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ABSTRACT

The Nottawasaga Riv&Vatersheds host to the Lake Algonquin Sand Aquifer (LASA), an unconfined
aquifer thatconsists of glaciolacustrine sands gmuvides water ply to rural residents, for
household use, and for applications in agriculture. Previous studies, conducted between 1979 and 1983,
measured nitrate in the LASA, and fowwmhcentrationghat greatly exceeded the drinking water limit

(10 mgN/L) and wereneasured as high as 103 mgNHill, 1982; Starr, et al., 1987)n these studies,
groundwater was tested in domestic wells, groundwater seeps, andewlltivells situated among
agricultural fields. The historicallpigh nitrate in the LASA was linked tagricultural activities,
specifically those most focused on potato farnfiddj, 1982). Further to thisa lack of labile organic

carbon (LOC) in the aquifer sediments, which acts ademtren donor for denitrification, the natural

N cycling process responsible for converting nitrateaomlessN, gas(Starr & Gillham, 1993)

As part of the current studyjtrate was measured in domestic wells, groundwateps, and muki

level wells in 2010 and 2011, to compare the relative change in nitrate in the LASA over that past ~30
years. Statistical differences between the historical and current sample groups were evaluated using a
MannWhitney ranksum test for tb domestic wells and groundwater seeps. Both of the groups were
statistically different between the two dates, however, domestic wells were lower and groundwater
seeps were higher, in nitrate. Mtbivel wells showed varied results for comparing nitveite those

sampled in 1982 and 1983. Samples within a few meters of the water table had tlistmothanges

in nitrate, whereas samples at depth were relatively similagreases in nitrate in MC2 could be
attributed to the removal of a woodlobdh subsequent cultivation which occurred in 2005. The
depression of the water table also resulted in a change in the source for set sample points in MC4 and
resulted in lower groundwater nitrate than historically measured. The depression of the Vesdésdab
introduced oxygen and nitratich waters to greater depths below the ground surface than what was
previously measuredOverall, the mean concentration of nitrate in the maltel wells was less than

the historical data. The decrease in nitfatehe domestic wells and mulgvel wellsmightbe related

to changes in lanthanagement practiceser the past three decades

Source identification for nitrate was constrained with the useitaite isotope ratios anattificial
sweeteners. Domis wells, groundwater seeps, and nidtiel wells were all dominantly identified

as nitrifiedchemical fertilizer according to the dual isotope plot of nitrate. Artificial sweeteners were
detected in 31% and 35% of the domestic sweild groundwater sgs, respectively, and were excellent
tracers for septic wastewater. Further investigation into the proportion of nitrate derived from

wastewater showed thsgptic systems contributed poorly to the nitrate pool in the LASA.



Oxic conditions extended seral meters below the water table in the LASA and provided conditions
where nitrate could exist at high concentrations. Nitrate removal via denitrificatioevidast in all
datasets, however it was often incomplete and did not remove eitititiely. The production of BD

in domestic wells and multevel wells was generally attributed to denitrification oxygenated
groundwaters In domestic wells, where nitrate was not present, and at the deepest sample points in the
multi-level wells, redox conditns were classified having undergone nitrate, sulfate, and iron reduction.
However, multilevel well data outlines that this occurs at depths of at least 15m below the water table.
Groundwater seeps were less reduced and did not show evidence ftg eulieon reduction.
Therefore the capacity of the aquifer to remove nitrate is not sufficient to cope with the amount of
nitrateleachedrom agriculturalpractices
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1 GROUNDWATER NINN RIAHEE SOUTHERN NOTTAWAS
RI VER WATERSHED: STUDY | NTRODUCTI

1.1 Study $e

1.11 Location and éscription

The Nottawasaga River Watershed is locatedomtisern Ontario, about 70 km nomntlertheast of the

city of Toronto. The area of focus for thiswsty consists of a parcel of land within the Simcoe
Lowlands; approximately 10 x 15 km, that includes the Nottawasaga River and some of its main
tributaries and the town of Alliston (Figure 1.1). Here, the Lake Algonquin Sand Aquifer (LASA)
makes up a laey portion of the unconfined overburden and is the main water supply for rural

households and local farms.

Thethickness of thet.ASA varies betweed and 30meters, and is comprised of a sand plaith
extremely flat topographfSibul & ChoaYing, 1971) Interrupting the very flat topography are a few
drumlins and the drainage network of the LASA, which consisthefNottawasaga River and its
major tributaries; namely, the Boyne River, Inni§fieek, and the Upper NottawasaBiver(Figure

1.1). Flow from the Nottawasaga River is directed northward, eventually draining at \Beaga

in the Georgian Bay area of Lake Huron. Riparian zone width viadesbeing norexistent, along

the steeply eroded banks,deverahundrels ofmeters. The Nottawasaga RiveaWrshed is host to

many fish species, including both brown and rainbow trout that travel up the river into the headwaters

to spawn at various times of the year.

1.12 Geology and hydrogeology

The sand and silt depositsf the LASA are glaciolacustrine in origin and were deposditeglacial

Lake Algonquin during the previous glacial period. They consist of fine to megliaimed sands with
occasional silt and gravel lenses (Figure 1.2), which were depasitéop ofan extensiveclay till
horizon thatis impermeablén nature The sands are unconfined and therefore act as an aquifer for
local recharging waters. The sand plain ranges in thickness from lesknthainthe boundarieso
upwards of 30m in various pladeshe watershe(Sibul & ChoaYing, 1971) Soils in the area mostly
consist of the Tioga and Alliston variety, which are derived directly from the glaciolacustrine
sediments, ranging between sandy loams to loamy sands.aBodenerally very well draineekcept

for near the boundarieand have avery low organic content. Gravels are presentedis channel

deposits, and few organic horizons exist sporadically along the NottawRisagand its tributaries
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Figure 1.1 Physiography of the study area and outline of the major watercourses. The extent of the LASA is highlighted by thekatewipa
sand and silty sand, noted in the legend.



(Hill, et al., 2000; Devito, et al., 200

The water table in the LASA fluctuates seasonally, commonly peaking in the spring and reaching a
minimum in the late fall. The aquifer is recharged by precipitation, which infiltrates directly in the
spring, summer, and fall, as rain, and falls hyoss snow in the winter, which then melts and
contributesto spring melt recharg@ill, 1986). Water for crop irrigation is commonly drawn from

the LASA itself, or from one of the Nottawasaga River and its tributariegatioh waters are also
recharged into the underlying aquifeknnual precipitation rates average approximately 80 cm/year,
and recharge into the LASA has been measured to range betwa6érc@gyeaiHill, 1986)

Groundwater bw in the LASA is dominantly lateral and much more significant than vertical flow
(Sibul & ChoaYing, 1971; Hill, 1982) Flowis generally perpendicular to the Nottawasaga River and

its main tributaries (Figure 1.3Devito, et al., 2000; Hill, 1982; Hill, 1986) Various aquifer
measurement$Sibul & ChooYing, 1971; MacFarlane, et al., 1983; Devito, et al., 208w
considerale agreement in the ranges of hydraulic conductivities within the aquifer, which are reported
to be between 0.043 and 8.6 niféble 1.1). The residence time of groundwater located south of the
Upper Nottawasaga River was estimated with measurementsiwhtm multi-level piezometers
(Starr, et al., 1987)Evidence showed that all groundwater had recharged post 1953, and therefore was
approximately less than 30 years old. No further estimation of residence time coulddéana

these data.
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Figure 1.3Water table elevations within the LASA as measured by Hill (1982). The aquifer is divided
and categorized by easbparate recharge area. Groundwater flow is perpendicular to the water table
ard therefore flowsnto the creeks and river



Table 1.1Hydraulic conductivities measured within the Lake Algonquin Sand Aquifer.

Site Material Test type K (m/d) Reference

Boyne River Sand Hvorslev method 0.1071 1 (Devito et al., 2000)

Boyne River Coarse sand arfthe gravel Hvorslev method 20175 (Devito et al., 2000)
Borden Fine and medium grained sal GrainsizeCorrelation| 5.21 8.6 (MacFarlane et al., 1983)
Borden Silty fine grainedsand GrainsizeCorrelation | 0.043i 1.7 (MacFarlane et al., 1983)
Borden Fine and medium grained saj PermeameteFest 8.6 (MacFarlane et al., 1983)
Borden Silty fine grainedsand PermeameteFest 0.086 (MacFarlane et al., 1983)
Borden Fine and medium grained sat Pumping test 2.67 4.3 (MacFarlane et al., 1983)
Borden Fine and medium grained saf PiezometeResponse 2.6 (MacFarlane et al., 1983)
Essa Nottawasagdiver Main Sand n/a 1.7 (Sibul and Choering, 1971)
Tecumseth Léﬁ)\?;rNottawasaga Sand n/a 2.6 (Sibul and Choe¥ing, 1971)




1.1.3Land wse

The study site is dominated by agricultural land witmeindustriallandlocated close to the town of
Alliston. The main crop in the area is poggowhich is commonly rotatewith rye, or rye and then

corn. Other favored crops include sod, soybean, corn, and fewer crops of mixed vegétdbigs.
pastures are scattered throughout the study area but no expaesieekareas exist. Forested areas

are generally concentet along the Nottawasaga River and its major tributaries. Since the 1980s,
major changes in land use include an expansion of the Alliston urban area and its industrial sites,
including a Honda plant located to the South of the Boyne River. A golf candseesidential area

has also been developed on both the east and west sides of the Nottawasaga River, locatéd just sout
of the Boyne River junction (Figure }.40ther changes include an increase in the extent of sod fields
and to alesserextent,potéo fields although potato cropare spatially the most prevalent

1.2 Water quality in the Lake Algonquin Sand Aquifer

1.2.1 Previousasearch

The southern Nottawasadriver Watershed has been the subject of many stgliee the 1970s
regarding groungtaternitrate dynamics Both private wells and groundwater seeps situated within the
LASA were sampled fonitratein 1980 and 1979, respectivefiill, 1982). Various areas were
revealed to contain highitrate (>10 mgN/L) wih maximum concentrations reaching 103 nigN/
Although nitratecontamination was found to be widespread and closely correlated with potato and
other highly fertilized crops, little could be saidout the vertical variation aftratewithin the aquifer,

and whether or not lowitrateconcentrations could be attributed to low N sources oittateremoval
processes, such as denitrificationn 1982 and 1983, atudy was conductedising multilevel
sampling wells, to give insight intihis aspecof nitratevariability in the LASA (Starr, et al., 1987)
and(Starr & Gillham, 1993) Ratios ofitrateto Cl- were used to assess whether denitrification was
present at depth. It was determined thatitdéoation was not evident at depth, owing to an

insufficient amount of labile organic carbon.

A detailed investigation of nitrate loss beneath areas of continuous potato cropping in the LASA, was
also conducted by Hill (1986). Nitrate application ratese used in combination with a monthly

climatic water budget for the years of 1977 to 1982. Changes inaN@Cli in the soil profile were
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Figure 1.4 Land use as mapped by Post (20ithlhe general study area and around the Aeigl
piezoneters. Potato and wheat are grouped as one category because they are commonly planted in
rotation with one another.



attributed to temporal variation of percolation; little leaching occurred during the summer and in the
early spring. Groundwater springgated adjacent to the potato fields also had nitrate concentrations
greater than 10 mgN/L. It was concluded that increased nitrate leaching might be associated with

greater groundwater recharge occurring as large precipitation events.

Further researcithe LASA includes an investigation of riparian zone dynamics and nitrate removal
capacity within a floodplain that drains an upland sand aquifer, located on the north side of the Boyne
River; one of the main tributaries to the Nottawasaga River. Wti@ring the adjacent agricultural

fields were tracked through the riparian zone, and were analyzed for nitrate, Ol O"®I;NOsliand
*80O-NOgz, and were studied in conjunction with detailed piezometric head measurements. Nitrate
concentrations werergely varied within the floodplain and were closely correlated to the floodplain
geometry and lithology, with denitrification having occurred where nitiate groundwater flowed
through buried channel sediments and where surface waters recharged paaugéposits on route

to the deeper sands. Overall, it was concluded that floodplain geometry and the presence ef organic
rich subsurface deposits may have more influence on the removal of nitrate than the width of riparian
zone vegetated buffe(Bevito, et al., 2000and(Hill, et al., 2000)

1.22 Influencing factors for changes in farmingaptices

Nutrient management programs have been designed for reducing excess fertilizer applicatien and t
leaching of nutrients into agricultural aquifers and watersheds. The Ontario Ministry of Agriculture,
Food, and Rural Affairs (OMAFRA) oversees these issues and has published a Nutrient Management
Act (NMA) (2002) to aid in outlining possible nutriemtanagement strategies. The purpose of the
NMA is to regulate the storage, handling and land application of nutrients with the overall goal of
protecting water sources from contamination by agricultural activities. Nitrate is the most common
contaminant deved from agricultural practices in southe@ntario (Egboka, 1984) Beneficial
management programs (BMPs) are included in the NMA and involve several integrated practices such
as the use of cover crops to recover exces®ftettiming of fertilizer application and irrigation, and

the implementation of crop rotations. BMPs are not only aimed at reducing agriculturally derived
groundwater contamination, but are also implemented to achieve optimal crop production and provide

economic benefits for farmers.

The exact use of BMPs in most agricultural areas in southern Ontario is largely unknown, and it has
been suggested that the cost of labor and supplies for implementing BMPs may deter farmers from
adopting such voluntary praogés (Filson, et al., 2009) The rise in fertilizer prices in the last few

decades could be a motivating factor for farmers to adopt more efficient nutrient management practices,

at least in the way of optimizing fertilizer apgdtion rates. Finally, incidents of groundwater



contamination, such as the Walkterton tragedy, are likely to have increased awareness among farmers

and the public regarding the influence of land use on local groundwater quality.

1.3 Research bjectives

Two research chapters will address specific points of intevigéstregards taneasuringand tracing
nitratecycling and reductiom the LASA For each chapter, groundwater chemistry is examined in
several detailed vertical profiles, after Starr et @8{) and at an aquifavide scale, after Hill (1982).

The evolution of geochemical and stable isotope knowledge will aid in further examining the sources
and cycling ofnitrate which have nopreviouslybeen employed at this study site, and will be & us

for formulating future nutrient management programs or policies.

Theobjective of thdirst researclhsection Chapter 3js to examinehanges imitrateconcentrations in
the unconfined aquifesince the late 1970s and early 198@sis hypothesizedhat the use of BMP
and changes in land uséll have caused an overall decreasaitnate concentrations in the aquifer.
Mapping and statistical analyses are used here to detect chamjfeat@in the LASA compared to
those studies of Hill (1982), &t et al. (1987), and Starr and Gillham (1993).

The objective of the second research chapter, Chapter 4, is to exaesmitces, transpahd fate

of nitratein the LASA. Hydrogeological observations from the LASA are used to delineate how
groundwate flow may distribute and transpol. An investigation of the redox behavior thfese
agricultural groundwatergwvolves theexaminationof a suite of geochemical parameters: anions,
cations, ammonium (NH), nitrous oxide (NO), DOC, soluble reactive plsphorus (SRP)and
artificial sweeteners. Novel stable isotope techniques are also employed to better understand
mechanisms ofitratesourcesa n d r e FMAN-NQa,| BANDs, B@N0, PNeN.O, a'iNd U
NH4 are those consideredThese data will be ed to supportwo major goals 1) determiningthe
source of nitratein the LASA, 2) understanding tlredox state of the aquifer amoain processes
controlling nitrate and its removal. Whergitrate concentrations arlw, geochemical and isotopic

toolswill be valuablein distinguishing between attenuation, dilution, and decreased fertilizer loading
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2Nl TRATE CYCLI NG, APPLI CABLE METHODS
SOURCES AND PROCESSES, AND STUDY MET

2.1 Nitrogencycling in agricultural w atersheds

Nitrogen () is naturally occurring in soil, surface water, and groundwater as a derivative of biomass
degradation, from nitrogen fixation or from atmospheric deposition. In agricultural areas, elevated
concentrations of nitrogen in water, most commonly as eitheranium (NH) or nitrate (NQ@), can

arise from application of nitrogen to crops in the form of organic or inorganic fertilizers. Organic
fertilizers are derived from animal, and sometimes, human wastes, whereas inorganic fertilizers are
derived from mturally occurring mineral deposits or are manufactured synthetically. Septic tanks,
manure storage facilities, and animal feedlots are also some common point sources that may contribute
to increased concentrations of nitrate in surface water and grotexdw&urrently, agricultural
practices are the highest source of N contributing to the environment with nitrate contamination being
recognized on a global sca(&chindler, et al., 2006) In agricultural areas of Ontario, mte
contamination in rural wells can be an issue. A survey of Ontario wells in 1991 and 1992 found nitrate
contamination above 10 mgN/L in 14% of the wells samfl&uks, et al., 1998)The sources of the
nitrate were attribted to agricultural activities, either from the application of manure or synthetic

fertilizer on overlying crops.

If high nitrate groundwater encounters horizons with low labile organic carbon (LOC), the reduction of
nitrate can occur via iron sulfide aétion. The result is an increase in groundwater sulfate, which can

be reduced downgradient to produce dissolved sulfide. The further reaction of dissolved sulfide with
iron and particulate iron (hydr)oxides results in highly insoluble iron sulfide aiB)ehowever,
phosphates adsorbed to the iron (hydr)oxides or present as iron phosphates become mobilized. Finally,
it is the resulting increase in the pool of available P that is thought to be a strong contributor to

eutrophication in some environmeiri&nolders, et al., 2010; Schindler, et al., 2008)
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Figure 2.1The nitrogen cycle as schematically designedtigmdrup (2012). Thick arrows represent
metabolic transformations. Dashed vertical arrows indicate agehar transport between oxic and
anoxic environments and the relative size of the arrowheads represent the dominant direction of
transport.

2.1.1 Nitrate production

In agricultural environments, elevated nitrate in surface water and groundwater is dgrderored

from the application of fertilizers. Fertilizers are commonly applied as either synthetic forms such as
ammonium nitrate (NENOs) or urea, or as manure. Smaller contributions may be derived from the
soil N pool, which is formed from plant day, N assimilation into microbial biomass, and atmospheric
deposition. Point sources such as septic systems or manure storage facilities may also be a contributing
factor for nitrate accumulation in groundwaféravena, et aJ.1993) In either case, residual MH

that has not been incorporated into organic forms by assimilation (see the following section; 1.1.2.1
Assimilation) or sorbed to soil, will be converted by the microbial population to nitrate under aerobic

conditions. This mechanism of conversion is called nitrification, which involves a stepwise conversion

12



of NH4* to nitrate (ammonium oxidation and nitrite oxidation in Figure 1.1). The overall oxidation of

NH4* to nitrateis as follows:

NHs* + 20, A NOs + 2H* + H20 Eq. 1.1

Nitrate is highly mobile in water and can be transported over large distances from its source if the
geochemical or microbial conditions do not favor removal. Thus, it is known to be one of the most

widespread contaminants of ground andasie waters, globallfGoss, et al., 1998)

2.1.2 Nitrate removal

The removal of nitrate in agricultural watersheds involves transformation into either organic or
inorganic forms and can generally be summarized by the foltpfeiar pathways: 1) assimilation, 2)

denitrification, 3) dissimilatory nitrate removal to ammonium (DNRA), and 4) anaerobic ammonium
oxidation (anammox) (Figure 2.1). The first is a biotic mechanism that fully incorporates nitrate into
plant or animal bimass, whereas the latter three involve the reduction of nitrate into different inorganic
forms, which depend on biogeochemistry of the environment, and may be biotically or abiotically

mediated.

Althoughnitrateremoval can occur through various reactiacihranisms, many of these pathways may
negatively impact the environment amlisrupt the nitrogen cyclefor example, increasing the
production and release of.@ into the atmosphere. NHformed via dssimilatory reactionds
susceptiblenitrification andwill be reintroduced into the hydrosphefenot directly assimilated by
plants Denitrification mayor may not proceed to completion, as it requires a stepwise conversion of
nitrateto dinitrogen(N>) (see section 2.1.2.2 Denitrification). One of timalfreactions in this sequence
involves the production and consumption ofON If N,O is not completely consumed by the
subsequent denitrifying reactiohmay be reincorporated into the N cycle, or mayldst to the
atmosphere where dicts as a strongreenhouse gas, accounting for nearly 300 times the greenhouse
gas effect of carbon dioxide (Gn a per molecule bagiBates, et al., 2008)Generally the removal

of nitrate from waters contributes to better the overaliewquality, however the pathway and flux of
nitrogen to other environments should be considered, as N fluxes may impact downgradient or

neighboring hydrological systems, or the atmosphere.
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2.1.2.1 Assimilation

Assimilation is a purely biotic process thagolves the incorporation of nitrate into microbial, plant or
animal biomass (Figure 2.1). In agricultural environments, this would translate into direct uptake by
the crop to create plant biomass. Microbes in the soil or groundwater also assitndsgamorder to
increase biomass. In the case of assimilation into crop biomass, this allows temporary removal of
nitrate from the environment. If crops are not removed for human consumption they could pose as
source of nitrate into the soil and growader via mineralizatio(Burgin & Hamilton, 2007) Farmers
commonly take advantage of this cycling by growénger cropshat are efficient at fixing atmospheric

N2 and therefore are not completely dependent on supplerfenitedation. The cover crops are grown

and then left to decompose naturally, which replenishes the N content of the soil in the form of organic
N. This improves soil fertility for the next crop, which then assimilates N directly from the soil as

covercrop residues decompose.

2.1.2.2 Denitrification

The reduction and removal of nitrate is a naturally occurring mechanism that may be an abiotic or biotic
reaction. Denitrification is a stepwise nitrate removal process that results in the eventualgraducti

N2 gas, with intermediates of nitrite (NQ nitric oxide (NO), and BD (Figure 2.1). For denitrification

to proceed, redox conditions must be suboxic to andkie.efficiency of denitrification is best under
anoxic conditions, but it does seempimceed in the presence of some oxygen; a specific or critical
oxygen concentration has not been calculated or observed as inhibiting denitrififatimrtson &
Kuenen, 1992) Suboxic conditions promote the release eDMNuring denitrification because the

nitrous oxide reductase enzyme is inhibited by the presencg(8h@er, 2011)

Microbes that use organic carbon (C) as an electron donor utilize the heterotrophic pathway of
denitrification This process is termed respiratory denitrification, and is what is usually considered
when the term denitrification is used, without any specification to which pathway is being considered.
This mechanism is thought to be the main pathway for nitrateval in both soil and water. Although

this may be true, other forms of denitrification and mechanisms for nitrate removal should be
considered when reviewing the N cycling processes in a nitngtacted environment. Two other
known forms of denitrifiation use autotrophic processing and involve the coupling of nitrate reduction
with: 1) the oxidation of reduced sulfur (S) forms, and 2) the oxidation of irorfBE&jin & Hamilton,

2007)

Reduced S forms, including free fidé (H2S or $) and elemental S, are used as electron donors by

chemolithoautotrophic denitrifiers. This mechanism requires a low concentration of ambient free
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sulfide, which is known to inhibit the production of®and N, and therefore favors DNRAjscussed
later (see section 2.1.2.3). These bacteria, without the result of inhibiting complete denitrification, can
also oxidize iron sulfide (FeS), and have been found to exist in nitrate contaminated groundwater
(Bottcher, et al., 1990; Postma, et al., 1991 all cases, the oxidized form of S is30and in the

latter case, is coupled with an increase in Fe, both of which can be used as evidence of denitrification.

Both abiotic and biotic pathways are abteréduce nitrate with the oxidation of Pé&/eber, et al.,

2006) The abiotic pathway involves the conversion of nitrate te M@ferrous iron (F&), which

then follows with the rapid reduction of nitrite t@.NThe works ofPostma et al., (199Xoncluded

that this reduction pathway is only significant in removing nitrate from groundwater where nitrate
inputs were low. The equivalent microbially mediated reaction involves the same steps but is favored
at relatively low tempraures and pH ranging between 5.5 ahg, and therefore it may be a more
favorable reaction in surface waters than its abiotic countefjdéeber, et al., 2001) Further
knowledge pertaining to the controls on these presassnain poorly understood and it is unclear how
much they contribute to overall nitrate removal. They may, however, be key in removing nitrate in

areas where organic C is limited and reduced Fe is in excess.

2.1.2.3 DNRA

The biotic reaction of DNRA indges the consumption of nitrate and the formation ofsNithder
anaerobic conditions with the aid of an electron donor. Processing of nitrate'tevittHthe use of
organic C is termed fermentative DNRA. The pathways of respiratory denitrificatioeramehftative

DNRA are supported by the same geochemical variables (anoxia, available nitrate, and LOC) and
therefore act as competing procesgasdje, et al., 1982) However, it is proposed that fermentative
DNRA is favorabldn environments where nitrate is limited and LOC is abunfiéelso, et al., 1997,

Silver, et al., 2001; Tiedje, 1998; Kaspar & Tiedje, 198lt)has been argued that DNRA is a more
energetically dfcient nitratereducing pathway than denitrification because the transfer of electrons
during DNRA is eight per mole, whereas denitrification transfers only five eledffadje, 1998) In
laboratory conditions, the commimiof nitratereducers in freshwater sediment consisted almost
entirely of NH* producing species, such as dissimilatory nitrathucers when nitrate was not added

to the sediment. The addition of ample amounts of nitrate to the sediment increaseduheaim
denitrifiers in the sediment to 58% of the total nitnaducer communityNijburg, et al., 1997) In

marine sediment, it was observed that dissimilatory nitrate reducers performed approximately 80% of
the nitrate redction, but accounted for slightly over half of the community diversity with 15 types of
dissimilatory nitrataeducers and 13 denitrifiers present. Furthermore, the pfdduction was more

efficient with the addition of a nitratémited culture than wh a nitraterich culture(Bonin, 1996)
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The other main DNRA reaction is chemolithoautotrophic and uses reduced S forms, inch&langdH
S%, and metal bound sulfides (e.g..5¢ as electron donors. As previously discussbese

transformations are competitive with autotrophic denitrification (see section 2.1.2.2).

The occurrence of DNRA by-8xidizing bacteria is becoming more recognized within freshwater
ecosystem@urgin & Hamilton, 2007) Some research has shown that the addition of nitrate to sulfide
containing, freshwater sediments activated the production and accumulation*ofaNéd accounted
for up to 30% of the nitrate remov@runet & GarciaGil, 1996)

The DNRA pathway is conservative with respect to ecosystem N cycling, unlike denitrification or
anammox (see 2.1.2.4 Anammox) which involve the conversion of nitrate to forms that may be lost to
the atmosphere, & and N (Burgin & Hamilton, 2007) However, the cycling and fate of NH
beyond its formation via DNRA is not well identified. hfHs more biologically available and less
mobile than nitrate; it may be assimilated or converted back to nitrate via nitrificatiendileg on the
environmental conditions. The role of DNRA as a viable method of nitrate removal is also largely
unverified. In upland tropical forest soils, DNRA was approximated to account for 75% of the nitrate
transformation, at least three times geeahan denitrificatior(Silver, et al., 2001) However, the
relation of this to temperate soils is unknown; microbial diversity and geochemistry may differ
significantly between these environments. The relationship betwerapetature and DNRA
productivity is also noted by Kelso et al. (1997), who examined increases in both stream nitrate and

NH4*, from DNRA during warm summer conditions.

2.1.2.4 Anammox

Anammox is a biotic nitrate and ammonium removal process that occues amakrobic conditions

with the presence of NF| and anammox bacteria (Figure 2.1). NNBEcts as the electron donor and
the result is the production of.ldnd permanent removal of nitrate andJNEt a molar ratio of 3:5,
respectivelyf(Mulder, et al., 1995)Although the loss of both nitrate and Nidan occur during coupled
nitrification/denitrification reaction sequences, the lack e®Nbroduction may be a distinguishing
characteristic of anammao@Burlow, et al., 2010) The presence of simple organic compounds will
inhibit anammox, and will favor denitrification, therefore anammox may be most important where LOC

is limited, or nitrate is in excess in comparison with the amount of C inputs.

Anammox is common within marine ecosystems and is thought to be a large contributor in the removal
of nitrate in marine ecosystems, producing up to two thirds of ifleeldw a depth of 20 fBurgin &
Hamilton, 2007) It is lesscommon in shallow marine and estuarine waters, and its contribution in

freshwaters is even less extensively documented, although its detection in various environments within
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the past few years is increasing due to recent advances in technology. Ciaratirdi identifies
anammox as a natural attenuator of N released from septic syRebestson, et al., 201,13 manure

lagoon (Lazenby, 2011)within a municipal aquifer contaminated by draindgem a fertilizer
company, and leakage from the wastewater treatment ponds of a chemical c¢@lpanyet al.,

2008) It has been traced in various freshwater systems, such as the tropical Lake Tanganyika
(Schubert, et al., 2008and the presence of anammox bacteria have been noted in a variety of
environments including marshes, lakeshores, a contaminated porous aquifer, permafrost soil, and in
agricultural soi(Humbet, et al., 201Q) Its presence in a paddy field in southern China accounted for

up to 37% of the Blproduction. It is expected that the occurrence of anammox will continue to be
recorded and quantitatively constrained as a nitrate removal procesgdmmated environments.

2.1.3 Nitrate toxicity

NOs toxicity has been documented in several species, including humans. In human infants, the
ingestion of water containing NOabove the drinking water limit of 10 mgN/L can cause
methemoglobinemia, anday even impact fetus development when ingested by pregnant wWbaren

& Steinberg, 1996) Methemoglobinemia is a disease that is initiated by the ingestion of highly
concentrated nitrate, which is reduced to,N@thin the dgestive tract. The NDoxidizes the ferrous

iron in hemoglobin to ferric iron. The altered form of hemoglobin is known as methemoglobin, a type
that is not able to bind and deliver oxygéan, et al., 1987) Although metlkemoglobin is naturally
occurring in the bloodstream, adverse health effects are distinct when it comprises 10% or more of the
total hemoglobin of the body. Symptoms are severe and include cyanosis (the blue discoloration of
skin or mucous membranes dueadack of oxygen), headaches, dizziness, fatigue, coma, shock,
convulsions, and, at concentrations exceeding 60% of the total hemoglobin, a high risk of mortality
exists(Kross, et al., 1992 he striking blue discoloratiorf the skin with the initial onset of the disease

is the source of its household name, blue baby syndrome. In addition to this syndrome, ingested nitrate
and NQ may also contribute to cancer development in the digestive tract, and bladder and ovarian

carcers(Camargo & Alonso, 2006)

Nitrate toxicity to aquatic animals has also been documented, and confirms that high nitrate
concentrations can cause mortality in freshwater invertebrates, amphibians, and fishes also by
decreasig oxygen transport in the blog@amargo & Alonso, 2006) The sensitivity of freshwater
animals is commonly greater than saltwater anirf@@dsnargo, et al., 2005nd therefore a maximum

level of 3 mgN/L of nitrate is used as the current Canadian Guideline for the Protection of Aquatic Life.
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2.2Parameters for tracing nitrogen sources andycling processes

2.2.1 Stable isotopes

The number of neutrons residing in the nucleus of a given eleaertary and these differemuclides
are termed isotopes. IsotopEsbe stable or radioactive, which referencesstiadility of thenuclide
under natural conditions. Stable isotopes maintain the same number of neutrons throughout chemical
processingnd over time, whereas radioactive isotopes will decay over time, mahaintransform

to other nuclides over time

For the lighter elements (low atomic numbemg isotope isisuallydominant, and the other isotopes
exist at a small fraction of the ta@al abundance. The natural abundancéé\ffor example, is 0.364%,

very low compared t&N, which makes up 99.636% of nitrogen asorifhe stable isotopes of interest

in the current study includéN, 0, and?H, measureih NOs, N,O, NH,*, and HO, and will be used

for tracing biochemical transformations and possible sources affecting the inorganic N pool in the
LASA.

Themasdifferencebetweertwo stable isotopes of the same elententses smatlifferences in bond

strength, where heavier isot@pprovide stronger bonds. This creates a natural preference for light

isotopes taeact faster in chemical and biological reactions pimase changgKendall & Aravena,

2000; Gibson, et al., 2005)Thus,isotopic fractionation during biological, chemical, and physical
processeallows them to be used to define sourcesthrg@rocesses the environmeniReporting of

stable isotope signaturesually followsthed el t a (U) notati on. Tidsi s met ho
(R = less abundant isotope/most abundant isotope) of the sample and compares that to a known

standard, for example:
dlSN, dlSO, or d2H ( é ) sampTe/Rs{anB(dT 1] X 1000 (Eq 21)

The delta value isxpressedn unitsof parts per thousandp er mi | , digotopicstahdandsn o n
are used globally in order to achieve consisterggorting within the stable dotope research
community. For®N/*N, the primary reference standard is atmospheric ajy, @hd for'®0/*°0 and
2H/*H the standards ViennaStandardMeanOceanWater (VSMOW), which approximates the bulk
isotopic composition of the preseadty global ocean reservdiBibson, et al., 2005)Delta values are

reporedas either positive or negative, relatieethe standard used.

While delta notation reports a relative isotopic abundanith respectto a known standard,
fractionation factorsdp.s) and enrichment factores{s) are a means to describe ttiéferences in

isotopic abundancdsetween the products (P) and substrate (S) of a reaction:
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p.s =aRA/Rs (Eq. 2.2)
ps= (apsi 1)¢* 1000 (Eq. 2.3)
eps~D=dp-ds (Eq 24)

In general, enrichment factors-§) are more commonly used to define the difference in isotopic values
between elements of interest in the substrate and product of a reaction, as they are repan®dfin ter
delta notation. This can be calculated directly (Eq 2.3) or approximated (Eq 2.4) bgigsiatia O);

the difference between the isotopic values of the proddca(d substrated§). The approximation of

D for e is most accurate when fract@ion is small, and error increases as fractionation increases

the pool size of reactant is limited

2.2.1.1¢"°N-NQs and ¢®*0-NOs

Nitrate sources can be separated into fouregdncategories, each which havaying, yetoften

distinct, isotopic ignatures: 1) Nitrate produced via atmospheric proceaseés deposition via
precipitation 2) Nitrate produced from nitrification of inorganic fertilizers; 3) Nitrate produced from
nitrification of animal and human waste; 4) Synthetic nitrate producetheidlabeBosch process.

The first source i s commonl gthd secomdennd thi@etatho s p her i
nitrification-deriveda nd r ef er r ed t oandilelattedisyma hieali cninti t atae & 6 .
signatures resultingdm fractionation during reaction pathways for both the production and removal

of nitrate(nitrification, denitrification, anammox, and DNRAre important. The ranges of isotopic
signatures for nitrate measuredynoundwater and soil have been cleatdgsarizedand are displayed

in Figure 2.4. Environments where nitraisotopesare commonlyutilized to provide information on

nitrate sources and cyclinigpclude forest, agricultural areas (organic and inorganically derived

sources), septic systems andstewater treatment plants.

In the atmosphere, nitrogénpresents derivative of both human and natural activities. Such human
activities largely consist of those involving fossil fuel combustion (industrial processes, vehicle
emissions, and electiig generation) and natural sourcagh adiomass burning, soil emissions and

lightning. N is released in various gas types, for exaphtk or NOx, where NQ sources are largely

contributed from fossil fuel combustion. In the atmospHe@x compoundare oxidize to nitric acid

(HNOs), which easily dissociates to nitrate; in this form it can be deposited back to the earth via
precipitation. Other forms of gaseous N d¢@ndeposited through dry deposition, aémospheric
fallout, which collectsdect | y ont o the earthés surface and ma

waters when precipitation occuisendall, et al., 2007) The isotopic signatures of nitrate deposited
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from wet deposition have been measured togavithin-1 5 do+1% fd®N andto84d af or
d*®0, in analyses usinthe denitrifier methodKendall, et al., 2007) Results of previous analytical
methods, such as the silver nitrate (AgN@ethod, presented lower, orarated'®O values, which is

said to be due to reaction with glassware during combustion, causing exchange with oxygen in the glass
(Revesz & Bohlke, 2002)r with oxygenbearingcontaminants (e.g. organic mattéf)gure 2.4.

Microbial nitrate is produced from the stepwise conversion of tdHitrate(nitrification) in soil and
water; processdhat carleave an imprint of the isotopic fractionation process in both N pools involved.
Nitrification is favorable and occursidly, under oxic conditions, but may not always proceed to
completion. This results in the formation of aqueous and/or gaseous compounds, suclds NH
NOz, NO, and NO. The N and O fractionatisrdiffer becausehey are derived from different
compainds with N originating from NI? and/or NQ, and O from @and/or HO or NO;, therefore

the behavior of each is discussed separgékandall, et al., 2007)

For thed™®N of microbial nitrate, the effect of fractionation @gpls on the fraction of the substrate pool
that is consumedhe initial d**N signature and the isotopic fractionation factorFor agricultural
environments with fertilizer application, determining the fi&N of microbial nitrate may be
problematic,as fractionation is highly variable before, during, and after a heavy application of
ammoniumbased fertilize(Kendall, et al., 2007) For this reason several studies have recodéhdd

of microbial nitrate in various enviraments, with varying DIN sources.

The d™®N value derived from human and animal waste is typicalgsitive this isdue to a small
enrichment(Za) that occurs in the digestive tract of a
subject to volatilizationsuch as stockpiles of manutbeycan undergo fairly substantial enrichment,

and result ird*®>N valuesb e t we e rand+2@0.a T h ¢he®N values of nitrate produced by

nitrification oftheses our ces can range bet weetheeffecSarprasande +2 0 a,
of volatilization. In generalit is difficult to distinguish signatures of animal or human waste in
groundwater, where the exact sourcesuaienown and potential source isotop@mpositionshave

not been measured directfitendall, et al., 2007) For inorganic Nk sources, such as fertilizeahe

value of d*N is generallya r o u n,drefle@téngthe atmospheric N from which it is generated

Overall, valueslominantlyrangebetween4d @ t o +4a, wi t h-8a@autlhideras &s glhowa
+ 7 &Kendall, et al., 2007) Synthetic nitate fertilizers havel>N values which are slightly higher

than NH' fertilizers, andd'®O valuesthat commonly rangd r om + 17 a + t o +25a, re

atmospheric @which is used during producti@nddiffering from that of microbial nitratéKendall,
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et al., 2007) Specific studies measuring nitrogen isotope compositions for several types of sources are

summarized in Figure 4.2.

Thed'®0 valuesof microbial nitrate, produced via nitrification of ammoniémom various sourcess
commonly approximated by a simple linear relationship invold@ of O, and HO (Eg. 2.5).The
general interpretation is that the first oxygen is derived from dissolyesth@®the next two each from
H20 (Andersson & Hooper, 1983; Kumar, et al., 1983; Hollocher, 1984)

180-NO3' = 1/3’d1|180—02 + 2/3*d180-H20 (Eq. 2.5)

Although this approximation is broadly used, it is well understood that controls df@healuesof
microbial nitate are more complex than what Eq. 2.5 portrays. The investigatidf@fvaluesof
microbial nitrateby Snider et al. (2010) better identifies the complexities of the processes involved.
The linear relationship ahe d*®0 valuesof microbial nitrateis redefined as including thk20 value
of H,0, d*®0 valueof O, the fraction of intraand extracellular abiotic ®xchangeftsioric), and both

kinetic and equilibrium isotope effect coefficient®.q and*®, respectively (Figure 1.2).
d*®0-NOs = 1/3(2+ fasioric)d*®O-H.0
+ 1/3[fasiomic (218eq - d*BO-O; - ey 02 - e H20,1)
+ d'®0-0; - e 02 - e hzo1+ 18Q<,Hzo,2] (Eq. 2.6)

The equation outlined by Snider et al. (2010) is more complex and therefore needs much ntore data
calculated'®0-NOs. However, Snider et al. (2010) used controlled laboratory experiments with known
d*0-0, andd'®0-H.0 values and plotted the resultirtj?O-NOs valuein comparison to that predicted

by Eq. 2.5 (Figure .3). For agricultural soil&ith low OM, such as those present in the current study,
thed®®0O-NOs value was as much @& lower than that predicted by Eq. 2.5 whbkad'®*0O-NOs value

was less thandb.

Using the above methods, tf8O-NOs valueof microbial nitrate can be brogdéstimated. In Egbert,

Ontario, which is located in theoathern Nottawasaga Rivéfatershedthed'®O valuein precipitation

has been measured between 1998 and @O, et al., 2004and has an average value-df0 . 6 a .

Using equation 2.5, and the information on variance from this calculation provided by &naler

(2010), the expectedveraged®®O valueof mi cr obi al nitrate would be .
would expect al'®0-NOs valueof approximately6 t o forsamgples collected in the LASA that

have nitrate from nitrification, and have not undergone subsequent cycling or partial denitrification.
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Figure 2.2 A schematic representation of bacterial nitrification as presented by Snider et al. (2010).

Figure 2.3 d*®O-NOs valuesproduced from nitrification of temperate forest and agricultural soils
incubated with waters of varyind®0-H,O values modified from Snideret al. (2010) Linear
regressions(§tandard error) of the data arfdzalues are shown in thegend. The red line represents
d®0-NOs - with varying d*®0-H.O and constanti'®0-O, (commercial gas mixtuje+2 5. 7 &) ,
oxygen sourced from 4@ and Q (in a ratio of 2:1 ratio). The inset shows an enlargement of the area
of the main graph wher@*®0-NOjs is formed from soils incubated with waters at natural abundance

for d€O.
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The d*®0-NOs vs. d™*N-NOs p | o t dual witrate iSotop@lotg is used for both attributing nitrate
sourcesandfor identifying the effects ohitrate removal processes, mopesifically denitrification.
As denitrification proceeds, tha#°N and d*®0 values of the residual nitrate pool increa3ée dual
nitrate isotopeplot provides insight to the ratio of enrichment betwd&\ and d'®O of nitrate by
using the slope of &hline plotted through various sample poin@mmon atiosin groundwatearea
little less than2:1 (Chen & MacQuarrie, 2005for d**N:d'®0 when attenuated by denitrification.
Additionally, whend™N-NOs is plotted vs. nitate concentration, the increasetlie d°N valueis

exponentiabs nitrate decreas@sendall, et al., 2007)

Details of thed®®O anddN valuesof groundwater nitratéor a riparian site within theosithern
Nottawasaga Rer Watershed were provided by Devito et al., (2008amples were collected in a
flood plain environment, which wasljacento a cropped area, directly north of the Boyne River. The
d*0 andd™N values ofhitrate forsamplesat the source withoutentrification or ary form of removal
were~ 2 @nd~% , r e s p blicateiinwamplgsollected in the floodplain shaesd higheiof d*?0
andd®™N values and dual nitrate isotopgot showed line slopgd**N: d'®O ratio) of 0.56. Plotting
thed™N-NOs andnitrate concentration also showadear exponential increasedttN-NOjs as nitrate
decreases. These data and trends give igolazhtionof the effects of denitrification odt>N andd'®O

valuesof nitratein the study area.
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Figure 2.4 Summaryof dual nitrate isotope plotanges and relationshipsd®®O-NOs values of
nitrification (colored boxesare estimated to range froa to +23 (based on a local precipitation

data with an averag#®0-H,O of -10.6 , (Birks, et al., 2004). d®N-NOs values from nitrification

are derived fronthe supporting literature are as followidmospheric nitrate:(Kendall, et al., 2007)
Manure/septic Aravena, et al., 1993Vassenaar, 19955irard & HillaireMarcel, 1997; Kendall,

1998; Choi & Ro, 2002Griggs & Kump, 2003Curt, et al., 2004Kellman, 2005Katz, et al., 2009
Ammonium in fertilizer: Wassenaar, 1995; Vitoria, et al., 208&teman & Kelly, 2007Flood, 2011

Soil: (Kendall, 1998)Theblak ar r ow | ab el oulines Deimciedse ti*¥-NGz andi o n 6
d®0O-NOs at a ratio of 2:1, illustrating the possiltleanges in isotopgompositionvia denitrification.

The starting location of the denitrification line is arbitrary.
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2.2.1.2 d*N-N,O andd®0-N,O

Stable isotopes of JO provide evidace for discriminating the source of®l production, and can be
paired with nitrate and NH stable isotopes to determine isotope effegts ksotope effects may give

more information to which cycling processes are present than only the delta vales dloe

signatures of stable isotopes in N cycling processes can be complex and overprinted, due to multiple

recycling processes and so using bdnde values give a greater depth to interpret the sources and

processes.

The isotope effect fod™>N-N,O pr oduced f r o moni) has bden measuied and ( U
calculated to range froml 5 a -8 &. 2ZShearer & Kohl, 1986; Yoshida, 1988; Kendall, 1998;
Perez, et al., 2001; Stein®ung, 2003; Sutka, et al., 2006}°N-N.O valuesfrom nitrification in soil
incubation experiments with agricultural soils and forested peat ranged-3r&ém -X ®@a wi t h
isotope effects of5 5 @ -3 ©ESnider, 2011) Theenrichment factor for oxygen produced from
nitrification is considered to be more complex, and accounts for fractionation fifonamtl Q, and

has been studied much less than thad'@f-N>O. Using laboratory incubation experiments and
Monte Carlo simlation model, Snider et al. (2012) found thatlues ofd®O-N.O produced by

nitrification ranged between +13 and +35a for

Isotope effects involving the formation of® v i a d e n i26nb3) Havie besrsnnoarized at)
length(Remple, 2008and range frord 5 . 2 al Ot. o4 ad®N. @& more highly constrained range

of N-Qizonos values documented by Snider et al. (2013) involved controlled incubations with
agricultural soils andesults ranged from3 0 & -2 &. Fur t h'®risotope effect of h e
denitrification varied between 32a and 60a.

2.2.1.30"*0-H,0 anddH-H:0

The main stable isotopes of watdt®O andd?H, undergo natural fractionation during watsrcle
processes(g. evaporation, condensation, etc.), which vary spatially and temporally at local, regional,
and global scales. Isotopic signatures are specifically affected by mass dependent partitioning
throughout the hydrologic cycle, which provides a linear redatip betweed'®0-H,O andd?H-H,O

values of precipitation. This association is defined by the global meteoric water line (GEAgg,

1961) which is based on glo#fO-H,O andd?H-H.O of mean annual amoumteighted precipitation:

?H = 8*d¥0 + 10 (Eq. 2.6)
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At the watershed scale, and within hydrogeological studies, variations in the isotopic composition of
precipitation can be used to delineate different parcels of water. Precipitation accounts for a large
quantity of groundwater rechargedaiocal water isotope effects vary the signatured®-H.O and

d’H-HO. Local water isotope relationships will be similar to the GMWL with slight deviations due

to more local fractionation factors, such as seasonal, altitude, and continental effects. Seasonality
commonly results inalues ofd*®0-H,0O ard d?H-H,O being lower in winter and highém the summer.

This is controlled by three main factors: (1) the variation of seasonal temperatures at a location, which
induces Rayleigh fractionation in precipitation; (2) seasonal evapotranspiration oventimerts

alters the atmospheric water balance; (3) changes in the sources of water vapor and storm trajectories
over the seasor{®Rozanski, et al., 1993)Altitude and continentality effects result in more depleted
values asiir masses are orographically uplifted or moved substantial distances inland. Both effects
are consequent of the same mechanism, which involves the preferential removal of the heavier isotopes

during the condensation and rainout prodesszanski, et al., 1993)

Shallowgroundwater isotopic valuadosely approximate thmean local precipitation signatures
d*¥0-H,0O andd?H-H.O. The Canadian Network for IsotogasPrecipitationhas calculated amount
weighted mean annual wake s %0-H,0 a@nd{*H-H.O at Egbert, Ontami which is located within
the outhern Nottawasaga Rivéfatershed Between October 19%hd September 2002 the averaged
valueswere-10.6a and-72.4a , respectivelyBirks, et al.,2004) These values can be used to
distinguish waters under seasonality or continental effects, or to approximaté®@NOs (as

mentioned in section 2.1.2.1).
2.2.2 Geochemical constituents

2.2.2.1Cations and mions

In agricultural aregpotassiun(K*) is applied directly to cropsith CI- aspotassium chlorideK(Cl).
Any excess Kthat is notassimilatedy the cropor adsorbed onto soil particlean percolate into the
aquifer, but may be affected by ion exchange withbanic matter orclay partcles within the
unsaturated or saturated zon@ohlke, 2002) The associated Cis generally unreactive and
thereforeits presence can be used as a tracer of fertilizer loading. On the othe€Chhad multiple
anthromgenic and natural sources. For examglgh €I mayresult fromthe application of road de
icing salts in the form of NaCl. In #@lhcase, an elevated sodium (INaignature wouldikely be
associated wittheelevated Cl An elevation of Naand Ci concentrations may also indicate a septic
systemsource(Hamilton, et al., 1993) If background concentrations of Gre high, Naalone has

been used to trace septic system influgfiv@bertson, etla 1991) Sulfate (S@) may be applied
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with ammonium (NH"), calcium (C&") or magnesium (Mg) to cropsin the fertilization process
Redox conditions and biogeochemical reactiswugh as nitrate reduction (e.g. denitrification or
DNRA) coupled tdree sulfide or metabound sulfide oxidation mapcrease S concentrations in
groundwater If conditions are highly reducing, an increase i Béll also be apparent if S® is
produced specifically from the oxidation of pyrite (ReSites whee K*, SO, andphosphateRQ:*

) are elevated may indicate preferential flow pattibin coarsegrained deposits lacking oxides, clays
and other charged surfaces and exchange sMésough high concentrations of BOcan also signal

a septic systermource, Robertson et al (1991) have reported that concentrations ePA.mgthin

the septic plume can dissipate to 1 and 0.1Pthgover very short distances, likely due to adsorption.
The presence ofa* and Mg?* may become artificially elevated witlhe application of limeor
dolomiteto fields (Denver, 1989; Bohlke, 2002pbr could occur naturally with dissolution of the
minerals in the aquifer matrix. Essentially, the geochemical signature of groundwatercafime
agricultural activities or from septic system sites will depend on inputs, processes, and aquifer
characteristics.

2.2.22 Nitrogen species:ittous oxide ammoniumand ritrite

Several inorganic forms of M) addition tonitrate are fundamentahiidentifying sources and cycling
processes that control the presence of inorganic N. The complexity of these controlling factors can be
great, with multiple contributing N sources or biogeochemical mechanisms involving the production
and consumption ohibrganic N sometimes occurring simultaneously. This compels a need for the
measurement of other common inorganic N species; nam€yN\D., and NH", for identifying the

sources and fate oftrate

N20O is largely producel during nitrification anddenitification but is also produced in smaller
guantities by some assimilatory bacteria and fuijeakley & Tiedje, 1982kand by some nen
denitrifying soil nitrate reducer6Smith & Zimmerman, 1981) N.O exits as a residual of the
incompleteexecution of such mechanispgmmonly driven by the result of insufficiently supplied
bacteria or electron donors/acceptors. While nitrification and denitrification are primarily restricted to
the aerobic and aerobic parts of the saturated zone, respectively, there has been documentation of
denitrification occurring under slightly aerobic conditig8sein & Yung, 2003)a function which may
complicate the use of R for nitratesouce and process analysis. Furthermore, when either reaction
is efficientat reaching completion, A will be transformed to Nand will not be detected in the
environment. In nitrificationthe production of M will normally correlate to a decrease het
concentration of Nk, whereas in denitrification, increased\relates to the consumption and

therefore decrease mtrate pool. If either the nitrateor NHs* pool is large, the amount of.®
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production can be substantial, without resultinglargedecrease in the concentrations of the substrate
N pool. Itis, however, perceived that large concentrations©OfWll be detected if thaitratepool

is large and denitrification is occurring, as high concentratiomitratetend to inhibit the eduction

of N2O to N (Stein & Yung, 2003) Lastly, a complete lack of & concomitant to a decrease in
concentration of bothitrateand NH* mayindicate that thermmmoxprocess is importarfBurlow,

et al., 2010)

The measure of NFiis an integral component for understanding N cycling and source inputs. NH

is naturally formed in the soil as an end product of the biotic mechanism ammonification, the
transformation of organic N to inorganicthl a form that is readily available as a nutrient for plants
and microorganisms. NHis also present in human and animal waste, as a byproduct of similar
transformations occurring within the digestive tract; and is therefore a significant constitseptiof
systems, wastewater treatment plants, pastures, and animal feedlots. In anaerobic envirdimatents
can be reduced to NHvia DNRA. As previously mentioned, NHs stable under reduced conditions,
and readily becomes oxidizedrirate(nitrification) under aerobic conditions.

NOy, another important inorganic form of N, shares some common behaviors to thase inftNat
it is produced as an intermediate in both nitrification mitdtereductive mechanismst is, however,

involved inDNRA and anammox reactions that do not involve the production of consumptia®of N

The concentratiorof NO; in soil and aquatic environments is commonly low, but elevateg ¢
indicate inerrupted\ processingIn nitrification, the oxidation tNH4* must exceed that of NQand

in nitrate reductin (DNRA, denitrification, or Aammox), the reduction of nitrate must exceed that of
NOy. It is easy to see that elevated N€ncentrations alone give little information as to which N
cycling mechaisms are present or out of balance, and the measurement of other inorganic N forms are
essential for deriving which N processes are active. Hagltentrations of N©in major rivers in
Northern Ireland were found to be a result of free ammoniag)(Nivhich acted to inhibit N@
oxidation byNitrobacterspp. The free Nkhad no effect on the oxidation of MHo NG,, and so the
accumulation of N@ persisted at toxic levels in the environmé&imith, et al., 1997)Alternatively,

the accumulation of NDis common within the DNRA mechanism, resulting from an inhibitory effect
of nitrateon the NQ reductase or enzyme repress{@mith, 1982; Kaspar & Tiedje, 1981 the

process of dnitrification NO, accumulation is uncommdRobertson & Kuenen, 1992)

2.2.23 Dissolved organic carbofOC)

DOC is derived from the degradation of organic matter into soluble forms, which may then exist in

surface wateand groundwater. DOC is an electron donor for nitrate removal through both respiratory
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denitrification and fermentative DNRA. For such reactions, however, DOC has to be in a structurally
appropriate form that can be used by the microbial community, kaswabile DOC. The lack of

labile DOC has been attributed to the high nitrate concentrations irlevdtipiezometers in the

LASA, in the early 1980§Starr, et al., 1987; Starr & Gillham, 1993 DOC is presenin very low
concentrations and nitrate removal is evident, then other nitrate removal processes may be occurring.
In contrast, DOC in septic effluent plumes has been somewhat elevated and positively correlated to
NH4* (Robertson, et al., 1991; Verstraeten, et al., 200Brefore DOC is necessary for understanding

the cycling of inorganic N and for identifying possible sources of N contamination.

2.2.24 Soluble reactive lposphorus

PhosphorugP)is naturally occuing in soil, rocks and organic materi&@oluble reactive phosphorus
(SRP) is a measurd orthophosphate, the soluble and inorgdraction ofP,the form diretdy taken

up by plant cells. SRBccurs naturally in sediment deposits @ad bemobilizedinto surfacewater

and groundwatetriggeling eutrophication in lakes and rivefSchindler, et al., 2006)The presence
of SRP at high | evels (>50 redax¢ohdjtiontthdavorbmembial f oun d
reduction of F& to F&* (Carlyle & Hill, 2001)andhasbeen negatively correlated to Oi0apoint &
Clark, 1992) Since thereduction of F& to F&* requires a morehemicallyredudng environment
thanneeded fothe reduction ofitrateto Ny, it may be possible to use SRPdistinguish between
watershaving lownitrate concentrations due to microbial reduction avaters that have lowitrate
resulting fromlow N loading. Wheraitrateexists n concentrations too low to measure the isotopes
of nitratg SRP may aid in highlighting redag waters, especially where DO is not measured.
Although it is possible to have redng waters wheraitrateis naturally low. SRP will therefore be

used withother parameters to determimigratesources and redox states in the LASA.

2.2.25 Artificial sweeteners

Artificial sweeteners are commonly used in processed food and beverage products and easily bypass
absorption in the digestive system. They aresegbently found where human waste resides, such as
septic systems or wastewater treatment plarieur types of sweeteners, acesulfame, saccharin,
cyclamate and sucralose, are often used in conjunction with one another to detect wastewater. These
sweetenes have been found in urban areas as a marker of wastewater treatment plant effluent
(Scheurer, et al., 2009; Van Stempvoort, et al., 2011a; Buerge, et al., 20A8nl septic systems

(Van Stempvoort, et al., 2011k@nd as a tracer of pig manure application in farm{8uerge, et al.,

2011) Acesulfame is the most consistently detected sweetener in urban was(Bwetge, et al.,

2009) It has also been strongly correlated withila campground septic plunféan Stempvoort,
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et al., 2011h)In Canada, both acesulfame and sucralose have been introduced fairly recently into food
and bevediges; in 1988 and 1992, respectively, and therefore can be good indicators of relative water
ages(Gougeon, et al.,, 2004; Van Stempvoort, et al., 2010a) the other hand, cyclamate and
saccharin have shown suscepitipito biodegradation in soil, water, and in activated sludge from a
wastewater treatment plafBuerge, et al., 2009; Van Stempvoort, et al., 201dbhas sucralose to a
lesser extenfSah, et al., 2011) Saccharin has been also detected in piglet feed and has been traced in
source waters having pig manure applied to the overlying farnjBmerge, et al., 2011 Half-life

values measured in aerobic soil ubation experiments for acesulfame, saccharin, cyclamate and
sucralose were-39 days, 312 days, 0.4 days, and-824 days, respectively. No correlation between
half-life values and organic content or texture of the g8ilsrge, et al., 2011) The presence and rate

of degradation of each sweetener may provide evidence for separating nitrate contaminant sources in
rural areagRobertson, et al., 201,6and for determining whether such sourceshawlergone either
biodegradation or dilution.
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2.3 Methods
2.3.1 Site glection

2.3.1.1 Multi-levelwells

Some of he multi-level sampling well{MLWSs) installedon the MC and W propertiess part of the

Starr et al (19873tudywerefound and repaireth the summer of 2010Landowner®f the two sites

were contacted and permission vaégainedo locate repair,and sample the existing wells on each of

the properties. Vegetation overgrowth and agricultural activity on nearby land had concealed or
damayed some of the wells, leaving 6 of thew8lls in acceptableondition for sampling4 of them

on the MC site (MC2, MC4, MC&ndMC7) and2 on the W site (W4 and/5). The general location

of the MLWs is shown ifrigure 25 and 26.

2.3.1.2 Groundwateseeps

The locations of samples taken by Hill (1982) were used as a template to locate groundwater seeps
discharging along the banks of the Nottawasaga Ringhe summer of 2010 he historical sample

sites could not be exactly replicated due to uagay in the initial sample location and the high
frequency of seepsccurringalong several stretches of the river. Groundwater dischangedhe
Nottawasaga Riveas diffuse seeps, pipes, tile drainage, and small streams; the latter of which were
assumed to be largely or wholly groundwater fed during base flow conditions (Hill, 1982). Four river

watersamples weralsocollected in May 2011. Sample locations are presentédgome 26.

2.3.1.3 Domestic &lls

The domestic well survey map illustratieg Hill (1982) was digitally overlaid onto a Google map of

the area and sample sites were traced into a dataset. The Nottawasaga Valley Conservation Authority
(NVCA) provided mailing addresses for the dataset and letters were sent to request panti@patio

private water well samplingUpon receivingnly afew letters back, more letters were hand delivered

to the mailboxes of most of the residents within the study area. Finally, homeowners were contacted
directly by going door to door. Thereforepgale locations were, for the most part, confinedreas
dependentoh he residentsd willingness to participate,
time of inquiry. A good amount of agreement between historical and current sample locasons w
obtained in the study aredhe approximate area sampled is outlined in FiguBeeXact locations of

the domestic well sites cannot be shown to maintain anonymity of the participants.
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Figure 25 Locations of MC and Wnulti-level piezometershat were lacated during reconnaissance,
(includesthe location of W3, which was nlatcated butis used to illustrate theross sectional geology
of the LASA, inFigure 1.2). The water table in the area of the midtrel wells is provided from
measurement a&ach well in the summer of 2010, noted in brackets beside each site.
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May 2010, and properties havingulti-level wells.
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2.3.2 Field procedures

2.3.2.1 Gereral sample collection

Samples forseveralparameters were collected in assorted bottle types with preservation technigues
depending on the intended analysis, listed accordinglaliie 21. Samples collected at the multi

level piezometer and domestic hgtes were analyzed with a YSI 600QS Sofaidfield parameters

(pH, temperature, conductivity,issolved oxygen (DQ)prior to collectionof water for chemical
analyses Sample water was pumped through tlegv-through cellcontaining the YSI Sonde ffo
several minutes until all parameters appeared stable, which indicated that stagnant water residing in the
piezometers had been removed and new formation water wasdaenmed Samples for the stable
isotopes of MO (both collected fomulti-level piezometer and domestic wells) were collected by
pumping directly into the sart@bottles, leaving nbeadspace, and sealiwgh a Vaccutainer serum
stopper which was ventilated with a hypodermic neadliewvingany possible trapped air and overflow

to escap. Caps were then sealed witWCtape Following this step one of two procedures followed:

1) samples were collected il2B0 mL Starplex bottles to be stored in a cooler and filtered, partitioned,
and preserved accordingly in the laboratory, or 2) sesrfpr SRP, kD isotopes, anditrateisotopes

were collected, and then the remaining samples were collected follownagjdiitto 0.45mm either

using an idine filter, syringe tip, or a vacuum filter apparatus

2.3.2.2 Multi-level wells

Each multilevel piezometer bundle consists of between 6 and 12, 0.96 cm 1.D. polyethylene tubes that
are fastened to a central 1.27 cm I.D schedule 80 PVC pipe, which acts as the bottom most sampling
point (Starr, et al., 1987) For each ampling depth, a length of sample tubing was inserted into the
piezometerand pushed to the bottom, airleast below thdepth of thewater tablewhen the bottom

could not be reached due to friction between the piezometer and the sampling tube. ohinefebtbf

each piece of tubing was cut ah@h angleto prevent the tube from being suctioned to the screen
during pumpingEach piezometer depth was measured and labeled accordinghje initial cleaning

and repair of each sample tylzeperistalt pump was used to purge the standing water and at least
threewell volumes of watein each piezometdube For all sampling dates, pumping prolongedil

YSI Sonde parameters reached stabilization and were recorded, with sample collection following
immediately. Samples were collected during the summer of 2010, December 2010, and April 2011.
Samples were not collected at all piezometer bundles and sample points at each sampling date due to
insufficient recharge volumess a result of a low water tablélydraulic head was measured for each

piezometer in the summer of 2010 for MC and W site piezometer bundles. Measurements at MC site
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bundles included each sample tube, whereas head measurements at the W site were restricted to the

first few sample tubeis the groundwater profile

2.3.2.3 Groundwater eeps

Sampleof groundwater seepsere takerapproximatelyevery few hundred meters along the bamiks

the Nottawasaga Riverith greater frequency along the west side bank, assorblar tothe historial
sampling methods of Hill (1982). Samples were taken over shorter intervals where riparian zone
conditions changed drastically and were taken over larger intervals where flow from the aquifer
di scharged bel ow the r i v eareicsllecedin theasanamer of2010,d2 a | 0
of which were taken by walking through a short section of the riparian zone, and 73 at a later date by
canoeing the length of the river over a tday period. Of the 85 samples, 26 were chosen for
resampling duringthe spring of 2011, with the objective of examining seasonal difference in
groundwater chemistry in the LASARIiver water samples from 4 locations along the Nottawasaga
River were also collected in May 2011. The YSI Sonde was not used in this procechuseeeps

often presented as a seepage face that was not conductive Watee.samples were collected in 2

250 mL Starplex bottles that were stored in a cooler and filtered, partitioned, and preserved accordingly
in the laboratory.Each container as sufficiently rinsed with sampigater,and filled, leaving room

for expansion during freezing for thérateisotope sampleAll samplewere stored in a cooler, on ice,

for the duation of the sampling period, until they reached the laboratithyn 12 hours of collection

2.3.2.4 Domestic wlls

Each participating household agreeing to the domestic well samplingaskasl to complete a
guestionnaire pertaining to general information about their well. Few of these questionnaires were
returned to theesearcher after the well sample had been obtained. In one case the well sample was
collected and lateomitted from the database, as the questionnaire indicatethéhatell depth was
locatedin the aquiferbelow the LASA which is not of interest in éhcurrent study Samples were
collected from an outlet that had not been subjected to any water treatment, such as atapotside
kitchen sink faucet. The YSI Sonde was useth&asurgdemperature, conductivity, pH, DO, and
establish that these paratees had stabilized, indicating that the system had been sufficient purged
prior to sampling Samples were collected and stored accordin@able 21. One samplavas not
measured with the YSI Sonde becaiiseascollected as a bulk sample by the homeeryas a matter

of convenience. Samples for each parameter were then subsampled from the bulk sample. Filtering for
necessary parameters was always completed immediately in the field, using a vacuum filter apparatus,

which was rinsed well with DI betwe@wollecting each of the samples.
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Table 21 List of bottle types and preservation techniques for samples.

Parameter Bottle Type PreservationMethod
tAnions 40 mLStaVrip;IIe xor glass Refrigerated at 4°C
!Cations 20 mLSt?lzgllexor glass HNO; added ¢ pH of 2, refrigerated at 4°(

INH4* 20 mLSta\llripa):exor glass HCI added to pH of 5, frozen
DOC 40 mLSt:i\/rig:exor glass Refrigerated at 4°C
NLO 60 mL Wheaton serum 1 mL of saturatedHgCl, solution
z bottle refrigerated at 4°C
SRP 50 mL centrifge Refrigerated at 4°C
1Sweeteners 40 mL Starplex Frozen
tAnionic Herbicides 40 mL Starplex Frozen
Perchlorate 40 mL Starplex Frozen
d™N-NOs & d'®0-NOs 125 or 250 mLStarplex Frozen
120 mLWheatonserum 2 mL of saturateHgCl, solution
15N\ | 18
d*N-N20 & d"O-N-0 bottle refrigerated at 4°C
d*0-H,0 andd?H-H,O 20 mL Starplex Stored at room temperature

IRequired filtration to 0.4%m

2.3.3 Laboratory aalysis

Geochemical and isotopic parameters were measured at the University of Waterloo Environmental
Isotope Lab (UWEIL), and Environmental Geochemistry Lab (U&GL), Waterloo, Ontario, the
Canadian Center for Inland Waters (CCIW), Burlingtomtario, and th&table Isotope Facility (SIF)
of UC Davis Davis, California. Known values of the precisiomethoddetection limit (MDL) and

practical quantification limit (PQL) are providedTiable 2.3

2.3.3.1 Anions

Major anions (F CI, Br, NOy, NOs, SO?*, and PG**) were analyzed at CCIW. A Dionex 2500 ion
chromatograph was used; sample concentrations were calibrated againgimaiéindards that were
analyzed with the samples. Sample concentrations were kept within the working reévestahdard

by diluting with Milli-Q water when necessary

2.3.3.2 Cations

Major cations Al®*, C&*, Fe, K, Mg?*, Na") were analyzed a&CIW, with the use of an inductively
coupled plasmatomic emission spectroscopy using a Horiba Jobin Yvon UltilGd®ZHoriba Jobin
Yvon). Sample concentrations were calibrated against4oualstandards that were included with each

run of samples.
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2.3.3.3 NH;'

NH4" concentrations were analyzad CCIWwith a colorimetric methodSpoelsta & Post, 2012py
measuring absorbance at 640nm on a Beck@uwuiter DU720 UV/visible spectrophotometer.
Multiple NH4" standards were run with the samples for the calibration of the sample values.

2.3.3.4DOC

DOCwas measured &tW-EGL using a Dorhrann DG190 High Temperature Total Carbon analyzer
equipped with an autosampler system (Rosemount Analytical Inc. Santa Clara, CA). Samples were
acidified with 20% phosphoric acid to remove inorgad@nd DOC was then measured and corrected

to a calibran curve created from a set of three potassium hydrogen phthalate (KPH) standards
analyzed during the same run as the samples.

2.3.3.5 Dissolved\,O

Dissolved N;O was analyzed aUW-EGL using a headspace equilibrium technique and a gas
chromatograpkiThuss, 2008)12mL Exetainer® were capped and weighed, then inverted and flushed

with helium, and recapped. 6mlof solutionwas removed from the sample bottle and injected into the
exetainer, to create a positive pressuesetainers®were reweighed to determine the total mass of

liquid. Samples were thagently shaken for 90 minutes to allow.® to reach equilibrium with the

headspace. Concentrations g the headspaagere determined with an Electron Capture Detector

(ECD) on a Varian CP 3800 greenhouse gas analyzer (Varian Canada, lrgordentrations were

calibrated against gas standattust wereincluded in each sample run. DissolvegdDNtoncentrations

were then calcul at ed irusBuitempgeratdre and préssure that was vesordedg t h-

during sampling.

2.3.3.6 SRP

Soluble reactive phosphus (SRP) was analyzedt CCIW using a modified version of the
orthophosphateolorimetric method, measuring absorbance at 885nm on a Begkmdier DU720
UV/visible spectrophtmmeter. For this procedure, a mixed reagent containing ammonium
molybdenate and antimony potassium tartrate was (¥ed Stempvoort, et al., 2011aYhe method

detection limit isnoted inTable 22.

2.3.3.7 Artificial sweeteners

All samples were measured for four artificial sweeteners, acesulfame, sucralose, cyclamate and
saccharinat CCW. Analysis was péormed using a Dionex (Sunnyvale, CA, USA) 2500 ion
chromatography system coupled to a QTRAP 53® $ciex, Concord, ON, CAN) triple quadrupole
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tandem masspectrometer, which was set to negative electrospray ionization (ESI) (Wede
Stempvoort, etal., 2011a) Sampl es t hat were detectedebetoawddhe

(N.D.) and are then given a value of 0 ng/L, for data evaluation and graphing purposes.

2.3.3.8 d*N-NOs and d"®0O-NO5

Samples fold™®N-NOs; andd*®0-NOs were determined using twdifferent methodseach performed

at SIFFUC Davis ortUW-EIL, respectively. The first method usth@ bacterial denitrification method

(Singman, et al., 2001; Casciotti, et al., 20@8)jng a ThermoFinnigan GasBench + Precon trace gas
concentration system interfaced to a ThermoScientific Delta V Plus is@tipanass spectrometer

(Bremen, Germany), calibrated to thigratestandard USGS 32, USGS 34 and USGS 35. This method

has an analytical pr ec d™®Niawd®O,adspediive§.. 4 & and N 0. 8

The second methodsedat UW-EGL (Spoelstra, et al., 2014pllowed a modified version of the
chemical denitrification metho@cllvin & Altabet, 2005) In brief, samfes containing 2jug Nwvere
frozen in glass vialdreeze dried, and then reconstituted with 2 mL of 0.75M NaCl. Samples were
shaken for 30 minutes on an orbital shaker atRPPI. 1 mL of Imidazolesolutionwas then added to
each sample, followed by 0.1Lrnof cadmium (Cd) powderSamplesvereshaken again, on the orbital
shaker, for 24 hours to ensure complete reductianitiadteto nitrite, andthen filtered (to remove Cd)

and injected intthehelium(He)filled headspace vials. Addition of NaBind dacial aetic acid buffer
inducecdthe conversion to 0. Finally, 1 mL of 6M NaOHhvasadded to quench the reaction. Samples
were overpressurized with He and shaken for 1 hour. Sample values were determined in-the UW
EILAB, using a GV Trace Gas pmnentrator system (GV instruments, Thermo Electron Corp.,
Manchester, UK), attached to a GV Isoprime mass spectromdtgernal and internationally
recognized referencandard¢USGS34, USGS35, EQC-1, EGCG-17) wereused in the calibration of

the final esults andi°N andd'®O werereported relative to atmospherig &hd Vienna Standard Mean
Ocean Water (VSMOW), respectively. The analytical precisionftt andd'®O is approximately

0 . 3 & Na n, éespectively Sampls testedat thetwo different hboratories are listed Fable 23.

2.3.3.9 d"*N-N,O andd®0-N.O

Samples fortable isotope analysif dissolvedN.O wereprepared by removing 60 mif the sample

from the 120mL serum bottlehile replacing ad over pressurizing with 120 mL of heliunsamples

were thergentlyshaken on an orbital shaker at approximately 90 RPM for one hour to equilibrate the
headspace gas with the sample. Sariggtopicvalues were determinest UW-EILAB, using a GV

Trace Gas preoncentrator system (GV instruments,efino Electron Corp., Manchester, UK),

attached to a GV Isoprime mass spectrometer. Corrections and calilweteetermined with the
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use of an internal D isotopestandard (EGt5) (Thuss, 2008) d'*N andd'®O have beeneported

relative to atmospheric Nand VSMOW and have an analyticplr eci si on of

respectively.

Table 22 Detection limit and precision values for various geochemical parameters.

Parameter MDL PQL Precision
Anions 0.0030.02 mg/L -
Cations 0.0050.01 mg/L -
NH4* 0.016 mg/L -
DOC 0.5 mg/L - 0.2 mg/L
N2O 0.2ngy/L - 5%
SRP 2ng/L -
Acesulfame 8 ng/L 20 ng/L
Saccharin 21 ng/L 60 ng/L
Cyclamate 3 ng/L 10 ng/L
Sucralose 5000ng/L 15000ng/L

Table 23 Method of d**N-NOs™ and d*®0O-NOs analysis for groundwater seep, domestic well, and

multi-level well samples.

SIF-UC Davis

UW-EIL

Groundwater seeps: September 20Hl
Multi-level wells: Spring samples
Groundwater seeps: May 2011 samples
Stream samples: May 2011

Domestic wells: Summer 2011select data

Groundwater seeps: September 20Belect data

Multi-level wells: Summer and fall samples
Domestic wells: Summer 2011all

2.3.3.10 d®*0-H,0 and’H-H;0

Samples fod'®*0-H,O andd’H-H.O were det¢rmined using two types of analyses, performed at the
SIF UC Davis and UWEIL. The first method sed a Laser Water Isotope AnadyA/2 (Los Gatos

Research, Inc., MountaivView, CA, USA). Sample isotope ratiaerestandardized using a raamof

working standards that werealibrated against IAEA standard eeénce materials (VSMOW, GISP,

andSLAP) . The
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The second methodsedan online chromium reduction technique for the analysisd#f-H.O
(Morrison, et al., 2001and CQ equilibrium technique fod'¥0-H.O (Epstein & Mayeda, 1953)Both
isotopesdetected oran IsoPrime/EurovectdeA-isotope ratio mass spectrometer (EMS) with a
general precisionf+<1 & ffdr and N (#00. Baih afialyses repat?O-H,O andd?H-H,0
relative to VSMOW. Sampgrun at thewo different laboratories are listedTiable 24.

Table 24 Method of d*®0-H,O and d’H-H,O analysis for groundwater seep amullti-level well
samples.

SIF, UC Davis UW-EIL

GroundwateseepsSeptember 2010 select data Groundwater seeps: September 20Kglect data

Multi-level wells: Spring samples Multi-level wells: Summer and fall samples

Groundwater seeps: May 2011 samples

1A portion of the data was run at each laboratory, but no data were ruthatTe results and interpretation of these data
will include values from both methods.

2.3.3.11 &**N-NH4"

Stable isotope analysié d**N-NH4* was performed at UYEGL usingthe method of Spoelstra et al.,
(2011),a modified version of the acidified disk diffusion meth&ilooks, et al., 1989)Saensen &
Jensen, 1991)In brief, dissolved Nk wasconverted to Nklgas and trapped on an acidified quartz
disk, enclosed in a gas permeable, polytetrafluorethylene (PTFE) membrane. The required sample
volumewaspipetted into each diffusion jar, adeionized water (DI) added to bring the total volume
to 20mL. KClwasadded to obtain a concentration of approximately 4M. A phenolphthalein pH
indicator solutiorwasadded and NaOH solutiomasadded to obtain a pH between 8 and 9, which is
indicated ly a change in color, to pink. 2mL of tetraborate pH buffer solwiasadded to stabilize

the pH at approximately 9.5. Diffusion jangere shaken on an orbital shaker for 10 days to allow
complete diffusion of the Nionto the acidified disks. When dtiag wascomplete, the PTFE traps
wereremoved and the quartz disksretransferrednto clean vials, thefrozen and freeze dried*N-

NH." was determined using a Carlo Erba 110&meéntal Analyzer interfaced wwita Thermo
Instruments Deltaplus isotope ratio mass spectrometefiRE#S). The precisions generally better
than NO. 2a.
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3. THE CHANGE I N NI TRATEI SONKEENITRRKE I
ALGONQUI N SAND AQUISRERA ROVFEERRIAOD

3.1 Introduction

Nitrate contamination of shallow aquifers is commonly associated with agricultural lands that overlie
highly permeable soilBottcher, et b, 1990; Postma, et al., 1991; Bohlke, 2002; Wassenaar,.1995)
Ingestion of nitrate contaminated waters, those concentrated above 10 mgN/L, may induce Blue Baby
Syndrome in infants, anditrate can initiateadverse health effecend mortalityin effeded aquatic
ecaystemsat much lower levelsThe southern Nottawasaga RiVéatersheds an area that has been

under intense agricultural use for at least the pa@tyears. The shallow aquifer system, the Lake
Algonquin Sand Aquifer (LASA) underliesunh of the agricultural land and consists of sands to loamy
sands with few gravel lenses. Previous studies conducted in the area have defined agricultural activity
as the main contributor to groundwater nitrate concentrations that exceeded the dringriomitaf

10 mgN/L. Research conducted by Hill (1982) consisted of domestic well and groundwater seep
sampling to identify the distribution and source of nitrate in the LASA. Distinct areas of high nitrate
were found to exist to the south of the UpNettawasaga River, between the Upper Nottawasaga and
Boyne Rivers, and to the North of the Boyne River, along the west side of the Nottawasaga River.
Positive correlations were made between the concentrations of chloride and nitrate, and land use, which
attributedhigh groundwater nitrate witpotato farnmg. Further research conducted by Starr et al.
(1987) studied the vertical profile of nitrate under agricultural fieldstibdfpotato farming within

their crop rotation. The consistent presencetofitd at high concentrations, far below the water table,

was explained by a lack of labile organic carbwat could otherwise suppa#spiratory denitrification

within the aquifer. Although low nitrate did exist in all wells, near the base of the mguifasunclear

whether a change in source or nitrate cycling was responsible for this.

The currat investigation aims to measucbanges in groundwater nitrate since the studies of Hill
(1982) and Starr et al (1987) measuring nitrate in muttevel wells, groundwater seeps, and domestic
wells in the LASA Since the early 1980s there have been changes in land use, including an expansion
of the Alliston industrial area, and the development of a golf course along the Nottawasaga River.
Changes in farmig include crop diversification away from potato atodvards sod and mixed
vegetables, which have different fertilizer applicatipractices The application of nutrient
management practices and increased knowledge among farmers regarding fertilizentmtirand

groundwater contamination mawgvea direct impacon local groundwatenitrateby way of reducing
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theamountof fertilizersbeing leachetb groundwater by reducing fertilizer application quantities

timing.
3.2 Methods of statistical analgis and group comparisons

3.2.1 Domestic wells and groundwater seeps

A series ofMannWhitney ranksumtests wereemployedto assess theendency for LASAnitrate
concentrations betwedr®79/80 and the current study to differ. This rankn test is usedtdetermine

whether one group tends to produce larger observations than a second group, and is preferred for
independent, unpaired sample gro(igslsel & Hirsch, 2002) It is anticipated that concentrations of
groundwater niate collected in the current study will be diffat from those collected &979/80 For

both the domestic wells and groundwater seeps, samples were divided into groups depending on the
recharge area in which they were located (recharge areas aredinhiigure 2.3. Each dataset was

also compared on a total aquifer basis. The test hypotheses for groundwater seep and domestic well

datasets are two sided tests and are set up as follows:
Ho: 1980 nitrate = 2010 nitrate (Eq. 3.1)

Hi:1980ni t rate | 2010 ni (En.8.R)e

For this testt is not necessary to make assumptions about how the data are distributed, as this does not
affect the outcome of the test. If both groups of data come from the same populatetaiiEd) then

it can be said that there is a 50% probability that a sample from one group could be higher than that
from the other group. For this study, the alternate hypothesis is accepted whemltineip less than

an alphad) of 0.05. Both methods fothe exact test and the approximation for large sample datasets

were used appropriately aacenoted accordingly

3.2.2Multi-levelwells

A comparison oL ASA nitrate concentrationsf the1982/83 andhe current studyas been illustrated
with respecta point depth locations {fures 34 through3.6) andwith the use of box and whisker type
plots (Figure 3.7) Nitrate concentrations from 1982/83 were extracted from the figures of Starr et al
(1987) using g3data softwarktif://frantz.fi/software/g3data/phfBauer & Raynolds, 2008) Each

well bundle is compared iyne samplingseasoninvolving only the data points that were sampled at

bothdates The explanation forhis being that the range in nitrate concentration varies so drastically

(between 0 and 103 mgN/L) within the vertical profile, that one extra point has the ability to drastically
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effect the distribution of the data. The lower and upper extent ofatkesbutline the 28 and 7%’
percentiles, thaorizontalline within the box delineasthe median, anthelinesextending vertically
from the box represemiie 3" and 9%' percentiles. A statistical test was not performed on these data,
asthedependencyf the data within each profile varias eactdepth. For example, redox state, land
use, and nitrat loading are all factors thaffect thenitrate concentration andach variesvithin the
vertical profile. Therefore, for this studggncentration prides andbox and whisker plots will suffice

to analyzethe trends irgroundwatenitrate between the historical and current study.
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3.3 Results
3.3.1 Changes in groundwater nitrate

3.3.1.1 Domestic wells and groundwater seeps

The distribution and magnitie of nitratein groundwater seep collected in the summer of 2GHh@
been compared tihose samples collected in 19(F4ll, 1982) (Figure 3.1). In the northwest section,
it is visually apparent thatitrateconcentrations fosamples collected in 20Hde higher than in 1979
The northeast section also appears to have higherr#ta@ values than in 1979%or the midwest
section it is more difficult to visually compare the diéfaces between the 2010 and 1€@8s, and in
the south there is only one data paidthappens to be slightly higher in729

Results of the MantVhitney ranksum tests idicatethat there is significant difference between the
groundwater seepitrate concentrations in the northwest rechargeaaseipported with a-palue of

0.037 (Table 3.1). This is also illustrated with the use of box amkerplots (Figure 3.3), whidn

2010, display higher overall percentile points for the northwest recharge area. Again, the visual
comparison of nitr& in the northeast looks as though 2010 data could be higher than in 1980, however
the statistics presented avalue of 0.162 and therefore the null hypothesis is retained and sample sets
are classified asot being significany different. The same relsus true for the midwest section; the

box and whisker plot has highef,®25" 50" and 7% percentiles, but a lower 9%ercentile for 2010

data. The rankum test also indicates that thelwestseepsample sets are not significantly different.
When all sample points for both datasets are considered, the riibate concentrations are
significantly differenf and more specifically, are higher ththe 1979data for groundwater seeps. The

reported pvalue for this test is 0.002 (Table 3.1).

Domestic well data and groundwater seep data are combined in Figure 3.2 to outline areas in the LASA
where nitrate concentrations exceed 10Nmgor 1980 and 2011. High nitrate plumes in the northwest
portion of the aquifer are somewhat similar in spatié¢metx Box and whisker plots for the domestic

well data (Figure 3.3) show that 2011 northwest samples are slightly lower in then@s2%'
percentiles, with the 30percentile having an even greater decrease in comparison to the 1980 data.
The 9% and 5" percentiles are however mostly the same. Statistically, the two datasets are not
significantly different, and report ayalue of 0.16 (Table 3.1). The northeast section ohathéfer
appears to have sonsbanges in the location of higtitrate groundwater (Figure 3.2). The box and
whisker plots show thatitrateis lower overall in the northeast in 2011 than in 1980 (Figure 3.3). This

difference between datasets is however not statistically significant, as measured by thWhitaeg
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rank-sum est (Table 3.1)hasa pvalue of 0.06. The midwest area shows a distinct spatial change in
high nitrate distribution (Figure 3.2). In 20, high nitrate existeth the southern portion of the
midwest section, bordering the Upper Nottawasaga Riveronrast, the 1980 data shows higtrate
concentrations in the middle and northern areas of the midwest (Figure 3.2). Box and whisker plots
show a similar range in nitrate concentrations for both sample dates, butth6025and 7%
percentiles arenoderately lower in the 2011 data. Statistics do not support a significant difference in
these data (Table 3.1). In the south section, the existence ofitnaghin 2011 is spatially consistent

with the historical data (Figure 3.2). Box and whisgkats for domestic well samples (Figure 3.3)
show that 2011 data have slightly decreased compared to the 1980 dataset. Again tWéhiteayn
rank-sum tesshowsa lack of significance ualue = 0.06) for the measured difference between these
data. A stistical analysis of all data points for each dataset shows that the data are, as a whole,
significantly different, and have a reportegtigdue of 0.011 (Table 3.1).

Table 3.1Results of the MankVhitney ranksum test for detecting whether changeistex nitrate
concentrations between 1982/83 and 2010/11, for groundwater seeps and domestic wells.

Comparison p-value Zrs Hypothesis accepted : Result
Seeps: Northwest 0.037 Zis=-2.08 Hi: 19791 D01
Seeps: Northeast 0.162 Zs=-1.39 Ho: 1979= 2010
Seeps: Midwest 0.152 Zs=-1.52 Ho: 1979= 2010
Seeps: Total aquife? 0.002 Zis=-3.07 Hi: 19791 D01
Domestic Wells: Northwe$t 0.16 Zs=-1.39 Ho: 1980 = 2011
Domestic Wells: Mrtheast 0.06 Zrs=-1.88 Ho: 1980 = 2011
Domestic wells: Midwest 0.25 Zs=-1.15 Ho: 1980 = 2011
Domestic Wells: South 0.24 Zs=-1.17 Ho: 1980 = 2011
Domestic Wells: Total aquife? | 0.011 Zis=-2.52 Hi:1980 | 201

1: Exact ranksum test
2 Ranksum test with large sample approximation.
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Figure 3.2 Delineation of areas containing nitrateove the drinking water lim{t10 mg\/L) measured in domestic wells and gndwater seeps
in the LASA in20102011 ¢ight) and1979/4980 (eft).
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3.3.1.2Multi-levelwells
MC2

Box and whisker plots (Figure 3.4) compare the nitrate concentration for the histadicaleent study

for the variougnulti-level wells. Samples collected in the summer show an increase in all percentile

points in 2010. The spring data show an increase in the795and 50" percentiles of the 201ditrate

whereas the'Sand 2% percentiles are slightly less than the 1983 data. The spring 2011 data has a
greater range in concentrations than the summer 2010 data, which is due to themezraof a sample

at 3.5mbgsthat could not be measured in the summer due to a lower wdeer fafubstantial increase

innitratei n t he current studyds data, compared to the
aquifer, distinctly betwae4.3mbgsand 6.7mbgs(Figure 3.5). At 8.83nbgs 2010/11nitrateis within

the range of coramtrationgmeasured in 1982/83. Below 8ribgs 2010/11nitrateis almost negligible

with concentrations measuring barely above zero. These data are lower than 1982/83 nitrate which

were measured at v8BgN/L.
MC4

Sample points between éndhgsand 8.3mbgshave lowemitrateconcentrations in 2010/11 than the
1982/83 samples, for all seasons (Figure 3.5). The concentrimid®10/11 are highest at 9ribgs

with a measurement &1.0 mgN/L. The seasonal concentration ranges for 2010/11 are coitlgiste

less than 1982/88amples. Furthermore, at 12nbgs 2010/11 nitrate concentrations are consistently
measured below that of thiFinking water limit. At 13.7mbgs all samples show an agreement of
having very lownitrate concentrations, and measdrslightly above zero values. Box and whisker

plots show a decrease for all percentile points for 2010/11 data for both the summer and spring sample
sets in comparison to the 1982/83 data (Figure 3.4).

MC6

Insufficientrechargedor sample collectionvithin the MC6 piezometer bundle prohibited samplifg

all butone samplethatat a depth of 8.;bgs The concentration afitrateat this depth measured 94.5
mgN/L, which was much greater than the highest concentration measured in 1982/83 at the same depth
30.8mgN/L (Figure 3.6).

MC7

In 2010/11,nitrate concentrationsat piezometer MC7 werwithin the range of those measured i
1982/83 (Figure 3.6). At 6:8bgs samples taken in the summers of 1983 and 2010 both had extremely
high values, and measuré830 mgN/L. At 8.1 mbgs 2010/2011 samples had a lower maximum
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concentration than the 1982/83 samples, but it should be noted that a sample for Augusti2Qid ¢
be obtained due to insufficierdcharge within the piezometewing to a low water tdb. The box and
whisker plot for summer samples are higher in all percentile points for the 2010, compared to the 1982

study.
w4

Between 6.3nbgsand 10.9mbgs trends imitrateconcentration vary when compared to the 1982/83
data (Figure 3.4). Howevebetweenl3.0 mbgsand 18.9mbgs sample concentrations for 2010/11
consistently exceed that of the 1982/83 data, @aticentrations of nitrate exceeding ¢nmking water

limit concentrationglown to adepth of 18.9nbgs From 21.4mbgsand beyond, bbtdatasets show

that nitrate concentrations were negligible, and hardly present above the detection limit. The box and
whisker comparison for summer samples shows an increase iy 2"'560" and 7%' percentiles, but

a decrease in the 9%ercentie. Although the median (8(ercentile) has increased, the increase i
small, having a value of 12rBgN/L in 1983 and 14.6ngN/L in 2010, ofnitrate A spring comparison

could not be computed because no samples were taken in the spring of 1983.

W5

For 2010/11 datanitrate concentrations show a somewhat consistent, @&samg trend, to a depth of
17.4mbgs(Figure 3.6). Between 9rabgsand 15.9mbgs nitrateconcentrations vary between being
higher or lower than those nmaed in 1982/83. Betweeb5.9 mbgs and 20.5mbgs nitrate
concentrations are consistently greater than those measured in 1982/83 and exceaarthevaitier

limit. Beyond 20.5mbgsboth historical and recenttrateconcentrations are measured between 0 and
0.5mgN/L. The boxand whisker plot for the summer samples shows increased values for all points of
the 2010 data compared to the 1982 data (Figure 3.7). A spring comparison could not be generated

because no samples were collected in the spring of 1983.
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3.4 Discussion
3.4.1 Domestic wells and groundwater seeps

3.4.1.1MannWhitney ranksum test for nitrate comparison

The expected result wasreduction irgroundwater nitrateoncentrations relative to values measured

in the study are@0 yearsrior, relating toincreased awareness and application of nutrient management
practices Domestic well nitrateoncentrationfor 2011within each recharge areae not statistically
different from data collected in 198@hen separate recharge area datasets are compared (ie. Northeast,
Northwest, Midwest, SouthHowever, whemroupedtogether and compared as one large datiset

two sample setswvere found to be statistically different, with the wells having lower nitrate
concentrations in 2011 (mearil£.5mgN/L) than in 1980 (mean 13.7mgN/L). Domestic wells are

likely to havea high responsiveness to the changes in local land management and farming practices.
Wells are drilled at shallow deptho provide adequate water supply for a single dwelling home, and
deeper drillinghan necessatig discouraged because of thethigpst Therefore lateral flow into the

well is assumed to be from shorter distes(i.e. up tofew hundred metersee section 3.4 2and
reflective ofnearbyoverlying land typesand use Increased efficiency in nutrient applications and
changes ircrop diversificationare thought to be the driver for loweverall nitrate in 2011 however

this cannot be quantified’he percentage of wells with nitrate above 10 mgN/L was 36% in the current
study, compared t61% in 1980.

Overall, nitrate in gpundwaer seep was higher in 201Qmean =8.5mgN/L) than in 1979mean =

5.0 mgN/L). This is the opposite of what was expected and whatauesl forthe domestic wells.

This may be related to an overall decrease in the depth of the water table in the THS#as noted

in the multilevel wells (section 3.4.2), and could result in younger waters existaeppeidepths, as

well as bringing more oxygenated water deeper into the aquifer. This would decrease the change of
nitrate removal via denitrificatioror other dissimilatory processes that function under anoxic
conditions and increase the likelihood of having nitrafehis, however, is assuming that thend of

the depressed water table, south of the Upper Nottawasaga River, is prevalent inaheheestudy

area.

3.4.1.2 Effects of land use and nutrient management

A survey of land use, with a focus on crop tygentification was completed in the study area in the
summer of 201{Post, 2011) Sample locations withitrateabovel0 mg\/L have been superimposed

upon the resulting land use map (Figure 3.8), in order to observe correldtlirete and chloride
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concentrations of domestic well samples were categorized based on the cropthgénmmediate
vicinity of the wells Averages of botparametersvere calculated for each land use type (Table 3.2)
andthebox and whisker plots for each are illustrated in Figure 3.8. For the purpose of this comparison
it is assumed that the land use survey in 2011 is repgedse of the farming practices for that year,
and likely correlateselativelywell to other years, since crops are commonly rotated on a seasonal and
sometimes annual basis. Also, as previously mentioned, domestic wells are shalliherafaie
influenced bylocal land use and farming practices.

Nitrate concentrations afomestic well sampleseregenerally lowein 2011thanmeasured in 1980
and36% of samples stilhadnitrate above 10 mgN/in 2011, comparetb 51% in 1980 The data

show thatthe one well in the vicinity of corn crops hadthe highest meamitrate and chloride
concentrations at 5mgN/L and 1080 mg/L, respectively; however, this is only based on one sample.
Wells under potato crops h#lte second highesteanvalues for botmitrateand chloridg18 and 63
mgN/L, respectively averaged over 22 sampjeand makes up the largest fraction of the sample
population at38%. Half of those samplesl9% of the total sample populatiorhad nitrate
concentrations above 10 mgN/ILand usdypes having successively lower medmateand chloride
concentrationsvered s o d 0 6ot her 6, 6f orest 0, and 6épasturebd.
respect to land type follows thatmifrate(Table 3.2 and Figure 3.8Chloride is analyzd with nitrate
because both are soluble and present in fertilizer application; chloride is applied in the form of KCI. If
chloride and nitrate are positively correlated, it would be reasonable to conclude that fertilizer

application is the source respdis for elevated nitratéHill, 1986; Starr, et al., 1987)

In previous research, Hill (1982) found thiétrateand chloridén groundwatetnderlying potato fields

were strongly correlated to, and derived from, kghit fertilizers applied to potato crops. Additionally,

he poinedout that concentrations aftrate less than 1 mgNAere characteristic of forest and pasture

areas. The current study shows that the correlations to land us#ratein shallow graindwater are

in good agreement with the results of Hill (1982). However, the amount of potato farming in the LASA

has decreased since the 1980s, due to the diversification to other crops such asseyd ane
category | abel ed digurel3e8 redcompasses mamybolf theseddiff@entaypeas of

crops, which make up slightly less of the total sample population than potgte at 36%. The
percentage of total s ampl nirateaboaelOengNiLrmake eapdl0%afs 6ot her
the total sample population. This suggests that diversification away from potato crops may help reduce

high concentrations of groundwatgtrate

The relationship between nearltgnd use and nitrate concentration for groundwater seeps is quite

similar to that of domestic wells. Figure 3s8owsnitrate concentration grouped bgarbylanduse
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type that was provided by the 2011 land use su(Pegt, 2011) Overall resultss how 6f or est 6
O6pastured as grbundwateng ttrhaet el ocotwmaetsotd a aédpt he hi ghest ,

6cornbo, and 6ot her 6.

Although the reduction of nutrient loading in agricultural practices in Ontario is encouraged through
the NMA, data regarding the extent and details of the actual nutrient applicationsopmdtation

practices within the southern Nottawasagat®vshecdave not been documented in the current study.

It has been assumed, for the purposes of this study, that farming practices have evolved since the 1980s
to improvednutrient management aicreased adoption of practicesmt decrease nutrient leaching

to the LASA.

Similar studies regarding nitrate leaching into shallow groundwatethamdfectiveness of BMPs are
being tested globally. Il n  Fr an csmall cafcl@ment dcaleA gr i c u
were monitoredbetween 1991999 to assess the usefulness for reducing N leaching. Detailed
analysis of fertilizer application rates, soil type, crop type, use of catch @mpsover crops)and
precipitation were used to dediate the efficacy of GAP and the limits of their applicatiéoctuations

of N leaching, which varied between a three to-fiMld factor, were dependent on the year, crop type,

and soil type. A correlation between drained water (that is water whigmetaised by the crop and

would recharge into the groundwater system) and nitrate concentration was not evident. Nitrate
concentrations were highly influenced by soil type, with the highest values correlating to shallow sandy
soils. Nitrate leaching wamot significantly lowered with the reduction of fertilization rates, especially

in sandy rocky soils. It was concluded that N fertilizer optimization in usecattihcrops and straw
incorporation is the most efficient method for limiting nitrate paluto the aquife(Beaudoin, et al.,

2005) In British Columbia, Canad#yassenaar et al. (2006%amined the impact of voluntary BMPs

with respect to groundwater nitrate contamination. A distinction was made that youndvgaitem

(<5 years) had increases in nitrate concentration compared to older groundwater, and stable isotopic
analysis revealed a slow shift away from the use of animal manure and toward synthetic fertilizers. A
conclusion stated that voluntary BMPs weréeuseful in achieving groundwater targets and that BMPs
should be used in conjunction with nutrient monitoring programs to more quickly address BMP
deficiencies. This advice should be used within the LASA study area to identify how BMPs such as
fertilizer application types and rates, and crop type and rotation dffecteaching omitrate to

groundwater
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Table 3.2Mean values of nitrate and chloride, and samples contamirage above 10 mgN/for
domestic wells.

Category populations

NOs >10 mg\/L

Land Type Mean NOs Mean CI # of % of total # of % of % of toFaI
Category (mgN/L) (mg/L) samples samples category population
Corn 572 108 1 1.7 1 100 1.7
Forest 3.4 32.1 8 13.8 1 125 1.7
Other 7.3 42.9 21 36.2 6 28.6 10.3

Pasture 0.0 1.2 3 5.2 0 0 0
Potato 17.6 63.5 22 37.9 11 50.0 10.0
Sod 96 49.7 3 5.7 2 66.7 3.5
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Figure 3.8Left: 2011 land use maPost, 2011ith shaded areas representing areas with nittHlengN/L. Right: Box and whisker plots for
nitrate (top and chloride (bottom) of the 2010 domestic well samples, categorized by land use type.
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3.4.2Multi-level wells

Estimations of groundwater velocity, both horizontal and vertical compgnargsnecessary for
interpreting changes in nitrate in the midtvel wells.Recharge into the LASA has been measured to
range between 286 cm/year(Hill, 1986), and can be used to estimate the vertical velocity of
groundwate flow. For the purpose of estimating vertical groundwater flow rates in the unsaturated
zone, a recharge rate (R) of 30 cm/year will be used. A general sense of the vertical valagitin(V

the unsaturated zone candpproximated
Vunsa= R Eq.3.1)

The porosity {) estimatedo be approximately 0.35, which gives aMof 86 cm/year.However the
isotopic compositions of water collected at MC2 (Chapter 4, section 4.3.3.2) give support for winter
recharge watersngering the saturated zone (~3m) over a time period of less than a year. Therefore,
the calculated unsaiiS interpreted as a baseline estimate of vertical flow in the unsaturated zahe and
actual velocitymay range from ~80 cm/year to several hundradyear.

For the saturated zongroundwater agean bemodelledusi ng t he 6Vogel 6 mode
characterized as being exponentially slower with depth, or, with respect to groundwater age,
groundwater age increases exponentially with dé@giol, et al., 2007)The model uses recharge rate

(R), the aquifer saturated thickness (H), depth below the water table (z), and the aquifer saturated

porosity & ) :
t; = (HX)/R*In(H/H-2) (Eq. 3.2)

Approximations for grandwater age for MC2, MC4, W4, and W5 are summarized in 8Bleand

are helpful for interpreting changes in nitrate in the multilevel wells.

Horizontal velocityand transit timen the saturated zorfer groundwater flowbetween multievel

wells that ae subparallel to groundwater floware calculated in Chapter 4 (Section 4.3.3.Blow
between MC2 and MC4 is interpreted as being parallel to the flow direction and has a calculated
maximumvalue of 90m/year. Between W4 and W5, haital velocity has maximum72 m/year

and is interpreted as subparallette flow direction. Actual groundwater velocities are more likely
closer to the maximum calculated values than the minimum values, as velocities of tens of meters per
year is normaamongunconfinel aquifers with similar saly soils (ex. Strathroy, ONBebol, et al.,

2007)

In the multilevel nitrate profilesexceptionallylow nitrate at the top of mulevel well MC2 (3.5

mbgs April) is attributed taecharge from mted snow thatoveredhe area during the winter months

61



This is similar to the trend noted in the historical datéSetrr, et al., 1987) Between 4.3 and 6.7
mbgs, nitrate was highethan historical measurementdsingt he &éVogel 6 rmanglesl (Tabl e
from 4.3 and 6.mbgswould have ages of approximately\aRd Syears respectivelywater table at ~3
mbgg. The maximum flow velocity at MC2 would be less than that calculated between MC2 and MC4,
as gradient increas towards the main tributari@sSigure 1.3) The source of high nitrate in MC2 is
thereforeestimated to be-300m away Therefore,tie increase in nitrate here is likely a result of the
removal of the woodlot which occupied the space south of MC21@R6) until 2005, after which it

was removed and the area was cropp@dow 6.7 mbgs nitrateconcentrationsor both sets of data
werewithin range of one another and do maticateany major changefsom the previous study The
source of groundwat exists south of the old woodlot;saction of landhatwas under cultivation
during the 1982/1983 stud$tarr, et al., 1987@nd durirg 2010/2011 (Figure 2.4), atikely was under
constant cultivation between the two stuthtes.

Nitrate in MC4wasnotablylower between 6.3 and 8a3bgs for all samples taken in the current study
compared to the historical datasaithough values still exceed the drinking waer limit. Again,
6Vogel 6 nimbleldl3)carespords groundwater ages of roughly 2 and 5 years (water table

at ~5 mbgs).The source location would be as much as 450m away, and therefore be impacted by the
old woodlot area. However, the transit time of groundwater in the unsaturated zone would inerease th
actual groundwater age by a few years, and therefore low nitrate here might be attributed to the woodlot
area before its removal. The reason for higher nitrate in the 1982/1983 dataset could be explained by
a pervasively lower water table during the @2D11 study. Samples at 6.3 and 8.3 mbgs in 1982/1983
would beolderin age, and therefore be souréather awaypossiblysouthof the woodlot arearhere

crops were present

Only one sample could klebtainedfrom MC6 throughout all sampling datdke resultingnitrate at
8.5mbgswas much higher than the historical data. MC7 was consistently sampled at two of the depths
and had concentrations within range of those measured in 1982/1983. The current data shows similar
nitrate concentrations for sartgs in MC6 and MC7, all having concentrations within range ofo70

103 md\N/L. The field south of both sit€apgradientvas rotationally cropped with potatoes, and was

still under similar rotation during the current study. It is unlikely that the eijd@eld underwent
unequal fertilizer application for the same crop type, or had vastly different recharge patterns. The
cause of the highitratein MC6 is not clearly understood, but it could result friotense precipitation

such as storm events, whitmcreases nitrate leaching into the aquifétl, 1986).

Forboth W4 and W5nulti-level wells, a patterrof increased nitratexistedin the lower portion of the

aquifer Similar to MC4, this can be explained by the depossef the water table, which was more
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extreme at these sites, and wadn2 lower than 1982/1983 data. This has a more profound effect on
groundwater at depth (28 mbgs), as groundwater age exponentially increases with depth. Therefore,

at each sampldepth, groundwater age 3s6 years younger in the current study. Oxygenated water

now exists deeper below the ground surface and subsequent redox boundaries are deeper. Therefore,
nitrate removal occurs at a lower depth. The source would then be lufelked meters closer,
however the area was intensively cropped in both studies and is not expected to impact groundwater
nitrate. Besides this, the top five sample points for W4 an@/%vithin close range of the historical

data. In both wells, the wex tablewas lower which was consistent through all the sample dates.

The comparison of nitrate multi-level wells tothat measured in 1982/198Bows that groundwater
concentrations vary widely, amén be broadly linked to changes in land. usbedistances at which
recharge occurs, relating to the various well depshapproximately within a few hundred meters for

the first~5m below the water tahleThe best method for measuring changes in nitrate with respect to
land use or BMPs would be toeasure groundwater chemistry as close to the water table as possible

at locations where water table fluctuations does not change the flow sduregange of nitrate in
groundwater may be more closely linked with recharge events suchsislarable ston related
precipitation. Hill (1986) found that such events reduced transit time of waters moving from the
unsaturated zone to the saturated zone by elevating the water table, and had a direct influence on
increased nitrate in groundwaters down gradidrdropped fields. Where uniform and regular crop
production practices occurred, nitrate could be more closely related to the occurrence of recharge events

that increase nitrate leaching and transit time to the aquifer.
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Table 3.3 Approximationsof groundwater agé,) with respect to transit in the saturated zonthe

multi-level wellsu s i n g
Recharge rate is estimated at 30cm/year and the aquifer saturated peesityated at 0.35

t he

doV distpieceé ibtervalgnibters)below the water table (z)

MC2 MC4 MC6 MC7 w4 W5
(H=9) (H=10) (H=5) (H=6) (H=23) (H=21)
z (mbwt) t, (years) t; (years) t, (years) t, (years) t; (years) t, (years)

1 1.2 1.2 1.3 1.3 1.2 1.2
2 2.6 2.6 3.0 2.8 2.4 2.5
3 4.3 4.2 5.3 4.9 3.8 3.8
4 6.2 6.0 9.4 7.7 5.1 5.2
5 8.5 8.1 - 12.5 6.6 6.7
6 11.5 10.7 - - 8.1 8.2
7 15.8 14.0 - - 9.7 9.9
8 23.1 18.8 - - 11.5 11.7
9 - 26.9 - - 13.3 13.7
10 - - - - 15.3 15.8
11 - - - - 17.5 18.2
12 - - - - 19.8 20.8
13 - - - - 22.3 23.6
14 - - - - 25.2 26.9
15 - - - - 28.3 30.7
16 - - - - 31.9 35.2
17 - - - - 36.1 40.6
18 - - - - 40.9 47.7
19 - - - - 46.9 57.6
20 - - - - 54.7 74.6
21 - - - - 65.5 -
22 - - - - 84.1 -

3.5 Conclusion

Changes in groundwater nitrate over the past ~30 yware varied among thedomestic wel,
groundwater seepand multilevel wells,in the LASA. Domestic welland multilevel wellshad
lower mean nitrateandgroundwater seeps had higher mean nitndten comparetb the respective
historical datasets (Figure 3.10)/hen whde datasets were compar@itrate inboth the groundwater
seeps and domestic wetl§ the current study showed statistical differences from the historical data;
groundwater seeps were higher and domestic wells were .loWénen the domestic well and
grourdwater seep dataseigrecompared by recharge areestatistical difference of nitrate between
the 2010/2011 and 1979/1980 datasedsonly true for the northwest recharge areagodundwater

seepglataset

The spatialdistribution of high nitrate (30 mgN/L) from domestic well and groundwater seep data

shows similar patterns to that compiled by Hill (1982). High concentrations of niteemost
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prevalent in the northwest and south portionshefdaquifer. High nitrate existéa the midwest area
for both studies, buvas spatially different in the current studyhe northeasvasconsistently lower

in nitrate in both studies, and héeWw areas with high nitrate.

Although nitrate in domestic wells is lower in the current study compared to 8tedi@asetthe
concentration of nitrate in domestic well samphess still high, with 36% of samples having nitrate

above 10 mgN/L. High concentrationgerec or r el at e d ot ,b ea  dlarnd t/pesdmith

l ess |inked torédswndp,addonmdbdcomamel &f ielationsiipe &6 past
foundby Hi | | (1982) . Groundwater seeps show a sim
6potatod |l and use, and | ow nitrate to 6forestod e

While the mean itrate of the multievel wells for the current study was less than that in 1982/1983,
nitrate was not consistently lower at each sk MC2 nitrate increased substantially for the first few
meters below the water table, and was attributed to the rémostassubsequent cultivation of the old
woodlot area that is located directly upgradient. Lower nitrate for the first few meters of sampling in
MC4 could be linked to the woodlot area and reflects the groundwater geochemistry before the woodlot
removal. Also, adecrease inthe watertabiec cor di ng t o t h e debrdastiipeeaded mode
of the groundwater for the current study, compared to the same depths sampled in 1982/1983.
Therefore, older ages in the historical dataset would be relatedotor@e docated more upgradient,
possibly south of the old woodlot area where cultivated fields have existed throughout both studies.
Depression of the water table is also evident for the #myél profiles of W4 and W5. Nitrate at both

sites exists atakper depths and is attributed to-an2 drop in the water table, bringing younger, more
oxygenated water deeper into the aquifeastly, distinct increases in nitrate, like that in MC6, are
likely related to intense precipitation events which drastidatirease the leaching of nitrate into the

aquifer.
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Figure 3.10 Complete comparison @fitrateconcentrations as grouped by sample type, with domestic
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4. NI TRATE SOURCES AND REMOVAL PROCESSES

ALGONQUI N SAND AQUI FER

4.1 Introduction

In regions where nitrate contamination exists and often exceeds the drinking water limit of 10 mgN/L,
identifyingthe source of contamination is inmpant forreducingfurther contaminationMeasurement

of theisotopic composition of nitratis often usefulfor distinguishing sources of nitrate. The ranges

in d®0 andd™N valuesof nitrate aravell defined for sourceimcludingatmosphericlepositia, nitrate
fertilizer, or that produced from nitrification, otherwise known as microbial ni(iaeadall, et al.,

2007) Furthemore microbial nitrate can beategorizedsbeingnitrified from NH,* in fertilizer, from

soil organic N or from human or animal wast&he source ofiigh groundwatenitrateconcentrations

in the LASA hagpreviouslybeen attributed to fertilizer applicatigHill, 1982). Furthermore,tiwas
proposed that high nitrate in the LAW®rsists aa result of low labile organic carbon, whicitherwise

acts as an electron donor for the process of denitrification, a mechanism that naturally occurs and
converts nitrate to N thereby removing it from the groundwatstar & Gillham, 1993; Starr, et al.,
1987) Isotopic compositions of nitratean also be used fatetectingdenitrification activity in
groundwaterthe increase af’®O andd™N values as nitrate concentration decreasesmonly follows

aratio of 1:2 (d'®0:d">N). Therefore, stable isotopes of nitrate can be used to identify sources of nitrate

in the LASA and whether denitrification occurs to remove nitrate.

In addition to nitrate stable isotopes, artificial sweeteners can be measgredndwateto identify

source of wastewater such aeptic systems andastewatetreatment planeffluent(Scheurer, et al.,

2009; Van Stempvoort, et al., 2011a; Buerge, et al., 2009; Van Stempvoort, et al., 2&iific)al
sweeteners are addedrmny processed food and beverage products and resist digestion, therefore
accumulating in humasewage The artificial sweetenershat are increasingly being used to trace
wastewater in the environmeatte saccharirgyclamate, acesulfame, and sucralose. In Canada, both
acesulfame and sucralose have been introduced fairly recently into food and beverages; in 1988 and
1992, respectively, and therefore can be good indicators relative watéGagegson, et al., 2004; Van
Stempvoort, et al., 2011a; Robertson, et al., 2016)the LASA, £ptic beds located in the rural
neighborhoods may influence the presence of nitrate in the wells and the groundwater seeps via
nitrification of human wastéDenver, 1989; Robertson, et al., 1991; Aravena, et al., 1993; Aravena &
Robertson, 1998) In sand aquifers with low transverse dispersion, septic plumes have been found to

exist & more than 13@n beyond the septic bg¢Robertson, et al., 1991Both stable isotopes of nitrate
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and artificial sweeteners are novel tools that could be important for defining sources and nitrate cycling

responsible for nitite contamination in the LASA.

4.2 Methodology

Methodology for field procedures and laboratory analysis are outlineddtions2.3.2 and 2.3,

respectively.
4.3 Results
4.3.1 Domestic wells

4.3.1.1 Stable isotopes

Of thedomestic wellsamples meased ford®N-NOs andd'®0-NOs (Figure 4.1)many samples plot

in a source region that correspondsdtoni ¢ r o b i a | soihNd © & anime nnifartibzerd or
6nitrified sH@eptbsammbear @iitdté fetwii It ihdatmogphbder ndid6t r at e 6
source boxesSever al samples also plot above the o6nitrifi
nitrate isotope compositions are a result of denitrificatibhe d*®N-NOs™ valuesranged from+1.0a

to+2 9 . &ndlthed®O-NO; valuesrarged from-2 . 7 a+1 0 o .6Samples with the highesitrate

isotoperatioshad nitrate 40 mgN/L (Figure 4 and Figure 4.2 however, samples with more average

d®N valuesalso had low nitrate. Overalijtrate concemationsranged from 0 to 57.2 mgN/LUsing

the denitrification trend line (Figure 4.1), original isotope ratios of nitrated@nérification) can be
interpreted to |lie within the édammonium in fertil)]

soil N6 and wistsh nffewnd amplhes 6o dri fied septic/ man

Artificial sweeteners (acesulfame, saccharin, cyclamate, sucralose), used to detect contamination
associated with septic systems and subsequent plumes. One af the®veeteneywas detected in

18 domesticwell sampleg31% of the datasegnd summed sweetener concentrations ranged from
0.012 to 69.43ry/L (Figure 4.3). This suggests that 31% of the domestic well samples originate from
septic wastewaters or are to some degree mixed with septic wastewaters, and nitrate in these samples
could be derived from wastewater or a mixture of wastewater and mithete sources A better
approximation of wastewater irapt is calculated using a rataf acesulfame (ACE) to dissolved
inorganic nitrogen (DIN), to give semiquantitative estimate of wastewater propor{iBobertson, et

al., 2016) Table4.1 outlines the proportion of nitrate attributed to wastewater in domestic wells and

categorizes four samples as consisting of >50% nitrate from wastewater. However, three of these
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samples have low DO, and therefore low nitrate canaton may be impacted and artificially lowered

by denitrification, which affects the TIN/ACE ratictOne sample, DW52, with a DOvalue of 3.6

mg/L, can be said to have significant contribution to nitrate from wastewater (septic system). This
sample alg has the highest sum of sweeter&&t3ng/L, and nitrate is over the drinking water limit,

34.8 mgN/L. Overall, wastewater is a minor contributor to groundwater nitrate in domestic wells.

Nitrous oxide concentrations range from 0 to 43000%¢aith respect to atmospheritl,O
concentration)n domestic well samples (Figure 4.4N.O was above 1®@sat in a total of 40 out of

59 samples (68%). In these samptbg N.O excesss likely the result of N cycling mechanisms.
Sampleswith nitrous oxide higher than 100 %sat had nitrate that ranged @rto 57.2 mgN/L, and
80% were oxi€DO >2mg/L). Where nitrous oxide was lower than 100 %sat, nitrate ranged from O to
10.7 mgN/L, and 16% of samples were oxic. Therefore, highpdoduced from N cycling was more
commonly associated with oxic conditi® in the domestic wells, and with a high range of nitrate

concentrations.

Few samples were measured fBPN-NH," (Table 4.2) andhave isotopic compositions that are
characteristic of synthetic fertilizer. One sample (28} had ai*>N-NH,* value of+11.33 , and NH*
was 10.1 mgN/L. All samples tested fiPN-NH4" composition had low nitrate (>0.2 mgN/L) and
only DW-48 had sufficient nitrate to test for nitrate isotope values, which +29&a and+7.3 for
d®O andd®™N, respectively. This is consgnt with the elevated®N-NH4" which is characteristic of

manure/septic N.

Isotopic compositions of nitrows<iderangel from-49.3 to+9.4a , and+7.53 to+61.5 , for d'°N
andd'®O, respectively (Table 3). Differences in isotopic composition for ratrs oxide and nitrate
(Dn2ono3) Were calculated, where stable isotopes of nitrate and nitrous oxide were both measured. For
d*®0, theDnzonos ranged from+0.23 to +58.7a , with 71%ranging betweer32a a #6604 , e®O

outlined bySnider et al. (2013)For d**N, the Dnzonos ranged from60.98 to-13.9 and is largely
consistent withe'>N summarized by Remple (2008A summary of isotope compositions of nitrate

and nitrous oxide relating to nitrification and denitrification are presented in Tabled.dsad to

outline expected nitrous oxide isotope ratios (Figure 4.5). Domestic well samples dominantly fall
within the denitrification box, with one sample plotting at the edge of the nitrification boxi{DW
Therefore, nitrous oxidis present as apduct or sukproduct of denitrification which can exists in the

LASA in aerobic groundwaters.
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Figure 4.1 The dual nitrate isotope plot for all domestic well samples with sufficient ritnaéaalysis
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saccharin, sucralose, cyclamaaed concentrations of nitrate.
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Figure 4.3Artificial sweeteners amtratefor domestic well samples collected in 20X2nly samples

with one @ more artificial sweeteners are plotted here, which accounts for a total of 18 samples out of
58 samples. Sweetener concentrations are summed to give a total concentration of cyclamate,
saccharin, acesulfame, and sucralogtanges of nitrate and presenof artificial sweeteners are
outlined in Figure 4.2.
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Table 4.1Estimates of septic wastewater proportion in domestic well samples collected jmadad

on concentrations of acesulfame (ACE) and dissolved inorganic nitrogen (Dtw}ritution to nitrate

is expressed as a percentage and assumes nitrate removal processes are noffpobeatsan, et al.,

2016) ltalicized values represent estimates that are exaggerated due to decreased DIN via
denitrification.

Sample ID NOs DO TIN ACE TIN/ACE Waste water
(mgN/L) (mg/L) (mg/L) (_gil) NOs™-N (%)

DW-03 9.9 5.2 9.9 0.28 35000 2-10
DW-04 0 0.1 0.9 5.4 200 100
DW-06 9.1 5.9 9.1 0.02 455000 0-1
DW-08 15.5 7.3 15.5 0.01 1550000 0
DW-11 20.6 4.9 20.6 0.01 20600 0
DW-14 0 1.6 0.02 0.05 300 100
DW-18 23 1.2 2.3 0.05 46000 1-8
DW-22 10.3 6.4 10.3 0.55 19000 4-18
DW-24 362 5.0 36.3 0.17 214000 0-2
DW-26 0.01 0.1 0.04 0.29 200 100
DW-29 39 7.1 39 0.06 650000 0-1
DW-31 3.1 5.9 3.1 0.28 11000 6-32
DW-35 12.5 4.1 12.5 0.03 417000 0-1
DW-42 3.3 6.0 3.4 0.02 170000 0-2
DW-48 0.2 0.8 10.3 0.67 15000 5-23
DW-52 34.8 3.6 34.9 26.4 1300 52-100
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Figure 44 N,O, nitrate and DO (mg/L) for domestic well samples from 20440 concentrations
are expressed agarcentagef the concentration expected if the groundwal& concentration
was in equilibrium with the atmospherie®l concentration. Therefore, samples with dissolvgd N
>100%sat are influenced byNaO production process in the sshrface.

Table 4.2 Domestic well sample concentrations and stable isotopes of nitrate and ammonium, for
samplesvith ammonium concentration®5mgN/L. Samples with insufficient nitrate concentrations

to measure>N-NOz andd®O-NOs (<0. 5 mgN/ L) -dare | abeled 6

d*>N-

Sample NOz DO NH4* dN- d*®o- NHL*
ID (MgN/L) | (mg/L) | (mgN/L) | NOs ()| NOs(a) (é‘;
DW-04 0.0 0.1 0.9 - - 55
DW-15 0.0 0.2 0.5 - - 4.0
DW-16 0.0 0.2 0.8 - - 2.0
DW-23 0.0 0.5 5.4 - - 1.9
DW-28 0.0 0.1 3.3 - - 2.0
DW-46 0.0 0.1 0.5 - - 0.9
DW-48 0.2 0.8 10.1 29.5 7.3 11.3
DW-51 0.0 0.2 0.7 - - 1.9
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Table 4.3 Domestic well sample concentrations, stable isotopessandlatedN2O isotope effect®f

denitrification

Sample NOz DO dlSN-NO3' dlSO-N03' N>O d15N—N20 dlBO-Nzo I5N: Dn2ono3 180 Dn2ono3
1D (mgN/L) | (mg/L) () @) (%osa) | (@) @) @) @)
DW-05 416 6.2 8.8 3.6 760 -19.1 52.3 -27.8 49.1
DW-06 9.1 5.9 152 4.8 1329 -10.0 57.3 -25.2 52.4
DW-07 9.2 - 222 10.0 800 -17.4 61.5 -39.5 51.5
DW-09 125 0.2 6.4 2.3 1370 -14.3 61.0 -20.7 58.7
DW-10 46.0 1.7 116 1.0 5260 -49.3 35.2 -60.9 34.2
DW-11 206 4.9 8.0 3.9 17050 -19.2 48.8 -27.2 44.8
DW-19 48 2.1 75 2.4 1410 -15.2 44.6 -22.7 42.2
DW-22 10.3 6.4 10.0 -0.3 1430 -13.0 38.5 -23.0 38.8
DW-34 36.7 5.8 7.0 1.7 2100 -12.4 28.1 -19.4 26.4
DW-37 4.3 6.5 3.3 0.9 950 -10.6 37.8 -13.9 36.9
DW-41 329 5.4 6.4 3.1 1050 -19.5 24.6 -25.9 21.5
DW-48 0.2 0.8 29.5 7.3 1670 9.4 7.5 -20.1 0.2
DW-50 178 2.3 7.8 7.1 1130 -28.6 34.6 -36.4 27.5
DW-52 34.8 3.6 6.1 0.5 790 -17.6 26.7 -23.7 26.2
DW-53 59 1.9 145 10.6 3300 -7.0 47.1 -21.4 36.4
DW-55 572 1.7 8.5 2.9 11740 -23.3 40.8 -31.9 37.8
DW-59 45.3 0.1 9.2 5.4 4298 -16.7 59.5 -25.9 54.1

Table 4.4 Parameters used to calculate the expeaages of*®N andd'®0 values of NO produced
from nitrification and denitrification in the domestic well samples.

Nitrification Denitrification

Substrate NH," NOs

Product N0 N2O

SN (a) -45 to-68 -10 to-45°
ef0 (&) NA +32 to +60
dN (a) (subst]|+5 +3 to +30
d®0 (a) substr|NA 0to+11
d®N-N,O (a) (pr o|-63t0-40 -42 to +20
dfO-N,O (&) (pr o/ +13t0+38 | +3210+71

& Shearer and Kohl, (1986); Yoshida, (1988); Kendall, (1998); Perez et al., (2001); Stein and Yung, (2003);abutka et
(2006); Snider (2011).
b Remple (2008) and references therein.
¢ Snider et al. (2013).
d Snider et al. (2012).
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Figure 4 5Isotopic compositions of nitrous oxide and nitrate in domestic wells sampled in 2011. Black
box encompasses the randenitrate isotope compositions, red and blue line outlines expected ranges
in subsequent nitrous oxide composition resulting from denitrification and nitrification, respectively
(see Tablel.4).

4.3.1.2 Geochemistry

Samples on a ternary cation plot of?2CaMg?*, and N& + K* show trends with respect to nitrate
concentration, but no distinct trend for artificial sweeteners (Figude 48oundwater with higher
relative Calciumand magnesiurare interpreted as being younger, andiumand potassium gendiya
increase with age. Thereforigigh nitrate samples correspond to younger groundwater, and lower
nitrate corresponds to older groundwater, relatively. Few samples have very high sodium and

potassium, and may be impacted by water softeners.
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Figure 4.6 Ternary cation plots for domestic well sampfiesn 2011
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Several parameters were usedimvestigate the nature of the domestic well groundwater redox
conditions in relation to nitrate concentration and potential nitrogen cycling mechamésney SQ2*,

DO, Fe, SRP, DOC and Cl. When m®domestic well samples wa8:6 mg/L, Fe was not prese

(Figure 47). When DO was 3.6 mg/L, Fe ranged from 0 to 6.2 mg/Qverall, 33 samples (56%)

were oxic(DO >2 mg/L) Fe was highest when DO was <1,w& samples & mg/L Fe, and otherwise

was below 2 mg/LUnder anoxic conditions (DO <2 mg/L) nitrate was highQmgN/L) in 4 samples,
however Fe was not present. Sulfate and DO did not correlate or show clear relationships @igure 4.
however a smakluster of 8 samples (14%) withwoDO (<1 mg/L), sulfate (8 mg/L), and nitrate

(<0.1) existed and represent highly reduced conditions. These samples ranged in DOC from 0.4 to 7.2
mgC/L (Figures 49 and 410).  Furtherrelationships betweeDOC, sulfae, and nitratavere not
evident. A plot of SRP to DO shows an inverse relationship, with SRP increasing as DO decreased
(Figure 411), and so SRP is generally correlated to reducing conditions.

Since chloride is largely nereactive and does not undenggemoval via redox processes, it can be used

as a tracer to better indicate if reduction has lowered or removed.iinatging that SRP is increased

as DO decreaseBifjure 411), SRP can be used as a proxy for reduced dondit Samples with high
SPR(>30ny/L) have chloride that ranges from 0.5 to 31.2 m§ig\re 4.2), and no detectable nitrate.

Four of the five samples have chloride below 6 mg/L and were less likely to have high nitrate before
undergoing reduction. The one sample with highéorite, 31.2 mg/L may have had higher nitrate

prior to being reduced.

78



Fe (mg/L)

4 NO3-<MDL
4MDL < NO3-< 10
A NO3->10

A
A A M R A AL NS
4 5 6 7 8 9 10

DO (mg/L)

Figure 4.7 Fe, DO, andnitrate(mgN/L) for domestic well samples from 2011.
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Figure 4.8 Sulfate, DO, anditrate(mgN/L) for domestic well samples from 2011.
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Figure 411 SRP, DO, andnitrate(mgN/L) for domestic well samples from 2011.
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Figure 4.12 Chloride, SRP, anditrate(mgN/L) for domestic well samples from 2011.
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4.3.2 Groundwater seeps

4.3.2.1 Stable isotopes

Isotopic compositions of nitrate largely plot abdkie signature boxg@e. higherd'®0) outlined for

nitrification of various source@~igure 4.13) Similar tothe domestic well samples, no samples plot
within the énitrate fertili zer Bsumingd®adlueschavp her i ¢ n
been enriched as a result of denitrification, the indfiaM values wouldrace backté¢ he &éammoni um
infertilizerd sour oerlappmngnd miictrio bfi ewsoNdDmplag B nf t o mf i e
septi c/ manur e pldiwithinthebeasatops @mgoditiensranges and ardikedgto have

undergone substantiaenitrification. For all goundwater seeps and river sampletopic

compositionf nitraterangedfrom-48 a +26.7a f dB°N, and from8.1 & +16.3 f B%®.

Samples with highet™>N andd'®O ratiosof nitrate were correlated to lower contrations of nitrate

(Figures 4.14 and 4.)5 For example, whed™N >10a , nitrate ranged from 0 to 19.2 mgN/L. In

addition to ths, samples wit™®N <10& , have nitrate that ranges from 0 to 47.7 mgN/L. This shows

that nitratedoesnaturally exists at concentrations below the drinking water hmiibout nitrate

reducing processes suchdenitrification. Thed>N andd*O of nitrate for samples with nitratel®

mgN/L ranged from4.84 to+26.7a ,and-8.1 & +18.1a , respectively. Thd®N andd*®O values

of nitrate for samples with nitratel® mgN/L ranged from4.02 to +17.3& , and from+5.7a to

+15.3 , respectively. No trend innitrate andd™®N of nitrate was noted with respect to the various

recharge aread-jgure 4.1%. River samples were well constrainfe nitrate isotopesnd range in

d°N bet ween +7. 2&%andetwBe.end ,+4anmdd and +5. 64.

A total of 35% of the2011 groundwater seep samp{86 out of 85 samplegjontained one or more
artificial sweetenergacesulfame, saccharin, cyclamate, sucralogepncentrations of sweeters

ranged between 0.001 ah@nyg/L (Figure 4.8), and did not correlate to nitratehich ranged between

0 and 30 mgN/lwhere artificial sweeteners were presenihis, however, still suggests that 35% of the
groundwater seep samples have some influence of septic wastewater, whether or not this correlates to
high nitrate. The TIN/ACE raio and estimated proportions of wastewater contributing to nitrate in
groundwater are summarized in Table 4.5. Samples-BRINRS85, NRS88, and NRSB9 are
estimated to have as much asl1®D% nitrate sourced from wastewater, however, DO could not be
cadlected for groundwater seeps and so TIN/ACE ratios can only be used as a general guideline for
wastewater source impact. Nitrate in the aforementioned samples is 0.2 to 4.4 mgN/L, so even if

samples have not been denitrified and do dominantly consishagibwater as a source of nitrate, the
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concentration of nitrate is still below the drinking water limit and far lower than many samples in all

datasets.

All river samples had the artificial sweetener acesulfame prekento the upstream presence of
munidpal wastewater effluent discharg€3nly one sample had both nitrate >10 mgN/L and at least
one artificial sweetener; th@°N and d*®O valuesof nitrate were+6.2a and+7.94 , respectively.
When nitrate was <10 mgN/L and sweeteners were present®Mealue ranged from+3.08 to

+26.7a , and thed®O valueranged from8.04 to+15.1a .
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Figure 4.13Dual nitrate isotope plot for all groundwater seep samples collected in 2010 and 2011
with sufficient nitratefor analysig>0.5 mgN/L). Samples are categmed based on the presenceabf
least one sweetenfcesulfame, saccharin, sucralose, cyclanaatd)concentrations of nitrate
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Figure 2.3
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Table 4.5Estimates of septic wastewater proportion in domestic well samples collected in 2011, based
on concentrations of acesulfamedB) and dissolved inorganic nitrogen (DIN). Contribution to nitrate

is expressed as a percentage and assumes nitrate removal processes are noffpobeatsan, et al.,

2016) Note: DO was not measured in groundwater seep

Sample ID NOz TIN Acesulfame | TIN/ACE | \yaste water
mgN/L mg/L my/L NOs-N (%)
NRS13 4.6 4.8 0.02 240000 0-1
NRS-57 1.7 1.7 0.039 44000 2-8
NRS-59 9.3 9.3 0.203 45800 1-8
NRS-62 2.8 2.9 0.027 107000 13
NRS-64 0.2 0.3 0.068 4400 1580
NRS-67 8.5 8.5 0.042 202000 0-2
NRS-70 0.6 0.6 0.038 16000 4-22
NRS-73 1.1 1.1 0.087 13000 5-27
NRS-76 0 1.1 0.025 44000 2-8
NRS-78 35 3.5 0.456 7700 9-45
NRS-81 3.6 3.6 0.128 28000 2-13
NRS-83 2.3 2.4 0.021 114000 1-3
NRS-85 44 4.5 1.32 3400 20-100
NRS-88 30 3.1 1.215 2600 26-100
NRS-89 3.7 3.7 0.967 3800 18-92
NRS-109 56 5.6 0.081 69000 15
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4.3.2.2 Geochemistry

Ternary cation molarity diagrams for groundwater sedfigute 4.7) had similar resultsto the
domestic wellssamples withhigh nitrate samgls having high calcium and magnesium relative to
sodium and potassium. Samples with low nitrate have a larger range of magnesium and generally have
more sodium and potassium. This similarly suggests that groundwater that has high nitrate is younger,
bawd on the geochemical evolution expected with residence time in the aquifer. Artificial sweeteners
do no show a valuable trend in their geochemical trend and are not distinctly related to groundwater
age.

To assess the redox conditions of groundwater sa@ples, Fe, sulfate, SRPQC,and chloride were

used. As DO was not collected in this dataset, inferences regarding redox geochemistry from the
domestic wells is used to guide interpretatiombe relationship ofudfate andFe wasunclear; when

Fe wa above zero, corresponding sulfate concentrations ranged considerablpgsho clear trend

(Figure 4.13. Howeverpitrate showed a general linear relatioipswith sulfate Sulfate and SRP had

a broad inverse relationshipigure 4.19 showing thatvhen sulfate is low and SRP is high, reducing
conditions exist. However, this was only true for one sample out of the whole dataset. Samples with
Fe that did not have elevated SRP had considerable nitrate and are not categorized as being of reducing
condtions. When SRP was high, Fe was present, and nitrate was not, conditions are interpreted as
being highly reducingKigure 4.20. However, measurement of high SRP and Fe alone cannot
guarantee reducing conditions exist. These results are consistenbmdiitions outlined in the Boyne

River riparian zone where increased SRP and elevated iron exist where buried channel deposits act as
reducing sites for groundwat@arlyle & Hill, 2001) Chloride and SRP were not correlatt the

one sample with high SRP, interpreted as being reduced, had considerable chlquiotestiallyhad

higher nitrate before reductioRigure 4.2). Finally, DOC and nitrate do not have a clear relationship,

and low nitrate correlates to a rargfeDOC concentrations (Figure £2)2
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Figure 4.17Ternary cation plots for groundwater seépm 2010.
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Figure 4.20Iron, SRP, anditrate(mgN/L) for groundwater seep samples collected in 2010.
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4.3.3Multi-level profiles

4.3.3.1 Hydrogeology

Head measurementgigure 4.23)have been used to construct velocity and time estimates of
groundwater flowsubparallel to the flow direction (Table 4.8Jertical hydraulic gradients for samples
collected in April 2011 for MC sitare also summarized (Table 4.TYithin each piezometer bundle,
head measurements showed minor fluctuations, likely caused by the heterogeneity of aquifer material
or the unduting aquitardn the LASA, such as that summarized by Sibul and €tiag (1971). The

range ofvertical hydraulic gradients wasinimal, butidentifiedacommondownward gradient nearing

the base of the aquifer. Vertical gradients were greatest at W@id) is located closest to the Upper
Nottawasaga Riveconsistent with the groundwater coat map provided by Hill (1982hatshowed

the groundwater table decreasing with closer proximity to the Nottawasaga River and its main
tributaries. Sample tubesgith lower head than the surrounding pointay highlight horizons with
greater permeability, possibly consisting of slightly coarser sands than what is prékeradjacent

horizons
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Minimum and maximum groundwater velociti§$able 46), have beertalculated using hydraulic
conductivities that have been measured by previous researchers in the(Da@fo et al., 2000;
MacFarlane et al., 1983; Sibul and Ckhdiog, 1971) The time for groundwater to travel between
multi-level wells stations supardlel to groundwater flow (MC2 to MC4, and W4 to W5) are
calculated.Groundwater flow from MC2 to MC4 was calculated as being the fastiista maximum
velocity of 89.7 m/yr. Flow between MC2 and MCdre parallelto the actual groundwater flow
direction (Figure 25), whereas Flow between W4 and W5 also predid fairly high velocity71.8

m/yea, and the trajectory of flow likely was sytarallel to actual groundwater flow

Groundwater flow in this part of the LASA, south of the Upper Nottawasaga Rikely has
characteristics that reflect velocities closer towhg in Table 46. High banks along the river expose
profiles of the aquifer material, which was commonly fine to medium grains sands, with minor horizons
of finer loamy sand. However, lgebgeneities did occur as lenses of both more and less permeable
materials, such as gravels and silt/clay lenses, and therefore flow would be altered accordingly. Overall,
the velocities of groundwater flow summarized in Tab dre a guiddor estimaing groundwater

travel in this area.

Table 46 Groundwater velocity and transit time calculations between Hewitl wellsstationed sub
parallel to the direction of groundwater flow

Dh DI i - v Minimum Maximum
From | To mn e time time
(mbgs) | (mbgs) | (Dh/D) | (m/yea) | (m/yea) (years) (yearsy
MC2 | MC4 | 2.66 265 0.010 0.45 90 591 3
W4 W5 2.2 264 0.008 0.36 72 736 4

L Minimum time was calculated using a hydraulic conductivity of 0.G#®1 an effective porosity of 0.3%ased on
measurements from MacHame et al. (1983) in silty finrgrained sand in the LASA.

2 Maximum time was calculated using a hydraulic conductivity of &d an effective porosity of 0.3%ased on
measurements from MacFarlane et al. (1983) in fine and medium grained sand irsthe LA
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Table 4.7 Vertical hydraulic gradients.ji for MC site piezometer bundles sampled in the spring of
2011, where.iis calculated from the change in hydraulic heBd) (divided by the difference in
elevation head); (iv = Dh/Dz) (Fetter, 1994)

From To Dh (m) Dz (m) iy
MC2 3.51 MC2 4.34 -0.040 0.890 -0.045
MC2 4.34 MC2 5.13 0.090 0.740 0.122
MC2 5.13 MC2 5.94 0.000 0.890 0.000
MC2 5.94 MC2 6.68 -0.110 1.000 -0.110
MC2 6.68 MC2 8.46 0.360 1.450 0.248
MC2 8.46 MC29.90 -0.240 1.520 -0.158
MC2 9.90 MC2 11.26 0.840 1.490 0.564
MC4 6.34 MC4 7.34 0.060 1.030 0.058
MC4 7.34 MC4 8.33 -0.050 0.990 -0.051
MC4 8.33 MC4 9.05 -0.030 1.000 -0.030
MC4 9.05 MC4 10.58 0.210 1.420 0.148
MC4 10.58 MC4 12.22 0.390 1.490 0.262
MC4 12.22 MC4 13.72 -0.370 1.590 -0.233
MC6 7.28 MC6 8.49 0.350 0.890 0.393
MC6 8.49 MC6 9.25 0.230 1.120 0.205
MC6 9.25 MC6 11.68 1.550 2.060 0.752
MC7 6.82 MC7 8.11 0.150 1.210 0.124
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Figure 4.23 Detailed measurements ofdraulic head (h) and elevation head (Z) for MC site piezometers, in April 2BlLie represents the

hydraulic head Depth of the saturated zone and piezometer simtske depth(bottom of blue linefan be measured using the left hand scale of

each fgure, whereas the elevation head and the hydraulic head are indicated with the scale along the right hand side. Toegta b
this area is extremely flat and well locations are plotted as having the same elevation.
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4.3.3.2 Stable isotopes

4.33.2.1 MC Site

Nitrate in MC2 wasighand commonlyvell above 10 mgN/lin samples collected down to a depth of

8.5 mbgs (Figure 4.2). Below this, nitrate drastically decreased to near negligibfeentrations.
Stable isotope ratiasf nitrategradualy increased with depthwvhere nitrate was higlut could not be
measured for the bottom two samptkee to insufficient nitrate At the top of the profile, 3..nbgs

nitrate was lower (3.7 mgN/L, April) compared to the rest of the samples in the tofhefprofile

Nitrate isotopeatioswere also lower than the rest of the profif®N andd'®O of nitrateoft1 . 5a and
5. 9a, r es p didanddP@vhlyesof watdniieeedistinctly lowfor thisdeph,-1 0 0. 2a and
-14.5 , respectively.Between 43 mbgsand 8.5mbgs nitrate rangetbetween 30.2 and 72.9 mgN/L,

and samples at 4r8bgs 5.1mbgs and 5.9mbgshad a greater range in concentratioan the deeper
samples at 6.bgsand 8.5mbgs Throughout this section of the profilisptopic ratiosof nitrate
gradually increase with deptStable isotopes of water are consistent betweemBgsand 5.9mbgs

and increase at 61bgs This trends consistent with both sample dat€som 6.7 to 9.9nbgs nitrate
decreases substantially, aisdtope ratiosof waterareconstant. At 11.3nbgs water isotope ratios
decreased, minimally but consistently for both sample dates.

Trends in nitrous oxidesotopiccompositionsare not correlated to nitrate i@otopic ratiosof either

nitrate or water. Té pattern ofl*®0-N.O values correlatto that ofd*>N-N,O valuesbetween 5.89nbgs

and 8.5mbgs but is distinctly different at 4.81bgs At this depththe d*®0-N.O valueis higher than

the next sample, buhe d'®0-N.O valueis considerably lowerSamples at 5.9nbgs 6.7 mbgs and
8.5mbgswerewell constrained fod'>N andd*®O of nitrous oxide, and ranged betwe2n0 . 6 a- an d
+2 6. 3 &N, and+3 0. 3 4+3®n & &'®A. o r

The first sample in the profile (3r8bgs April) is likely derived from springechage derived from

snow fromthe overlying fields Stable isotopes of water support this with distinctly lower values than

the rest of the profilewhich is consistent witenowmelt water Samples betven 4.3mbgsand 9.9

mbgshave veryhigh nitrateandhawe isotopic signatures consistent with soil ammonaund nitrified

septic/manure Nyith a few samples that overlythen t he oO6ammoni um in fertili ze
isotopes of water suggest two separate packages of sourceaxeebpgtween 4.8ibgsand 9.9mbgs

which are divided between the S1tbgsand 6.7mbgssample points. If this is accurate, the drastic

decrease in nitrate at 98bgsis more likely to be a result of nitrate removal rather than a change in

source. The general increase fitrate isotopeatiosdown profile is not attributed to denitrificatiarf

the same package of water but perhaps of a different source area that has a different nitrate isotope
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composition. Te isotopiaatio of water at 11.3nbgsis consistent for boteample dates, it is thought

that this sample again is derived from a different source than the overlying water column.

In MC4, nitrate was high (0 mgN/L) to a depth of 10.8bgs and coincidedhitrate isotope ratios

that vary only slightly in their sigrnare (Figure 4.2%. Below10.6mbgs nitrate was much lower (0 to

5.5 mgN/L) and hassotopic ratiosthat much higher than the sample points higher in the profile.
Isotopic ratios of wategradually decreased with depth, then abruptly increased be8x&etgsand

9.1 mbgsbefore decreasing again with depth.isldhangen isotopic compositiogould be indicative

of aseasonathange irmrechargeawater, similar to that outlined in MC2The dual nitrate igope plot

for MC4 samples hadratio of d*®0 to d**N of 0.35. Although this ratio is slightly lower than what is
expected for denitrification, it is likely due to the signature of the overlying sample points, which likely
arendét from the same source as t hydifferenidotopice pt h,
signature Thed'®0 values of nitrate were almost all higher than what was expected and either suggest
that some denitrification has increased the isotopic composition, even at the top of the profile, or that
d'®0 values of nitratare higher than what was expecteditrous oxide isotopeatioscould ony be
measured at 9.mbgsand 10.6mbgs The d'®*N valueof nitrous oxide ranged betweeh 0 . 6 a- a n d
2 2. 8 a d®0aange betweer3 0 . 4 a+3&n dlsotope effects of denitrifican (enzonos) are

well constrained and range frord4.33 to -28.3 for d'°N and from+26.22 to +28.G& for d'®O

(Table 48). Ford™N, these values are within range for isotope effects of denitrification calculated by
Snider et al., (2012)30a to-9a ). The isotope effects af'®O of denitrification are slightly lower

than those calculated by Snider et al. a3 60 ).

97



NO,™-N(mg/L)

8""N-NO, (%)

8""0-NO, (%o)

§"H-H,0 (%o)

8'°0-H,0 (%o)

8""N-N,0 (%o)

8"°0-N,0 (%0 )

0 20 40 60 80-5 5 15 25 35 45-10 O 10 20 30 -100 -80 -60  -15 -12 -9 -6-30 -20 -10 010 20 30 40 50
0 e e S : : : : : : : e 0
. 3 'i=========:= =i========== =i========== ==:—========= _1=========== = ————— 3 .
IR K 1 3 y A 3 o * e | B
6 6
E 29 () A9 2 ’9 e E
= (4] e { AN e (2] A 7. ) o B
2. =5
8 S o =
[ N [ N
12 12
15 15
25 50
20T 40
©4.34 - summer
15 + @®5.13 - summer
3 ¥ = 2.046x - 9.2482 ®5.94 - summer 30
~ R*=0.59345 —_
S0 T Pt ®6.68 - summer £
‘. el ®8 46 - summer o 20
e . =)
g1 . A3.51 - spring z
r P . Spring 2
=" A4 34- spring % 10 , , |
o e A5.13 - spring ““‘
A 594 - spring o | A
ST A 6.68 - spring
A8 46 - spring
-10 : : : : < | : : : : -10
0 5 0 5 10 15 20 25 30 35 40 2 1 0 I 2 3 4 5
31SN-NO,~ (%o) In NO;~N mg/L
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4.3.3.2.2 W Site

Nitrate in W4washigh (11.3 to 26.9 mgN/Ljrom the top of th@rofile, toa depth ofL9.2mbgs(Figure

4.26). Isotopic ratios of nitratgenerally increasbwith depth in this sewn of the pofile. Below 19.2

mbgs nitrate wadow (0 to 0.3 mgN/L) adisotopic compositionsf nitrate weravithin range of those

up profile. Isotopic ratios of watevaried with depth, however they showed consistency between the

spring and summer tiesets The dual nitrate isotope plot shows samples plottimg t he dammoni un
i n f er tatthezlemer6endbob thka@manure/septi nitratéd box, and above the three soil

nitrification source boxes The isotopeoncentration plot reiteratebe lackof increase ind™>N of

nitrate with respect to the decrease in nitrate concentration at depth. A linear relationship is expected

if denitrification is responsible for the decrease in nitrateer&fore a change in source is expected to

be responsible fdow nitrate, rather thahy nitrate removal processes.

The trend in nitrate in W5 is similar to that of W4; nitrate is high (11.6 to 30.7 mgN/L) from the top of
the profile to a depth of 1818 (Figure 4.27). Isotope ratios of nitrateange from1.2a to +3.98 for

d>N and+1.2a to +5.23 for d'®0 in this part of the profile. Below 19.8nitrate decreasednd
ranged from 0 to 13.2 mgN/L. CorresponditeN andd'®O valuesof nitrate both increase at 20.5m,

but decreased at the lowest sample point, 2&@s

A distinct break in the isotopic signatuof water existed between 14nbgsand 15.9mbgs where the

samples down profilkave slightly highed'®0O andd’H valuescompared to samples higher in the water

column. Pr nitrate, samples between @dbgsand 119 mbgsactually dereased slightlyn the d*>N

valuewith depth, whiled'®O valueswas fairly stable, and nitrate concenitbnsgraduallyincreased.

Between 15.9mbgs and 18.9mbgs nitrate concentrations were fairlgonsistent and isotope
compositionsncreasedlightly with depth. The last sample point in the profile had very low nitrate,

and highly enriched isotope signatures paned to the dataset in generdkaking into account all the

data points in the profile, thatio of d*®0 to d*°N on the dial nitrate isotope plot was 0.36. The isotope
concentration plot clearly illustrates the lack of relatiopsetween groundwater at 20rbgsand

28.0mbgsand suggests that low nitrate in the last sample is from a different source than that at 20.5

mbgs. Nitrous oxide was high enough to measistgope compositionat a single depth, 20r5bgs

Thed'®O value was 8 9 . @ndwassimilar to data from MC2 at 6/8bgs However, hed'®N value,

waslower than those comparable data for MC2. ®a@w~os for d®N at this pointis6 0. 4a, and f or
d®0is+24 . 5a; these dat a arstofthedatasktywhelei®fsthbderisetopes f r om t |

were measure(lable 4.8.
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Table 4.8 Dual isotopes for N©® and NO in multi-level wells where NO was present in sufficient
guantities to measure isotopic signatures. Enrichment factors are calculatedtfdrcdgion.

Sample NOgz d™N-NO3 |d*®O-NO3z| N2O |d™N-N2O |d*®¥0-N,O |**N: Dnzonos[O: Dnzonos

D |(mgNL) | () | @) |Wsay| @) | @) | (&) (3)
MC24.34| 458 5.7 -1.3 7220 -18.4 15.7 -24.1 17.0
MC25.94| 729 5.6 2.1 9040 -25.6 30.3 -31.2 28.2
'MC26.68| 684 5.8 6.3 79580 -20.6 39.4 -26.3 331
MC28.46| 528 7.3 7.1 69070 -26.3 36.5 -33.6 29.3
’MC26.68| 631 6.1 4.5 58120 -22.5 39.6 -28.6 35.1
’MC28.46| 52.8 7.7 9.5 6600 -22.4 35.4 -30.0 26.0
'MC49.05| 684 3.7 2.4 5320 -20.6 30.4 -24.3 28.0
'MC410.58 528 5.5 3.6 6760 -22.8 32.7 -28.3 29.1
MC4 10.58, 29.3 5.5 6.0 6920 -21.6 32.2 -27.1 26.2
MC76.82| 1026 7.4 4.1 9980 -21.5 35.1 -28.9 31.0
‘W5 20.51 13.2 28.2 15.3 63420 -32.1 39.7 -60.4 24.5

1Sample collected August 16, 2010.
2Sample collected April 12, 2011.
3Sample collected Decerebl, 2010.
“Sample collected September 16, 2010.

4.3.3.3 Geochemistry

4.3.3.3.1 MC Site

Results of geochemical parameters measured at MC2 are summarized for all sampleHigtes in

4.28 For all sample datestrateconcentrations were well above ftiignking limit between 4.3nbgs

and 8.5mbgs but were alrast negligible at 9.9nbgsand 11.3mbgs In April 2011 the water table

was higher than idugust 2010 and a sample at 3ibgshad a relatively lownitrate value of 3.6

mgN/L. Nitrite concentrabns were mostly negligible for all sampling periods and depths, efarept

in August at a depth of 5rBbgs where 0.IngN/L was detected. Nitrous oxigeas the highesit 6.7
mbgsand 8.5mbgs for both August ad April. In December, at 11n8 nirousoxidewas high, but

this value may be falsely elevated as it was obtained by forcing pressurized air into the piezometer via
an air compressor, in order to retrieve the sample. The high DO value at the same depth supports this
reasoning. Nk andSRP weréhigh at 11.81, much more so than the sample taken in April 2011, and

so it is suggested that these values were also affected by the method of sangpial.r Sulfate,
chloride and ragnesium quite closely mimic the trend nitrate very low concentratian were
measured ta3.5 mbgsin April, concentrations peaked between B®gsand 8.5mbgs andwere
detectablet 9.9mbgsand 11.3nbgs Calcium, sodium and DO@ere loweshat 3.5mbgsbut did not

directly mimic the concentration trendmifrate At al other depths, sodium was moderatsystant

between 4 mg/L and 8 mg/L. DOC and calcium were more variableD@& havingthe highest
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concentratiorat 11.3mbgs and calciunwas not constariietween sampling dates and dept A peak

in potassium at.9 mbgswas consistent through both August and Amild may indicate a more
coarsegrained horizon within the aquifer where adsorption may be even less, due to a potential
decrease in clay sorption sitele. comparison to domestic wells and groundwatsps, geochemical
maturation with depth (ie. age) is evident in the profiles of at least calcium and magnesium, and possibly
potassium, and is consistent with the relationship between age and nitrate concentration for domestic

wells and groundwater seeps.

The geochemistry of MC4 is outlinedfilgure 4.29 The concentration of DO was consistent for each
sampling date, with oxiconditions existing between 6.3m andr8,3uboxic to anoxicanditions
occurring between 9rhbgsand 10.6nbgs and anoxic coritlons occurring down profileNitratewas

also consistent for all dates and was moderately high within the top three pamideand then peaked

at 9.1mbgs Beyond 9.Imbgsnitratedecreased, reaching low and neeagligible concentrations at
12.2mbgsand 13.7mbgs respectively. Nitritavas very low within the profile, but showed a small

but consistent incese at 12 mbgs for both the August and April sating dates.At 6.3mbgs nitrous
oxidewas much higher in December than in April and AstgBesides this one sample point, nitrous
oxide seemed to be low between BBgsand 8.33nbgsand then increased to reach a maximum that
ranged between 22y/L and 34.81g/L. At 12.2mbgsand 13.7mbgsnitrous oxidehad diminished

to below?2 ng/L. Concentration profiles for ammoniurand iron were consistently low for all sample
dephs. SRP was moderately low3®&ny/L) for all depths and sample dates with minor variance
throughout. DOC generally decreased from the top to the bottom of the pritfileew exceptions
including, 1) arelevated concentration at 13ribgsin the December sample, compared to the April
sample, and 2) aglevated concentration at 1@ gsin the August sample, compared to the December
and April samples. The elevated D@CL3.72mbgsmay be a result of first time sampling (this depth

was not sampled in August), which could give a high DOC value if there was insufficient pumping of
the static water in the well. An explanation for the slightly higher DOC concentratiom sample for
August at 10.8nbgsis unknown; the only slight correlation exists between it and SRP, which had a
profile maximum value at the same depth in August. Calcium and Magnesium had noticeably strong
trends between all sample dates and may sutggeshing of lime applicationThe decrease in calcium

and magnesium at depth correspond to an increase and potassium and sodium, which again indicates
geochemical maturation of groundwater and supports the cation ternary data provided by the domestic
well and groundwater seep datasets is also possible to distinguish three water parcels with clear
geochemical trends from these two profiles. However, the pattern of magnesium and calcium did not

agree well with that afitrate like the geochemistryfdC2. Also, sulfate was poorly correlated with
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nitrateand was very different from that of MC2. In MC4 sulfatgs extremely high at 618bgs with

a maximum conadration of 453.6 mg/L. At 7.8&nbgssulfate was still slightly high buielow that

was <D0 mg/L andfairly constant with depth Sulfate existed even in the last sample point and
therefore redox conditions were not sulfate reducing. Chloride behaved vaguely like that of magnesium
and calcium, and may be related to fertilizer application, dvew potassium and chloride had

drastically different behaviors.

4.3.3.3.2 W Site
The geochemistry of W4 is illustratedHingure 4.3Qfor summer 2010 and spring 2011 dates. At both

dates, lte aquifer was oxic between érbgsand 13.0nbgs suboxic afl6.0mbgs and anoxic between
19.2mbgsand 28.0mbgs The concentration dfitratewas also consistent at both dates, with fairly
consistent concentrations ranging between 11.M/mgnd 26.9 miy/L, between 6.3nbgsand 19.2

mbgs At 21.4mbgsand 280 mbgsnitratewaslow, and had a maxium value of 0.3 mg/L. At 19.2

mbgs nitrite was present at 0.5 mgN/L and ihd@N/L and was not measured above the detection limit

for all other sample pointsNitrous oxidehad a similar behavior but peaked in coricaion before

that of nitrite The maximum ancentrations of nitrous oxideere 8.5ngN/L and 8.1ngN/L at 16.0m

and 13.0m, respectively. Below 16rbgs nitrous oxidewvas below Ing/L. Ammoniumwas present

below the detection limit for all gehs down to and including 19.tnbgs A maximum value of 0.5

mgN/L was measured at B8mbgsin April. The profiles of sulfate were fairly consistent for both
sample dats, and ranged from 16.5 mg/L to 56.1 mg/L, except for &rABgswhere it was below

the deection limit of 0.1 mg/L. This trend is indicative of sulfate reductive redox conditions. The
trend of iron vas similar to that of ammoniumith concentrations near 0 measured down to athgs

and increases occurring at 2ihibgsand 28.0mbgs The highest value was In8&gN/L, measured at
21.4mbgs SRP § somewhat similar down to 21lmdbgsand therincreased at 28.0m to 82wy/L.

The magnitude of both calcium and magnesium were fairly steady at both sample dates and all sample
points and Bow a similar trend in the variance of each concentration between depths. Potassium was
generally measured de to 1 mg/L, except for at 8mbgswhere it spiked to 2.8 mg/L and 3xig/L

for the summer and spring dates, respectively. The consisteticis dfend may indicate a horizon
containing coarser sediments where adsorption occurs than within the surrounding material. Sodium
and chloride showed fairlgimilar trends with depth, and seasonal variance was minimal for both
datasets. The trend cosis of slghtly higher concentrations between &hbgsand 13.0mbgs with

dlightly lower concentrations below 13tBbgs and a venstrong increase at ZBmbgs The profile

of DOC had concentratiomanging between 0 mg/L and 1.7 mg/L betweenngb@sand 19.2mbgs

with increasing concentrations at 2ihubgs reaching a maximum at ZBnbgs
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WS5 geochemistry is outlined Figure 4.31 showing the summer 2010 and spring 2011 data. For both
dates, oxiconditions existed between Sribgsand 14.4mbgs suboxic conditions at 151bgs and
anoxic conditions from 17 .#hbgsto 18.0mbgs The concentrations oftratewere very consistent for

the two sample dated\itrate, for the most part, gradually increased with depth, reaching a maximum
value of 26.6mgN/L and 30.7 mdl/L at 18.9mbgs for the summer and springigs, respectively.
Below 19.8mbgsnitratedecreasedand was less than 0.5 Ml at 23.6mbgsand 280 mbgs The
trends in both nitrite and nitrous oxidere similar, havingelatively highconcentrations at 20r&bgs

At 23.6 mbgsand 28.0mbgsnitrite diminished, whereas nitrous oxideas lov at 23.6mbgs but was
present at 6.2gN/L. Similarly, ammonium increased significantly at@8ibgsto 0.8 mdN/L but was
generally below the detgon limit for all other data points. dn was similar to ammoniunbut
increased above the detectablmili at 23.6 mbgs and then was highest at 28mbgs with a
concentration of 2.81g/L. Sulfate was very consistent at both dates, and caatiens vere lowest
between 9.2nbgsand 12.8mbgs then, gradually increased witlepth to a maximum value of 71.5
mg/L at 236 mbgs At 280 mbgs sulfatedecreased substantially to @rfg/L, again, likely indicating
sulfate reducing redox conditions. The tréam@OC was consistent for bothmmple dates, except for

at 17.4mbgswhere the spring sample was substantially higher than the summer sample. The reason
for this is unknown and the data does not seem to correlate to the other geochemical parameters. For
the rest of the profile, DOC gradually deased from about 2 mg/L at 9ribgs to about 0.5 mg/L at
18.9mbgs Below 18.9mbgs DOC increasd and reached a maximum of 7.6 mg/L at 280@s The
profiles of calcium and magnesium were very consistentiiitwo sample dates, and did not vary
drastically with degt. Calcium ranged between 78.8 mg/L and 1#&igA_ between both sample dates
and all sample depths. Magnesium generally increased with depth, widls wdlless than 10 mg/L at
9.2mbgsand jist above 18 mg/L at 20rbgs The profiles of potassium and chloride weigly well
twinned; between 9.&ibgsand 12.8nbgsboth gradually increased, although here potassium reached
a local maximum and chloride contied to increase further at 14nbgs. It is likely that these top 5

or 6sampledepths are derived from a parcel of ldedilized with KCl. From 15.9nbgsto 23.6mbgs

both were relatively low and stable, and may indicate a separate source horizon. Oriscmtivkmd
value existed a20.5mbgswhere potassium was higher than its surrounding values, and chloride did
not trend likewise. The consistency of this increase for both sample dates suggests a coarser sediment
horizon, which can decrease the amount of potassium adsorptiati¢tegurfaces. Sodium was low
and fairly constant witta mild decrease with depth; however at 28lilgs sodium was abnormally
high, with a concentration of 27.18g/L. Lastly, the agreement in geochemistry for W4 and W5, at

each 3.0mbgssample pointsuggests that a common source impacted both of these depths.
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Figure 4.28 Groundwater geochemical data foulti-level well MC2. Open circles with crosshairs represent samples collected in September
2010, red triangles in April 2011, and blue squane®dcember 2010.
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Figure 4.29Groundwater geochemical data foulti-level well MC4. Open circles with crosshairs represent samples collected in September
2010, red triangles in April 2011, and blue squares in December 2010.
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Figure 4.30Groundwate geochemical data fanulti-levelwell W4. Open circles with crosshairs represent samples collected in AugustirtD10
red triangles in April 2011
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Figure 4.31Groundwater source geochemical datanfoiti-level well W5. Open circles with crosshaiepresent samples colledtin August,
2010 anded triangles in April 2011
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4.4 Discussion

4.4.1 Nitrate sources in the LASA

Based on previously defined source boxes for dual isetmipatrate, the dominantsourcef nitrate

in the LASA areidentified & dominantly ammonium based synthetic fertilizer. This is inferred by
assuming that sampleswitffO v al ues of nitrate that are greate
have undergone denitrification and therefore increased in isotopic compo3itidower thed*0 at a

ratio of 1:2 ford®O:d"*N would therefore place most samples for all ddsage the source box
dammonium in fertilizero. Few s amp |d®0sandgpliote not
within the intersection of O6ammoni umAgicolturdler t i | i
fieldswithin the LASA areoftenare cropped in rotation and use different fertilizer types depending on

the crop. For potato farming, which is commonly cropped in rotation with wheat and sometimes corn,
chemicalfertilizers and manureare usedPeisonalcomnunication, local farmer2011). However,

isotope ratios of nitrate indicate that chemical fertilizers are the source of high nitrate in the

groundwater.

Artificial sweeteners were used betterinterpret manure vs. septic sourtkat were categorized as

such bystablenitrate isobpes.For dometic wells,31% of the total sample populatibad one or more
sweetener The results are similar for groundwater seep samples, with 35% of the samples containing
one or more sweetenerSamples with sweeteners are interpreted as beingeimdfed by septic
wastewaters.An interpretation of the proportion of wastewater from septic systems contributing to
nitrate in the domestic wells and groundwater seeps shows that only few samples in each dataset are
substantially impacted by septic watef3nly one sample had substantial nitrate (>10mgN/L) that was
characterized as being sources almost fully from septic waters. Therefore the impact of septic
wastewaters on groundwater nitrate in the LASA is minimal, and only of minor concern for wetsown

who could have the well source located too close to their septic system.

4.4.2 Nitrate cycling processes in the LASA

In domestic wells and groundwater seejfirate was low (&1 mgN/L) in 29% and 7% of the respective
sample populations. Stable ispes of nitrate show trends of increasif®d-NOs andd*N-NQOs™ in
severakamples of each dataset, as well as at depth in-lexdti wells. Generally, samples witfO-

NOs >2a are interpreted as havinmdegone some amount of denitrification

In donestic welk, oxic watershadhigher N2O andnitrate and anoxic watetsadlowerN-O andnitrate,

generally Stable isotopes of nitrous oxide and isotope effects of denitrificatidmitrificationwere
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used to clarify sources of and N cycling process. Denitrification isinterpreted to be the dominant
process producing 0, even in oxic groundwatersSince domestic wells must be ablepimduce
enough watefor household use, domestic wells are screened over a large enough interval that the
infiltr ating waters are sourced from a mix of redox horizons, since redox boundaries often occur at
fairly abrupt horizons, or depths, within the aquif&ravena & Robertson, 1998) However,
comparinghe domestic wells and seepshemulti-level piezometer sampldasere is a common trend

of high NbO where waters are oxic, and nitrate is present. This horizon seems to exist more or less
directly above where nitrate abruptly decreases. Therefore it is likely that the incrédge iim
domestic wells is generally related to denitrificatsom is evidence thereoAs mentioned in previous
sections, large pools of nitrate may inhibit tluether reduction of NO, and therefore large .0
concentrations are likely to exist when &atie pool is presetibtein & Yung, 2003) The presence of

some DO also inhibittN-O reduction toN» during denitrification(Snider, 2011) Data here are
consistent with the findings of Hollinghm (2011) who found thatmunicipal well samplegrom

Norfolk and Oxford counties, Ontariaiere characterized by high® as a result of denitrification in

the oxic zone, as opposed to nitrification.

The relationship of SRP, sulfateitrate, Fe, DOC, andhloride were usefulor interpreting redox
conditionsgn the LASA. Groundwaters were oxic in 56% of the domestic wells, and were not measured
for DO in the groundwater seeps. For samples with no nitrate, redox conditions were anoxic, however
high nitrae (>10 mgN/L)was present ifiew sampleghat were anoxic Samples with no nitrate are
categorized as having undergone nitrate, sulfate, and possibly iron reduction, as sulfate is also not
present and iron is detected. SRP also increases where reduieditjons exist, and can be used as

an indicator of reduced conditions along with sulfate and iron.

In the groundwater seep datasgbundwater seep samplesth no nitratehave varyingamounts of
sulfate, iron, andSRP, and thereforeepresent nitrateeducing conditions, but not sulfate or iron
reducing conditions Therefore, theaeducing capacity in groundwater seeps is weaker than in the
domestic wells.This trend could also indicate that groundwater collected in seeps is younger, relative

to the daonestic wells, and less geochemically mature.

The nonreactivity of chlorideassists in outliningedox conditions, by amparison with SRP and
nitrate, ypically, the concentration of chloride should be relatively consistent along the flow path, and
shoul represent source water conditions. If nitiatlew or not preserdand chloride remains, nitrate
removal can be impliedThegreat range in chloride concentrations throughout the studyparguts

only a general interpretation ohloridein relationto SRP and nitrateFor the domestic well dataset,

samples with elevated SRP and very low nitrate also had low chloride. This implies reduction occurred
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to the point as to increase concentrations of. SIRRPthermore, samples with low chloride may iatkc
nonagricultural or norseptic sources, and nitrate may not have been initially high. Groundwater seeps,
however, had chloride that was not as low as domestic wells, when nitrate was very low. Therefore
samples that had low nitrate could have beencsoufrom agricultural or septic groundwaters.
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4.5 Conclusion

Source classification of nitrate in the LASA was determined with the use dual nitrate isotop@glots

supported by measurement of artificial sweetendirate isotope ratios were commortligher in

d®0 than expected and were interpreted as having undergone at least partial denitrification. Assuming

that sourcel'®0 and correspondind}®N would have been lower, groundwater source signatures can be

back calculated and would result inadorsince i n the o6ammonium in fert,]

suggests chemical fertilizers are the dominating source of nitrate in the LASA.

Artificial sweeteners were measured in 31% and 35% amongst the domestic wgtbandwater

seeps, respectivelgpweve nitrate contribution from wastewater was only considered to be substantial

in one domestic well sample. Therefore septic systems are not a main contributor to elevated nitrate in
the LASA.

Ternary cation plotand multilevel profile geochemistry was efsll for interpreting the relationship of
nitrate contamination with respect to groundwater age and maturity. All three sample sets show
geochemical evidence that nitrate is prevalent in geochemically immature, ie younger groundwaters.
Although this datads used as a relative marker for contamination, it could be helpful when prospecting

for uncontaminated groundwaters.

The presence of oxygen in the LASA at several meters below thetal@grovided conditions where
nitrate could exist at high conceatiions. Stable isotopes of nitrate displayed evidence for nitrate
removal via denitrification fomany samples where nitrate was still present, for all datasets. The
production of NO in domestic wells and muliével wells was generally attributed toniteification

within the oxic zone In domestic wells, where nitrate was not present, and at the deepest sample points
in the multilevel wells, redox conditions were classified having undergone nitrate, sulfate, and iron
reduction. However, multevel well data outlines that this occurs at depths of at least 15m below the
water table, and therefore the majority of the LASA has a limited reducing capacity. Groundwater
seeps were less reduced and did not show evidence for sulfate or iron reductidmughilt
denitrification is evident to some degree in each of the datasets, nitrate was largely, incompletely
removed in the LASA. Therefore the capacity of the aquifer to remove nitrate is not sufficient to cope

with the amount of nitrate from fertilizerséiocal septic systems.

114



CHAPTEBR CONCLUSI ONS AND RECOMMENDAT

5.1 Conclusions

5.1.1 Changes in groundwater nitrate

Changes in groundwater nitrate over the past ~30 yware varied among the domestic wsll
groundwater seep and multilevel wells in the LASA. Overall, dmestic wells had lower mean
nitrate, groundwater seeps had higher mean nitrate, andlewgltiwells had lower mean nitrate when
compared the respectivéstorical datasets The MannWhitney ranksum test confirmed that the
domestic welldata were statistically lower in nitrate, and groundwater seeps statisticallyhigher

in nitrate in the current studyHowever, vinen the domestic well and groundwater seep datasets are
compared by recharge aresstatistical difference ofiitrate between the 2010/2011 and 1979/1980

datasetsvasonly true for the northwest recharge are@jafundwater seepataset

The spatial distribution of tiate L0 mgN/L for the combined domestic well and groundwater seep
data were similar to those bfill (1982). Nitrate plumes were prevalent in the northwest and south
parts of the aquifer with less nitrate in the northeast. Changes in nitrate outlined in this fashion are also

a factor of sample distribution, which did not perfectly match that ib{1882).

Between the different datasets)ly thedomestic wellsexhibited an overall decrease in groundwater
nitrate concentrations over time, which was hypothesized to resulttfrercurrent and/or recent
improvements in nutrient managemei@hangesn nitrate profiles at the MC site were attributed to

the removal of a woodlot in 2005 that was positioned upgradient of both Welisession of the water

table since 1982/1983 proved to move nitrate rich groundwaters deeper below the surface than
historically measured, and also changed the source and age of groundwaters being sampled at the set

depths.

Although nitrate in domestic wells was relatively lower than the historical 86%,of samples lta

nitrate above 10 mgN/LElevated nitrateorrelatd t o 6 pot at od6 and 6ot her 6 |
to 6sod?d, 6cornoé, and of andagededith coaatationsrpvidedoby r el at |
Hill (1982). Results of goundwater seepwere $milar, and highnitrate correlated o0 6 c@dr n6 an

Opotatod | and use, and |l ow nitrate to 6foresto e

5.1.2 Nitrate sources in the LASA

Source identification for nitrate was constrained with the use of stable isotopes of nitrate, artificial

sweeteners, and ternary cation plots. Domestitsywgloundwater seeps, and midtvel wells were
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all dominanty identified as nitrified ammonium from fertilizer, after having been interpreted as having
undergone isotopic enrichment via denitrificatidwtificial sweeteners were detected in 31% anth35

of the domestic well and groundwateep datasets, respectively, and proved to be an effective tracer
for septic sourcesThe estimation of wastewater proportion for those samples with acesulfame showed
that septic systems are a minor contributor tugdwater nitrate. However, domestic wells with any
amount of artificial sweetener present should still understand that septic wastewater is entering their
drinking water source, and should have their water tested for coliform.

5.1.3 Nitrate cycling pro@ses in the LASA

Oxic conditions exteretl several meters below the water table in the LASA and prdwidaditions
where nitratecould exist at high concentrationsln the current study, this was exacerbated by a
depressed water table which introducedcoxaters to greater depths. Denitrification was prevalent in
all datasets, however, not always to the extent needed to remove nitrate or decrease the concentration
below the drinking water limit. Denitrification in oxic groundwaters was revealed with épit
compositions of nitrous oxideln domestic wellswhere nitrate was not preseahd at the deepest
sample points in the mulevel wells, redox conditionsvere classified having undergone nitrate,
sulfate, and iron reduction. However, miétvelwell data outlines that this occurs at depths of at least
15m below the water table, and therefore the majority oL &f®@A has a limitedreducing capacity.
Groundwater seepgere less reducezhddid not show evidence for sulfate or iron reductidithough
denitrification is evidento some degree in each of the datgseitsate was largely, incompletely
removed in the LASA. Therefore the capacity of the aqaifeemove nitratés not sufficient to cope

with the amount of nitrate from fertilizerséiocal septic systems.

5.1.4 Riparian zones and nitrate removal

A lack of denitrification in riparian zones is attributed to groundwater flow that does not interact with
DOC rich sites in the riparian zone. Although the Nottawasaga River has a diptiniein zone for

the majority of the span of the river, the flow is too fast and avoids interaction with any organic carbon
that can act to aid in denitrification. Widening the riparian zone and reducing the amount of area to be
farmedbeside the riveiis unlikely to help nitrate removal or sufficiently lower nitrate entering the

aquifer.
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5.2 Recommendations

1) A detailed, continuous monitoring of mulével wells, either at the MC or W site, or installed
elsewhere, where potato crops are used gttioot, to assess the changes in groundwater nitrate over
the full crop rotation cycle. A tight spaced sample interval network (0.5m intervals), down to a
maximum of 6m below thminimum water table depthiould suffice to best capture the effect of crop
type and fertilizationapplication. This would also captuneater table fluctuations and the effects of
storm events on the transport of nitrate to the aquifEine results would be compared to better
understand where fertilizer application and managemegatdtices need improvemeniulti-level

wells would ideally be installed at the farthest point along the groundwater path for a specific farm so
that changes in the water table does not change the groundwater sthieceould be performed in

conjunction with other crop monitoring programs such as sod and soy.
2) More specific groundwater age dating to better interpret the residence time of nitrate in the LASA.

3) To better understand the input of nitrate into the Nottawasaga River and its tributzalkEsy s
monitoring wells could be installed at the edges of farmskibatder the rivers. Walkcreened no
more than 5m below the water tabtg multilevel wells with several sampling depthwuld best
reveal changes in groundwater nitrate with resfmertcent and relevant changes in land use and crop
managementideally, potato farms, as well as sod and soy should be considered.
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