 

For a lake situation, the transfer velocity is calculated using wind speed at the 10 m height 

(u,,) (Schwarzenbach et al.. 1993): 

Once the two transfer velocities (va and vJ are known for a given compound, the 

overall d e r  velocity ( v d  1 /v, = 1 /v, + 1 /v', [v' a = v,(HRT)] can be calculated, where: 

H = Henry's Law Constant, R is the gas constant and T = temperature (K). This overall 

transfer velocity is then used to'calculate the flux (N) by: 



Atrazine gas exchange across the air-water interface was calculated for South To bacco Creek 

with the SUlfàce renewal model, using water flow and depths in combination with molecular 

difisivities, as discussed above. Caiculations of gas exchange were performed using air and 

water samples collectecl at approximately the sarne time. Gas exchange calculat ions required 

the estimation of the H for the temperatures over which samples were collected. H values 

were estirnateci fiom a linear regressioq using the averages of several pesticide temperature:H 

relationships (Chemyak et al., 1996). Gas exchange with lake water at the ELA site was 

calculated using 1992 lake water data (Muir and Grift, 1999, in combination with the air data 

(Table 5.5) for atrazine taken h m  1995, using the two film model, corrected for wind speed. 

Seasonal fluxes from each of the precipitation, dry deposition and gas exchange 

pathways within the STCW dunng the 1993, 1994 and 1995 seasons are cornpared in Table 

5.6. The 1995 precipitation flux in the South Tobacco Creek Watershed did not fit the trends 

observed in 1993 and 1994, flux values were much lower and the greatest flux via 

precipitation occurred dunng August. Flux values at ELA were greatest for precipitation 

samples collected in May and June. Maximum flux at the ELA site was an order of 

magnitude below maximum values estimateci in the STCW during the 1994 field season. The 

resuits show that precipitation has the greatest relative contributions to atrazine flux at each 

of these locations. Gas exchange of atrazine is most important d u ~ g  the June-July period. 

DIY deposition is also greatest during June and July, when air concentrations of atrarine are 

at maximum values, however, dryfaIl is not predicted to be as important a route of entry as 



either the precipitation or gas exchange pathways. 

Table 5.5 Average monthly conditions and transfer velocities dunng sample times in the 
South Tobacco Creek Watershed (STCW) (1993-95) and the Experimental Lakes Area 
(ELA) (1 995). 

- -- - - 

Monih STCW (S tream)'b I P p  ELA (Lake) 

v, Wind Water Water 
(x iO-s) Speed Temperature Flow 

m/d m-s-' OC m3/s 

V, Wind Water 
(x IO-') Speed Temperature 

m-s-' O C  

May 1.66 4.5 1 O 0.60 

June 2.24 2.9 22 0.08 

July 2.12 3 -3 20 0.02 

Aug. 2.19 3 -4 17 0.09 

Sept. 2.75 6.7 17 0.0 1 

Oct. 1.76 2.8 3 0.02 

'assumes average Stream width of 1.4 m 
bmonthly average depth range 0.02 - 0.29 m 

Precipitation and gas exchange fluxes calculated for ELA were in the same order of 

magnitude as those calculated by Muir and Grift ( 1 995) for ELA during 1 992. Atrazine flux 

results in these regions, where there is zero atrazine use, indicate there can be deposition to 

the watershed and lake surface during al1 sampling times. Our atrazine gas exchange flux 

values indicated deposition to surface waters throughout the field season. McComell and 

coworkers (1993) reported both deposition and expon fluxes for a- and y- HCH in the Great 

Lakes. Water temperature and degree of mixing of the water affect the direction of flux of 

SOCS (McConnelI et al., 1993), however, atrazine flux is likely to favour deposition rather 

than volatilization because of low H values. 



Table 5.6 Seasonal (May - October) flux estimates for the South Tobacco Creek Watershed 
(STCW) 1994- 1995 with Experimentai Lakes Area (ELA) results. - 

- 

Location Flux n&m2 

Dry Deposition Gas Exchange Total Dry Precip itation 

Process 

1995 ELA 235 42 1 656 2006 

1995 STCW 452 1200 1652 1269 

1994 STCW 670 115 1 1821 17245 

1993 STCW' 506 8 12 13 18 3101 

'does not include May - June period, when potentialiy high precipitation concentrations would be 
observed in the present study. 

Flux values for atrazine From other studies are not readily available, however, 

estimates based on atrazine rneasurements in precipitation cm be made (Table 5.7). 

Precipitation inputs into Nonhem Germany are very close to the measured flux values of the 

present study. Atrazine use was banned in Germany during the study period (Bester et al., 

199S), therefore, long range transport and deposition pathways may be sirnilar to those in 

the present midy. Flux values via wet deposition in Switzerland were higher than maximum 

annual values estimated for the sites where atrazine was not used. Higher flux values were 

estimated for the Great Lakes region (Eisenreich and Strachan, 1992). This area has 

significant local a&e use and may receive inputs via atmospheric deposition and transport - 
fkom the Midwest (Goolsby et al., 1994). 

Numerous uncertainties in the dry deposition and gas exchange estimates exist, due 

to the wide range of observed results (e-g., gaiparticle partitioning) or lack of knowledge of 

the physical properties (e.g., subcooled liquid vapor pressure and variation 



Table 5.7 Cornparison with other predicted or observed fluxes for atrazine. 

Location Flux (pg/mz-yr) Reference 

- -  

Great Lakes 
N. Germany 
S witzerland 
Minnesota 
North Dakota 
South Tobacco Creek 1 

Experimental Lakes Area 

- 

35 Capel, 199 1 
not determined Trevisan et al., 1993 

not determined Buser, 1990 

not detennined Goolsby et al., 1 995 

not deterrnined Goolsby et al., 1995 

0.4-0.6 Presen t study 

0.2 Present study 

of H with temperature). Dry deposition estimates are calculated by using estimated 0 values, 

which can range behveen O. 1 and 0.9. Altering this value between the extremes would result 

in a 3-fold decrease or a 2-fold increase in dryfiall estimates, from those obtained using the 

measured 0 value (0.4) in this study. V, of small particles sampled by high volume air 

samplers range between O. 1 and 0.8 cm/s (Holsen and Noll, 1992). Because each of these 

factors (0 and VJ are linearly related to dryfall flux, their eRea on uncertainty is additive 

(equation 2). The critical factor in dryfall estimations, is the 0 value, because it has a greater 

range than V,. Minor differences in gas exchange results were observed for South Tobacco 

Creek, when calculations were performed using the surface renewal model, which most 

accurately represents a moving Stream (Schwarzenbach et al., 1993) or using the two-film 

model for this creek, indicating the air m a s  transfer coefficient (v3 of these calculations 

drives gas exchange. Flux is temperature dependent (equation 7) through effects of 

temperature on H However, sensitivity analysis showed that wind speed was a more critical 
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parameter because of its effect on va(H,O). Therefore, the wind speed is the critical value in 

gas exchange flux calculations. 

5.5 Conclusions 

Aithough these results have been obtained for a region of low atrazine use, we believe 

they have relevance for estirnating atraene deposition in use areas. Atrazine was found in air, 

botb gas and pdcle phase, precipitation and surface water throughout the field season in the 

present study. Temporal relationships correlated to atrazine use times in the US 

Midwest. although atrazine is not used in either of these sarnpling locations. 

Atrazine concentrations in air and its partitioning to particles were not related to air 

temperature. This indicates that distant sources, rather than local sorptioddesorption 

processes control the atrazine air concentration at these sites. Particle fraction estimates 

previously used for flux calculations may be high which could lead to overestimating dry 

deposition of atrazine at least for areas remote from major use. 

Precipitation was found to be the moa irnponant route of entiy of atrazine into a 

mal1 lake in northwestern Ontario and into southem Manitoba surface waters. Results also 

indicate that dry processes, gas exchange and diy deposition contribute most significantly 

during the early part of the field season. The low concentrations of atrazine observed in each 

of these areas is indicative of regional or long range transport and deposition. Atrarine 

deposition via precipitation in southern Manitoba and southem Ontario is generally lower than 

found in the US, where atrazine use occurs. Dry deposition values estimated for the South 



Tobacco Creek Watershed and the Experimental Lakes Area are also lower than the values 

determineci for the Great Lakes region (Eisenreich and Strachan, 1992). There is considerable 

uncertainty in the dry deposition and gas exchange estimates. Nevertheless extrapolating to 

high use areas, by assuming concentrations in air are similar to those measured by Glotfelty 

et al. (1990). an additional 120% deposition of atrazine could be accounted for by gas 

exchange to water during the intensive use of the herbicide. We have not considered gas 

exchange to other surfàces, such as plants and soi1 nor the deposition of atrazine degradation 

products. 



6. PESTICIDES IN THE RED RIVER AND ITS XTUBUTARIES IN 
SOUTEIERN IMANITOBA: 1993 - 1995 

6.1 Abstract 

Pesticide concentrations and loadings at three locations dong the Red River and on 

seven of its tributaries in southern Manitoba were determined over a three year period. 

Samples (18 L) were collected on a biweekly schedule between spring and late autumn in 

1994 and 1995 and triweekly throughout the initiai year of the study (1993) between June and 

October. The pesticides detected in the highest fiequency in the Red River tributaries 

generally were those used mon extensively (e.g., MCPA). MCPA concentrations for al1 sites 

ranged from x0.0 1 - 990 ng/L. MCPA had the largest discharges of al1 herbicides in each 

tniutary, although discharge Ioads were low compared to usage. However, in the Red River 

atrazine and afachlor were fiequently detected in river water. Atrazine is widely used in the 

neighbouring US States although it was used only to a minor extent in Manitoba. Discharges 

of this chernid in the Red River were similar to loadings of the highly used and less persistent 

phenoxyacids. Alachlor, although not used in Canada, was present in the Red River at each 

sampling site (~0.060 - 150 nglL), which reflected US usage of this product. Urban usage 

of chlorpyrifos, 2,4-D and MCPA contnbuted to loadings dong the Red River. Pesticide 

concentrations generally were weU below Canadian water quality guidelines in the Red River 

drainage basin, however, chlorpyrifos concentrations occasionally exceeded guideline lirnits. 



6.2 Introduction 

Nonpoint sources of pesticides to nvers include ninoff losses from treated fields, 

groundwater movement and atmospheric inputs (Rawn et al., 1998c (Chapter 3); Senseman 

et al., 1997; Pereira et al., 1992; Leonard, 1988). Soi1 type, topography and climatic 

conditions can affect the movement of pesticides from target areas (Schottler et al., 1994; 

Pereira and Hostenler 1993). Additionally, physical and chernical properties of the pesticides, 

such as water solubility, partitioning to organic carbon &) and persistence, which Vary 

widely among chemicals, can affect pesticide movement (Larson et al., 1995; Wauchope et 

ai., 1992 ). Although pesticide movement into nvers and streams is well documented in the 

US Mdwea, the Great Lakes region and Chesapeake Bay, there are few intensive sampling 

programs to determine loadings in the riven of western Canada. In Manitoba, routine 

monitoring prograns have been limited to single monthly, seasonal or annual measurements 

at a limited number of locations (Cume and Williamson, 1995) making it difficult to 

accurately determine seasonal pesticide loading in river systems. 

The Red River extends nonh from the USKanada border to Lake Winnipeg in 

southem Manitoba 6.1). It has an effective drainage area of 14 83 3 5 km2 (Table 6.1 ). 

Pesticides are used extensively in the Red River drainage basin along the 252 km from the 

US/Canada border to its mouth at Lake Winnipeg (Agriculture Canada, 1980). On the US 

side of the border, the Red River also passes through primarily agricultural land along its 63 5 



Figure 6.1 Red River drainage basin indicating sampling locations almg the Red River 
and tributaries. 



km length (Tomes and Brigharn, 1994). Between the USKanada border and its mouth at 

Lake Winnipeg, seven main tributaries contnbute to the flow of the Red River. 

The majority of the land in southem Manitoba is used for agricultural activity. Crops 

f?om this region are primarily grains and cereals. Corn is grown in the southem region of the 

basin, but oniy in brnited amounts as the Red River passes increasingly northward. 

Table 6.1 Effective drainage area of the tributanes on the Canadian side of the Red River 
(Agriculture Canada, 1996). 

River Drainage Area (km2) 
- - 

Assiniboine 

LaSalle 

Morris 

Pembina 

Rat 

Roseau 

Seine 

Phenoxyacid (e-g., 2,4-D [(2,4-dichlorophenoxy)acetic acid]), dinitroaniline (e.g., tnfluralin 

[2,6-dinitro-N.N-dipropyl-4-(trifluoromethyl)beenne]) and phenolic herbicides (e.g., 

bromoxyd [3,5-dibromo-4-hydroxybemonitrile]) are most commonly used on these crops. 

2-4-D was the most fiequently detected herbicide in surface waters of Manitoba and MCPA 

[(4-chloro-2-methy1phenoxy)acetic acid] was found in Manitoba river systems at higher 

concentrations than in surface waters fiom the other prairie provinces, based on water quality 

monitoring data for a 30-year period of record (Cume and Wiiiiarnson, 1995). Based on 



e t e s  of areas treated (Tomes and Brigham, 1994) and typical application rates, greater 

than 1.7 million kg of 2+D and 1.4 million kg of MCPA are applied annually within the US 

part of the drainage basin. Dinitroaniline products are widely used on the US side of the Red 

River drainage basin where in atcess of 1.8 million kg of trifluralin alone are applied annually. 

In comparison, approximately 900,000 kg of phenoxyacid herbicides and 165,000 kg of 

trifluralin were apptied annuaiiy in southern Manitoba (Agriculture Canada, unpublished data). 

Approximately 13 5,000 kg and 146,000 kg of atrazine 16-chloro-N-ethyLW(1- 

methyl ethy1)- 1,3 .S-triaUne-2,4-diarine] and alachior [2-chloro-2',6'-dimethyl-N- 

(methoxymethyl)acetanilide], respectively, are applied annually on the US side of the Red 

River drainage basin (Tomes and Brigham, 1994). In Manitoba, however, the use of atrazine 

is limited (10000 kg), due to the minor production of corn, and alachlor is not registered for 

use in Canada. Despite low uses of atrazine, this chemical was detected frequently in 

Manitoba riven (Cume and Wdliamson, 1995). Discharges of neutral, persistent herbicides, 

aich as atrazbe and aiachlor, have been widely determined for rivers in the US midwest and 

Great Lakes region (Larson et al., 1995; Schottler et al., 1994; Glotfelty et al., 1990; Frank 

and Logan, 1988). In comparison, while the phenoxyacid herbicides are widely used on 

cereals and grains and are Frequently detected in river systems, discharge estimates for these 

compounds are rare in the literature ( C h e  and Williamson, 1995; Morgensen and Spliid, 

1995; Berryman and Groux, 1994; Frank and Logan, 1988). 

A three-year study was conducted to determine pesticide toadings in the Red River 

and seven tributaries in southem Manitoba. The objectives of this study were to measure, as 

a reference, pesticide concentrations in the Red River as the river flowed into Manitoba, to 
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determine pesticide loadings and to compare the results with concentrations and discharges 

observed at other points dong the Red. Additionaily, we wanted to determine if a 

relationship existed between regional pesticide use and concentrations and discharges of 

major neutrai, phenoxyacid and phenolic pesticide contamliants in these river systems. Based 

on work in the Red River previously reported by US Geological Survey, Environment Canada 

and Manitoba Environment (Currie and Williamson, 1995; Tomes and Brigham, 1994), we 

selected 1 6 pesticides (1 5 herbicides and one insecticide) for analysis. Pesticide loadings in 

the Red River at the Canadian border were determined at the Emerson sampling station and 

at two additional stations; Ste. Agathe, which is in the centre of the agricultural area and 

Selkirk, which is downstream of the City of Winnipeg (Figure 6.1). 

6.3 Materials and Methods 

6.3.1 Sample Collection 

River water samples were collected from seven tnbutaries of the Red River (Figure 

6.1) and three sites dong the Red River. Water (18 L) was colleaed by l o w e ~ g  a 

submersible pump into the centre of channel flow and pumping into stainless steel soft drink 

cans. Rivers were sarnpled every three weeks during the first year of the study which began 

in June 1993. Sarnples were collected on a biweekly schedule fkom spnng through freeze up 

during 1994 and 1995. Sarnples were sealed and transported to the lab where they were 

stored at 4'C until p r o c d .  Prior to extraction, water samples were filtered under pressure 

using pre-cieaned GFA fiIters (Ipm). One litre water samples were collected for water 



chemistv parameters including total organic carbon (TOC), total nitrogen (TN), total 

phosphorus (??) and pH by lowering a weighted sample bottle into the centre of stream flow. 

6.3.2 Sample Extraction and Cleanup 

Dissolved pesticides were extracted using a broad spearum approach for both acidic 

and neutral compounds (e-g., 2,443 and atrazine). Water samples were adjusted to pH 2 

using sulphuric acid and mixed with dichioromethane @CM) to extract acid herbicides 

followed by adjustment to pH 10 using 10 M NaOH, to extract the hydrophobie organics 

(e-g., polychlorinated biphenyls (PCBs)). Sarnple extracts were evaporated to a srnall volume 

and methylated using freshly prepared diazomethane. Extracts were cleaned up using 5% 

deactivated Flotisil, eluting *th 20 rnL hexane to remove PCBs, followed by 85 mL, 18% 

ethyl acetate (EtAc) in hexane to elute the acid and phenolic herbicides (methyl derivatives). 

6.3.3 Sample Analysis 

Sample extracts were analysed by gas chromatography - mass spectrometry (Select 

Ion Monitoring) (Hewlett Packard 5971 MSD) using a 60 m x 0.25 Pm DB-5 colum with 

heliurn as the canier gas. Detection criteria were the correct ratios of two characteristic ions 

and retention times. Herbicides were quantified using extemal standard solutions and 

corrected for volume changes using PCB-104. Blanks of "Super Q water were analyzed 

with each batch of samples. Average spike recovenes of triplkate analyses at both 10 n g L  

and 100 ngjL for 18 L volumes and detection limits are reported in Table 6.2. Al1 pesticides 

with <80% recovery were recovery corrected. Method detection limits for 18 L volumes 

were calculated using instrument detection limits plus three times the standard deviation of 
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were measured following standard colorimetric techniques for nut nent analy sis (Environment 

Canada, 1997) 

Table 6.2 Pesticide recovery fiom spiked water samples and method detection limits for 
individual pesticides. 

Pesticide Average Method Detection 
Recovery Limit 

(%) 

Alachlor 

Atrazine 

Bromoxynil 

Chlorpynfos 

Chlorthal methyl 
(DacthallDCPA) 

Cyanazine 

2,443 

Dichlorprop 

Diclofop methyl 

Ethdfluralin 

MCPA 

Metolachlor 

Terbuthylazine 

Trialiate 

Triclopyr 



6.3.4 Pesticide Use Estimates 

Pesticide application data were providecl by Manitoba Agriculture for each year of the 

study for ail municipalities in the six smaller watersheds (Manitoba Agriculture, unpublished 

data). Landuse data were available for southern Manitoba through the Canadian census 

(Statistics Canada, 1996). The area treated with each pesticide on a municipality basis was 

overlaid on watershed boundaries (Manitoba Natural Resources. 1967) to estimate the 

pesticide treated area within each watershed. Based on this area, an estimate of the amount 

of pesticides used (kg) was calculated using produas cornrnonly applied to regional crops and 

assuming recommended application rates. A pesticide use estimate was not performed for 

the Assiniboine River watershed because the watershed basin extends into Saskatchewan and 

pesticide use data for the entire watershed were not available (Figure 6.1). 

6.3.5 Discharge Estimates 

Discharges of six major chernicals from the watersheds under investigation were 

calculated for both the 1994 and 1995 field years. For purposes of discharge calculation, 

MCPA, 2,4-D and bromoxynil concentrations were corrected for recovery efficiency. 

Discharge was calculated as the product of herbicide concentration and water flow for each 

day (Larson et al., 1995). Herbicide concentrations were estimated by linear interpolation for 

days when sampling was not performed and concentrations below detection IiMts were 

assigned a value of zero (Larson et al., 1995) in ail discharge calculations. The daily 

discharge values were summed for the sarnpling season (March - end of Oaober), to give the 

total seasonal discharge values. 



6.4 Results 

6.4.1 Pesticide and Nutrient Concentrations 

Sixteen pesticides were fi-equently detected in waters of the Red River and its 

tributaries in southem Manitoba (Table 6.3). Pesticide concentrations were not correlated 

to water flow in any of the rivers under investigation in this study. Significant correlations 

between MCPA and bromoxynil(?==.25 - 0.93; p-values 0.01 - ~0.001 ) were found in al1 

tributaries with the exception of the Moms River (Table 6.4). Relationships between MCPA 

and bromoxynil concentrations were expected because they are applied during the same 

period of the agncultural season, frequently as a single formulation. Concentrations of the 

phenoxyacids MCPA and 2.4-D in river water also were correlated (?= 0.22 - 0.97; p-values 

0.02 - C0.W 1) in ail nvers under investigation with the exception of the Roseau River (Table 

6.4). No significant relationships existed between atrazine, chlorpyr-ifos and tnfluralin 

concentrations with water flow or other pesticides. These differences are indicative of 

different use patterns for these compounds. 

The pH of water from the river systems under investigation in this study were close 

to neutraiity (Table 6.5). Total organic carbon, total nitrogen and total phosphonis levels in 

each river are reported in Table 6.5. The greatest pH range (6.74 - 9.2 1) was observed in the 

LaSalle River. Water flow was correlated with TN ioadings in the Lasalle River (?=0.44) 

(Table 6.4). Weak correlations between water flow and TP ( h . 2 5 )  was found in the Morris 

River over the duration of the study. Nitrogen and phosphorus levels in dl other riven were 

not comeiated to water flow. This contrasts with results fiom South Tobacco Creek which 



Table 6.3 Pesticide concentrations (ng/L) in the Red River and tributaries. 

hlnxlmum hltnimum hl t dlm Avemgr hlrxlmum Mlnlmnm hltdlan Aver rp  

Atruinc 

Bromoqnil 

Chlq>lif(# 

Chloiihril dimcthyl 

CyanWne 
2,4-D 

Dichlorprop 

Diclofbp m&yl 

Eihilfluralin 

MCPA 

Mdolachlor 

TeltMlihyluinc 

Triallate 

Triclopyr 

Tri flunlin 

'triweekly sample collection, June -0ctober 1993 
bbiweekly sample collection, May-October 1 994; March-October 1 995 
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Pt8tlcMc 1993' 1990 

hlailmum hllnlmum hltdlan A v t n f c  Maxlmum hlWmwn hlcdlan Avcnge 

I n S d c  Wer N d  N= 12 
Alachlor 1.86 c0.06 0.37 0.54 ~ 0 . 0 6  c0.06 ~ 0 . 0 6  C0.06 

Eihlflunlin C0.28 €0.28 c0.28 <0.21i 0.36 c0.28 €0.28 c0.28 

MCPA 57.5 0.45 8.12 20.1 987 <0.010 7.14 141 





hlarlmum hlinimum hl rdlin Average Manhum Minûnuni Mcdlan Averigt  

hf0n-b RLvcr Na6 Na11 
Alachlor 2.40 c0.060 ~0 .060  0.57 ~0.060 c0.060 c0.060 c0.060 

Atruinc 

&ornoxynil 

Chlorpyifol 

ChlorrhrI dimeihyi 

Cyinuim 
2.4-D 

Dichlorprop 

Diclofop mcchyl 

Erhilflunlin 

MCPA 

Maolichlar 

Terburhyiuk 
Triallate 

Triclopyr 

TriZluralin 



Airuine 

Bromaxynil 

Chlorpyrifos 

Chlorthal dimdhyl 

C yanuine 

2.4-D 

Dichlorprq, 

Diclofop mcOlyl 

. Ethalfiuralin 

MCPA 

hleiolrchla 

Trrbuihyluine 

Triillaic 

Triclopyr 

Tri fluralin 



MCPA 





hlirlmum hlinimum hlrdlin Avrrige Maxlmum hlhimum hleâlui Average 

Atanzine 

ûromoxynil 

C h l ~ l i f o a  

Chlorihrl dimcthyl 

Cyuuzinc 

2.4-D 

Dichlorprop 

Diclofop mcihyl 

Eîhalflunlin 

MCPA 

hiaolichlor 

Tcrbuihyluine 

Trirllik 

Triclopyr 

Triflunlin 



Avuim 

Brmoxynil 

Chlorpyrifm 

Chlarthal 

Cyanazim 

2,4-D 

Dictilorprq, 

Diclofop merhyl 

Eihalfluralin 

hICPA 

Mdoliichlor 

Tcrbuuiyluim 

Triallate 

Triclg>yr 

Triilunlin 



.- - .  -- - 

hlaxlmum hlinlmum hltdlan Avrnagt hlrrimum hlWmum h l t d h  Aven  t e  

Atntme 

&omox)nil 

Chlorpyifw 

Chlwthril d i M y 1  

Cyuutinc 

2,4D 
Dichlaprop 

Diclofbp mahyl 

Ethaifluniin 

MCPA 

hietolachla 

T«bulhylazine 

Triallate 

Tnclopy~ 

Triflunlin 





hlaxlmum hllnlmum hltdlan Avtnge Mixlmum hllnimum M t d h  Avenge 

W e  Wver N-6 Nul 2 
Alrc)ilor 1.31 C0.060 0.29 0.53 ~0 .060  cO.060 c0.060 c0.060 

1.19 

7.10 

0.52 

0.10 

CO. 19 

29.3 

1.77 

0.81 

C0.28 

5.22 

0.89 



Srlnc River Nu14 
Alachlor <0.060 <0.060 <O.OM) ~0.060 

Ehlflunlin 

MCPA 

Tcrbuthylazinc 

TriaHatc 

Triclopyr 

Trifiunlin 

l5.6 

1 .O3 

0.4 1 

0.05 

CO. 19 

2.03 

0.33 

0.06 

C0.28 

1.58 

0.12 

(0.04 1 

O. 13 

0.06 

0.24 



- - -- - - 

Miirlmum hllnîmum Mtdlnn Avtmrc hlixlmum hllnlmum hltdlon A v e m ~ t  

MCPA 

h!ctol&lor 

Tcrbuthyluinc 

Triillate 

Triclopyr 

Tnflumlin 





hl arlmum h t lnlmuni hltdlan Avcmgc Marlmum Mlnlmum M d l m  A v c r r ~ r  

Rd River 8t S(c. Agathe N=6 Na1 3 
Alachlor 114 <0.060 3.83 2 1.8 13.1 <0.060 1.93 3 -66 

41.8 

75.4 

2.46 

0.34 

CO. 19 

47.6 

2.53 

3.39 

C0.28 

21.9 

2.24 

c0.082 

0.19 

CO. 19 

0.80 

c0.007 

2.28 

<0.28 

MCP A II8 C0.010 8,83 30.2 148 <0.010 3.78 18.5 

Meiolnchla 113 4.08 19.1 39.9 72.7 1.72 24.3 26.4 

Tabuthyluine 3.14 0.52 0.93 1.2 1 <0.041 c0.04 1 c0.04 1 ~ 0 . 0 4  1 

Tnrllrk 5.15 1.3 1 1.75 2.23 5.07 ~ 0 . 0 4 0  1.46 1 .76 

Triclopy 8.49 ~ 0 . 0 3 3  1.73 2.90 8.34 <0.033 ~ 0 . 0 3 3  2.16 

Trifluralin C0.023 C0.023 c0.023 <0.023 1.83 <O.OZ3 0.40 0.60 



R d  Rlvcr i t  Stt. Agithe N-13 
Alachlor 117 ~ 0 . 0 6 0  1.34 9.95 

C yanuinc 

2.4.D 

Didilorprop 

Diclofop mahyl 

Ethalfluralin 

MCPA 
Mctolachla 

Terbuthylizine 

Triallate 

Triclgyr 

Triilunlin 



Airuine 

&omoqmil 

Chlorpyifos 

Chlorthal dimcthyl 

Cymuinc 

2.4-D 

Dichlorpmp 

Diclofop mcchyl 

Eihilflunlin 
MCPA 

hJaolrchla 

Trrbuihyluinc 

Triillaie 

Triclopyr 

Triflunlin 



Atratine 65.3 2.95 7.26 11.8 

Bmmox)nil 13.7 0.86 1.28 3.71 

Chlorpyifos 3.59 ~ 0 . 0 8 2  cO.082 0.60 

Chlorihrl dimahyl 0.32 0.03 0.06 0.09 

Cyanaine 10.2 c0.19 <0.19 1.16 

2,4-D 5.09 <0.011 cO.0 1 1 0.72 

Dichloqmp 1.28 ~ 0 . 0 0 7  <0,007 0.24 

Diclofop mcthyl 2.24 4 . 0 2 3  O. 17 0.64 

Ehlfluralin 2.04 cO.28 C0.28 0.45 

MCPA 6,58 <0.010 2.44 2.47 

Mdoladilor 8.43 c0.023 5.09 4.76 

TCmUthylnzine 0.36 c0.04 1 C0.04 1 0.03 

Triallaic 11.5 cO.040 0.94 2.11 

tri cl op)^ 2.22 c0.033 ~ 0 . 0 3 3  0.23 

Trifluralin 1.78 <O.OZ3 0.86 0.86 

'triweekly sample collection, June -0ctober 1993 
bbiweekly sample collection, May-October 1994; March-October 1995 



Table 6.4 Correlation coefficients between pesticides, nutrients and water flow in six 
watersheds. 

MCPA and Bromoxynil 26 0.90 4.001 25 -. 0 25 0.29 0.005 

MCPA and 2.4-D 26 0.48 4.001 25 0.35 0.001 25 0.49 0.001 

TN and flow 16 0.44 0.005 15 b 15 -b b 

TP vs flow b 16 -b - 15 0.24 0.06 15 -b 
b 

Condation Rat Roseau Seine 

W ? p-value W ? p-value Na 3 p-value 
- - -- - - - - - - - - -- -- 

MCPA and Bromo.Vyni1 26 0.93 4.001 26 0.25 0.01 26 0.87 4l.001 

MCPA and 2.4-D b b 26 0.61 4J.001 26 - 26 0.22 0.01 

TN and fiow 13 - b b 1 -4c -b-= 18 -b 
b 

TP vs flow 13 -' 1 -k b -k 18 - b b 

'nurnber of sarnples 
%dicates no significant correlation p> 0.06 
'not sufficient data to determine relationship 



Table 6.5 Water quality parameters for the Red River and tributaries during 1993- 1995. 

- 

River PH Total Organic Total Nitrogen Total 
Carbon (mgk) (m@) Phosphorus 

( m m  

Assiniboine 

Lasaile 

Morris 

Pembina 

Rat 

Roseau 

Seine 

Red at Emerson 

Red at Ste. 
Agat he 

Red at Selkirk 

Vata not available 



drains a small, well defined agricultural watershed in southem Manitoba (Figure 6.1) where 

nutrient Ievels (TOC, M and TP) were correlated to water flow (Rawn et al., 1998c 

(Chapter3)). Correlations between pesticide concentrations and nutrient loads were not 

calculated due to Limited data for the same sarnpling days. 

6.4.2 Pesticide Use 

MCPA was the produa used in the greatest amounts of al1 active ingredients under 

investigation in this study (Table 6.6). Bromoxynil was generally the second most widely 

used product, aithough in the Pembina River watershed more tnfluralin was used than 

bromoxynil. The large use of the phenoxyacid and phenolic pesticides in these watersheds 

is indicative of the typid crops grown in the region, namely oil seeds, wheat, barley and flax. 

Triazine herbicides were applied in each year of the study in al1 watersheds, however, the 

amounts used were approximately an order of magnitude below the most widely used 

produas (Table 6.6). Within the tnbutary watersheds, an average of 332,000 kg  of MCPA 

was applied each year of the midy, but the average atrazine use in the same area was 1 1,700 

kg. 

Although dachior is no longer registered for use in Canada, a sirnilar product, 

metolachîor [2-chloro-N-(2-ethyl6-methylphenyl)-N-(2-metho- 1 -methyl ethyl)acetarnide], 

was used in four of the six watershed basins dunng at least one year of the study. 

Metolachlor use was aiso small compared with the use of the phenoxyacids (Table 6.6). 

Chlorpyrifos [O@-dimethyl- 0-(3,5,6-trichloro-2-pyridyl) phosphorothioate] use 

showed a marked increase d u ~ g  the 1995 growbig season, relative to 1993 and 1994, in five 

of the six watersheds (Table 6.6). The LaSalle River watershed was the only drainage basin 



Table 6.6 Estimates of the amount (kg) of pesticide used in six watersheds of southem 
Manitoba. (Manitoba Agriculture, unpublished data). 

Pesticide Lasalle Morris Pembiaa Rat Roseau Seine 

$e$icide use was not reponed 



that had a decrease in chlorpynfos use to 8600 kg in 1995 from the 8800 kg applied during 

1994. The increased amounts of chIorpynfos dunng 1995 may be due to its use during an 

outbreak of Berdia Armyworm (Mmrstra corfigurafa (Wlk.)) in a broad region of southern 

Manitoba. 

6.4.3 Temporal Trends 

Distinct seasonal trends in pesticide concentration were observed for the phenoxyacid 

and phenolic compounds. Although spring melt and early summer rains result in the greatest 

ninoEvolumes in the Red River drainage basin (Tomes and Brigham, 1994), pesticides were 

not found at elevated levels during this period. Mead pesticides were present in river waters 

at maximum concentrations (Figure 6.2-6.7) d u ~ g  and extendhg beyond regional application 

penods (early May - end of June). While application periods were not known precisely in ail 

watersheds, they were documented for the South Tobacco Creek Watershed (wit hin the 

Morris River drainage basin) with the cooperation of landowners and assumed to apply for 

the entire region (Rawn et al., 1998c (Chapter 3)). 

Pesticide concentrations in the nvers in southem Manitoba generally were lower 

during the 1995 sampling season than in 1994. Sample collection of the Red River and its 

tributaries comrnenced in March 1995, which was earlier than the 1994 sampling season. 

During the spnng melt and runoff period, pesticides were not present at elevated 

concentrations. Temporal trends of pesticides between 1994 and 1995 were similar in that 

maximum concentrations generally were observed during and extending beyond regional 

applications times. 

The phenoxyacid herbicides were fiequently below the detection limit in 1995, 
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Figure 6.2. MCPA, bromoxynil and 2,4D concentrations in A) the Assiniboine River, B) 
LaSaile River, C) Moms River and D) Pembina River during 1994 and 1995. Water 
flow is indicated on the nght scale. 
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Figure 6.3. MCPA, bromoxynif and 2,4-D concentrations in A) the Rat River, B) Roseau 
River and C) Seine River during 1994 and 1995. 
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Figure 6.4. MCPA, bromoxynil and 2,4-D concentrations in the Red River at A) 
Emerson, B) Ste. Agaîhe and C) Selkirk during 1994 and 1995. 
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Figure 6.5. At-e, chlorpyrifos and trifluralin concentrations in A) the Assiniboine 
River, B) LaSalle River, C) Moms River and D) Pembina River during 1994 and 
1995. Water flow is indicated on the right scale. 
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Figure 6.6. Aûazhe, chlorpyrifos and trifluralin concentrations in A) the Rat River, B) 
Roseau River and C) Seine River during 1994 and 1995. 
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Figure 6.7 Atrazine, chlorpyrifos and tnnuralin concentrations in the Red River at 
A)Emerson, B) Ste. Agathe and C) Selkirk durhg 1994 and 1995. 
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although water flow was higher in 1995 than in 1994. The lack of phenoxyacid detection may 

be related to their lack of persistence in soi1 which reduces their availability for loss via runoff 

and to dilution to below detection limits. Pesticide concentrations in southern Manitoba 

rivers were sirnilar in 1 993 and 1994. 

Atr-e was detected at maximum concentrations between late May and early June 

1994 in the Assiniboine, Lasalle, Moms, Pembina and Roseau Rivers. Atrazine 

concentrations in the Rat and Seine Rivers, however, were found at seasonal maximum values 

in July during 1994. Similarly, maximum concentrations of atraUne were observed in the Red 

River samples collected later in the field season. In 1993, atrazine generally was present at 

maximum concentrations in Iate July, coinciding with a heavy rainfall penod producing 

overland flow. Although atrazine use is low in southem Manitoba, it is more widely used in 

the southern region of the Red River basin, in Minnesota and southem North Dakota 

(Gianessi and Anderson., 1995a; Gianessi and Anderson, 19956; Tomes and Brigham, 1994). 

Elevated !evels of atrazine in the Red River reflected US uses of the product as indicated by 

its detection (maximum atrazine concentrations at Emerson 57 and 96 n a ,  1994 and 1995, 

respectively) in the Red River as it enters Canada. Atrazine is known to be quite persistent 

in water (Schottler et al., 1994). Movement of this chernical from the region of use in the 

southem Red River basin to areas at large distances fiom the site through water flow, is 

known to occur (Pereira et al., 1992; Thuman et al., 1991). 

Chlorpynfos use occurs later in the growing season (late July - early August) than 

herbicide applications and it generally was present in river systems during July and August, 

with very low levels during spring melt and runofl'periods. Dunng surnrner 1995, when the 



greatest use of chiorpydios ocnirred in the three year period, concentrations were lower than 

in 1994 in al1 tributaries. This may have been due to dilution as a result of increased water 

flow during 1995. 

6.5 Discussion 

Although pesticide concentrations observed in the Red River at Emerson in this study 

were within the range observed in other studies, maximum concentrations were lower than 

in other reports (Cume and Williamson, 1995; Tomes and Bngham, 1994). For example, 

Tomes and Brigham (1 994) reported atrazine concentrations ranging between c0.05 to 650 

ng/L over the 14 year penod of record, however, in the present survey maximum atrazine 

levels were found to be 145 n a  duhg  the 1995 sampling season. Reported concentrations 

of atrazine in Ontario rivers have exceeded 5 pg/L (Frank and Logan, 1988). In the 1980s, 

maximum atrazine levels in Quebec exceeded 37 pg/L (Maguire and Tkacz, 1993), however, 

more recent data found maximum atrazine levels in Quebec nvers of 29 pg/L (Berryman and 

Giroux, 1994). Atrazine concentrations in the US midwest where its use is extensive 

exceeded 100 &L (Thurman et ai., 1992). Gruessner and Watzin (1 995) reponed maximum 

seasonal atrazine concentrations of 10 pg/L in Vermont nvers. In France, concentrations 

exceeded 30 pg/L (Tronczynski et al., 1993). In the largest tributaries of Chesapeake Bay, 

however, atraPne concentrations remained below 1 pg/L (Foster and Lippa, 1996). 

Maximum 2,4-D concentrations (0.8 - 57 nglL) were observed in the Red River at 

Emerson between March and June which corresponded to regional application times. Beck 



et al. (1992) reported 2,4-D in southem Manitoba rivers ranging in concentration from < 0.03 

to I &L. 

Pesticide concentrations in Florida surface waters also reflected regional use patterns. 

The maximum concentration of 2,4-D observed in the Fforida surface waters was 14 pgfL 

(Miles and Pfeuffer, 1997). Previous studies also have shown that pesticides are present in 

sufice waters of agiculturd watersheds at higher concentrations following local application 

perïods (Rawn et al., 1998c (Chapter 3); Kirnbrough and Litke, 1996; HaIl et al., 1993). 2,4- 

D, bromoxynil and atrazine were three of the five most frequently detected herbicides in 

Manitoba surface waters in the 1980s (Cume and Williamson, 1995). These products also 

were present in the Red River and tributaries with a high degree of fiequency in the current 

sampling program. 

Dichlorprop was detected at each sampling station in the present study, however, 

concentrations ody remained above detection lirnits for short penods close to application 

thes  each year. Dichlorprop concentrations exceeded bromoxynil levels in Danish streams 

(2.8 pg/L and 0.53 &L, respectively) (Morgensen and Spliid, 1995). In the Danish river 

systerns, MCPA concentrations exceeded those of both dichlorprop and bromoxynil, where 

reported maximum concentrations of MCPA were 7.3 &L (Morgensen and Spliid, 1995). 

Triallate was present in water fro'm the Red River and irs tnbutaries in the present 

study, with m h u m  concentrations ocainuig early in the agricultural season, corresponding 

to regional applications. Donald and Sygiannis (1995) found triallate in sediments, but not 

water samples collecteci in Saskatchewan lakes. Ln a study corn paring surface waters draining 

agricultural areas with urban areas in Colorado, triallate only was detected in urban regions 



(Kimbrough and Litke, 1996). Beck et al. (1992) did not detect tnallate or diclofop methyl 

in small streams Ui southem Manitoba. Diclofop methyl was, however, detected in the Red 

River and tributaries in the present study. Similarly, Grover et al. (1997) detected diclofop 

methyi in Saskatchewan pond waters. 

Maximum trifiuralin concentrations (1  - 2 ngL) were generally lower than observed 

for other herbicides in samples collected fiom the Red River and tributary sampling stations. 

Elevated uifluraiin concentrations were observed early in the sampling season (March - early 

June), wrresponding to the time of application for this chemical. Similarly, Kimbrough and 

Litke (1996) and Grover et al. (1997) found that tnfluralin concentrations reflected seasonal 

use patterns. Lower frequency of detection and reduced concentrations of trifiuralin also 

have been observed in Arkansas surface waters (Senseman et al., 1997). 

EthaIfluraiin was generally below detection limits (c0.28 ng/L) in southern Manitoba 

rivers, although it was detected occasionally in each river dunng the course of the present 

study at low concentrations (Table 6.3). In the Colorado study, ethalfluralin concentrations 

ranged from c l 3  to 73 ng/L in agricultural regions, but it was not detected in surface waters 

draining the urban areas (Kimbrough and Litke, 1996). 

Although cyanazine was detected in both the Red River and tributaries, 

concentrations were generally <0.082 n g L  and, therefore, the temporal variation of this 

herbicide could not be defined. Cyanazine is a herbicide used widely in the US and is reported 

widely in surfàce waters. In the Minnesota River, a high degree of seasonality was observed 

for cyanazine compared to atrazine (Schottler et al., 1994). Concentrations of cyanazine in 

rivers of the US midwest were found to range fiom below detection lirnits to 6 1 &L, with 



maximum concentrations observed in the post-planting penod, prior to harvest (Thurman et 

al., 1992). Cyanazine concentrations observed in the tributaries of Chesapeake Bay and in 

Vermont rivers (4 - 108 ng/L, 6.9 &L, respectively) were lower than reported in the US 

midwest (Foster and Lippa, 1996; Gniessner and Watzin, 1995). Terbutylazine was rarely 

detected in the Red River or the six tnbutaries under investigation dunng 1993-1995. 

Terbutylazine is not as widely determineci as cyanazine or atrazine, however, it was observed 

in the Mississippi River between 1987 and 1989 (Pereira et al., 1992). 

In the present study, chlorpynfos concentrations (<0.082 - 18 n&) were three orders 

of magnitude below the concentrations (6 pgL) reported by Maguire and Tkacz (1993) for 

surface waters draining agricultural areas in Quebec. In Colorado, chlorpyrifos 

concentrations were higher in surface waters draining urban regions (<0.008 - 0.3 pg/L) than 

agncultural areas (c0.008 - 0.2 pg/L) (Kimbrough and Litke, 1996). In the present study, 

higher chlorpyrifos concentrations were observed downstream of the City of Winnipeg, a 

large urban centre (population 650,000) on the Red River. 

Aiachlor was frequently detected in the Red River throughout this study, however, 

it was generally below detection limits (0.060 ng/L) in each of the tributanes. Although 

alachlor is not registered for use in Canada, it is widely used in the US midwest and is 

observed in surface waters from that region. Schonler and coworkers (1994) reported 

maximum alachior concentrations of 1.2 and 2.4 &L occumng in June 1990 and 199 1, in 

the Mississippi River, respectively. Aiachlor levels exceeded 50 @L in US midwest surface 

waters (Thurman et al., 1992) with maximum concentrations dunng the post-planting penod. 

In the tributaries of Chesapeakè Bay, concentrations ranged fiom 2 to 23 ng/L (Foster and 



Lippa, 1996). Alachlor concentrations in the US were generally higher than observed for 

metolachlor in the early 1990s. During the post-planting penod, maximum metolachlor 

concentrations in surface waters of the US rnidwest were 40 &L (Thurrnan et al., 1992). 

In Arkansas surface waters, metolachlor concentrations ranged from <O. 1 &L to a maximum 

of 20 pg/L, however, in Vermont, river concentrations were only 10&L (Senseman et al., 

1997; Gmessner and Watzin, 1995). Metolachlor maximum concentrations in Quebec rivers 

during the Iate 1980s were reported to be 5 &L (Maguire and Tkacr, 1993). In this study, 

however, metolachlor concentrations in the Red River remained well below l&L. 

Chiorthal dimethyl[2,3,5,6-tetrachloro-1,4-benzendoxylic acid] (dacthal. DCPA) 

was fiequently detected, although at low concentrations (<0.013 - 0.58 n f l )  in the present 

study. Chlonhal dimethyl was detected in Colorado river systems draining both agricultural 

(0.033 - 100 &L) and urban regions (<0.005 - 0.029pgL) (Kimbrough and Litke, 1996). 

In previous monitoring of Manitoba nvers, chloriha1 dirnethyl was detected in c 2% of the 

sarnples collected, but detection limits were much higher than in the present study (Currie and 

Williamson, 1995). 

Triclopyr was not detected in the majority of Manitoba rivers, however, maximum 

concentrations reponed were in the Turtle River (650 n a )  over the penod of record (Currie 

and Wfiamson, 1995). Similarly, in the present study tnclopyr was infrequently detected in 

surface waters in southem Manitoba, which may be a fùnction of low recovenes for this 

compound (Table 6.2). 

6.5.1 Pesticide Loadings 

Of the 16 pesticides measured in this program, six were selected for the determination 



of seasonal pesticide discharge loadings in 1994 and 1995. Chlorpynfos was the only 

insecticide under investigation. Phenoqacid herbicides, trifluralin and bromoxynil were 

chosen for this detailed analysis because of their extensive use in southem Manitoba. 

Atrazine was included because it is persistent and was widely used within North Dakota and 

Minnesota, in the southem part of the Red River drainage basin, so it was potentially available 

for transpon through to Lake Winnipeg. Aithough alachlor and chiorthal dimethyl were not 

used in southem Manitoba in any of the yean of this study, they were included because of use 

in the neighbounng US States (Gianessi and Anderson, 1995a; Gianessi and Anderson, 

19956). 

Discharges of the phenoxyacid herbicides were lower in the largest tnbutary, the 

Assiniboine River, and at each sampling point along the Red Risver in 1995 than in 1994, 

despite increased water flow in 1995 (Table 6.7 and 6.8). Similarly phenoxyacid 

concentrations were reduced in the Red River in July 1993 during a penod of heay rainfall 

which produced overland flow and high river flow. These results may be due to the rapid 

degradation of the phenoxyacids in soi1 and thus lower concentrations in mnoK water. 

Therefore, concentrations rnay fa11 below method detection limits during high flow periods. 

Concentrations below detection limits resulted in discharge estimates of zero, although 

pesticide discharges m*ght have b e n  sigdcant. The reduction in phenoxyacid concentration 

with increased water flow differs fiom results observed for the more persistent herbicides 

(e.g., atrazine). Atrazine loadings were generally higher in 1995 than 1994 in most of the 

tributaries. 

MCPA had the greatest-discharge in each of the river systems, consistent with its 
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Table 6.8 Seasonal discharge (m') of water and estimates of discharge (kg) of nine pesticides at each sampling station in the Red River. 
-. . - - - - - - 

Discharge Emerson Ste. Agathe Emerson + Selkirk Ste. Agathe + 
tributaries" tributariesb 

River (km) O 1 09 218 

Alachlor 
1994 
1995 

Chlorpyri fos 
1994 
1995 



MCPA 
1994 
1995 

Metolachlor 
1994 
1995 

Tnflwalin 
1994 
1995 

loadings at Emerson combined wit h loadings from the tribut aries contributing to Red River levels between Emerson and Ste. 
Agathe (Morris, Rat and Roseau Rivers) 
bpesticide loadings at Ste. Agathe combined with loadings from the tributaries contributing to Red River levels between Ste. Agathe and 
Selkirk (Lasalle, Assiniboine and Seine Rivers) 

'loading not calculated for tributaries 



more extensive use regionally, relative to the other products under investigation. Although 

atrazhe was used to a much lower extent than MCPA in southern Manitoba, relatively large 

quantities of this chernical were discharged through the river systems. The Red River 

loadings of atrazine exceeded 140 and 80 kg, 1994 and 1995, respectively (Table 6.8). 

Chlorpynfos discharge estimated for the Red River (Table 6.8) at Ste. Agathe (Figure 6.1) 

was greater in 1995 than in the 1994 agncultural season, corresponding to increased usage 

of this compound. The discharge in 1995 increased two fold while the usage in the 

watersheds south of Ste. Agathe increased by 4.5 times. 

Alachlor and rnetolachlor loadings at each site dong the Red River reflect the different 

sources of these two compounds. Alachior loadings in the Red River were similar at al1 sites 

during 1994. In 1995, however, a decrease in alachlor concentration was observed between 

samphg sites at Emerson and Ste. Agathe cornpared with the Selkirk sampling station (46, 

48 and 11 kg, respectively). The reason for this difference is unclear, however, it is possible 

that alachlor concentrations varied enough temporally that two week sarnpling intervals 

resulted in missing high levels. Metolachlor, unlike alachlor, is registered for use in Canada 

and had greatest concentrations in the Red River at the Ste. Agathe sampling station, which 

is centrally located in the agncultural region of southem Manitoba. The increase in 

metolachlor discharge along the length of the Red River corresponded well to contributions 

fiom tributaries (Table 6.8). 

The percentage of atrazine applied in each watershed that was discharged generally 

was greater than that for the phenoxyacid and phenolic herbicides, (Table 6.9). This occurred 

despite the greater use of the phenoxyacid and phenolic chemicals. This may be a fbnction 



of atrazine's greater persistence in soil and water compared to the phenoxyacid pesticides 

(Muir 1991). The fraction of 2,4-D discharged, however, exceeded atrarine in the Pembina 

River during 1995 and the Roseau River in 1994. Although MCPA was the product used in 

the greatest amounts (Table 6.6) and was detected in river water fiequently, discharge losses 

relative to use generally were lower than other herbicides. Percent discharge losses of 

chlorpynfos were higher in the six srnail tniutary watersheds dunng 1994 (Table 6.9), despite 

larger quantities used in the 1995 field year (Table 6.6). 

The maximum losses of atrazine relative to applied levels (0.38%) determined in this 

study were generally lower than reponed by Schottler et al. (1994) (0.33 - 0.62%) for the 

Minnesota River. Similarly, atrazine losses in the Mississippi River were greater than 

observed in the present study, relative to applied levels were 0.62% (Larson et al., 1995). 

Frank and Logan ( 1988) reported greater losses of atrazine (0.5 - 1.9%) relative to regional 

application levels fiom three rivers in Ontario. Similarly, MCPA and 2,443 loss estirnates 

reponed in Ontario were greater (0.04 - 1.9% and 0.02 - 0.49%, respectively) than observed 

in the present study (Table 6.9). Chlorpyrifos discharge losses were 0.15% of applied levels 

in the Mississippi River basin, one order of magnitude above maximum losses in this study. 

Topography and soil type may explain this because the Red River basin is extremely flat, 

except in the Pembina River valley. Overland flow events are rare during summer months and 

rainfall i s  generally lower than observed in the US midwest cornbelt or the southem Great 

Lakes. During an unusually large rainfdl producing mnoff and major increases in the 

hydrograph of al1 the tributaries and the Red River in late July 1993, no large increase in 

pesticide concentrations were observed in the Red River. Fractional losses of 2.4-D, MCPA 



Table 6.9 Discharge Iosses in the six smaii rivers as a percentage of quantities applied in 
each watershed durhg 1994-9s. 

Pesticide LaSalle Morris Pembina 

Atrazine 0.008 0.035 0.002 0.0 17 O. 175 0.383 

Bromoxynil 0.0003 0.0003 0.0001 0.0003 0.0019 0.0066 

Chlorpynfos 0.0002 0.0001 0.0 0.0 0.0006 0.0004 

2.4-D 0.0003 0.0 0.0001 0.0001 0.001 1 0.443 

MCPA 0.0008 0.0 0.0001 0.0001 0.0008 0.0006 

Tri3 uralin 0.0 0.01 1 0.0 0.0003 0.0001 0.0021 

-- -- - 

Atrazine 0.032 1 0.0322 0.0 0.0234 0.0951 0.0086 

Bromoml 0.0014 0.0002 0.001 1 0.0024 0.0077 0.0002 

CMorpynfos 0.0013 0.0001 0.0251 0.0003 0.0 0.000 1 

2,443 0.0006 0.0001 0.0230 0.0048 0.0010 0.0002 

MCPA 0.0012 0.0001 0.0007 0.0004 0.0014 0.0001 

Triflurolin 0.0008 0.0005 0.001 1 0.0021 0.0161 0.0095 

and bromoxynil fkom the South Tobacco Creek Watershed in the western part of the Morris 

River watershed were within an order of magnitude of observeci results in this program (Rawn 

et al,. 1998a). 

The cropped area relative to the total area in each watershed ranged from 52 - 89%. 

There was no relationship between fiactional loadings of each pesticide with the amount of 



cropped land. The Pembina and Roseau River basins, however, are thought to lose greater 

amounts of pesticides relative to applied levels due to increased resuspension of contaminated 

bed sediments and movement of highly erodible sediment relative to other Red River 

tnbutaries studied (Cume and Williamson, 1995). As anticipated, maximum fractional 

ioadings of the pesticides were obsenred in the Pembina River basin, however, losses corn 

the Roseau drainage were genedy similar to al1 other watersheds under investigation (Table 

6.9). These dserences may have been obseived due to the rolling topography in the Pembina 

watershed, compared to the flat land in the Roseau watershed. 

6.5.2 Mass Balance 

As the Red River flows from the CanadaNS border into the middle of the agricultural 

region of southem Manitoba at Ste. Agathe, it receives pesticide loads fiom the comecting 

tributaries. Inputs from the Moms, Rat and Roseau Rivers al1 contribute to loadings 

rneasured at the Ste. Agathe sampling nation. Chlorpynfos, 2.4-D and trifluralin loads in the 

Red River at Ste. Agathe were higher than the sum of the loads at Emerson combined with 

inputs of the three contnbuting rivers by 125, 174 1 and 564 g, respectively in 1 994. These 

differences represent an elevation in discharge from expected loads by 9.1, 5.0 and 27%, for 

chlorpyrifos, 2,4-D and trifluralin. respectively. Similarly, in 1995 pesticide loads at Ste. 

Agathe were higher than anticipated from Emerson levels plus contributions of the three 

contributing tributaries. Differences were larger between expected and observed levels in 

1995, where chlorpyrifos loads were 81%. 2,4-D 88% and trifluralin 65% higher at Ste. 

Agathe than could be explained by tnbutary inputs to Emerson loadings. 

Although precipitation' inputs of pesticides to each watershed result in runoff 



contributions to nverine loads of these chemicals, the possibility exists for deposition directly 

to the water surface to occur. Increased loadings of herbicides in South Tobacco Creek, 

however, could be explained by deposition via precipitation directly to the river surface 

(Rawn et al., 19984 (Chapter 4); Rawn et ai., 19986 (Chapter 5)). Based on data for 

pesticides in precipitation for the South Tobacco Creek during the 1994 and 1995 agriculturaI 

seasons (Rawn, 1998). chlorpyrifos, 2,443 and trifluralin levels would have been increased 

by 3 1, 5 and 0.7 g, respectively in 1994 and by 1.3, 23 and 0.4 g, respectively, in 1995 due 

to direct atrnospheric deposition via precipitation and dry deposition, assuming an average 

width of 200 m for the Red River. Therefore, direct deposition washin contributions of these 

chemicals do not alone explain the elevated loadings in the Red River at Ste. Agathe. 

Chlorpyrifos, 2,4-D and MCPA levels also increased in the Red River between the 

Ste. Agathe and Selkirk sampling stations. Inputs of these chemicals from the Assiniboine, 

LaSalle and Seine Rivers which join the Red between the Ste. Agathe and Selkirk sampling 

locations do not completely account for the elevations in discharge observed at the Selkirk 

site (Table 6.8). Although deposition via precipitation and dry deposition to the water surface 

between these locations will contnbute to loadings, contributions via these routes are small 

relative to tributary inputs, as discussed previously. Urban uses of 2,4-D, MCPA and 

chlorpyrifos within the City of Winnipeg is the most likely explanation for the increased 

pesticide concentration between the agncultural site at Ste. Agathe and the Selkirk station, 

beyond Winnipeg. Similarly domestic or urban uses of these chemicals in the rural towns 

dong the river (e-g., Emerson, Morris, Ste. Agathe) may explain higher levels at Ste. Agathe. 

The higher than expected discharge values at Ste. Agathe dso may be due to contributions 



fiom non-monitored rninor tnbutaries and drainage ditches along the Red River. The 

pesticide loadings of the tributaries may be underestimated as a result of additional inputs to 

the tributaries fiom the point of sampling to the junction with the Red River. 

An additional input pathway of pesticides to surface waters is that of gas absorption. 

Gas exchange across the air-water interface has been shown to occur for many pesticides 

including atrazine, trifluralin and chlorpyrifos which may result in increased chernical loads 

in surface waters through absorption (Rawn, 1998; Rawn et al,. 19986; Schwarzenbach et al., 

1993; Eisenreich and Strachan, 19%). Conversely, the possibility exists for loss of chemicals 

such as chlorpyrifos and tnfluralin through volatilization fiom the water surface. Minor 

contributions through deposition of pesticides associated with dry panicles (dry deposition) 

directly to the water surface is also known to occur (Rawn et al., 1998a (Chapter 4)). 

6.5.3 Water Quality 

AU herbicide concentrations in the present study were below the Canadian (CCREM, 

1987) water quality guideline values for the protection of freshwater aquatic life, where these 

guidelines are in place. Chlorpyrifos concentrations, however, exceeded the Canadian drafi 

guideline for the protection of freshwater aquatic life (3.5 ngL) (CCME, 1998) in the 

Assiniboine and Morris Rivers during the 1993 sampiing season. Dunng 1995, the year with 

a known outbreak of the Bertha Armywom (M. configura~a), chlorpyrifos levels exceed this 

guideline value in four of the seven sampled tnbutaries of the Red River (Table 6.3). Each 

year of the study, chlorpyrifos levels in the Red River at the Seikirk sampling station exceeded 

the drafi water quqity guideline objective for the protection of freshwater aquatic life. This 

site is the sampling point w h e ~  pesticide contributions of the Assiniboine River and any 



inputs fiom the City of Winnipeg tu the Red River occur and pnor to the entrance of the river 

into Lake Winnipeg. 

6.6 Conclusions 

This study is the first data set with reasonable temporal resolution for pesticides in 

southem Manitoba rivers and fint to estimate seasonal loadings for pesticides both, in the Red 

River and tnbutaries. Pesticide concentrations in the Red River drainage basin in southern 

Manitoba reflected regional uses of these products and contributions from use on the 

neighbouring US States. Urban contributions may have resulted in increased pesticide 

loadings in the Red River at the sarnpling station downstream of Winnipeg city limits and rnay 

also explain higher levels at Ste. Agathe. 

Discharge loadings of MCPA were the highest in each river system under 

investigation, however, relative to the amount of this chemical applied, losses were small. 

Although atrazine use was much lower than that of the phenoxyacid herbicides, atrazine 

discharge loadings were similar to these more widely used herbicides. Alachlor and dacthal 

were present in the Red River at al1 sampling locations although they were not used in 

southern Manitoba throvghout the duration of this study. This suggests that pesticide 

concentrations Ui the Red River are heavily influenced by US usage of pesticides. Estimation 

of discharge was possible because of biweekly sampling. However, our study on the South 

Tobacco Creek (Rawn et al., 1998~) has show that even greater frequency is necessary to 

get accurate loading estimates for periods when pesticides are being applied. Intensive 

sampling, not routine seasonal kampling of river waters, is required to determine temporal 



trends and loadings of pesticides in surface waters. 

Herbicide concentrations were weU below Canadian water quality guideline values for 

the protection of freshwater aquatic life, where such values exist. Chlorpyrifos 

concentrations, however, occasionally exceeded draft water qudity guideline values for the 

protection of fieshwater aquatic life. 



7. POLYCHLORINATED BlPHENYLS IN A RURAL WATERSHED IN THE 
SOUTHERN PRAIRIE REGION OF CANADA 

7.1 Abstract 

PCB concentration patterns were deterrnined in air, precipitation and surface water 

in a smdl agricultural watershed (70 km2) in the Canadian prairies, with no known local 

source of these compounds. PCB concentrations were reiated to air temperature for lower 

chlorinateci congeners and air mas back-trajectories indicated that elevated levels in ambient 

air were observed when air moved into the region fiom the south. Dissolved phase CPCB 

concentrations ranged frorn 20 - 63 50 p g L  in creek water, air concentrations ranged fiom 

1.4 - 751 pg/m3 and concentrations in precipitation ranged from 88 - 9703 pg/L. The 

stagnant Iayer (two-film) model and the surface renewal models were used to estimate PCB 

volatilization dunng both 1994 and 1995. The surface renewal model predicted greater 

volatilization losses than the two-film model, dthough the surface renewal rnodel has been 

shown to under predict gas exchange in srnail turbulent streams. This suggests that for a 

small stream, the two-film model drastically under predicts gas exchange estimates. There 

was overail net deposition of PCBs to the South Tobacco Creek when precipitation and dry 

deposition inputs to the entire watenhed were included. Sirnilar levels of PCBs are exported 

tiom this watenhed by both volatilization and stream discharge. 



7.2 Introduction 

Although use of polychlorinated biphenyls (PCBs) has been restricted in North 

Amena since the late 1970s. they are still present in both surface waters (McConnell et al., 

1996; Pearson et al., 1996; Hombuckle et ai., 1994) and atrnospheric compartments 

(Offenberg and Baker, 1997; Stem et al., 1997; Hoff et al., 1996). PCBs have long residence 

thes in the environment and are subject to transfer frorn source regions to remote locations 

(Wania and Mackay, 1996). PCBs enter surface water via precipitation, diyfall and gas 

absorption and are aiso transferred from water to the overlying atmosphere through 

volatilization (McConnell et al., 1996; Iwata et al., 1995; Hombuckle et al, 1994; Jererniason 

et al., 1994; Baker and Eisemeich, 1990). 

In temperate environments, PCB concentrations in air have been s h o w  to Vary 

annually with air temperature (Wery et al., 1997; Hoff et al., 19923). Revolatilization frorn 

plant and soi1 surfaces may be an important source of ambient air concentrations of PCBs 

(Wania and Mackay, 1996; Aicock et al., 1994; Hoff et al., 19926). Air temperature limits 

volatiiization rates and, therefore, regulates the amount of a chernical availabie for transport 

(Wania and Mackay, 1996). This contrasts with atrnospheric concentrations of current-use 

pesticides that are present at elevated levels dunng penods of use (Glotfelty et al., 1990; 

Rawn et al., 1998b (Chapter 5)). 

PCBs move between the overlying atmosphere and the water surface in both 

directions by gas exchange. The air-water gas exchange of PCBs and other persistent 

semivolatile organochlorine cornpounds (SVOC), notably the hexachlorocyclohexanes, is 



relatively wel studied (Rida1 et al., 1996; Falconer et al., 1995; Jantunen and Bidleman, 1995; 

McConnell et al., 1993). Gas exchange has been modelled using different approaches, 

including the two-film and surface renewai models (Bidleman and Mccomell, 1995). 

The two-fiim model is the most widely used and has been descriied in detail in current 

reviews (Bidieman and McConnell, 1995; Schwarzenbach et al., 1993). The predominance 

of the two-film or stagnant layer mode1 may be a fbnction of the  emphasis placed on gas 

exchange research in lake and ocean situations rather than nverine systems. Shallow streams 

are thought to have reduced air-water boundary layers due to water movement and turbulence 

in combination with effects of river bottom topography (Schwarzenbach et al., 1993). The 

surface renewai model dEen From the two-film model in the way it estimates the water-side 

transfer coefficient. Like the two-film model, the surface renewal model includes factors to 

estimate the effect of molecular difhsivity on SVOC movement, but it also introduces 

additional parameters to incorporate e f f i s  of water velocity and depth. The surface renewal 

mode1 is thought to under-predict tme gas exchange in streams (Schwarzenbach et al., 1993). 

It has long been recognized that tnbutaries contribute to loading of lakes by 

atmospherically derived SVOC contarninants (Eisenreich and Strachan, 1992; Hoff et al., 

1996). Although PCB loadings in tnbutaries have been studied, emphasis has been on the 

determination of levels at the river mouth (Dolan et al., 1993). Mass-balance estimates in the 

Great Lakes include a tnbutary component, however, riverine loadings have been estimated 

fiom a lirnited number of samples (Hoff et al., 1996; Jeremiason et al., 1994). 

The present study was established to determine the temporal trends of PCBs in both 

atmospheric samples and Stream *ter within the South Tobacco Creek Watershed. The 70 



km2 watershed, near the town of Miami. originates in the Pembina Hills of Manitoba. The 

strearn that drains the watershed flows d o m  an escarpment which drops approximately 130 

m over eight km (Yarotski, 1996). There are 42 large farming operations within the 

watershed. Apart fiom past minor uses in consumer products, e-g., fluorescent Iight ballasts, 

no local source of PCBs is known. We hypothesize, therefore, that PCBs in stream water 

would be related to air concentrations and precipitation inputs, similar to observations for 

current use pesticides (Rawn et al., 1998~ (Chapter 4); Rawn et al. 1 9986 (Chapter 5); Rawn 

et al. 1998c (Chapter 3)). Our approach was to estimate PCB movement via gas exchange, 

deposition via precipitation and dryfaIl to the Stream and to compare inputs and outputs to 

the stream draining the small, agricultural watershed in southem Manitoba, Canada. 

7.3 Materials and Methods 

7.3.1 Sample Collection 

Air, precipitation and stream water were sampled in the South Tobacco Creek 

Watershed (Figure 7.1) during the 1994 and 1995 field seasons (May - October) to determine 

PCB levels in both atmosphenc compartments and the receiving surface water. The sampling 

program was designed to coUect large volumes of air, precipitation and South Tobacco Creek 

water simultaneously. 

Air samples were collected using a high volume (General Metalworks PS-1) 

polyurethane foarn plug (PUF) sarnpler with a GFA glas fibre filter to trap particulate matter. 

Filters were prepared for use by heating for 18 h at 265°C. PUF plugs were pre-cleaned by 



Figure 7.1 The South Tobacco C ~ e k  Watershed. 



SoxhIet with hexane for 24 h pnor to use. Approximately 350 m3 of air was drawn through 

the sampling unit over a 24 h period every 6 days during the early part of the agricultural 

season. Later in each field season, sarnples were collected every 12 days wrresponding to 

the Great Lakes Integrated Atmospheric Deposition Network (IADN) sampling schedule 

(fFillery et ai., 1997). PUFs were placeà in sealed glas jars and stored at 4 OC until extraction 

and analysis. Filters were placed in "Whirl pak" polyethylene bags and stored at 4'C until 

extraction and analysis. 

Rainfàil was coilected using an automated wet-only sampler (0.2025 m3 

(Meterologid Instrument Centre, Mississauga, ON) located in the geographic centre of the 

watershed. Rain was collecteci over two week penods in 18 L stainless steel soft dnnk tanks. 

Rain water was filtered through a glass wool plug at the bottom of the collection basin, for 

removal of large particles and dicldoromethane @CM) was added to the container as a 

preservative. Sarnple volumes ranged from three to 18 L. 

Stream water samples (18 L) were collected by lowenng a submersible pump into the 

centre of the stream and pumping into stainless steel containers. Although samples were 

collected during the spring melt and runoff period (March - April), weekly sampling was 

h t e d  to the period between early May and f k z e  up in late October. Pnor to extraction, 

sarnples were filtered under pressure using pre-cleaned 1 pm GFA filters. 

Stream water (1 L) samples were colieaed by lowenng a 1 L bottle into the centre 

of the stream throughout each field season to determine nutnent levels: total organic carbon 

(TOC), dissolved organic carbon @OC), total nitrogen (TN) and total phosphorus (TP). 

Samples were transported to the lab and stored at 4'C until wnples were processed. 
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7.3.2 Snmple Analysis 

PCB 30 was used as an interna1 recovery standard which was added to al1 samples at 

the extraction step. PUFs were Soxhlet extracted with DCM for four h. Stream water 

samples were extracted in sarnpling containers with DCM using a broad spectrum approach 

to include pesticides, as descnbed by (Rawn et al., 1998a (Chapter 4); Rawn et al. 19986 

(Chapter 5); Rawn et al. 1998c (Chapter 6)). Sarnples were adjusted to pH 2 using sulphunc 

acid to extract atid herbicides foilowed by adjustment to pH 10 using 10 M N a 0 9  to extract 

the hydrophobic organics including PCBs (Maguire et al., 1993). Precipitation sarnples were 

extracteci foiiowing the method for Stream water samples, except that filtration of rain water 

was not perfonned prior to extraction. To anaiyze suspended sediment, the filter papers used 

in the filtration of creek water samples collected fiom June and July, 1995 were mixed with 

anhydrous sodium sulfate and Soxhlet extracted using the method for PUF and air filter 

papers. Extracîs were cleaned up using 5% deactivated Florisil, eluting with 20 mL hexane 

to remove PCBs, followed by 85 mL, 18% ethyl acetate (EtAc) in hexane to remove 

pesticides. AI1 analytes were quantified using pressure programmed gas chromatography- 

mass spectrometry (Hewlett Packard 5971 MSD) using a 60 m x 0.25 Pm DB-5 column with 

helium as the carrier gas. Deteaion critena were the correct ratios of two characteristic ions 

and retention times. PCBs were quantified using extemal standard solutions and corrected 

for volume changes using PCB- 104. Method detection limits were calculated using 

instrument detection limits plus three times the standard deviation of the iowest concentration 

analysis (Keith, 1991). TOC, DOC, TN and TP loadings in South Tobacco Creek were 

measured following standard colonmetric techniques for nutrient analysis (Environment 



Canada, 1997). 

7.3.3 Data Analysis 

Discharges of representative PCB congeners (CB 8, 18, 28, 64, 99, 138) for each 

season (1994-1995) via the South Tobacco Creek were calwlated as the product of PCB 

concentration and water 80w for each day (Larson et al.. 1995). Concentrations were 

estimated by linear interpolation for days when sampling was not performed and 

concentrations below detection limits were assigned a value of zero in al1 discharge 

calculations (Lanon et al., 1995). The daily discharge values were sumrned for the sampling 

season, comrnencing in March of each year, to give the total seasonal discharge values. 

Daily average air temperatures were measured over the duration of the sampling 

period. Water temperatures were recorded at the time of sampling. The South Tobacco 

Creek is shallow (< 1 m depth) and water temperatures were determined to be close to air 

temperature (<5 ' C difference) throughout the sampling periods. Water temperatures were 

w m e d  to be quai to air temperatures when water data were not available. Regional wind 

speeds were used in the flux calculations. Although water samples were filtered, PCBs may 

have been bound to colloidal matter. The dissolved PCB congener concentrations were 

estimated by subtracting the DOC bound concentrations fiom the total. The fiaction bound 

to colloidal matter was estimated tiom the mass m i o n  of DOC and the K, value for gas 

exchange estimates (Jeremiason et al., 1997). 

73.4 Quality AssurancelQuality Control 

Blanks of "Super Q water were andyzed with each batch of samples. Dated (1 0,000 

year oid) wel water sarnples were analyzed and the results for individual congeners were used 



as blanks to correct PCB concentration in water and precipitation samples. The average 

recovery of PCB 30 spiked into distilled water (1 8 L) was 122 * 21% (N=5).  Blank PUFs 

and filter papers (collected every sixth sample) were analysed and used to blank correct 

results for air samples. 

7.4 Results and Discussion 

South Tobacco Creek, which drains the watershed, ranged in TOC from 6.8 to 43 

mg& and in pH kom 6.7 to 8.0, during the study. TN ranged from 0.3 to 4.3 mg/L and TF 

ranged fkom 0.05 to 2.9 m a .  DOC levels ranged from 6.4 to 15 mg/L during the 1994 and 

1995 field seasons. 

Water concentrations of CPCBs (dissolved and colloida1 bound) ranged from 20 - 

6350 pg/L (Table 7.1). The dissolved concentrations ranged fiom 5.5 to 1500 p@. 

Tetrachiorinated congeners were the dominant homolog group in South Tobacco Creek water 

samples in al1 months of the 1994 field season. However, in 1995, tri- and dichlorinated 

congeners were the largest component of CPCBs (Table 7.1) in water during August and 

Septernber, 1995, respectively (Figure 7.2B). It was not possible to confirm this shift in 

congener profile during the late summer in 1994 because the South Tobacco Creek was dry 

for an extended period between the end of July until early October. Although PCB 

concentrations in Stream water were not correlated with flow, maximum levels were observeci 

in South Tobacco Creek during spnng melt and mnoff in 1995 (Figures 7.3 and 7.4). 

BPCB concentrations on suspended sediments (June - July 1995) averaged 1900 * 



Table 7.1 Average PCB concentration in air (pg/mJ), creek water (pgL)' and precpitation (pg/L) in the South Tobacco Creek Watershed 
dunng the 1994 and 1995 seasons. 
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Figure 7.3 CB 8,18 and 28 concentrations in air and water in the South Tobacco Creek 
Watershed in 1994 and 1995. [air temperature (K) and water flow (m3/s) indicated in 
bottom panels]. Creek water concentratio~i~ are not comcted for colloida1 
contributions. 



Figure 7.4 CB 64,99 and 138 concentrations in air and water in the South Tobacco 
Creek Watershed in 1994 and 1995. [air temperature (K) and water flow (m3/s) 
indicated in bottom panels]. - Creek water concentrations are not corrected for colloidal 
contributions. 



1000 pg/L. Suspended sediments were domiiiated by the penta- and hexachlorinated 

homologs which averaged 35% and 42% of CPCBs, respectively. Combined contributions 

of the di- and trichlorinated hornologs were <3% of CPCBs, while the tetra and 

heptachlorinated homologs contnbuted 9% and 1 O%, respectively. 

Air concentrations of ZPCBs ranged from 1.4 - 75 1 pg/m3 (Table 7.1 ). The tri- and 

tetrachlonnated congeners were the dominant homolog groups in vapour phase samples 

throughout the 1994 and 1995 seasons (Figure 7.2A). The highest rnonthly average 

concentration of ZPCB in air (253 pg/m3) was observed in August 1995, which coincided 

with the highest average air temperature in 1995. The average monthly maximum observed 

ZPCB levels in South Tobacco Creek water, however, were found in March 1995 and May 

and July of 1994. 

Concentrations of CPCBs in precipitation ranged fiom 88 - 9703 pg/L (Table 7.1). 

The monthly average maximum ZPCB concentrations in precipitation (4200 pg/L) were 

observed in August of 1994, during the penod when South Tobacco Creek was dry. Higher 

concentrations in precipitation, based on monthly averages, were found throughout the 1994 

sampling season than during 1995. Average annual precipitation-weighted ZPCB 

concentrations were 2000 p g L  and 740 p g L  for 1994 and 1995, respectively, corresponding 

to the elevated PCB concentrations observed in precipitation samples dunng the 1994 field 

season. Precipitation weighted concentrations reduce the effect of sample dilution with 

increased volumes of precipitation thereby resulting in greater comparability between different 

temporal periods (Goolsby et al., 1993). 



The higher chiorinated, more hydrophobic congeners were detected less frequently in both 

a i .  and water samples. Air concentrations of PCBs during 1995 followed temperature patterns more 

closely than in 1994. 

7.4.1 Air-Temperature Relationships 

Specific congeners from each of the major homolog goups (di-. tri-, tetra-, penta- and hexa-; 

CB 8, 18 and 28, 64, 99 and 138, respectively) were chosen as representatives of the temporal 

patterns for each homolog group and illustrated with temperature and water flow in Figures 7.3 and 

7.4. Significant correlations between PCB congener concentration and air temperature were found 

for a number of PCBs. Concentration:ternperature relationships for most but not al1 PCB congeners 

were in good agreement with those reported by Hoff et al. (19926) (Table 7.2). In general, the lower 

chiorinated congeners were found to correlate more closeiy to temperature. This may be a result of 

the dserence between sampling stations. The South Tobacco Creek Watershed is fûrther away corn 

major industriai aaivity and urban areas than the site in southem Ontario used by Hoff et al. (1992). 

Hillery et al., 1997 also observed variability at a remote site on Lake Superior (Eagle Harbour). 

Additionally, sampling in the present study was Iimited to the period of May through to October, 

rather than throughout the entire year. In general, PCB concentrations observed in air samples from 

the South Tobacco Creek Watershed were similar to those at the nearest IADN site reported by 

Hïllery et al., 1997 (CPCBs; 200 pg/rn3, 1994; 130 pg/m3, 1995). PCB concentrations reported by 

Stem et al. (1 997) for Arctic air samples during 1993- 1994 generally were lower (1.7 - 148 pglm3) 

than observed in the present study. 



Table 7.2 Correlation parameters for PCBs [of the form logC @g/m)) = b+mlT(K)]. 
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7.4.2 Sources 

The maximum observed PCB concentration in ambient air was observed August 7, 

1995 and much lower PCB concentrations were observed on August 1, 1995. Air-mas back 

trajectories for these dates were performed on a CRAY XMP cornputer: Atmosphenc 

Environment SeMce (Dorval, PQ). Trajectories were computed at 950 mbar and the 

latitudes and longitudes of the air parcel over the South Tobacco Creek Watershed during the 

sarnple coUection were plotted in six hour intervals backwards for a five day penod, pnor to 

the sampling events (Figure 7.5 A and B). The air mass over the South Tobacco Creek 

Watershed during the sampling event when very high ZPCB concentrations were observed 

originated in the southern US (Figure 7. SA). The air mass present during the August 1, 1 995 

sampling interval had originated from the west, having settled over the Dakotas. In general, 

low PCB concentrations were observed in air sarnples collected during penods where air 

masses originated from the nonh and west, however, masses moving from the south, 

corresponded to consistently elevated PCB levels. 

7.4.3 Air-water Gas Exchange 

Air-water gas exchange calculations using both the two-film and surface renewai 

models were performed using paired water and air data fiom the South Tobacco Creek 

Waîenhed (Table 7.3). Both models have been described in detail elsewhere (Bidleman and 

McConnell, 1995; McConneU et al., 1993; Schwarzenbach et al., 1993; Baker and Eisenreich 

1990) and are described briefly here. 





Table 7.3 Average monthly conditions during paired air-water sample collections in the 
South Tobacco Creek Watershed (1994- 1995). 

Wind Speed Water Water Flow Water Depth 
Month (mfd Temperature (mfs) (m) 

( O C )  

MW 3.22 10.06 0.42 0.22 

June 2.12 19.69 0.06 0.08 

J ~ Y  2.24 17.85 O. 02 0.04 

August 3.36 17.33 0.002 O. 02 

Septem ber 5.10 18.66 0.09 0.08 

October 1.98 4.3 1 .O4 0.22 

Difisivity parameters are used in both the two-film and surface renewal models, to 

account for molecular difision of an organic chernical through both the water and air sides 

of the boundary layer. The water side transfer velocity (v,) is proportional to the difisivity 

parameter (D,) using the two-film model, however, in the sunace renewal model, v, is 

proportional to the square-root of the diffisivity component (Eisenreich et al., 1997). The 

two-film model uses difisivity in combination with wind speed to estimate the water side 

transfer velocity. The wind speed taken at the 10 m height (u,,) is used in the equation: 

In a shallow meam, however, the water aiment and depth are thought to more greatly affect 

chernical movement in the water layer. Therefore, the water-side transfer coefficient in the 
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surface renewal mode1 is estimated using the relationship (Schwarzenbach et al., 1993): 

v, (PCB) = ~ , ( P ~ B ) ( c m ~ / s )  water velocity(cm/s)/water depth(~m)]~.'. 

For both models the air side transfer velocity (vJ for organic chemicals is related to 

wind speed taken at the 10 m height (u,,) (Schwarzenbach et al., 1993) and has been 

determined for water molecules in the air above the boundary layer. 

The air side transfer velocities for organic chemicals are calculated by extrapolation using 

diffusivity ratios with the air side transfer velocities for water (equation 3) (Schwarzenbach 

et al., 1993): 

v , w w  = V,OI~O)[D,(PCB)/D~(H~~)I~-~~ ~ 4 1  

and diffisivity of the organic chernical is estimated using the molecular weight ratio: 

Both models combine water and air side contributions to determine the overall transfer 

velocity (vd using the relationship: 



using temperature comected Heniy's Law Constants (H) and where R = the Gas Constant and 

T is temperature (K). 

Flux estimates were calculated using the overall mass transfer velocity with the 

equation: 

N = v,(C, - CJK'J where K', = H/RT. 

PCB concentration in water is represented by C, and PCB air concentration is Ca. 

In general, export of PCBs via volatilization from the South Tobacco Creek was 

found to occur for most congeners throughout the period of water movement using both 

models (Table 7.4). PCB movement via gas exchange between South Tobacco Creek and the 

overlying atmosphere was dominated by the tetrachlorinated congeners. Seasonal flux 

patterns are sirnilar between the di- and tnchioro- groupings, as are the tetra- and 

pentachloro- congeners. A net deposition of the hexa- and heptachlorinated congeners was 

observed. Deposition of the octachlorinated congeners occurred during 1995 (Table 7.4). 

Cornparisons between flux estirnates dculated using the two-film model with results 

fiom the surface renewal model cunsistently showed greater volatilization of PCBs when the 

airface renewal model was used (Table 7.4). However, the surface renewal model is thought 

to under-predict volatilization losses of organic compounds from water surfaces by 2 to 3 

times based on field trials (~chwkenbach et al., 1993). These results suggest that the two- 



film model greatly underestimates gas exchange across the air-water boundary of shallow 

streams. Volatilization fluxes determined in the present study were within the range of those 

nom the Great Lakes, however, maximum flues were higher in the present study (Table 7.5). 

Flux estimates for individual congeners in the present study using both models were within 

an order of magnitude of Lake Baikal results estimated using the two-film model ( M c C O M ~ ~ ~  

et al., 1996). 

Table 7.4 Averagea PCB air-water gas =changeb (ng/m2*d) across the South Tobacco Creek. 
(SD. of the six monthly averages). 

Homolog Two-film Surface 
Renewal 

Di- -3.412.1 -2 11 14 

Tri- -4.41 1.5 -229 .3  

Tetr a- - 12.516.5 -4 1*25 

Penta- - 3 . a  1.9 - 7 2 4 . 8  

Hexa- 0.0310.09 -0.1 1iO. 16 

Hepta- 0.03*0. 05 0.0510.07 

Octa- û=t0.0005 O.oI0.0006 

Two-film Surface 
Renewal 

Total -23k 12 -91f i2  
L 

'average values based on samples coilected May - October 
bnegative values indicate volatilization; positive values indicate deposition reported 

One reason for higher fluxes in the present study is that water and air temperatures 

were higher than reported for other regions (Table 7.5). This contributes to increased 

volatktion f?om the water surface of the South Tobacco Creek relative to cold lake waters. 







Wuid speeds, however, were within the range of reported values. H values were corrected 

for temperature ushg linear regression of dopes previousiy reported ( M c C O M ~  et d., 1996, 

Achman et al., 1993). 

An additional wnfoundig faaor in this study is the sampling location of air samples. 

Ambient air sampled corn an overland site may have resulted in an under-estimation of PCB 

loadings in the air immediately above the water surface. A cornparison of PCB levels in 

ambient air between overland and over-water locations has show that significantly lower 

PCB concentrations are observed in overland sample collections (Hornbuckle et al., 1993). 

An under estimation of PCB loadings in ambient air used in the gas exchange calculations will 

bias flux estimates toward greater PCB loss via volatilization h m  the water surface. 

7.4.4 Mass Balance 

To further evaluate the predicted volatilization losses, a mass balance determination 

for representative PCBs in the South Tobacco Creek Watershed was performed. Although 

sarnpling was limited to a six month period (spring - autumn) of both years, PCB loading via 

precipitation, d r y f i  and gas exchange were assumed to be representative of the entire year. 

Deposition of PCBs via precipitation was calculated for the entire South Tobacco 

Creek Watershed using the relationship between concentrations and arnount of precipitation 

collected. Precipitation samples cdected at one location represented PCB flux via 

precipitation (Nd to the entire watershed. A correction for surface area and duration of 

sample collection was included (Eisenreich and Strachan, 1992). 

= &mPrec-nVo]me&) . .  . 
*PPP ng/m2*d. 

[SA] [days over which sarnple was coliected] 
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PCB concentration in precipitation (G) was the sum of both particulate and dissolved 

phases. Surface area is indicated by S.A. (m2). 

PCB deposition associated with dryfidl (N,) was estimated using the relationship 

(Eisenreich and Strachan, 1992): 

N w = Ç , * O  V,. S.A. 

Totai PCB concentrations in ambient air (2 vapour + particulate) were used to estimate dry 

deposition to the watershed. The PCB fiaction associated with the particulate phase 0, was 

determined by using temperature corrected subcooled liquid vapour pressure (P ' 3  (Murphy 

et ai., 1987) in the Junge-Pankow relationship (Hinckley et al., 1990; Eisenreich and Strachan, 

1992): 

where c = 17.2 Pa-cm, 8 is the surface area of particles per unit volume of air (cm2/cm3). 0 

was estimated to be 3.5 x104, representative of background plus local sources (Bidleman, 

1988). Subcooled liquid vapour pressure values were temperature correaed (Hnckley et al., 

I W O ) .  

Deposition of PCBs 6om atmospheric compartrnents directly to South Tobacco Creek 

water wiii ocair in addition to deposition to the land surface of the watershed. The rnass of 

PCBs deposited on soils and plants eventually could be transported to the strearn via surface 



mnoff (Dolan et al., 1993) although revolatilization back into the atmosphere may be a much 

more important pathway. PCB deposition to the 70 km2 land surface of the South Tobacco 

Creek Watershed via precipitation and dryfall is three orders of magnitude greater than the 

amount deposited directly to the water surface (Table 7.6). Of the three atmospheric 

pathways; precipitation, dflall and gas exchange, gas exchange is dominant. Estimates of 

PCB expon via discharge fi-om the watershed via stream water flow are within an order of 

magnitude of gas exchange export (volatilization) during both 1994 and 1995 (Table 7.6). 

Discharge estimates for 1995 were recalculated using both suspended sediment and 

dissolved water concentrations for congeners 8, 18, 28, 64, 99 and 138, where suspended 

sediment data were available. For CBs 8, 18, 28, 64 and 99, there was ~ 1 %  difference in 

total discharge estimates. However, discharge estirnates of CB 138 increased by 13% when 

suspended sediment contributions for June and Juiy, 1995 were included. This implies that 

the hexachiorinated congeners were underestimated in discharge estirnates based on dissolved 

phase alone. 

Expon of CBs 8, 18,28,64,99 and 138 through Stream discharge ranged from < 1% 

to 15 of the arnount deposited to the entire watershed via precipitation, except for CB 99 

during the 1995 field season where precipitation inputs were extremely low. Export of these 

congeners through volatilization fiom the water surface generaily ranged fiom c l  % to 10% 

of the amount entenng the entire watershed during rain events. 

Mass balance determinations for CB 8, 18.28, 64, 99 and 138 were pefiormed by 

including the contributions of precipitation and dry deposition to the entire watershed, gas 

exchange movement across the air-water interfice and losses via discharge in South Tobacco 
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Creek. A net deposition of PCBs was determined for each congener during both field 

seasons (Table 7.6). Greater deposition of the lower chlorinated congeners occurred in the 

1994 field year than in 1995, however, the reverse was observed for the higher chloi-inated 

congenen. Combineci export (volatilization + discharge) was estimated to represent 4% to 

23% of the total precipitation inputs, with the exception of PCB 99 dunng 1995, where 

discharge estimates were high and precipitation contributions were low. Export via 

volatilization and discharge combined ranged fiom 1% to 22% of total precipitation and 

dryfdl inputs to the watershed. 

In addition to air-water gas exchange which was estimated in this study, air-plant gas 

exchange and dsrfall contributions may have led to increased PCB levels in vegetation. Air- 

plant gas exchange has been show to ouxir for plant species exposed to hydrophobic organic 

contamuiants, mch as polycyclic aromatic hydrocarbons (PAHs) and PCBs (Tremolada et al., 

1996; Bacci et al., 1990). In recent studies, accumulation of contarninants in vegetation, in 

addition to air-plant gas exchange has been shown to be an important pathway (McLachlan 

et al., 1995; ToIls and McLachian, 1994). Elevated PCBs in plant tissue, especially tree 

leaves and pollen that have been washed into runoff may contribute to higher than expected 

contaminant Ioadings in the surface water draining a given watershed, based on surface water 

and atmospheric sarnples alone (Jeremiason et al., 1997). Jeremiason et al. (1997) found that 

watershed inputs are important for al1 surface waters. In situations where large watershed 

area to water surface ratios exist, such as found in river systems, the watershed inputs may 

be extremely important (Jeremiason et al., 1997). 



Table 7.6 Seasonal flux estirnates (mg) of representative PCBs to the South Tobacco Creek water; (Fluxes to land surface of 
watershed indicated in parentheses). Volatilization flux expressed as a negative. 

Congener Dry Deposition Precipitation Cas Exchange 





Elevated levels of PCBs in the water column of the South Tobacco Creek may 

additionally result fiom resuspension of contaminated sediments. Bottorn sediment 

contributions of PCB loadings to South Tobacco Creek water were not determined in this 

study. However, suspendeci sediment contniutions were s h o w  to affect discharge estimates 

for hexachlorinated congeners, based on a limited number of sarnples. This process of PCB 

movernent fiom plant detritus and soil, to the Stream, would, in part, explain why net 

volatilization of PCBs was relatively high compared to lakes for the majonty of PCBs fiom 

the water surface despite the fact that there was no local source of these compounds. 

Jeremiason et al. (1997) have reported that the potential exists for evaporation and 

evapotranspiration to occur, which would result in increased PCB concentrations in mnoff 

relative to precipitation inputs. In the present study, evaporation losses directly from the 

creek may have lead to the high ZPCB concentrations in Stream water samples. 

Wind speed is an important factor in the estimation of gas exchange across the air- 

water interface. Hoff et al. (1996) have reported that the error associated with mass transfer 

of organic chernicals due to wind speed is 50%. Wind speed differences had similar effects 

on PCB gas exchange estimates for both the two-film and surface renewal model. 

Additionail y, both models are highiy t em penture dependent through the e ffect of temperature 

on H The error associated with H values for PCBs has been reported to be 30% (Hoff et al., 

1996). Changes to water flow and depth, parameters which are used in the surface renewal 

model, affkcted gas e x c h g e  estimates to a lesser degree t han wind speed and H dserences. 



7.5 Conclusions 

PCB concentrations in Stream water were not correlated with water flow, however, 

air concentrations were correlated with temperature via Clausius-Clapeyron type 

relationships. The surface renewal mode1 over predicted volatilization of PCBs fiom the 

South Tobacco Creek relative to the two-film model, although the surface renewal model is 

generally thought to under-predict gas exchange movement. Based on these results, the two- 

film model dramatically under predicts gas exchange of PCBs in shallow flowing waters. 

Higher fluxes were observed from the South Tobacco Creek than for large lakes, however, 

this rnay be explained by resuspension of sediment and detritus in the water contributing to 

elevated PCB levels in the water column or by evaporation/evapotranspiration fiom the water. 

Additionally higher temperatures in the stream water than observed in large Iakes may have 

contributed to these elevated fluxes. 

Overail deposition of PCBs to the South Tobacco Creek occurred during both years 

of this study based on PCB contributions via precipitation and dryfall to the entire watershed. 

Of the three atmospheric pathways considered; precipitation, dryfall and gas exchange, the 

moa important pathway was gas exchange if fluxes direaly to the water column alone were 

considered. The watershed is exporting PCBs via volatilization at a similar rate to that of 

stream discharge losses. 



8. GENERAL DISCUSSION 

8.1 Surface Water 

8.1.1 Temporal Trends 

Pesticides were found in southem Manitoba surface waters throughout the duration 

of the four-year study. In generd, maximum pesticide concentrations were observed during 

regionai application penods (May - July). Maximum concentrations of MCPA, dichlorprop 

and bromoxyd, three of the most fiequently applied herbicides in southem Manitoba, were 

detected in July in both the South Tobacco Creek and in the larger nver systems. Elevated 

pesticide levels also were observed in creek water during the spring melt and mnoff period 

in the small South Tobacco Creek Watershed, where detailed studies were penormed. In 

contrast, pesticide concentrations in the Red River and its major tnbutanes did not show 

increased pesticide concentrations during the spring thaw period. A spring flush of pesticides 

dunng snow melt and runoff has been shown to occur in the rnidwestem US States, sirnilar 

to observations in the South Tobacco Creek watershed (Thurman et al., 1991). 

Observed dEerences in temporal trends ôetween the South Tobacco Creek Watershed 

and the Red River system may be due to differences in water discharge levels or to timing of 

m p l e  collection. The potential aBsts for the diution of pesticide residues dunng major flow 

penods. The nver systems had larger water discharge during the spring melt than did the 



South Tobacco Creek, which may have resulted in dilution of pesticide levels to below 

method detection limits. Additionally, for logistical reasons, sarnpling of the South Tobacco 

Creek cornmenced earlier in the field season than sample collection in the Red River and its 

tniutaries, each year of the study. Initial water sarnples were collected fiom the river systems 

between late April and eariy May, seasonally, which may have resulted in missing the 

detection of the pesticides lost during the earlier spring flush penod. At the South Tobacco 

Creek station, however, water samples were collected d u ~ g  the first water movement in the 

spnng, generally in early March. 

Pesticides are generally present at maximum concentrations in surface waters during 

and extending beyond regional application thes. Atrazine was present at maximum seasonal 

concentrations in the Minnesota River during the first major discharge event f ier herbicide 

application was completed (Schottler et al., 1994). Similarly, Thurrnan et al. (1992) observed 

that cyanazine was present in US midwest reservoirs during the postplanting penod. Both 

alachlor and metolachlor concentrations have been show to decrease between summer and 

auhimn sampIing events (Pereira and Hostettler, 1993). Phenoxyacid and phenolic herbicides 

also show seasonality, with elevated concentrations in surface waters corresponding to poa 

application periods (Morgensen and Spliid, 1995). 

Although atrazine was not used within the South Tobacco Creek Watershed 

throughout the duration of this snidy, it was used to a minor extent in the rest of southem 

Manitoba. Auarine was detected, however, in water f?om all  of the sampling locations in this 

study. In South Tobacco Creek, a strong seasonal variation in atrazine levels was observed 

at low concentrations during the preplanting period, with maximum concentrations occumng 



in June. In the larger river systemq a similar seasonality in atrazine levels was found. These 

results are consistent with observations fiom studies elsewhere in North Amerka, where 

atr-e concentrations in sufice waters conespond to regional use periods (Senseman et al., 

1997; Larson et al., 1995; Schottler et al., 1994; Thunnan et al., 1992). 

During the four-year study, pesticide levels were not correlated to water Bow in the 

South Tobacco Creek, in the Red River or its tributaries. Water flow, however, was 

correlated with the nutrients total nitrogen and total phosphorus (--42 and 0.47, 

respectively) in the South Tobacco Creek. This correlation suggests that surface mnoff is an 

important source of nutnent Ioadings to creek water. Sirnilar correlations between nutnent 

levels and water flow were not observed for the Red River or its tributaries, however, there 

were few nutrient data for the river systems, limiting Our ability to determine accurate 

correlations. Similar to the pesticides, there was no correlation between PCB levels and 

water flow in South Tobacco Creek. The lack of correlation between pesticides and water 

flow indicated that there were sources other than surface mnoff fiom treated fields 

contributing to pesticide levels in creek water. Although surface mnoff fiom treated fields 

has traditiondy been considerd the major los  rnechanism for pesticides, this study indicated 

that there were other possible routes of contamination, such as atmospheric deposition. In 

this respect, the raults dEer fiom snidies in the US midwest, although other studies may not 

have had an atmospheric component. 

PCBs were measured in water sarnples collected fiom the South Tobacco Creek as 

a means of comparing cument use produas with chemicals that are solely present due to 

atmospheric transport and deposition. There is  no hown source of PCBs in the South 



Tobacco Creek Watershed, but they were detected in creek water. No seasonal trend was 

observed for PCBs in creek water, in contrast to the observed seasonality established for 

pesticides in the nvers and creek under investigation. Maximum PCB concentrations did, 

however, ocair during the high flow p e n d  in 1995, indicating that runoff contributions from 

within the watershed may be an important source of PCBs to South Tobacco Creek. The 

lower chlorinated wngeners were the largest contributing groups to CPCB levels in surface 

water samples collected. Sufiace water samples collected in the Great Lakes region have 

shown that the lower chlonnated congeners (tri- and tetrachlorinated) are large contributors 

to dissoived phase PCB loadings of lake water (Hombuckle et al., 1 995; Achman et al., 1993 ; 

Baker and Eisenreich, 1990). The high proportion of lower chlorinated congeners in South 

Tobacco Creek is consistent with inputs derived solely from long range transport and 

deposition. 

8.1.2 Riverine Inputs from Other Regions 

Alachlor was frequently detected in the Red River at each sampling station during 

each year of the study, dthough it is not registered for use in Canada. Maximum alachlor 

concentrations (50.9,2 1.8, 12 1.9 ng/L, 1993, 1994 and 1995, respectively) were found at the 

Emerson site, where the Red River enters Canada. Aiachlor, however, was not routinely 

observed in the tributaries of the Red River or the South Tobacco Creek. With no Canadian 

triiutary input of alachlor, its presence in the Red River can be explained by inputs from the 

neighbouring states prior to the Red River reaching the Canada-US border. Although it was 

not used in southern Manitoba, the discharge of dachlor in the Red River at Seikirk was 

higher than discharge loads of the phenoxyacid herbicides, or bromoxynil. The high rate of 



alachlor discharge compared to the rate for local high use herbicides may be due to its greater 

persistence, making it available for nverine transfer as was observed in the Mississippi River 

and its tributaries (Pereira et al., 1992). 

Although ctilorpydios use was low in southem Manitoba during the perïod of study, 

it was detected in both South Tobacco Creek and Red River water. Maximum chlorpyrifos 

concentrations were observed later in the field season (late July - August) than the herbicides, 

corresponding to late season Uisect control. Despite its long term use, chlorpyrifos has not 

been previously reported in southem Manitoba river waters, which may be due to high 

detection h t s  in previous monitoring programs, compared to the present study (Cume and 

W~amson, 1995). Chlorpyrifos has, however, been reported in rivers from other Canadian 

regions (Berryman and Giroux, 1994; Maguire and Tkacz, 1993). Chlorpyrifos levels were 

elevated in the Red River at Selkirk, downstream of the inputs from the City of Winnipeg. 

Municipal insect control programs in Winnipeg and in the rural towns dong the Red River 

(e.g., Emerson, Morris, Ste. Agathe) may have conrributed to cbloqyrifos loadings in the Red 

River. 

8.1.3 Water Quality Guidelines 

Although herbicides were present in rivers and areams in southem Manitoba 

throughout the study, they were present at concentrations weU below Canadian water quality 

guidelines for the protection of freshwater aquatic life, where such guidelines exist. 

Chlorpynfos was present inFrequently in Manitoba surface waters, however, it was detected 

at concentrations exceeding draft water quality guidelines for the protection of freshwater 

aquatic We. 



8.2 Atmospheric Compartments 

8.2.1 Temporal Trends 

Locaily applied pesticides were detected in both the air and precipitation samples 

coiiected in the South Tobacco Creek Watershed. Although there was only one sampling site, 

it was located ceritrally withui the watenhed and assumecl to be representative of atmospheric 

contributions via wet and dry processes to the entire watershed. Results tiom IADN shows 

that air and precipitation levels of persistent organochlorine compounds are relatively uniform 

over large areas (Hillery et al., 1997). Pnor to application penods, pesticide concentrations 

were below detection iimits. Pesticide concentrations increased to maximum seasonal levels 

during penods of local use in both rainfall and air samples. Pesticide concentrations rapidly 

decreased in both atmosphenc compartments once regional applications ceased each year. 

Elevated levels of pesticides in atmospheric compartments during periods of use have been 

reported in the literature (Chevreuil and Garrnouma, 1993; Nations and Hallberg, 1992; 

Woodrow et al., 1990; Richards et al., 1987). 

Due to its extremely minor use relative to the phenoxyacid or dinitroaniline herbicides, 

concentrations of atrarine observed in raiddl and air samples were lower than observed for 

locally used products. Air and precipitation levels of atrazine increased in South Tobacco 

Creek with maximum concentrations occumng in June of each year. A reduction in atrazine 

levels were observed following use periods. Atrazhe was not applied within the South 

Tobacco Creek Watershed d u ~ g  any year of this study, however, it was present in both 

precipitation and air samples collecteci within this watershed. Regionai atrazine application, 



however, is known to occur in southern Manitoba. 

Similarly PCBs, which have no known source in the South Tobacco Creek 

Watenhed, were observed in air and precipitation samples. Maximum PCB concentrations 

in precipitation were observed in August 1994, however, air concentrations were highest 

during August 1 995. The lower chlorinated tri- and tetrachiorinated congeners contnbuted 

the largest percentage of the homolog groups, similar to surface water congeners. 

8.2.2 Long Range Transport 

Long range transporf of chernicals into the South Tobacco Creek Watershed nom 

distant locations has been shown in this study. Maximum atrazine concentrations were 

observed in air samples dunng June sarnpling events. Air mass back-trajectories were 

performed for these penods of elevated atrazine concentration. Air mass movements into the 

South Tobacco Creek Watershed f?om the south, passing over the US midwest, corresponded 

to maximum atrazine levels in air. Atrazine is widely used in the rnidwestem region of the 

US, during June, for weed control on corn. This movement of atrazine from the US midwest 

into southem Manitoba indicates the large airshed for this chernical. 

Air mass movements onginating in the south were also found to correspond to 

increased PCB levels in South Tobacco Creek air. Air masses onginating north and west of 

the South Tobacco Creek Watershed did not result in elevated PCB IeveIs. These data 

indicate that a source of PCBs is present in the southem or midwestem US. Hoff et al. 

(19926) nmilarly obsewed increased air concentrations of PCBs corresponding to air masses 

originating in the southern US or to air passing over urban areas in the north. 



8.2.3 Correlations 

Although no seasonal correlation was obsewed for PCBs in precipitation, 

relationships between air temperature and PCB concentration were established which may 

reflect the sources of PCBs. Good correlations were found for the lower chIorinated 

compounds. In generai, slope and intercept values were similar to those reported by Hoff et 

al. (1 9923) for di- tri- and tetrachlorinated biphenyls in the Great Lakes region, however, as 

chlorination increased, compatibility with previous work was reduced. 

Clausius-Clapeyron type plots for atrazine were developed to assess correlations 

between air temperature and atrazine concentration. No significant relationships were 

established with this herbicide although it is present in air due to transport into the South 

Tobacco Creek Watershed from other regions of use. 

The above trends can be explained by volatilization of a chemical from local surfaces 

(Hoff et al., 1992b). Thus, PCBs are present in the South Tobacco Creek watershed, 

associated with plant, soi1 or other surfaces and volatilize during periods of elevated 

temperature. The poor wrrelation of atrazhe with temperature cm be explained by assuming 

that current uses of the product dominate airborne concentrations, rather than volatilization 

fkom local surfaces. 

Although atrazine is a persistent current use herbicide, it is much less persistent than 

the PCBs (Mackay et al., 1992; Wauchope et al., 1992). In the South Tobacco Creek 

Watershed, PCB concentrations in the air were more consistent throughout the field season 

relative to those of cunent use products, which, by contrast, were present in the atmosphere 

at elevated levels during a bnef period of the agricultural season. Vapour pressures and H 



values of the lower chlorinated PCBs (Hoff et al., 1996; Eisenreich and Strachan, 1992) are 

higher than values for atrazine, indicating greater volatility (Wauchope et al., 1992). These 

data are consistent with fùgacity ratios observed in this study for the lower chlorinated PCBs 

(e.g., CB 18: 1.3 - 84), which indicate a volatilization flux. Conversely, atrazine ratios 

indicated a depositional flux (1.1 x 10" - 0.04). The air and water fbgacity ratios of PCBs 

indicated that PCBs are nearer to equilibrium than atrazine in this study. Because PCBs were 

nearer to equilibrium, this indicates that volatilization off of local surfaces is a dominant 

process. In cornparison, atrazine is further fiom equilibnum which indicates that another 

process is dominant. 

8.2.4 Flux 

Atmospheric deposition flux estimates to terrestrial and aquatic systems have not 

generally been reponed for current use pesticides, research emphasis has been placed on the 

older organochlorine inseaicides and PCBs. Atrazine fluxes via wetfall in the South f obacco 

Creek Watershed were sirnilar to observed values Ui Gemiany and S witzerland, but lower t han 

deposition rates in the Great Lakes region (Trevisan et al., 1993; Capel et al., 1991; Buser, 

1990). Gas absorption estimates of atrazine in the present study were similar to results 

reported for a lake in a remote region of northwestem Ontario (Muir and Grift, 1995). 

Atrazine deposition estimates via gas exchange in the Great Lakes region were higher than 

observed in the South Tobacco Creek Watershed (Schottler and Eisenreich, 1997). 

Many gas exchange estimates have been perforrned in the Great Lakes with PCBs. 

In general, volatilkation fluxes of PCBs have been observed (Hombuckle et al., 1994; 

Achrnan et al., 1993; Baker &d Eisenreich, 1990), similar to observations in the South 



Tobacco Creek. Fluxes across the air-water interface of the South Tobacco Creek were 

within the range of values reported by other researchers, however, maximum fluxes were 

higher in the present study. These results may rdect the higher water temperatures observed 

in the South Tobacco Creek than reported for large cool lakes. Greater losses via 

volatiiization were estirnated for the lower chlorinated PCBs wing the surface renewal model, 

than by using the two film model. 

Gas exchange estirnates for the phenoxyacid hehicides were not possible in this sîudy 

due to the lack of accurate physical property data for these chemicals. For example, the 

phenoxyacid herbicides rnay be present in their protonated or ionized fom, in addition to ion 

pairs (salt) and each form of these products will have different vapour pressures resulting in 

differences to gas exchange estimates. This lack of knowledge on the specific fonns of the 

products in the environment needs to be addressed to enable firther examination of the 

movement of these chemicals through the atmosphere. 

There are a number of errors associated with the estimation of gas exchange across 

the air-water interface. For example, large errors are associated with estimates of 

temperature related H values (Hoff et al., 1 996) (Table 8.1 ) and wit h wind speed differences 

over a 24 h period, which are used in the estimation of the air slde mass transfer. Error 

estimates of H for atr-e are larger than for PCBs because there are no data available on the 

temperature dependence of atrazine. The largest estimated source of error used in dry 

deposition calculations is for particle depositional velocity (vJ (Hoff et al., 1996) (Table 8.1). 



Table 8.1 Uncertainty in predicting atmospheric inputs into surface waters for PCBs and 
atrazine (Hoff et ai., 19%). 

Process Parameter Estimated Error (94) 

Gas exchange 

v,,, - water velocity 
- water depth 

v, - wind speed 

Dry deposition 0 40 
v, 100 

Ca 20 
no data were available for temperature dependence of atrazine, therefore H was 
based on average temperature dependence of chorpyrifos, trifluraiin and a and y 
HCH (cheryak et ai., 1996) 



9. CONCLUSIONS 

Although surface mnoff has traditionaiiy been wnsidered the major route of pesticide 

entry into surface waters, this study has established that atmosphenc sources also are 

important in the prairie region of Canada. Less persistent, current use herbicides, such as the 

phenoxyacids, were present in surface waters at elevated concentrations dunng periods when 

maximum concentrations were observed in air and precipitation and no runoff events 

occurred. Accurate values of the physical properties of the phenoxyacid and phenolic 

herbicides are needed in order to develop atmosphenc deposition flux estimates for these 

compounds. 

Each year of the study, pesticides were found to be present in surface water systems 

in southem Manitoba on a cycle reflecting annual agricultural activities. Maximum pesticide 

concentrations in nvers and strearns were generally observed during, and extending beyond, 

regional application times. Elevated concentrations of pesticides were observed during the 

spnng melt and mnoff period for a short duration. Therefore, the definition of pesticide 

temporal trends requires intensive sam pling of surface waters, particularly during application 

periods and surface ninoff events. 

The presence of persistent herbicides detected in so~thern Manitoba was partially 

srplaineci by long range trampon and deposition. Atrazine was detected in air, precipitation 

and creek water in the South Tobacco Creek Watershed throughout the program of shidy, 



although it was not applied within the watershed. Maximum atrazine concentrations were 

observed during sampling events corresponding to air masses that originated in the southern 

US and passed over the US midwest States, where atrazine is used extensively for weed 

control in corn. 

Most of the 16 current use pesticides monitored in this study were present in surface 

waters in southem Manitoba throughout the open water season. Herbicides, however, are 

present at concentrations well below the Canadian water quality guideline values for the 

protection of fieshwater aquatic life. During regionai application penods the insecticide 

chlorpyrifos has been observed in Manitoba sunace waters at concentrations exceeding draft 

guideline values. Water quality guidelines are generally lower for insecticides than herbicides, 

however, chlorpynfos was the only insecticide under investigation in this study. Insecticide 

concentrations consistently above water quality guideline values may adversely effect non- 

target aquatic organisms. There have been no detailed studies of current use insecticides in 

Manitoba surface waters and this should be the subject of future studies. 

Discharge losses of pesticides were much lower than would be anticipated based on 

diemicd deposition to the entire watershed. Discharge Ioadings of the persistent herbicides, 

atrazine and aiachlor, in the Red River are greater than observed for the high use phenoxyacid 

herbicides, despite minor uses of atrazine and no alachlor use in southem Manitoba. 

Movement of these chernicals into Canada results from uses in the neighbounng US aates. 

Elevated levels of pesticides are present in the Red River at Ste. Agathe and 

downstrearn of the City of W i p e g .  Urban pesticide uses may contnbute significant 

amounts of these chernicals to the river systems in Manitoba. 



PCBs were present in atmospheric compartments of the South Tobacco Creek 

Watershed, despite no known uses of these chernicals. The correlation between 

concentrations of the lower chlorinateci PCBs with temperature suggests that the presence of 

these chemicals was in part a resuit of volatilization of PCBs ftom surfaces, such as soil and 

plants. Direct inputs of precipitation and gas exchange could explain some of the presence 

of PCBs in South Tobacco Creek water. Concentrations of PCBs in low volume flowing 

waters, Le., South Tobacco Creek are higher than observed in large Mes. These eIevated 

concentrations in strearns and rivers may be a funaion of large watershed inputs and 

resuspension of bottorn sediments. PCBs deposited on plant materiai, detritus and soil 

surfaces may be washed into streams and nvers during mnoffperiods, contnbuting to water 

loadings. Rivers are more prone to watenhed impacts than lakes because of their large 

watershed area to water surface ratios. 

Highly volatile pesticides, i.e., those with high H values, and PCBs are subject to loss 

fiom river and Stream systems via volatilization. ChericaIs deposited to the water can be 

removed through this mechanisrn during penods of elevated temperatures and low chemical 

concentration in air. 



10. CONTRIBUTION TO KNOWLEDGE 

This thesis has advanced the scientific knowledge conceming the transport and 

deposition of current use pesticides and PCBs to surface waters by: 

- establishing the first hi& resolution dataset of current use pesticides in 

southem Manitoba over a penod of several years; 

- determining that herbicides in Manitoba river systems remain below 

Canadian water quality guidehe values for the protection of fieshwater aquatic 

life; 

- detecting the nrst record of chlorpyrifos in southem Manitoba surface 

waters and establishing that its maximum concentrations exceed ciraft guideline 

values; 

- establishing that influx of pesticides fiom the US occurs via nverine 

transport dong the Red River; 

- determining flux estimates for pesticides and PCBs in flowing water 

systems and establishg that pesticides are both volatilized fkom and deposited to 

the water surfâce ttuoughout an agricultural season. PCBs, however, are 

volatilized fiom the water surface throughout the open water season; and 

- determining that both PCBs and several herbicides in Manitoba surface 

water result fiom atmospheric inputs (either direct or via contribution fkom the 



watershed) rather than point sources and that long range transport and deposition 

of these chernicals occurs. 
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12. APPENDICES 



1. Pesticide Methoci Detection Limits 

Pesticide 

Alachlor 
Atrazine 
Bromoxynil 
morpyrifos 
Chlorthal dimethyl (Dacthal) 
Cyanazine 
2,4-D 
Dichiorprop 
Diclofop methyl 
Ethalfluraiin 
MCPA 
Metolachlor 
Terbuthy Iazine 
Triailate 
Tnclopyr 
Trifluraiin 

Water and precipitation 
(ng/L) 

0.06 
0.042 
0.015 
0.082 
0.013 
0.19 
0.01 1 
0.007 
0.023 
0.28 
0.0 1 
0.023 
0.04 1 
0.04 
0.033 
0.023 

Air 
(nglmA3) 

0.006 
0.005 
0.003 
0.007 
0.003 
0.002 
0.003 
0.002 
o. 004 
0.036 
0.002 
0.004 
0.006 
0.013 
0.004 
0.005 
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26/7/93 , 
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5/5/94 

17/5/94 
3 1 /SI94 
16/6/94 
28/6/94 
12/7/94 
26/7/94 
9B/94 
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7/9/94 
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1 8/6/93 
5/7/93 

26/7/93 
16/8/93 ' 
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201 10193 
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