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Abstract

Fertilizer application and manure use practice in agriculture has become one of the most
common sources of dissolvadrogen species to both ground and surface waters. Nitrogen,
released as nitrate (NQ) ammonium (NH') and/or organic nitrogen (DON) is subject to a
variety of transformation and attenuation processes in groundwater, including sorption,
nitrification, denitrification, dissimilatory nitrate reduction to ammonium (DNRA),
ammonification and anaerobic ammonium oxidation (anammox). Of these, only denitrification
and anammox represent complete attenuation of nitrogen, releasing nitrogep) gah{i
studyexamines the occurrence and mechanisms of nitrogen attenuation in groundwater affected
by a manure lagoon. Lagoon effluenin strong contrasio background water with elevated
chemical constituents including NHmean = 121 mg N/L) and DON (218 mgL)l/which are
transported through a fast moving groundwater flow sysféne NH;" rich plume interacts with
NOjs rich background water at an interface ~3 m below ground surf@ser 100 m of
groundwater transpoftom the sourcgtotal nitrogen (TN) was consistentigduced by 90%
over two years of study. This reduction can be largely attributed to dilution (~ 80%), but the
remaining 10% reflects a component of nitrogen loss due to attenuafilecting 32mg N/L in
attenuatio and a TN degradation rate of 0.4 mg/L/ddycalized zones of nitrification and
denitrification are evidenddy loss of NQ accompanied by elevated® emissions.

Anammox i s implicated ™ withhcoordmdg deeasds irebdDi ¢ h me n't
and NH;" atthe plumebackground interfacand through corroborating microbiological study
Ammonification of DON along the flow path, something not observed in similar stuglies

conjecturedo have a confounding effect on a detailed isotopic tny&$on by introducing a

secondsource of NFit hat i s ANeNHi et ed in U
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1.0Introduction
1.1 Agricultural Nitrogen

Over the last three decades annual poultry production in Ontario has nearly doubled
from almost106 000 to 203 000 individuals (Sistics Caradg 2007). The amount of poultry
wastehasthusincreased and @preferredsource forfertilizer usedue toits high nitrogen
content of 45% (Amanullah et al 2010). Increases imnthropogeniaitrogenloadinghas led to
increadng nitrogenconcentrationgn ground and surface watesich asthreefold increase in
nitrate (NQ) in the lower Mississippi Rivesverthe lasthirty years(Goolsby et al 2001)

Such observations have bgaomptingpolicy makergo look at waysof controlling fertilizer
application rates (Kaiser et 22010;de Vries et. a).2003;Mallin andCahoon 2003;Goss et.
al., 2001). Nitrate, and its reduced form nitrite (NOhave beemassociated with
methaemoglobinaemia in infants (Health Cand®82) and as a resu#tdrinking water
guideline of10 mg/L NGQ-N (Ontario MOE 2003)has been developeddmmonium(NH4") in
groundvater has receiveldss attention as a contaminaetausédevelsnormallyfound in
drinking wate suppliesare not considered a cause for human health concern (Health Canada
1987) However, elevated NH in drinking water suppliesan decrease the efficiency of
disinfection systems by interfering with chlorieffectivenesss well as adversely affecting
aesthetidactors, such as the taste and odaticoncentrations above 0.2 mg/L (World Health
Organizdion, 2003). In surface water environments WHs assumed to volatilize as ammonia
gas (NHR), to nitrify to NO;3" in the presence of oxygem to be taken up by aquatic plani&/hen
NH," volatilization does not reach completjatissolvedun-ionizedammonia (NHq) can

contribute to fish mortality and other adverse ecosystem effects abluventrations (Buss et



al., 2004 . As such, the province of Ontario recommends a maximum concentration of 20 ug/L

urrionized ammonia in surface watdos the protection of aquatic lif@€CCME, 1998).

Upon release into the environment, Nidan be biologically converted to N@r NO,
throughnitrification (Eq.1.1). Subsequently, e way in which reactive NfOcan be eliminated
from the environmeris by denitrification which ultimately yields only dinitrogen gas)(Bls a
product(Eqg. 1.2). However, denitrificationis known to produce nitrous and nitric oxides@QN
and NQ as ntermediate byproducts (Eg3)whi ch ar e greenhouse gases
the reaction pathway into the environment (Pérez £2@06). In groundwater environments,
the overall elimination of nitrogen has baanst frequenthattributed to a combination of
nitrification, which oxidizes any NH;" presen{Eq. 1.1)and denitrificationwhich sequentially

reduces N@ to N, in anaerobic conditiondayne 1976;Korom, 1992;Zumft, 1997) Eq. 1.3).

NHs" + 20,A H,0 + 2H + NO3’ (1.1)
2NOs + 106 + 12H A N, + 6H,0 (1.2)
NOs A NO; A NOA N,OA N, (1.3)

Key intermediates bothnitrification and denitrificatiomeactionsnclude
hydroxylamine (NHOH), N,O and NQ  (Buss et a| 2004). FronEg. 1.1, any NH;" that has
been eliminated is merely transformed tof\®ut once conditions become anaerabithe
subsurfacedenitrification can take oversinga variety ofpossibleelectron donors including
organic carbonTrudell et al, 1986;Lu et al, 2009 Robertson et 3l2008) reducedsulphur
(Postma et al 1991; Aravena angobertson1998 Torrento et al 2010 and reducedforms of

dissolved metalson (F€") andmanganeséMn?") (Straub et a] 1996;Saunders et al11997;



Penny et al 2003. Incomplete denitrification can allothe rekase of any of the intermediate

products shown ikq. 1.3, whichcaneachhave their own environmenteffects

An alternative to the nitrification/denitrification pathway for elimination of nitrogen from
a groundwater system amaerobic ammonium oxidatioaammo¥. Bacteria responsible for
this reaction have been showmbeactive in groundwater systenfMooreetal., 2010;
Robertson et al2010 while geochemical and isotopic eviderttave also indicatettheir
activity in industrially impacted groundwatéClark et al, 2008). Concurrent wittthis study,
two of the fourknown genera chnammoxbacteria haveeenpositivelyidentified on siteand
compriseup to 5%of thetotal bacterial community ahe current study sit@orra site Moore et
al., 2010). In its most basic form, anammox is the reaction betweghaid NQ with N, as

the reaction produ¢hamdrupandDalsgaard2002)(Eq. 1.4)
NHs + NO, A Ny + 2H,0 14

Alternatively the reaction is expressed by embedding the reduction HINRO," as part othe

reaction (Mulder et. gl1995)(Eq.1.5)
3NO; + 5NH;" A 4N, + 9H,O + 2H" (15)

Althoughnitrification, denitrification and anammare normallyconsiderediie major pathways
of nitrogen transformatioim most aquatic environmentdO;” canalsobereduced to Ni in
environments that havew NOs™ and high dissolvedrganic carbon (DOC) This is referred to
asdissimilatory nitrate reduction to ammonium (DNR2q. 1.6) (Smith et al., 1991Kelso et

al., 1997;Silver et al, 2001).

NOs; + DOCA NO; A NH,* (1.6)



Additional NH;" can alsde produced in organic rich environments through the process of
ammonification, whereby dissolved organic nitrogen (DOMiiseralizednto biologically
available NH" (Eq.1.7);, a processhat isinfluenced by pH, temperatyrdissolved oxygeand

moisture content (Nah2003).
OrgN A NH;' (1.7)

Thislessconsideredeaction has been largelystodied in groundwatemNormally,

ammonification ignot considered significant in groundwattudiesbecauselissolved organic
matter (DOM) values anasuallylow in groundwater systenfeg. <2.5mg/L, Smith et al.,

1991 <8 mg/L, Aravena and Robertson, 19981 mg/L, Loveless an®@ldham 2010,

although isotopic evidence has suggesi@tiammorification mayplay a role in agifer nitrogen
conversionsvhere DON ishigh (Karr et al, 2001). Ammonification is often implicated as an
important process in constructed wetlands, occurring in both oxygenated and anaerobic zones
(Lee et. al, 2009), wdre the processccurs in a wide range of pH, temperature and substrate
conditions (Vymazal, 2002)The discovery of nitrogen reactioimsgroundwatesuch as DNRA,
and more recentlghemolithotrophic denitrification and anammox has created a nitrogen cycle
that is beconmg increasingly complexFig. 1 shows aconceptual vievof the range ohitrogen

cycle reaction pathwaybat are possible within a groundwater environment.

Denitrificationhas previously beetonsidered the dominargactivenitrogen attenuation
processn groundwater and surface water environmgaiteoughthis notion is changing
(Burgin andHamilton, 2007;de Vries et aJ.2003). In marine (Thamdrup andalsgaard2002;
Jensen edl., 2008 Kuenen et al., 2008sediment (Rysgaard et,2004) andaqueous systems

(Hamersley et al 2009;Schubert et al2008), the anammox reaction has been found to



dominate over denitrification isome environmentsThe prokem remains however, that

specific conditionsvhich drive anammox rather than denitrificatem@poorly understood
DissolvedO, (DO), substrate concentrations (WHNOs, NO,), DOC and environmental
conditions (pH, Eand temperaturgyre all expected to have significant impacts on the potential
reactiors that dominate In groundwater systems, anammox teentlybeen investigated as a
potentialreactive mechanism (Bohlke et.,&006;Clark et. al, 2008 Robertson et al2010Q

and anammokacteria have begyositivelyidentifiedin groundwater at several sites in Ontario

(Mooreet al, 2010)

In addition to biological reactionghe nitrogen cycle is influenced byiatic factors such
as sorption (in groundwater) and volatilizatiom gurface water andlear the unsaturated z)n
The effects of cation exchange are most often summarized in tethesetardatiorfactor (R)
of a chemical component. This parameter is simply the ratio of the groundwater velocity of a

given dissolved species to the velocity of a conservaticerti&g. 1.8).

— (1.8)

Cation exchange an@tion caninfluence the movement of cationscluding NH;*, through
solution NH,4" hasa similar affinity to that opotassiumK™) for cation exchange sit¢R =1-4
DanceandReardon1983;Ceazan et gl1989 DeSimone et al1997 NufiezDelgadoet al,

1997 Bohlke et al, 2006. The sorption of these ions is most often accompanied by the
displacenent ofexistingsodium (N4), calcium (C&") and magnesium (Mg) ions on exchange
sites(DanceandReardon 1983;Bjerg andChristensen1993) Sorption is considered a
significant process particularly in clay dominated sediments, with sand and gravel dominated

aquifershaving a much lower cation exchange capaeilihough sorption can still play an



important role at such sité@ance andReardon1983 Ceazan et al11989. Conversion of Nif'

to NHs and then volatile loss to the atmosphsrpossible near the watebta, butthis reaction

is controlled bythe NH," pK, of 9.25 (Lide andHaynes 2010) anchus may become more
important only in high pH environment#lso, because this reactionieslon the interface
betweerthesaturated and unsaturated zone, nitrificati@y be thenore likelyreaction
pathwayfor NH;" loss(Christensen et 2l2001). Rarely, either NA or NO; canform
complexes with other ions including dissolved metals or anions, but the solubility <yt
of these compounds less tharthe dissolved species (LigmdHaynes 201Q)thus these
compounds are less mobile in groundwater systeotsdo not commonly occur in groundwater

environments.

In differentiating biological reactions from abiotieactions, or from one another,
environmental isotope techniques are often employed. Nitrogen exists most commonly as two
isotopes*N (most abundapand™N (0.366% abundant in air). The ways in which the ratio of
5N:N in NH,*, NOs, N,O and DON changes along a flow path is a reflection of the processes
acting upon these constituents. Most commani/**N of a compound is expressed as a
@ e r wdluk éalculated by Eg. 1.9 with the reference abundance ratio coming from

atmospheric Bl(Clark andFritz, 1997)

~

” {\-Y ﬂ (A}
1 0 & FZpmn@am OY (1.9)
o o)



1.2 Manure Composting

Poultry manures typically very high in nutrientsncludingnitrogen(N; 4-5%),
phosphorus (PL%), K* (1%), C&* (5%) and a number of metadsich as zinc (Z11), copper
(CU?") and manganese (M9; all of which stimulateplant growth Brown, 2005 Amanullah et
al., 2010) Compostingdf manureis a common practicas it concentrates nutrients and
minimizes mas (Larney etl., 2006). For effective composting, high nitrogen manure must be
combined with a carbon source to develop a mixture wittpprogriate carbon to nitrogen
(C:N) ratio, besufficiently exposedd O, and kept appropriately moist (Ryk992). The need
to mix manure with a carbon source is especially pronounced in the composting of poultry
manue, which is extremely high in nitrogen compared to other manure sqiiaes) 2003).

A commoncompostingechnique is the use of windrows; a series of long, shallow rows of
manurethat can be easily turned Duringwindrow composting, nitrogen as NHan be readily
lost from the system due to volatilization as f\tbasic pH conditionéSheppadl et al, 2008).
Additionally, partial nitrificationduring compostinganyield an abundance ghseoud,0O,

which is a greenhouse gdBCC, 2007; Hayakawa et .aR009;Avrahami et al 2009).

Windrow compostingequires a significant amount diime for completion.Regular
turning of materials required to maintain air exposure and aerobic condidodgo maintain
adequatenoisturelevels Compost pilesaare normallymaintained foabout six monthor
complete conversioaf the raw manure ta commercially viable produ¢#oon, 1997). A
common strategyothave irrigationwateravailablefor maintainingadequate moisture contaat
to construct a hol diatrihg doggradient@adge ohwimdrotoseolledt| a g o o n
liquid runoff. To minimize impacts on underlying groundwater and downgradient surface water

systems, holding ponds asecommended to be situated over at least 1 m of hydraulically secure

7



soil and 50 m away from any surface water bodigard andJohnson2009. Additionally,
lagoon systems may develbpttom sludge layers, which over time can improve the
effectiveness of existing hydraulic barriers (Meyer gtl®72. Such layers are never entirely
impermeable to prevent leakage to the adjacent groundwatemsysd so, some infiltration

can be expected in most cases.
1.3 Research in NH' Attenuation

Research specifically in the area of NHattenuatiorin groundwateis scattered and far
between Ceazan et gl 1989;Karr et al, 2001;Fernando et 8l2005 Bohlke et al, 2006 Sills,
2006 Loveless an@ldham 2010 while consideration of NI dynamics is oftea secondary
piece to the story of NDmovement and attentian through a systemA detailed study athe
attenuation of alinajor nitrogercomponentsincludingNOz’, NH;" and DON, incorporating
investigation of all possible nitrogen cycle components (includiagtions such aaammox,
DNRA andammonification is lacking in groundwater literature. Instead, typically one or two
component® f t he cycl e ar e exami nedleftumouchedt ai | |,
Research investigating these newer processes hovetneerd open the door for a greater

understandingf the completaitrogencycle in groundwater

Manure lagoon efflues have been éhfocus of a number of studies, althodigW of
these studiefocus on the complet&tenuatiorcycle of nitrogen from the sourceexisting
focussed studigacludeinvestigaing the behaviour of lagoon seepage to the water table
(McNab etal., 2007) determining typicali*°N-NH," values for manure lagoons across the
United StategMariappanret al, 2010, researchinghe geochemical effects of lagoon spills on

surface waters (Mallin et.all991)andstudying the behaviour of NOas a component of lagoon



plumes (Karr et al2001) Sills (2006 field based) and Fernando et(@O005 laboratory based)
bothinvestigatedhe fate of NH" in groundwateaffected by a manure lagod®oth studies
identified sorption{ b a s e*N-Nbl4i trefids and equilibration experiments in the field and
laboratory respectivelyds the main mode &fH;" attenuation, but did not go into detail about
the ultimate fate of nitrogen as a wholehe sytem described by Sills (2006) svananaerobic
(DO < 1mg/L) NH4" dominated systemwith little to noNOs or DON. NH,"-N up t03700

mg/L occurredn the sourcenanure lagoonandrangedfrom 300-1500 mg/L in proximal
groundwater along the plume. The majority of theseentrations decreased to /L

where clay layers were present in the geological system,-N€oncentrations were typically <
1.0 mg/L throughout the system and absent in the plume core zone coincident witHIsital
Kjeldahl nitrogen TKN) analysis from the Sills study identified NHas the primary nitrogen
component, with DON concentratioassumed to beithin the range o&nalyticalerror
(unspecified) Sorption was determined to be the main mode of attenuatiodiiitkNH "
ranging fom5.7-1 2 . 2vargingslightly amongst well@ndshowing slight depletion frora
meanofl2a to 6a along the centre | iyfNé&omahoveaccor da

2500 mg/L to less than 10 mg/L

Mariappan et a2010) performed a survey of surfici#tN-NH," values at 13 lagoons
throughout the state of Nebraska, citing a range 66290. 1 a . variability enghasizes the
need to considehesource charactesics when assessisgbsurface nitrogen evolutio.he
study notes tht asagoons maturenighert™N-NH," values areneasuredThe hithest U
NH," values were attributed to the effect of )NHN volatilization, which leaves BN/*N
enriched pool of N in open lagoons. This volatilization effect was minimized in lagoons that

were frequently fed new wastewater.



Fernando et al. (2005) explareation exchange characteristics of a swine manure slurry
(NH4"-N = 475 mg/L) through a siltyandioam in the laboratoryCompared to an ammonium
sulphate control, higher sorption effects were observed for the slurry solution. The study
postulaésthat the higfDOC (1232 mg/L)in the slurry increaseithe affinity for NH;" sorption,

althoughthe potatial for desorption of ationsover timeremaired

Karr et al (2002) also investigatesimanure lagoon source, focussing on usiriy-
NOj as a fingerprinting tool for NQin groundwater Other aspects of the source lagoon were
not investigatedh detail A lagoon concentration of 742 mg/L NHN with a corresponding
U™N-NH," of 15.0& wasreported, whiclwas consistenwith the general range 6IN-NO3
(13.0- 16.0a ) along the groundwater pluméagoonDON was reported &30 mgN/L, while
concentrations dropped to below 2 meglsewhereavithin themonitoring networkwvhereas

NH,"-N values ranged from-21 mg/Lin the same areas

NH," attenuation in generhlas beemmddressed in some othgnoundwatesettings The
majority of groundwater studies examining NHattenuation deal with concentrations on lthe
mg/L toeg/L scale, which makes it difficult to compamth manure lagoontadies Typically,
NH," attenuation in groundwater has been attributembtgpled nitrification/denitrification and
sorption althoughrecent researdhasconsideedanammox as a viable attenuatjgathway
(Busset al, 2002 Bohlke et al, 2006. Studies by Bhlke et al (2006)andLoveless and
Oldman(2010)examinedanaerobic aquifer systenfa wastewater plume and coastal aquifer
respectively) where NA-N and NQ-N coexistedvith maximum concentrations &f4 mg/L
and 0.2 mg/lrespectively.Observations at the 1 mg/L scale can be difficutdmpareo those
in gudies bySills (2006) and Fernando et 2005)where NH'-N concentrationare often

above400 mg/L.

10



Bohlke et al (2006)useal theisotopiccompositionof nitrogen species and spatial trends
to concludehatanammoxwas of minimal significance in NA attenuatiorat a septic field site.
Instead NH" was attenuateldy nitrification in the shallow zonand sorptiorin thewaste water
plume core Samplesanalyzedrom the plume coreanged froml0.0-13. 0 #or U*°N-NH,4"

(with NH4"-N concentrations ranginfgom 30-700 £g/L), while subsantial isotopicenrichment
(U™N-NHs; u p t o )v@asobserded exclusivelglongthe upper fringe othe plume where
nitrification wasoccurring. A study of ndustrially affecéd groundwateexaminedby Clark et

al. (2008 usal isotopiccomposition and enrichmeatf *>Niin NO; and NH;* to suggesthat
anammoxvasoccurring With NH;"-N (500-700 mg/L) atonesour@ zoneable tointeract with
NO3-N (150300 mdL) from a second sourcesotopic ©ianges provided evidence famammox
inclusive attenuation along the flow patli®N-NOs values ranged widely from 1204 . 0 &,
while i"N-NH," ranged from 5.2 0 . Ocha&gng within the source and along the plume flow

path. In this case, changediiiN-NOs andi*>N-NH," could not be explained by a combination

of nitrification/denitrification, suggesting anammox as an attenuation alternative.

Most recently, a study at a septic pl@ site by Robertson et §2010 revealed
anammoxo be an importardttenuation mechanisim a zone where botH;"-N and NQ'-N
were presertbgether koth>5 mg/L). Reduction irmeanNH,-N concentratiorvalues from48
to 8 mg/L wa accompanied by enrichmentd?N-NH," in theproximalzoneof7 . 8 ant o a
aver age imthe digtd zomedhis changewas alscsupported by positive identification
of anammoxperforming organisms suggest reduction due to anammox activifptal

nitrogenremoval by anammox at the sitesvastimated at-2 mgN/L perday.

11



1.4 Field Site

Thefield site of interest in thistudyis a poultry manure composting operationated in
Zorra Townshign southwestern OntarioTl he site has shallowunconfinedaquifer system
comprised of glaciofuvial outwasionsising of everything from fine silts/clays to very coarse
gravel(Robertson an&chiff, 2008) Downgradient of the manure composting windrows is a
runoff control lagoonrfanure lagoon approximatel\20 m x 50 m in surface area avatying
from about 1 to 2 nn depth. Th e 0 s h af theslagoorvariés by tens of metres over a
seasonhence itsurfacearea is also seasonally variablBhe lagoorwas constructed with a low
permeabilityclay birm at its downgradient end prevent surface runoff. The lagooater level
can varyseasonallypy more than a metreTlhe facility acceptpoultry manure froma number of
farms and is consideredralativelylarge scaleompostingoperation. The geochemistryf the
lagoonwateris seasonallyariable butconsistentlyhas elevate8iH,", DOC, DON chloride
(CIN, Na', K" andelectrical conductivity (EC)The Thames River is located200m
downgradient from the lagooA secondcompost yard is locateeB00 mwest of thdagoon
while active sand and graveits are within 50 m of the lagoorPreviousvork at this sitehas
includedthetesting ofpermeable reactive barrsgiPRBs) to promote denitrificationf
groundwater N@ (McLean, 2007Robertson et al2007) and investigain ofthe fate of
groundwate nitrogenin an adjacentiparian zone (Robertson ar&thiff, 2008). A regional
shallow unconfined aquifer is present thateavily influenced by agriculture (mostly corn
production) and¢donsequentlybackgroundyroundwater iglevated in N@ (Robertson and
Schiff, 2008) The monitomg networkat the sitgFig. 2 3) was designed to incorporadeseries

of five monitoring welltransectextending downgradient from the lagomansverse to
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groundwater flowfrom which a plume centre line waentifiedfor more detailed sampling

focus
1.5 Research Objectives

Themainobjectiveof thecurrentstudywas to investigate thiate and possible
attenuation ofhe elevatecdhitrogenconcentrationsissociated with themanureagoon. Nitrogen
in thelagoon occurs primarily as NHand organic nitrogerbut nitrification could occur irthe
1-2 m thick oxygenated/adose zone underlying the lagoon. Also, groundwater under the
adjacent fields is N@rich (Robertson and Schjf2008). Thus the possilii} exists that both
NH," and NQ may coexist in the plume water at this sitédisTthen opens the possibility that
anammoxmay also ben importantcomponent of nitrogen attenuatjon addition to
denitrification at thissite. The studyapproach wsito use geochemicahd isotopidracersto
identify nitrogenderived fromthe manure lagooand to infer if nitrogen attenuation reactions

were active
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2.0 Methods

2.1 Field Methods

2.1.1Monitoring Well Installation

Multi-level monitoring wellsvereconstructed using.2 cmdiametePVC pipe for the
centre pipavith additional3 mmdiametermpolyethylene tubsscreened with Nitex scree
variable depthscpnstruction detailsy Appendix A Table A1). These vere insalledfirst in
August 2008using a hand auger and thewrbsequently, using removable steel cadimgen into
the groundusing a percussiieammer Wells were backfilled using clean sand from the nearby
sand pit. After August 2008monitoring wells were installed using a Geoprdbect push
remote controlled drill rig Using this method, some wells (PU1#3)106,and PU122125)
were installed to depths between 7.5 and 9 m. During the drilling process, continuous soil cores
were extracted for microbiological sampling and geaalgcharacterization. Prior tse as
groundwater samplingoints sampling ports were purgeging a peristaltic pump fd5

minutes

2.1.2 Aquifer Characterization

Water level measuremen{fsom the top of the PVC pipe, 1.0 cm) were routinely
measured throughout the monitoring network using Solinst Water Level Meter tapes (Solinst
Georgetown, ON) Borehole logs were constructed based on continuous core samples retrieved
from ground surface to up to 9.0 m depfippendixB; Fig. B-2-B-7). Samplesvere taken at ~
0.5 mdepth intervalgor grain size analysis. The sediments were shaken through a series of

sieves 0.075 4.0 mm using a Meinzer ii Sieve Shaker (CSC Scientific, Fairfax VA), for 15
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minutes per sample. Estingdthydraulic conductivity (K) values were calculated according to

the Hazen methodH@zen 1911, Eq2.1).

0 0Q (2.1)

WhereC = 1.0 (for input units of mm and output of cm/s) akhglis the grain size diameter for
which 90% of the sediments are coarser; determined graphiaaibendix B Table B1, Fig.

B-1).

A pumping test was conducted at PUl9©Dctober 200§screened- 7.5 9.0 mbelow
ground surfaceat a pumping rate df10 L/min. Pumping testesponse&lata for PU104 and

proximal wellsis available in Appendix BTable B2.
2.1.3Groundwater Sampling

Field samples were collected using peristaltic pufrgoe multi-level piezometersPrior
to samplingmonitoring poins werepurged for 35 minutes Samples for cation and anion
(including DOC,DON andTN) analysis wer@achcollected in a 30 mL Nalgene bottle filtered
usi ng a -line fikes prierto atinaspheric exposyre@henpossible.Some o6 di rt y o
samples were filtereith the laboratory using either a syringe tip or a vacuum filter apparatus.
Cations were preserved to a pH of 2 using concentrated nitric acidzjiHM@le anionsamples
were filtered but not preserved. A third 30 mL Nalgbo#lewas used to collect amfiltered
sample for NH" analysis whichwas preserved to pH of2using sulphuric acid #$O).
Samples for BO analysis were collected in duplicate in 60 mL (ipefoand 160 mL
(concentration) Wheaton serum bottles. These bottles were filled completely, with no headspace
and sealed with a serum stopper (Vaccutainer braitd)an injectechypodermic needle to

allow any overflow to escape. These bottles were skated around the cap with electrical tape
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and injected with 2 or 4 mL (for 60mL and 160 mL size bottles respectively) of mercuric
chloride (HgC}) to preserve the sample. Additionally, samplesTar**N of NH," isotopic

analysis were collected identilyato NH," samples (in 3A.25 mL Nalgene bottles, unfiltered

and preserved with 4$0;). Samples for®N/**N of NOs” were collected iiarge volume (500

mL 1T 1L) Nalgene bottles and typically filtered in the laboratory using a vacuum flask apparatus.
All samples collected were stongemptlyin a large cooler filled with ice fdransportack to

the University of WaterlooSamples thatverenot immediately analyzed were frozéaring

storage.
2.14NOg3, NH,", DO

Semiquantitativefield measurements of NQ NH," and DO were determined
(approxi mat el y) odmnetricanalySiskEsHrefilled Eeageriampouls were
submerged within a sample of groundwatedthe glasstip was broken, introducing and

containing sample within the ampoule by vacuum.
2.15EC, DO, E,, pH

Field measurements weperiodicallyperformed for the electrical conductivity (EC),
dissolved oxygen (DO), reduction potentiah)(Bnd pHof groundwater EC (¢S/cm) and
temperature®C) were measured in the field using a calibrated Oakton Acorn CON 6
Conductivity/°C meter (Oakton Instruments, Vernon,.llA Barnant 2(randdigital pH meter
(Barnant, Barrington, IL) was used to determmsitu pH and k of groundwater after being
calibrated to buffers of pH 4, 7 and &8dchecking against Zobelb solution DO was

measured using an HQ20d Dissolved Oxygen meter (Hach Company, LovelanghiCloalso
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gave corroborating measurements of EC and temperasing interchangeable prolmsthe

same meter
2.2 Laboratory Methods
2.2.1 Cations

Major cation(Al**, C&*, F&€*, K*, Mg?*, Na") concentrations were determined by
inductively coupled plasmatomic emission spectroscopy using a Hodbhin YvonUItima 2
ICP (Horiba Jobin Yvon) with a detection limit of 0.00%1 mg/L at the National Water
Research Institute, Environment Canada, Burlington S&mple concentrations were calibrated
against multion standards that were included within each rusamfiples.When necessary,
samples were diluted with MilQ water to bring their concentration within the working range of
the standards.

NH;" concentrations were determined colorimetrically usigekman D600 UWis
Spectrophotometg¢Beckman Coulter @nada, Mississauga, ONJ50-660 nm) after reaction
with Indophenol Blue indicator solution at the Environmental Geochemistry Labo(&iGty),
University of Waterloo. Samples were routinely diluted on a 1:100 or 1:20 basis as determine
by the colour osample ipdicative oforganic andNH,4" concentration) to prevent interference
with colorimetry and keep sample concentrations with@rangeof standards

2.22 Anions

NO3-N analyss wereperformed at the Soil and Nutrient Laborat{®nL), University
of Guelph,Guelph, ON according to the USEPA method 353.2 for inorganic substances
(USEPA 1993). Nitrate is reduced by copperized cadmium to nitrite, which reacts with

sulphanilamide to form a diazonium compound which, in dilute phosphodcaaples with N
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(1-naphthyl}ethylenediamine dihydrochloride to form a reddmhple azo dye. This is
measured spectrophotometrically at 520 nm, using a Seal AQ2 (Seal Analytical) witlcteodet
limit of 0.1 mg/L(Barr, 2010) Foruncolouredsamplesontaininglower DOC contentNO;-N
concentrabns were determindaly ion chromatographat theEGL at the University of Waterloo

usinga Dionex ICS90 (Dionex, Sunnyvale, CAyhich provided aletectionlimit of 0.5 mg/L

Other anions (CI SQ7, Br, PQ>, F), were also analyzed by ion chromatography in the
EGL at the University of Waterloo, with a detection limit<o®.5 mg/L. DOC was measured
using a Dohrman D@90 total carbon analyzer (Dohrman, Santa Clara, CA) also BEGhe
For anion analyse dilutions wereundertakerfor highly coloured ana¢oncentrated samples.

Standards were included it analyses
2.23 N,O

N20 analyses were performatthe EGL using a headspace equilibrium technique and a
gas chromatograph. Thuss (2008) describisstechnique as follows: headspace is created to
produce positive pressure inside bottles by injecting 10ml of He into the samples while removing
5mL of samples, then sample bottles were shaken for about 90 minutes until diss@lved N
reaches equilibriunwith headspace. The, concentrations were then determined with an
Electron Capture Detector (ECD) on a Varian CP 3800 greenhouse gas analyzer (Varian Canada,
Inc.). DissolvedNO concentrations were then calcul ated

provided a detection limiof 0.2e g / L
2.24 Total Nitrogen, TKN, NOy

NO,-N analyses were performed at ®EL according to the USEPA method 354.1.
Nitrite ionsin solutionreact with sulphanilamide to form a diazonium compound which, at the
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acidic pH ofan acetate buffer, couples with(lnaphthyl}ethylenediamine dihydrochloride to
form a reddiskpurple azo dye. The absorbance of this complex is measured
spectrophotometrically at 520nmsing a Seal AQ2 (Seal Analytical) with a detection limit of 0.1

mg/L (Barr, 2010).

Yotal Kjeldahl Nitrogen TKN) analysis at th&NL follows a modified Kjeldahl
digestion (Thomas et al., 1967), with the concentrations of nitrogen measured by Technicon
Auto Analyzer. DON was calculated from TKN as the difference betwéeN and NH*-N.
TN was determined at the EGL using a Dohrmann Apollo Carbon Anlyzer with TN Module
(Dohrman, Santa Clara, GAlIn this case, DON was calculated as the difference between TN

and (NH"™-N + NOyN).
2.2.5i*0-H,0

The measurement 610/*°0 of H,O was carried out by a G@quilibration method
described in Heemskerk (1993). The procedure follows the method outlined in FritA886)
with the aqueous sample shaken for a minimum of 3 hours to degas and equilibrate with injected
CO,. Upon equilibration, the gaseous sample is run through a Fisons Instrument Is&Zarom
mass spectrometer (GV Instruments, ®OMp@dchester
values (permil difference) referenced tehhaStandardVeanOceanWater (VSMON), within

an analytical error of 0. 2a.
2.2.6U0"°N-NO3

1>N/*N ratios ofNOs were evaluated at tHeGL. The method of preparation is similar
to that described in Silva et §000). The method is appropriate for samples low in organic
matter and concentrations down to 1 mg/LNR. For preparation, samples are filtered
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(0.4%m) using a vacuum flask setup if not field filtered. ;5@ removed from solutionsing
bariumchloride (BaC}) as a reagerib precipitate out S§ asbarium sulphate (BaS{) since

SO, can interfere with the isolation of NOSamples are eluted through a reactive resin column

(Bio Rad AG 1X8) to isolate N@ within the column. N@ is removedrom the column by

reaction with aliquots of a 3M hydrochloric acid (HCI) solution. The resultant mixture is dosed

with reactive silver oxide (AgD) to yield a solution of silver nitrate (AN This is then

freeze dried and combusted at E®BL using a Carlo Erba 1108 CNOS Elemental Analyzer

coupled to a Fisons Instrument Isochr&f mass spectrometer (GV Instruments, Manchester,

UK) . | sotopi c r es ufN-NO; anitsgperemil giffererse) eldtiveats s t a n

the reference staiards of atmosphericNor *°N/*N.
2.2.70"°N-NH,*

Preparation for determination BN/**N of NH," was performed at tHeGL according to
the methods in Spoelstra et @006). This is a modified version of the standard ammonium
diffusion technique fot°N/**N determination (Sgrensen adehsen1991;Holmes et a| 1998;
Sebilo et al 2004). Unfiltered, preserved samples with concentrations as low as 0.6 mgd. NH
N are prepared, in duplicate, with a solution of 4M potassium chloride (KCI) so that the total
volume in a 50 mL Wheaton serum bottle is 20 mL and the mass gfNontained in the
bottle is at | east 20 ug. S ggamacidiftece(lOwl. di f f us
0.2M H,SQy) quartz filter disk (Whatman 4.7cm QMA filters, bakatdb50°C) in a section of
polytetrafluor@ t hy | e ne ( PlrTaFpEykbich ahopsegas( buthot wateliffusion
across the membrane. After the additionofamiagne st i r bar (Fi sherbran
containing the nitrogen and KCI mixture is made basic (as indicated by the addition of a

phenolpththalein indicator) by the addition of 0.2M sodium hydroflitsOH) and buffered ta
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pH of ~ 9.3 by the additiolf 2 mL of a sodium tetraborate (M&aOy) solution, at which time

the PTFE traps are added to the solution and bottles are capped with 20 mm butyl blue septum
stoppers (Belco Glass Co.). Bottles are left to stir (using a magnetic stir plate) for ammiofimu

10 days, during which time the dissolved Nidrogressively volatilizes to gaseous NH the

bottle headspace and then precipitates omad¢rdfiedfilter disk as ammonium sulphate
((NH4).S04). At the conclusion of the diffusion period, PTFE taesremoved and the filter

disks placed in vials (Fisherbrand 1 dr.) that are frozen, then freeze dried. The disks are then
combusted and the vapour produced is analyzed on a Vari@8@PGas Chromatograph at the
EGL. Isotopic results are expressedties t a n d°N-KH" units (per mil difference) relative

to the reference standards of atmosphegitoh™N/*N.
2.2.8Ammonification Experiments

Two sets of laboratory experiments were performed to determine the potential for
ammonificationof groundwatesampleswith significant organic content along the plume core
zone The first was set up with 3 samples in parallel using groundwatemiedisiPU125,
PU121 and PU92. Four 160 mL diffusion bottles with 120 mL of eesbectivesample
(twelve bottles total) were set to stir on a stir plate each with a magnetic stir bar, closed off to the
atmosphere. In this instance, samples were exposed to whatever amount ofremajeadn
the bottle headspagckutwerenot exposedo the atmosphere afterwardBottleswerethen

sampleddestructivelyat 0, 5 and 12 days and analyzed for,NBIO; and TN.

The second experiment was condugted strictlyanaerobienvironmenin four 1L
Pyrex jars. In this scenario, 300 mL efigment, taken from cores ne@ell PU92, was placed

in each jar and 700 mL of groundwater from oneaxdhof wells PU122, PU95, PU92 and
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PU115 was added to each jar respectively. Jars were capped with a septum to allow for periodic
sampling weredegassd with heliumwhile cappedthen set to shake. Samples forJUHNOs
and TNanalysesvere taken 1, 2, 3, 4, 5 and 11 days from each jar, with helium gas replacing the

removedsample volume to maintain anaerobanditions
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3.0Results

3.1 Aquifer Description

Theshallowaquiferis assumed to beydrologicallyconnected to the overlying manure
lagoonto some extent sindgere is no evidence of a confining layer between the e
geology at the site isleeterogeneous mif glaciofluvial outwash consisig of gravel and sand
layers withthin discontinuous layers of clay asdt present als¢Fig. 4, Appendix B; Fig.B2-
B-7). The stratigraphin agravel pit,located just north of the lagogshows thisvariability as
well as general subsite heterogeneityGeneralized geology along thimecentre line, based
on fourcontinuously corethoreholes is shown iRig. 4. These holes show cose grained sands
and graved with increasing particle size at deffffig. 5). Proximalto the lagoon, a layer of silt
existsat middepths(~2-4 m below ground surface) and alsday birmis installedat the edge
of the lagoon.The predominance germeabldeterogeneougravelbelow 68 mdepthallows
the possibility for veryast groulwatervelocities Shallower depths are dominated by
comparativeljnomogeneous mediucoarse grained sanaith silt (~ 3 m below surface at
PU122, 123) preseproximalto the lagoon Off centrdine boreholegPU103, 106)also show
gravelly sands predainanty, with sporadic observations of silt and cltymid deptk

(Appendix B Fig.B-2, B-3).

3.2 Groundwater Flow System

The water table at the Zorra site fluctuateasonallyoy ~1 m(Fig. 6) The relative
elevation of the water table rangeetween 7.6 and 9.0 m over the two years of study.
Generally,a~10 cm dropoccursin the water table levaver ~60 ndistanceg(Fig. 6) from

transect B to E givingn averag@orizontalgradient of 0.002t 3 m deptlfranging between
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0.0017 and 0.0025 seasonallyjlighly variablewater table measurements along transect A
made it difficult to determine théydraulicgradient along the entire plume corEhe level of the
lagoon itself changed kbyore than 1 m annually (Fig.,6inplying a change in vertical gradient
to the water table throughout ttveo yearsof monitoring A strong vertical gradienh
geochemistrypetween the bottom of the lagoon and ~7.5 m depth is observedptaaithe
lagoon(Fig. 10, 14for exampleputis na seen downgradient of the lagoon where the plume
coreis restricted to a maximum of approximat8lyn depth. This plume shape is largely due to
a density driven gradient near the lagoon. Lagoon waterdensethan pristine watelin the

range of 1.00-1.015 g/cnt.

Hydraulic conductivitiegK) weredeterminedrom apumping test anffom grain size
analyses.Hydraulic conductivity estimates are summarized in Tapldong withestimates of
groundwater velocity Threerelativelydistinctgeological units along the centre line cross
section were determined with increasing hydraulic conductivity at démh5). The $allowest
component of thaquifer(~0-4 m below surfacejonsisted of sand with some siltith K values
ranging from 0.001 (in the clay lens near the lagg to 0.04 cm/s. At mid dep{A-6 m), the
sandy aquifehasa significantgravelcontent giving a range of Krom 0.06:0.2 cm/s. At depth
> 6 mK values of up to 2.2m/soccur in clearheterogeneougravel. A pumpig test
undertaken af.59 mdepth in well PU104onfirmed this highly permeable materigklding a
K of 10 cm/s In all, K ranges over 5 orders of magnitude, emphasizing the significant
heterogeneity at the sit&Vith theseK rangesand observed hydulic gradientsthe Darcy
equation yields increasirgroundwater velocitiewith depth ranging from 5@000 m/year
(Table 1). The davnward migration of tracer paramet&elow 7.5 m(section 3.4) near to the

lagoon (PU122) confirms downward movemehthe plume below the lagoon, but further along
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the centre line the plume appears to be confined to the shallower zeAerabBlow the water

table. It is possible that some lagoon movement at depth has been missed proximal to the lagoon
since no confiing layer was directly observed at the deepest drilling points (9 m below ground
surface).Because of the extremely high K values present, hydraulic gradiemedaieeclyvery

low, bordering on measurement error. Therefore it is difficult to prptiiote movement

precisely using hydraulic gradients. Rather the plume appears to be responding primarily to
geologic heterogeneity which is considerable at this site. Nonetheless, the general plume

migration direction follows the hydraulic gradient sousind/toward the Thames River (Fig. 6).

Average annual rainfall in the area is nearly 840 mm irstineoundingarea
(Environment Canada, 2011). This precipitation could influence the shallow groundwater plume
by providing a source of uncontaminated, oxyated water along the water table boundary
throughout the year, potentially promoting nitrification and the formation af &lGng this

upper boundary as well as contributing to dilution of the plume.
3.3 Lagoon Geochemistry

Thelagoonhashigh organimitrogencontent(218+ 67 mg/L DON)and high K
concentration$1130 + 250mg/L), characteristic of poultry wastas well as elevated K19+
64 mg/L) EC(5500+1 8 0 0 eaBd/NéjhvN (121+ 98 mg/L) (Table 2, Fig. 7)The
composition othelagoon changes seasonally, shown in FigAl&o, liquid from the lagoon is
recycledby pumpingit back ontahecompost pilesluring periods of low rainfalio maintain a
specific moisture content range. Thiely has aconsiderableffect on the corentration and
isotopic signature of Nl asthiswill cause volatilizatiomf dissolved NH at the lagoomH of

7.58.0(Table2). NH," loss through volatilizatiowill enrich thet™N-NH,"in solution
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signature becausbé process (NFTA NHzaqA NHzg) has a significant
of ~3 0 at 25°C (Kirschenbaum et al., 194Wrey, 1947). The amount ofecharge from the
lagoon totheshallow aquifer systens presumed to be seasonally variable because the water

level in the lagoon, andeimce the lagoon surface area is seasonally variable (Fig. 6).

Fig. 7 and Table 3llustratethe contrast between lagoon and backgragnodndwater
chemistryfor NH;"-N, NOs-N, K*, Na" and ECas indicated fronthe ba&ground well(PU8G
Fig. 3). Input from the lagoon varies strongly through time, b{tNa" and ECaredistinctly
higher in the lagoon compared to backgrouraderson a consistent basi& ™ is up to 1300
mg/L in the lagoortompared to 9 mg/L in the background well. " Maalsomuch lowerin
background water (mean of 6.0 mg/L) compared tdapeon(mean of 219ng/L). All three of
Na’, K" and EC shovsubstantial variability in concentratiofgoughouthe twoyeassthat are
not seasonally consistengflectingchanges in evagation, rainfall dilutioncompositional
variability of the composind frequency of rewatering the compost pikgg. 7 also illustrates
theconsiderableariability int h €N-NH," signature irthe lagoon; ranging from 28.2 to
72. 1a ( me anTable 2dls®shdwstlde ) wide range odivailabletotal nitrogen
concentrations260-520 mg/L) Based on these concentrationgamic nitrogens a
considerable portion of the tbtaitrogen inthelagoon(mean of 60% of total nitrogemable 4.
It is important to keep in mind that with such a variable input function, observations based along

the plume centreline are based on mean values.
3.3.1 Redox Setting
The lagoon represents an anaerobic source thaeiatavelyreducing environmentDO

and NQ" are strongly depleted, with DOG5mg/L and N@ constituting only 1% of the total

26

en



nitrogen in the lagoonn average (Table 4)Dissolved F& is much higher in the lagoon than
what is seen in background water (16 mg/L and below detectianréspectively) suggeshg
reduction of ferric oxyhydroxidesBackground water represents a less reducing environment,
where although DO remains relatively low (approximately-2.5g/L), NG is available

consistently at 10 mg/ihile F&€* is absentri solution
3.4 Plume Indicator Parameters

Due to the seasonal variabiliby thelagoonchemistry (Table), the considerable
heterogeneity of aquifer sediments ahne variabledegree of dilution that occurs withthe
groundwater flow systenaelineation of the pime core zone is not straight forward.
Consequently, auite of plume tracerd”, Na" and EQ has been used tdentify the

groundwater plume influenced by recharge from the lagoon
3.41 Electrical Conductivity

The mean E@alueof the lagoon is 5500t 1800 £S/cm, compared to 6G5/cm in the
background wellgFig. 9). Within the plumecore EC ranges between 1200 to 3&®cm (Fg.
10). The 150G S/cm contouwhich is indicative of the plumeoreis ~70 min width and
extendsearly 80 m downgradient from the sou(Eey. 9) The range of EC along the centre
line of the plumavas similar in Augusand November 2009 (Fig. L eaking at 4806S/cm in
August and 5508S/cm in November. The vertical extent of € plume wasimilar in both

snapshotdyut values 2000 S/cm extendd~ 1.5 mdeepeiin October compared to August.
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3.42CI

PlumeCI valuesrange froma peak in 0690 mg/L near to the lagoon, decreasing to
~200 mg/L 20 m downgradienf the lagoor(Fig. 8). CI average 697 (+ 261) mg/L in the
lagoon butthe concentratiaare much lowemn the plumeas high as 690 mg/L proximal to the
lagoon butwith few locationsexceedindl00 mg/Ldowngradien{Fig. 8). In general, distal
piezometerapproactbackgroundralues 020 mg/L. Similar CI values were observed

October 200Appendix E Fig. E2).
3.43Na"

Fig. 12shows the plan view distribution of N& the summer of 2008 and 2009.
Groundwater concentrations in the plume zoneedrgm 20170 mg/Lcompared to thiagoon
mean value of 22@: 60) mg/L. In thedistal piezometerfr both yearsyertical averages of
Na' decrease to 5 mg/L (Fig. 12) The range of values and distributiaas similar in2008 to

2009, withthe highest corevalues(>100mg/L) presennear the lagoon in both years.

Fig. 13 shows the distribution of Nalongtransects A through,E whi ch are o6f en
transverse to the flow directiorConcentrations decreadewngradient from 3100 mg/L toa
maximum of~50 mg/L atthe distal transed-E 6 PU95and PU92 show unusuallgw Na’
concentrations between twigher nest¢Fig. 13), butthesenest werestill includedascentre

line wells based on N distribution(Fig. 21,22)

Na' distribution along the designated plume centre line in August 2009 and November
2009 (Fig 14 showan elevated corgroximalto the lagoon 0$#100 mg/L TheNa'" plume
extent issimilarin August and November, with tiumecore zone defined where Na30
mg/L.
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34.4K"

Thedistribution ofK™ is generdly similar to that of N& Themeanconcentration of the
lagoon is1150(x 250 mg/L, greatly above thbackgroundnean value 02.6 mg/L(Table 3,
Fig. 7). Centre line plume corealues range from600 mg/Lnear the lagoon to ¥00 mg/Lat
the mostistal location ~100 m downgradieffig. 15). Relative concentrations are similar to

the Nd distribution and K was consistenfrom year to yea(Fig. 15)

Two snapshatof K* along the entre line arshown in Fig 16, showing a similar
relative distribution within the plume core to that of Naith a similarplume core zone

boundarypresenwhereK™ > 100 mg/L.
3.4.5 Plume Extentusing Conservative Parameters

The extent of acontaminant plume is most accurately defined by the distribution of
conservative tracerthat are elevatedompared tobackground water. The most common
candidate is Clhowever, at the Zorra site there is not a significant contrast between the values
in the plume core zone and the groundwater outside the core which shows relatively bfgh ClI
50-100 mg/L (Appendix E, Fig. ). As such, Clis not considered an appropriate tracer for the

manure lagoon plume at this site.

The lagoon waterhas a numbe of distinct parameterscompared to background
groundwate(Table 3. Most contrasting (of nenitrogenous compounds) are the concentrations
of Na", K" and EC. The problem with usig" or ECas tracers is that they asemewhat less
conservativeparaméers K is readily sorbed, and EC is a parameter that depentisedotal
dissolved solidsTDS) contentthat can be influeced in many ways. However, ptan view and
along thecentre linetransectsghese parameters showery similar distributions tathat of Na'
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(Fig. 9, 10,12, 1416). Na'is less strongly affected by sorption (Nicholson et al., 1983; Dance

and Reardon, 1983) and has been used previou
system plumes (Robertset al., 1989 Thesethreeparameterpresent a consistedtistribution

of t he pl unoedia, whichrhas clragddde in shapeover the study periodnd

starkly contragt with backgroundgroundwater. The variation in plume extent comparing 2008

to 2009 (Fig. 12) in plan view is an effect of the more extensive monitoring network that was
installed between the two snapshor the purposes of this study, monitoring poimith Na’

>30 mg/L are consiadedto bein the plume core zone.
3.5 Nitrogen Distribution
35.1NH4

Theconcentration oNH,"-N in thelagoonvariesstrongly over timewith a mearof 121
(+ 98 mg/L). NH,4'-N is also highly variable in the plume (<0-Q07 mg/L), decreasing steadily
downgradient from the lagoon (Fig. Z5-26). In general, high concentrations we@nstrained
to 1-1.5 m below the water tabéxcept for piezometer PU122, where elevated NiHextended
to 7.5 m depth (Fig. 25)The NH;" zone wa widest in theniddletransectB andC), with
proximal and distal transeqt8, D and E)showing a much more constrained distributiBiy.

20-24).

Fig. 34 shows a series of breakthrough curves fofN\Hover two year$or piezometers
along the centtime. NH,"-N decreases overall from a mean of(838) mg/L proximal to the
lagoon to A+3) mg/L at the most distal (101 m away) piezometer downgradient. In between,
concentrations vary more strongly, averagind23) mg/L and 29z 33) mg/L atpiezometers

40 and 60 m from the lagoon respectively. Concentrations remain relatively8mgfr8m the
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lagoon, but are much less variable (28 + 4 mg/L). Variations ifffNHlo not appear to follow

a seasonal trerehd instead likely reflect the vang input of manurgrimarily.
35.3NO0O3

Lagoon NQ'-N values have remained Iof8.0+ 1.0 mg/L) throughout the study period.
Plume value®n the other handre variably higherangng from <0.01 mg/Lto > 100 mg/L in
local areagFigs. 18 20-26). However N@-N is frequently below detection in the plume core
zone whereas the highest values generally occur around the peripherjbktigume
Background values contrast the lack of ;NN in the core zone, averaging 10 + 1 m{Table
3). Breakthrough curves in Fig. 34 show generally lonsNOfor all sampling points with
periodic spikes in concentration that do not reflect seasonal trends. Proximal piezometer PU122
in the core zone shows the lowestNQ (0.3 = 0.3 mg/L), with downgdient values increasing
variably to 11(= 13), 9 (£ 18) and 8(x+ 6) mg/L at 40, 60 and 100 m from the lagoon
respectively. The most distal concentrations are a close reflection of background values, while

the middistance observations show much higher variabilitylying sporadic nitrification
3.53DON

DON averages 218 (x 67) mg/L in the lagoon, while background values are consistently
<1 mg/L (Table 3).The distribution of DON along the centre line trangectAugust 2009s
shavn on Fig. 5. Similarly to NH;*, total DON diminishes rapidlglongthe grounlwaterflow
systemfrom peak values of 75 mg/L near the lagoon to < 10 mg/L at the distal piezometers
consistently in August and November 2009 (Fig. 24, B5yeneral, DON remains above 20
mg/L throughout th@lume core with the exception of a few local poirt& mg/Lbelow 4.0 m

at PU124 & 125at the shallowest monitoring point at PU96 (5 mgérd at the distal
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piezometer PU121 (< 10 mg/LPON is similarly elevated (>75 mg/L) proximal to the lagoon,
but quickly decreases to ~20mg/L throughout the rest of the core zone (Fig. 26). Throughout the

plume core zone, DON contributes on average ~40% to total nitrogen (Table 4).
3.54 NG,

Groundwater N@-N concentrations rangdrom 0.11.5 mg/Lduringsampling onJuly
15, 2009 (Appendix C). This represent$ % of total nitrogen. N@is a relatively unstable
form of nitrogenin the aquatic environment becauisis quickly converted to other forms of

nitrogensuch as N@ in oxidizing environmentsyr N, in reducing environments
3.55N,0

N2O concentrations peaktherangeof 5@ 00 e g/ L at | oc atyofons al c
the core zone (Fig. 2B4), while core locations generally show low&O values of <Qe g / L
(Fig. 19. Proximalconcentrations are generally lower ipONthan are midlistance points
along the centre |Iine, including(FBWURS5 peaking
Similarly localized maximaypically occuroff of the centre line alonfyansverse transectsE

(Fig. 20-24), which again showentre line wells typicallyith < 10 eg/L N2O.
3.5.6 Total Nitrogen

Fig. 25 shows the distributionf total nitrogen (sunof DON, NOs-N, NH;-N and NQ -
N) in August 2009 Total nitrogen concentrations peak above 200 mg/L, with a core of
concentrationsypically exceeding 100 mg/L. A zone of TN >50 mg/L reaches to a moderate
depth(~2.2 m)at PU96. TN is depletdd <20 mg/L at some locations along the plume core

(eg.PU124 and 12&t 4 m deptlas well asupgradienpf the lagooh The upgradient well and
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>4 m depths mentioned consist almost entirely ofNOtherwise, NQ@ is amoreminor
component of TN compared to IiyHand DON (Table § except where associatedhwsharp
drops in NH*-N . DON dominates Tn average in August (46% vs.3or NH,;") while
NH," and DON are approximately equal components of the total nitiagéavember 2009
(40%for NH;" vs. 37% for DON). Te distal piezometer locatigrparticularly at shallow

depthshavesignificantlylower TN (<10 mg/L), which is only abol% of the sourcamount
3.57 U™°N-NO3

UN-NOs values were naieterminedn mostof the plume core zoreamplesiue to
insufficientNO3-N concentrations, and/or due to high organic enst Fig. 7 showsiiN-
NOjs rangedrom 20.6i 4 0 . 2 apluma petipheey zoneln general, the permil value$
locations downgradient (2 7 afdom the lagoon are enriched compatedhe upgradient aa
( 2 0 ,Fga27) AtwellsPU124 and PU125{"°N-NOs is enrichedn theshallow sampling

points bordering othe plume core zongig. 35).
3.58 U™°N-NH,"

Fig. 27 also shows the distribution &°N-NH,4" along the centre line transect. Values
range from 17.5 to 39. 6 437{xd3.2tah e ng rtohuen dswautrecre
Values peak (3@ 9 a 0 m-downgradient from the lagoon before dropping and ranging
betwea 232 7 durther downgradientLocal enrichment of a few permil is noted in several
nests near the periphery of the plume core wherg INHtoncentrations decline abruptly (Fig.

35.A significant number ™NNH; wauas bélawrthe migimymoi nt s

value observedinhe | agoon (28a) .
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3.6 Other parameters
3.6.1 pH

Along thecentreline flow pathpH decreasg abruptly from the lagoon (7.7o PUR2
(~6.5), includingo deptts of 9 m(Fig. 30. By the next monitoring wetlowngradient (PU95),
pH has risa back t0>7.0. A corezone of pH > 7.0s seen at moderate daptalong the centre
line, peaking a?.9 atPU1l115located 60 m downgradienpH drops slightly below 7.00 at depth
atPUl125andPU124, and aihe shallow monitoring points from PU92 and PU96. Background

pH values are ~7.flrable 3.
3.6.2 DO

Dissolved oxygen igenerally below 2.0ng/L throughouthe centreline transect and the
plume has an anaerobic core that can be seen in plan view and acegttieline (<1.0 mg/L,

Fig. 11. This anaerobic core is in contrast to background values of ~8.0 mg/L (Table 3).
3.63Ca*

Fig. 28 shows the distribution of Gaalong the centrelinduring August and November
20092 Both snapshotshow substantiahcrease between the lagoon and the proximal

piezometer PU124rom the lagoon averagef ~ 70 mg/L C&" (Table 2)to >150 mg/Lin PU122

(Fig. 28
3.6.4F¢”"
The distribution of F& is shown in Fig29 for August and November 2009. Both

snapshots show a similar trend of Reith peak values at PU12% high as 61 mg/LFarther

downgradient Fé values gradually decrease in fhlame core to <0.1 mg/L (Fig. R9F&*
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levels araalsobelow detectioniiit at depthbdow the plume core zone (Fig. R9A difference
between the two time periods is the extent to whklelatedme** occurs alonghe centre line.
During the August snapshot, concentrations > 5 negtend 60 m downgradienthereasn

Novemter Fé* > 5 mg/Lextends only ~20m from the lagaon
3.6.5 Ossolved Organic Carbon

Dissolved organic carbon (DOC) ranged fror9 mg/L within the plume core zone in
August 2009 (Fig. 30 A previous survey from July 15, 2009 from within the core zone and the

periphery gave wide range of 251800 mg/L (Table €3).
3.7 Ammonification Experiments

The resultgrom the firstof the two ammonification experiments gjigenin Table 7 and
Fig. 37, while the results from the second experiment are shown in AppendixeD
experiments were designed to determine whether or not ammonification may be occurring in
groundwater with high DON and low NHN concentrationsFor the first experimenin the
batch withPU125groundwatera significant drop in DON concentratioascurredoetween day
0 and 5 (45 to 12 mg/lwhich was accompaniday a rise in N@-N from 0.435 mg/L The
presumed order akactionwasDON being mineralized tdiH," followed byoxidationto NOs".
Experiment 2 was designedth more frequentemporal resolutionand to be completely
anoxic A problem arose when field measurements ofy NN did not agree with lab results.

Each jar in this case more or less maintaiteditrogen composition over 11 days.

Results from the first experiment indicated a loss of 33 mg/L of DON and 4 mg/L of
NH,*-N (Table J. This loss corresponded with a gain of 36 mg/L o\, suggesting that in
an environment with limited oxygen supply, the complete mineralization of DON can occur,
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with ammonification as an intermediate reaction. This experiment more or less represents the
environment along the periphery of the groundwpteme through the unsaturated zone, where

some oxygen may be supplied.
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4.0Discussion
4.1 Plume Comparisonto Other Sites

The Zorraplume hasome similarities, but alsmntrasts wittotherNH," rich manure
and septic plumesOne major difference is the physical geolafyhe site which is very
permeable antdighly heterogeneousThis contrastsvith the manure storage site near
SaskatoonSK described by Sills (2006) where cation exchange is largely implicated in the fate
of the NH;" plume Stratigraphy at ttfield site consisted primarily of a silty sand aquifer and
confining clay aquitard, with a maximum groundwater velocity of 30 natyters of magnitude
below the 400 m/yr in the sand and gravel zone at Zdiin@ sairce at the Sills site had NHN
concentrations above 3000 mg/L, with plume concentrations >1000 mg/L proximal to the source.
A major differencewvas the low concentrations of DON in the plume groundwater (FK®%
NH,"-N) at the Sills site, while at the Zorra sitdigh proportion oTN is DON (~40%, Table
4). The site in the Sills study has similarly low BIQ-3 mg/L N) in the source and a NO
deficient core zoneThe Sills plume uses Tis a conservative tracerhile at the Zorra site this
was deemed less usefilBased on the Cplume movement, site stratigraphy and soil coring, >
1000 mg/L of groundwater NFiwas determined to be attenuated by cation exchange over 20 m

distance, with a retardation factor for Ntf 2.26.0.

Theattenuation study by Ceazan et(&P89) describethe Otis, MAseptic plumewith a
sourceconsisting largely of Nif (up to 11 mg N/L Wwith coexistingNOs™ (~2 mg N/L)
concentrations that disappear in theNHch (~6 mg N/Lplumecore, much like at the Zorra
site. The main difference there was that the ;Nplume is significantly retarded compared to

the NG distribution, reaching only 2 km, compared to more than double that distance for the
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extent of the N@ plume. A study d NH4" attenuatiorin the same plumky Bohlke et al
(2006)showedsimilar NH;" & NO3 coexistence, bt much lower concentrations1(:© mg/L).

Isotopic ranges, particularly fér°N-NH;" alsoshowed stronglifferencesbetween the two

plumes with Bohlke showing a relativelgonsistentiN-NH; values( 1 2. 6 N 0. 44) al c
plume whereathe Zorra pluménas avide range. The biggest contrast between the Zorra site

andthe previous plume studiesthe elevated DON proportid@18 + 67 mg/l.~40% of TN).

This makes isotopic methods foracingprocessmoredifficult due to the uncertainty associated

with U*N transformations from the organic componefie high propagation of DONh this

plumeis most likely aresultof the fast flowing groundwater systethus plume ages are

relatively young (0.5l year) along the centre line transect compared to many years to decades in

the Otis and Sills plumes.
4.2 Nitrogen Synthesis Zorra Plume

Nitrogen enters the shallow @ier system from twsourcesn the Zorra field site: as
NH," mineralizdfrom organic nitrogerin the composting piles, or as N@rom ambient
groundwater flow. Elevated NON is also seen in some of the shallow depths along the plume
core line. NH' concentrations remain elevatalbngthe majority of the centre line of the
plume, with fluctuations largelgependenon the incoming load of NH based on the variations
over the study time perd (Fig. 34. In general, mid depth locatio(@&2 m belowthe water
table) in the plume core have the highebl;” concentrations. The exception to this is the
proximal well, PU122, which consistently showstrongplume influenceelevated N§ EC,
K™") andalso elevatediH,; down to 9 m.The deeper plume paigin at PU122 is attributed to the

stratigraphic, and hence the flow system heterogeardythe high density source recharge
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NOjs is present along the peripheries of the plume core zone, suggesting influences of
nitrification and background water. A vadose zon& -+ thick between the lagoon bottom and
the water table poses the possibility for substantial nitrification alonggtiyghery of the manure
plume. Nitrification is also evidenced at very shallow depths. At depttb(m below the
ground surface) along the plume centre line, backgroung $¢@n along the plume boundary

has the potential to interact with plume NH

DON shows a very similar distribution as NiHpeaking at mid depths, whitiecreasing
along the flow patito less than 10% of the incoming concentration by the most distal
piezometer.The plume is within appropriate dissolved oxygen, pH and temperatuti@ioas

for ammonification to occur as the mechanism of DON.loss

NO; is typically a minor component when compared to other forms of nitrogen dissolved
in the system (typically <1% of total nitrogen), lmipresent and measureallel-1.5 mg N/L)
in many locations, suggesting itgenerated intermittently as an intermediate of nitrogen

transformatiorreactions
4.3 Nitrogen Attenuation in the Zorra Plume

A case for nitrogen attenuation can be made based on dagmathe distribution of the
conservative tracer NaNa' represents a reasonably conservative tracer at the Zorra site since it
has a relatively lowetardatiorvalue &1, DeSimone et al., 1997; NuABelgado et al., 1997
and many pore volumeat(leastl6) have passed through the sediment, suggesting cation
exchange may not be a significant factaiso, K* is the major cation in solution (Table 2), and
would more likely become sorbed firsAs such, any changes in Neoncentration should

primarily reflea dilution since background concentrations r@lativdy low (< 10 mg/L)
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compared to the lagoon value of 2#9%64) mg/L. If the changes in Nii along the centre line
were due exclusively to dilution as well, then the proportion of Nidmpared to Na

(NH4'/Na") shouldvary similarly. Fig.31 shows the distribution of this ratio along the centre
line for August and November 2009. Within the lagatself, thisrati6 s me aie0.5bal ue
The proximal plumeralues deviate both above and below this réit,then decline tas low as
0.001in the downgradient zoneSimilarly, the ratio of TN/Nashows a gradual decline from a
mean lagoon value of 1.65 to below 0.5 downgradi€igt 32) The TN is not exped to be

100% attenuated based on the presence of backgrousid Afadlitionally, DON is a very
significant component of thEN (Table 4, thus it exerts a strong influence thre nitrogen
budget. The variable N/Naratiossugget thatnitrogen, particlarlyNH,", is affected by

processes other than just dilution

Sincethe lagoon is thdominantsource obothK™* and N&, a simple mixing calculation
canbe used to model or predict the concentrations of other parameters that should be present in
theplume core if other attenuation reactions were not active. For this calculafio® Na
considered more conservative (less affected by sorption). BavidFig. 36 give the predicted
values of N based on such a’Matio along the centre lirummarizimg the differencebetween
measured angredicta values of NHF'-N and TNalongthe centre lin@ndshowing that a
substantial amount of the TN reduction cannot be accounted for based on dilutionTélose
total nitrogenlossmust be occurring along the plum&able6 gives a comparison eheasured
and predictedNH,"-N and TNvalues forthe most distal transedtiring 5sampling events in
2009 and 20100n averageTl N is reduced by 93% ov&00 m distance, with 84%f this
explained by dilutionandthe remaining@% presumably indicating mitrogen losseaction

Considering the mean TN of 361 fhgn the lagoon,tis 9% representslassof 32 mgN/L that

40



is presumed to battenuated along the flow patAssuming this lossver the 100 m flow path,
assuming a representative groundwater velocity of 400 m/year, the total nivegete would

be on the order of 0.4 mg N/L/day.

This figure is likely an underestimation of the true nitrogen loss at the field site. In
additionto the nitrogen strictly within the plume itself, along the boundary of the plume,
background waters, with NGN of 10 mg/L on average interacts with the plume nitrogen and is

likely incorporated into the total loss through the system.
4.4 Mechanisms of Nitrogen Attenuation

With a dynamic source function and heterogeneous groundwatesykiem theZorra
plumeprovidesa complexsetting forassessment afitrogen attenuationThe flow system and
geochemistry offers theogsibility that asuite of attenuatidtransformatiormechanismsccur
including ®rption, ammonification, nitrification, denitrificaticand anammoxThis chapter

examina the evidence fothesemechanisrms.
44.1 Sorption

Although sorptiorretardsthe migrationof cetain cations, it i® temporary mechanism,
which is fullyreversible (Ceazaet al, 1989, Bdlke et al, 2006. In the lagoomplume cations
with strong sorption affinityncluding K and NH;" maydisplace existing cations such asCa
and Md* from sorption site¢DanceandReardon1983. Although clay sedimentsavethe
most potent sorption siteis, sand NH,;" and K’ retardation factors in the range efihave been
reportedBjerg andChristensen1983 DanceandReardon 1983;Ceazan eal., 1989. At the
Zorra site, srption could be imprtantbetween wells PU96 and PU121, where there is a rapid
transitionfrom gravellysand to a more sand dominated medidtowever, with continuous
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inputfrom a sourceuch as the manure lagoasaturatiorof sorption sites will occymprimarily
by K*, which is the major cation in solution from the lago@onsidering a groundwater
velocity of ~ 400 m/yea(Table J, the 100 m longlumeis flushed byfour pore volumes per
year. With the manue lagoorbeingin operation since 2006, this means that at least 16 pore
volumes have passed through the systaos most sorption sites are likely filledctive
sorption/desorption cycling however magt to dampen the effects sgasonallywariable nput
from the lagoon.Fig.34 shows a series of breakthrough curves showingehsonavariability

of NH,"-N at points along the centre lin®ariability in the NH,"-N at these points along the
plume centreline is subdwed reflection of the largeariability seen in the pond. If
sorption/desorption cycles were playing a prominent role at the Zorra site, the variability of
NH,"-N should be dampened through time. However, a number of sharp peaks and/or valleys

can be seen through time, further segjgg that sorptions a minor process.

Isotopically, ®rption ischaracterized by a very low fractionation fadtothe rangef
only 2-4 permilf o N-NH." (Delwiche & Steyn 1970, Karamanos & Rent@78)with
partitioning of theheavier™N isotopefavouredonto the solid phase, whichdsntrary to
biological tendenciesBohlke (2006)and Sills(2006)observed little change in the range of
U™N-NH," along their respectivelumeflow pathswheresorptionwas the dominarmechanism
ofattenuatonl n t he Zorra pl ume t h&N-NH, ivaduesalongtoensi der a
flow path(18-4 0 aFjg, 27 Table2) most of which fall within the variability of the sourcé

few valuesare lower than the lowest source value ®f& .

Due to the large number of pore volumes that have influenced the plume zone, sorption
probably has little effect on overall NHattenuation, but could dampen the effects of seasonal

variation.
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4.4 2 Nitrification

Nitrification (Eq.1.1) consumes Q and NH," while producing N@ and H andincludesN,O

and/or NQ" as intermediatesThus, the primargeochemicagvidence for nitrification would

include a zone where DO is availaNH," is lost andNO3 increases This processlso has a
significantisotopic effect which enriches residdBN-NH,fand gener a™eNO; depl et
(O 14238. 2 & Ma,rl98b;Casciotti e &] 2083. A decrease in pllso occursvith

the release dfi* duringthe oxidation of N (Eq. 1.1) which is buffered at this site aCO3

dissolution(Eq. 4.1.
0w0LvL OP 6w 000 4.1

Nitrification is consideredo betheprimary mechanism of NA atteruationin septic systems
(Wilhelm et al, 1996; Hinkle et al, 2008 Meile et al, 2010 where the vadose zone below the
tile bed normally allows for active oxidatiomhe migrationof the lagoon effluenthrough &
unsaturatedoneat the Zorra sit¢~ 2 m thick) suggestshatsubstantial rirification should be

possible in that zone

Along the water tale, O, diffusioninto the plumanight alsococcur, possibly leading to
nitrification along the upper fringe of the plum@&hispossibilityis illustrated along thBlO3
centre lineprofile from August and November 2009 (Figp, 26) whereelevated concentrations
occurat shallow pointgup to 47 mg\/L). The fact that these goentrations pea&bove 40 mg
N/L, far abovebackgroundevels(5-10 mg/L) indicatethat there i@n internalsourceof NOs’
generation within the plumerhis provides strong evidence for nitrification activity, which
appears focussemtimarily along the margins of the plunéig. 25, 26) Bohlke & al. (2006)

observed similar active nitrification along the upper boundatlesgeptic system NI plume
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at Cape CodAn additional influence on this area along the water table is th&atibn of rain
water; an unca@aminated source of oxygenatedter, further promoting nitrification as well as

dilution of the plume itself.

Evidence for nitrificatioroccurring in the vadose zone below the lagsamot as clear
cut Although a decrease in NHN is seen between the source (121 M) andthe frst well,
PU122 (up to a 50% reductiphig. 25, 26), elevatedNOs-N is not present & mg/L).

However, the production of NOcan be inferredhdirectly by assessinthe evolution of Hand
resultingincrease irC&* between théagoon and PU12@gnoring all other H producing
reactions) Based on Eqg. 1.1 (nitrification) and Eq. 4.1 (Ca@@solution), one mole (14 g) of
NOs-N production will cause aassociated 2 moles (80 g) ofCimcrease in solutionBetween
the lagoon and the firstell, theaverageC& " increasavas 3.8 mmoles/L C& in August 2009
and5.5 mmoles/L in November 20@Big. 28, indicating production 027-38 mg/LNO3° N,
which is within the range of NFFN lossthatcannot be attributed to dilution between these
points (Fig,36, Table5). These suggestions likely represent an overestimation of nitrogen
reaction since the oxidation of DQRroughthe same zone is likely responsible for the majority

of the C&" and pH effects seen.

Furtherevidence ohitrification is providedby thepresence o0, an intermediate in
the nitrification reactionalong theplumeandalongthe transverstansectgFig. 19-24).
Concentrations of pO are elevated at trshalbw points (> 1Gg/L) for example in wells
PU117 and PU113vhere NQ-N is elevated (1450 mg N/L) whereas the plume core has

muchlower N,O concentrationsf 0.3-1 €g/L.
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4 4 3 Denitrification

Denitrification is the reduction of NOto N, in the absence of DO and with the existence
of appropriate electron donors, most commonly DB§. 4.2)andalsopyrite (Aravenaand

Robertson1998)
VvOA 100 T0 © V60 0 XO0U (4.2)

Denitrification is inactivated by small amounts of DO and may be compromised in favour
of DNRA in high DOC environment€Silver et al, 2001;Nizzoli et al, 2010. Evidence for
denitrification is also seen through the production of intermediatcgsdingNO and NO. The
denitrification process is associated with a lasgg¢opicenrichment factory -15.9 29.4
Mariotti et al, 1981 Bottcher et al 1990, so isotopic evidence can be useful in delineating
zones of deniification. The cenitrification procesausing DOC as the electron donisralso a
netH" consuming reactio(Eq. 4.2) sothe pH of the system shouiltcrease when

denitrification is active.

Someobservations provide evidemor dentirificationatthe Zorra site.The cores
anaerobic (DG< 1.0 mdL), DOC in the plume corean bevery high & 100 mg/L;, Fig. 30,
AppendixC), suggesting that a source of electron doreavailable Loss of DOC aing the
centreline could indicatéenitrification Denitrification could bettenuating the shalloNO3’
present along the plume upper fringe since elevategl d&f@s not persish the shallow zone
downgradient (Fig. 25, 3@&nd sufficient DOC is present to allow for the reaction to take place.
Denitrification waspreviouslyshown to be an active proceissan adjacentield area at the

Zorra sitethat wadess affectedby NH," contaminatior(Robertson and Schjf2008. N,O
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peaksoccurprimarily outside of the plume co(Eig. 1924) suggestindN,O productiorat depth

andsome shilow locations andt downgradienpiezometers.

Oneline of evidence for denitrificatios isotopic enrichmend f r e ¥N-MQg.aThe U
progressive erichment ofti:°N-NOs along a flow patfas the concentration of NQlecreases
with no additional nitrogen inputs anindicator of denitrificatior{AravenaandRobertson
1998;Karr et al, 2001) Sucharelationshipis only somewhaapparent at the Zorra site (Fig. 27,
33). However, thai>N-NOs data do show slight enrichmemtf at $4% mdepthat
PU124 and 12%along with decreasing NOconcentrations compared to the deeper background
values. The most enriched™N i NO3 values( ~ 4 Oodclr closest to the plume interfamene
where NH" and NQ' coexist There is also potential for denitrificatioearthep | ume 6s upper

fringe zone where nitrificatiorappears to bactive,since DOC remaing 15 mg/L; Fig.30.

Finally, at this sitewhereNO;s-N valuesare lowbut DOCconcentrationare very high
competition for the N@ could induce somerganismgo perform DNRArather than
denitrification(Smith et al., 1991) Little is known of thiprocess in groundwater, but terrestrial
studies suggest alh similarconditionswould beconducive to DNRA reacti@(Silver et al.,

2001;Nizzoli et al, 2010).
4.4.4 Anammox

The anammox reaction has been implicated in nitrogen attenwas@nvedn avariety
of marine and aquatienvironmentgThamdrup andDalsgaard2002;Rysgaard et 312004
Jensen et. al2008 Kuenen et al., 200&jamersley et al2009)and recentlyn groundwater
environments (Clark et al2008;Robertson et gl2010). The stoichiometry of the reactioma

5:3 NH;" to NO;” molarratiowith a rdease of H (Eq. 1.5) While denitrification is
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characterized by the loss of only fiGanammox shows the coincidental loss of bothy N@d
NH;". The same loss of both NGand NH," can occur duringoupled
nitrification/denitrificationreactionsequencesHowever, NO productionwhich occurs during
both nitrification and denitrificatiodoes not occur duringnammoxthus a laclof N,O is one
possibledistinguishing characteristmf anammox Bulow et al, 2010. Anammoxmaybe more
tolerant @ mid-level DO concentrations, while denitrifiers can be inhibited completely at very
low DO concentrationsGalan et aj 2009 Bulow et al, 2010. Also, denitrificationincreases

pH whereasanammoxdecreases theH (Eq. 1.5, 4.2) Denitrification is thought to dominate in
high DOC environments, but a number of waste water treasgstgmshatinclude anammox
occur inrelativelyhigh DOC slurriesX 100 mgC/L; Pynaert et a] 1997;Sliekers et a) 2002.
Other constituentsuchas F&" and M have also been implicated potential electron
acceptorgor the anammox reactidistrous et al 2006;van Niftrik et al, 2008. The increase

of reducedorms of these metals (Feand Mrf* respectivelyjn solutioncouldthusalso indcate
anammox activity.The mos likely cause of the appearanukthese dissolved metals is from
organic matter oxidation, but with no rigorous DOC trends available, some of the production
could be attributable to other reactiomdthough little is knavn of isotopic evolution in the
anamma reactiona progressive enrichment BN/*N in both NQ™ and NH;" would be
expectedC| ar k et al . ™N-NHQ afeagtionatibrsfactorofd & d ur i'Ng NH
attenuation observed in groundwater atratustrially contaminated siteSimilarly, Robertson et
al. (2010) observed enrichment@fN-NH,* from~834 t @04 >as concentrationdecreased

in a septic system plumalsosuggesting a fractionation factor-df a. Moreover, this
enrichment wasnoreevidentat depth, which is in contrast to what would be expeitséi ;"

loss was due taitrification atthe water table
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In theZorraplume,the core is largely deficiewf NOs-N (<1 mg/L), howeveelevated
NOs-N is present19-40 mg/L) in the overlying shallow water table zongermittently and in
the underlying background waterl0mg/L; Fig. 25 26). The core is elevated in NHN but is
deficient in N@Q'-N which suggestthat tte bounday zonesn particulay could belocatiors for
anammox activity.Moderatelyjow DO (1.4-1.8 mg/L) occusin the background groundwater,
while the plume core zone has DO concentrations of < 1 negfiducive to anammox (Fig. )11
Note that the anammox reaction (Eq. 1.5) generates atadligylower rate than nitrificationhat
could also contribute to CaG@issolution and the observed“Cincreases within the plume
(Fig. 28). However, profiles of G4 concentations along the plume (Fig. P8how that the C&
increase occurs most sharply in immediate proximity to the lagbosthis is most likely a

result of acidity generated durilmgganic matter mineralization and possibly sonigification.

In the absence of sufficient NOF€e®" is an alternative eléon acceptofor anammox

(Strous et a) 2006;van Niftrik et al, 2008)Eq. 4.4
¢L'0O @O0Q ° © @0Q Yo 4.9

Fe’* increaseslong theplume upto 61 mg/L(Fig. 28)compmared to a lagoon value of 16
+ 5 mg/L, indicaing the presence of reactive ¥ @ossiblyassociated with ferrioxyhydroxide
mineral coatings on the sediment graids Fe** increaseof 45 mg/Lcould indicate NH'-N
consumption of-4.0mg/L by F€" associated anammdbno other reactions are considered
DOC can also act as an electron acceptor and could play a role in degradation along the centre

line.

Although there is little evidence of systemaitéN-NH," enrichment along the flowpath

(Fig. 27 or at decreased NjHconcentrations (Fig. 33previous studies suggest that isotopic
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fractionation during anammox NHc onsumpti on i n groundddat er
Clark et al, 2008;Robertson et al2010). Considering this low fractionation, itli&ely that the
extremely large seasahvariability of the lagoofi™™N-NH," signature (2% 24 Tabl e 2)
mask any anammox isotope effect. However, depth profiles of isotopic behaviour, partiaularly
the boundary zonasherebothNH,;" and NQ™ occur togetherdoes provide some evidesfor
anammox activity. Fig. 38howsthat™N/*N in both NH," and NQ™ become slighthenriched
across the boundary zone®pa  f I0°N-NH," and4-11a  f I0°N-NO5 at PU124, 92 &

125. The effect isnostpronounced at PU12#here'N/**N becomenriched as

concentrations of both NFand NQ  decrease.

The most compelling evidence to support anamauiwity at the Zorra site is presented
by Moore et al (2010)DNA-based ritrobiological techniquefPCR)wereusedto show that
anammox performinbacteria wee presentat the Zorra site, particularly at PU103 and PU106
comprising up t&% of thetotal groundwater baerial population The presence of anammox
bacteria in the site groundwater, coupled with laborabatgh tests using isotopicaliggged
U™N-NH," a n d°N-NO5 showed that anammox was responsible for up to 29%oodanic

nitrogen loss at the Zorra site versus 71% for denitrification.
445 Ammonification

Organicnitrogenis acommon constituent imanure lagoon ates andin the underlying
sedimenmmaterialat concentrationsften above 100 mg DON/(DeSutter et aJ 2005;Vaillant
et al, 2009. However, the organic nitrogeypically ammonifiegmineralizesto NH;") in the
vadose zone or during slow groundwategration. However, in the Zorra plum@ON is a

dominant component of thiEN, accounting foup to 90%in the lagoon, and averaging ~4@&
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far as 100 ndowngradien{Fig. 25, 26). It is possiblethatthis largeorganic nitrogercomponent
ammonifesalong the groundwater flow pathenerating additiondlH,". Ammonification is
characterized simply by a loss of organic N and gain of NHsolution. The process is tolerant
to many pH, DO, temperature and substrate conditions, operating optintalsebepH of 6.5
8.5 (Vymazal, 2002; Lee et. al, 2009). Ammonification occurs in both oxygenated and anaerobic
zones; competing with the nitrification reaction for oxygen in aerobic zones. Kinetically,
ammonification is a faster reaction than nitrificatend may dominate over nitrification at low
temperatures (Lee et. al, 2009%ince DON is continually lost through the plume core zone
(Fig. 25, 26, Table §)xonversion to either Nfior NO;” (where DO is availale) must be
occurring as evidencethrough rough ammonification lab batch experimehig.(37, Table ).
Consistent loss of DON averagif§% (Table6) along the plumedeclining frommean values
of 218 mg/L to <10 mg/L over the 100 mplumeflow pathsuggests activammonification
Assuning ammonificationis primarily leading to NH" production the dilution adjuste®ON

loss can beonverted to N&f. This added N input couldalsosubstantially influence the
NH," isotopic signaturelnitially, the *>N/**N of both DON and NHf that is formed initially
should be the samsince they both derive from the same poultry masotgce However, NH
is prone to volatilizatiore nr i ¢ hi ng NN, whersaishe i*s§-DONwould
remainmoreconstanin the lagoon NH;" and DONfrom the lagoomeacling the water table
couldthenhave two differenti™N signatures. Since the process of ammonification is not
associated with a large fractionatigfendall, 1998 Mariappan et al. 2009any NH," derived
through ammonification coulthena | t e 1°N-NH3" én grdundwater. The effecbald be
determined if botH°N values ar&nownand the percent influence of ammonification could then

be quantified via a mixing calculatidty. 4.5 where the fretion of ammonification (AMM)
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derivedNH'coul d be determined knowing the™measur ec

NH;" permil values

Q
Qc
ax

(4.5

ax
Q¢

Ammonification is suggested to occur based on the results of lab batch ammonification
experiments, whereby DON loss is coupled to the gain of MQolution Table 3. The
intermediate step, conversion of D@NNH, -N is not seen due to the sampling time and
abundant @available to the solutionHowever,b o t h ™N-DON, afid theates of
ammonification areinknown at the Zorra site, afwbth of these aspects anestudied in
groundwater settingdf ammonification is activepredictionsof nitrogen transformation
processebased orexpectecenrichment schemesay be perturbedThus, anmonification may
bea component of the nitrogen story in the Zorra pltinae¢ requires further attenti@nd

additioral studies should be undertaken.
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5.0Conclusions & Summary
5.1 Overall Nitrogen Attenuation

Thelagooninputat the Zorra site is seasonally variable aredaguifer is highly
heterogeneous amermeable DON is a substantial component of flameTN (~40% on
average) and thdyme is extensively mixed with background groundwater, diluted by an
average o85% All of these factors make resolving the fate of nitrogen along the plume flow
path very difficult. However, despite these issues, fd remains that through a combination of
dilution (no doubt assisted by the heterogenous and variable flow path) and biological reaction,
plume concentrations of total nitrogen decreas83% (on average) throughOO mof
groundwater flow from the soceover two years of monitoringAlthough only ~ 10% can be
attributable tadegradatiomeactiors, this representa mean total nitrogen consumption3ef
mg/L which issubstantial Considering a representative groundwater velamfig00 m/yr
(Table 3 and the 100 m plume length monitored, this consumption occurs over a peti®d of
months This equates to a degradation rate@# mg/L/day Although modest, this rate could
allow for very substantial nitrogen attenuation over time considering theyeaulages of many

groundwater plumes.

Onequestion to be answered in regards to3eng/L of attenuated total nitrogés:
what portion of this is attributable to denitrification, and how much to anammox? Since
denitrification and anammox represéme only complete elimination pathwaydetermining the
influence of each would be a valuable activity in advancing our knowledge of the anammox
process in groundwateAt this sitethe two processasayoperate concurrently, with the
dominanceof one pocess over the othehangingdepending on changessunbstrate

concentrationand the microbiological communigpompositionalong the way.

52



Nitrification/denitrification pathways are suggested through the productiop@fith loss of
nitrogen, while gechemical evidence for anammox is strongly supported by microbiological and
laboratory tracer studies (Moore et al., 201B)rther isotopic studies have the potential to help
unravel thisuncertainty but can only be properly interpreted with a thorougtieustanding of

the dynamics of ammonification along the flow path. DONnisrzderstudied component of the
nitrogen cycle in groundwatdsut at sites such as the Zorra site it is very important and should

be the focus of further work.
5.2 Anammox

While the exact proportion of nitrogen loss attributable to anammox is a difficult to
estimatethe geochemical evidensapports the likelihoothat anammox is indeed an active
process at the Zorra site, which puts it among the first field studiesstvatiel thismewly
discovered natural attenuation process for reactive nitrogen removal in groundieger
concurrent disappearance of N@nd NH;" in an anoxic plume core, with a dearth o\
contrary to what would be expected from the nitrificatienittification cycle is supported by
the concurrent, although slight enrichment®§*“N of both NQ and NH," where the two
coexist. Thigrocesss alsostrongly supported by a predominant portion of microbiological
samples taken by Moore et al (2050pwing anammox performing bacteria present and active.
Additionally, laboratory studies within thdoore et alstudy suggeghatanammoxcontribues
~29%of thenitrogenattenuation through these of isotopically taggeti®N in batch tests
Having the foundationsf a geochemical interpretation is an important stequpporting the

evidence fomnammox athis site.
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5.3 Next Steps

Furthering the understanding of the contribution of anammox at the Zorra site requires a
greater compremsion of the entire nitrogen cycle; particularly ammonification. The substantial
|l oss of DON along the f|USNNpAresultswadl befowgthevi t h ¢ o
range of the source suggest ammonification is an active process on site. T cOMiEDON
should be determined in future study to confirm or deny the effects of this process. This could
be achieved through the collection of a suite of samples along the plume core zone analyzed for
NOs, NH;" and DON concentrations, as well as retpe isotopes. Further to this, more
reliable and a greater distribution of DOC concentrations can help determine the presence of
ammonification through the changing ratios of C:N. DON is such a significant component of the
total nitrogen through thediv path that it cannot be ignored. Since the persistence of DON
along a plume is so uncommon, little information exists about the rates or effects of

ammonification, which opens the door for some novel investigations.

Aside from investigation cimmonification, soil coring, to determine more precisely
the role of sorption at the site should be undertaken. Coring over two time snapshots in similar
locations would provide insight into the possibility for continuing sorption. However, the
consideable heterogeneity of the site would have to be kept in mind during such an

investigation.

Once ammonification can be understood, a thorough characterization of the centreline in
situ to investigate the utility of isotopic enrichment as a tracer for mnoancan be undertaken.
Such an investigation would be time and labour intensive, but could enlighten further researchers

into acceptable or even ideal conditions for groundwater anammox to take place. Knowing
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through biological and lab incubation expeeimts that anammox is a player at the Zorra site
gives a great deal of support to continue such research at Zaya.to continued succeks in
keeping track of the highly variable source, and the dynamics of ammonification. If the source
were to be gcontinued at some point in the future, this in particular would present a unique
opportunity to investigate the effects of sorption, nitrification, denitrification and anansnox a

the plume eventually dissipates
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Table 1.a) Hydraulic conductivity (K) at selected monitoring points as determined by grain size
analysisfrom borehole core samplé$ Darcy velocity (q) and groundwater velocity (v)

calculated for each unit using a representatianl hydraulic gradient)(whereq=KIl and v =

g/ d, using a porosity (d) of 0. 3.

a)

Unit Sample (cr|r<1/s)
PU1246.5 2.25

PU1226.5 1.0

Gravel PU1237.5 0.16
PU1227.5 0.16
pU1046.675m 10

PU1244.5 0.2

PU1243.0 0.2

PU1225.5 0.1

gg\‘/‘l’l PU1255.5 0.06
PU1233.5 0.16

PU1235.5 0.16

PU1230.5 0.2

PU1240.5 0.02

PU1241.5 0.02

PU1224.5 0.01

PU1223.0 0.001

PU122-2.0 0.01

Sand PU1220.5 0.01
PU1250.5 0.01

PU1252.5 0.04

PU1254.5 0.04

PU1257.0 0.04
PU1232.0 0.0001

b)

. K . \Y}
Unit (cm/s) ! (m(/]yr) (mlyr)
Gravel 2.7 0.0025 2100 7000
Sand& 15 50p25 120 400
Gravel
Sand 0.018 0.0025 15 50

! determined by pumping testt| data available ilppendix B
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Table 2. Geochemistry at the lagoon between Au@8t2008 and January 7, 2010. Number of samples (n),, sredstandard
deviation (S.D.) are given for daparameter. Samples were taken from the south shore of the lagoon, near PU99 (Figure 3).

NHs-N NOs-N TotalN DON CI EC ca®® Fe* K' Mg Na” U"™N-NH,'
Date pH <
mg/L mg/L mg/L mg/L mg/L €S/cm mg/L mg/L mg/L mg/L mg/L a
Aug. 28/08 | 58.5 35 815 740 206 1309 102 243 45.5
Sept. 3/08 | 53.7 3.8 926 5570
Sept. 11/08| 44 8620 7.8
Sept. 23/08] 87.1 2.6 718
Oct. 31/08 150 3.4 7500 7é9 71.0 189 1343 67.1 336 33.6
Dec. 1/08 67.8 14 327 41.0 8.2 624 369 127 29.4
Mar.3/09 43
Mar. 31/09 236
May 11/09 268 4200 34.7
June 15/09| 131 450 315 5180 76.9 198 1215 47.8 208 45.2
July 15/09 112 2.94 62.2 126 1213 529 214 48.2
Aug 20/09 80.1 4 290 205 5110 766 721 212 1234 67.1 226 53.0
Sept. 25/09| 79.8 3 260 180 3150 47.4
Oct. 31/09 4440
Nov. 13/09| 32.0 2.83 285 250 88.9 108 970 743 182 72.1
Jan. 7/10 374 520 140 28.2
Mean 121 3.1 361 218 697 5470 7.8 69.4 16.0 1130 64.0 219 43.7
S.D. 98.5 0.8 116 67.2 261 1785 02 149 53 253 21.1 637 13.2
n 15 9 5 5 4 8 3 7 7 7 7 7 10
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Table 3 Mean chemical composition of the lagoon compared to the background well (PU86] in3depths) between July 1, 2008
and January 7, 201M™ean values areigen with standard deviation (S.)Dandnumber of sample@).

NH,"-N NOs-N UN-NH," DON TN
mg/L mg/L & mg/L mg/L
Mean 121 3 44 218 361
Lagoon S.D. 98 0.8 13 67 116
n 10 10 9 5 5
Mean | <0.01 10 NA <1 10
Background | g 0 1 NA 0 1
Well
n 10 12 NA 6 6

CIT EC oH B Al** ca®* Feé"  K' Mg?*  Na'
mg/L €S/cm mV mg/L mg/L mg/L mg/L mg/L mg/L

Mean| 700 5500 7.81 38 <0.05 70 16 1120 64 220
Lagoon | SD. | 250 1800 0.16 86 <0.05 15 5 250 21 64
n 6 0 7 7 7 10 8 10 10 10
Mean| 7 600 7.44 84 <0.05 90 <002 3 19 6
Bac\‘j\%ﬁ“”d SD.| 4 130 009 1 <005 12 <0.02 2 3 4
n 7 9 2 2 10 10 10 9 10 9
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Table 4. TN concentrations and percent composition as DON,"N\Hand NQ'-N (vertically
averaged within the plume zone, defined by N&0 mg/L, at each well) along the plume
centreline:a) August 20, 2009 anll) November 13, 2009. Pond values @re meanrom Aug.

28 2008 to Nov. 13 2009 (n=Bp, from Table 2. Note: Pond values are based on mean values

L ocation Distance TN  DON NH;-N NOs-N

m mg/L % % %

POND 0 361 65 34 1

a) August 20, 2009
PU122 9 83.0 45 53 3
PU95 15 72.3 57 42 1
PU124 35 65.7 20 24 57
PU92 40 48.4 54 44 2
PU115 60 28.1 53 a7 1
PU125 71 19.8 31 14 55
PU96 88 19.8 56 36 7
PU121 101 20.4 48 1 51
OverallMean 46 33 20
b) November 13, 2009

PU122 9 110 33 60 7
PU95 15 108 63 35 1
PU124 35 16.0 26 45 28
PU92 40 42.6 28 39 33
PU115 60 92.2 24 61 16
PU125 71 23.0 33 13 54
PU96 88 41.6 44 43 13
PU121 101 23.0 44 25 31
OverallMean 37 40 23
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Table 5. NH;"-N and TN concentrations (vertically averaged within the plume zone, defined by30a
mg/L, at each well) along the plume centreline, compared to expected values normalized to the Na
concentrationa) August 20, 2009 anik) November 13, 2009. Pond values represent thealDes (mean

value, n = 15from Table 2.

a) August 20, 2009

Measured Predicted Difference % Remaining

. Distance Na* | NHZ"-N Total NH, N Total NH."-N Total NH,"-N Total
Location N N N N

m mg/L
mg/L

POND 0 220 121 361 121 361 0 0 100 100
PU122 9 147 420 83.0 80.8 241 -38.8 -158 35 23
PU95 15 148 77.2 72.3 81.5 243 -4.3 -171 64 20
PU124 35 413 189 657 22.7 67.7 -3.8 2.1 16 18
PU92 40 50.7 | 31.0 484 27.9 83.3 3.1 -34.8 26 13
PU115 60 525 | 316 28.1 28.9 86.2 2.7 -58.0 26 8
PU125 71 40.9 9.1 19.8 22.5 67.1 -13.4  -473 8 5
PU96 88 47.7 | 16.3 198 26.3 78.3 -10.0  -585 13 5
PU121 101 240 005 204 13.2 394 -13.2  -19.0 0.04 6

b) November 13, 2009

POND 0 220 121 361 121 361 0 0 100 100
PU122 9 180 64.1 110 101 301 -36.8 -191 53 31
PU95 15 82.7 20.8 108 45.5 136 -24.6 -28 17 30
PU124 35 37.9 10.0 16.0 20.9 62.2 -10.9 -46 8 4
PU92 40 57.5 9.7 42.6 31.7 94.4 -22.0 -52 8 12
PU115 60 56.4 | 59.3 92.2 31.0 92.5 28.3 -0.3 49 26
PU125 71 42.5 16.9 23.0 23.4 69.8 -6.5 -47 14 6
PU96 88 51.4 25.7 416 28.3 84.3 -2.6 -43 21 12
PU121 101 42.5 16.9 23.0 23.4 69.8 -6.5 -47 14 6
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Table 6. Mean N&, NH;"-N, DON and total nitrogen (TN) concentrations measured at distal trangeot E108 & from the

lagoon) compared to the mean lagoon values %15). Distal values include plume core wells {I¥a30 mg/L) at nests PU81, 84, 96

and 121 where available (n =18). Nitrogen values for September and October 2010 provided courtesy of Lucas Carson (unpublished
data). The piezometers used in calcolagiinclude: July 15, 2009 (PU81, 84, 96, 121; n = 16), August 20, 2009 (PU96, 121; n = 8),
November 13, 2009 (PU96, 121; n = 8), Sept. 25, 2010 (PU84, 96, 121; n = 9), October 26, 2010 (PU84, 96, 121; n = 10)

Measured (mg/L) % Reduction
Na" NH;-N DON TN NH4"-N TN
Dist;?g'?;:sg)t E 6 220 121 218 361 Total Dilution Decay | Total Dilution Decay
July 15, 2009 33 4.3 - - 96 85 11 - - -
Aug. 20, 2009 36 8.2 10 23 93 84 9 94 84 10
Nov. 13, 2009 41 14 10 25 88 81 7 93 81 12
Sept. 25, 2010 - 15 5.4 27 87 - - 92 - -
Oct. 26, 2010 25 9.0 8.3 26 93 89 4 93 89 4
Distal Average 37 10 8.4 25 92 85 8 93 85 9
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Table 7. Results from ammonification lab batch experiment 1. Groundwater from each location
was left to stir in 160 mL glass bottles with 40 mL of atmospheric headspace for 12 days, and
sampled at the indicated days from onset to monitor the evolution of nispgeies from April

2271 May 10, 2010.

Sample NHs/-N NOzN TKN DON TN
. Day
Location mg/L
0 0.3 0.36 449 44.6 45.3
PU125 5 3.8 35.1 16.6 12.8 51.7
3.9m 12 0.1 35.9 14.1 140 50.0
12 0.1 36.6 12 11.9 48.6
0 0.1 12.9 3.5 3.4 16.4
PU121 5 0.2 13.6 3 2.8 16.6
2.2m 12 0.09 13.6 3 2.9 16.6
12 0.09 13.7 3.1 3.0 16.8
0 9.9 1.09 449 35 46.0
PU92 5 0.2 115 385 383 50.0
1.8 m 12 0.2 12.8 329 32.7 45.7
12 0.2 12.6 33.8 33.6 46.4
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Figure 1. Summary of potential mjor nitrogerreactionpathways irthe Zorra groundwater
system Dissimilatory nitrate reduction to ammoniulNRA) and nitrification alter the form of
dissolved nitrogefrom nitrate (NQ) to ammonium (NH") and vice versa while anammox and
denitrificationare pathways for thietal removal of nitrogen from the dissolved systehative
ammonification represents an additional source of Nit8m organic nitrogen (DON).
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Figure 2. Zorra site monitoring network and local featur@e site consists primarily of a
manure composting operation and runoff pond ~ 200 m upgradient of the ThamesTRaver.
site monitoring network is situated between these features along the groundwaieatfi.
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Figure 3. Monitoring well network at the Zorra sitgand locations of transectsiA
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Figure 4. Simplified site geology along the centre line based on continuous core samples taken
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Hydraulic Conductivity (cm/s)
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Figure 5. Depth profiles of hydraulic conductivity (K in cm/s) at wells PU122, 123, 124 and
125. K values were determined from grain size analysis of sediment samples taken from
continuous coring, using the Hazen equation K 58d hereC = 1.0 (for input units of mm
and output of cm/s) andig is the grain size diameter for which 90% of the sediments are
coarser; determined graphically (Appendix C).
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Figure 9. Plan view ofelectrical conductivit{EC), July15, 2009.Values are vertically
averaged oved-3 m depth(h=2-5). Pond valués the mean and standard deviateasured
duringAug. 28 2008 to Nov. 13 2009 (n=7).
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Figure 10. EC distibution along the centre lin@) August 20, 2009 ankl) October 20, 2009.
Pondvalueis the mean and standard deviatineasured duringug. 28 2008- Nov. 13 2009
(n=7). Note the~10x vertical exaggeration
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Figure 11 Distributionof dissolved oxygen (DOR) vertically averaged over-8 m depthn
plan view (July 152009) and) along the centre line (August 20, 2009). Pwallie isfrom
August 20, 2009Note the ~10x vertical exaggeration.
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averaged oved-3 m depth(n=2-5). Pondvalue isthe mean and standard deviatiopasurd
duringAug. 28 2008 to Nov. 132009 (n=7).
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Figure 14. Na' distribution along the centre lina) August20,2009 and) Novemberl3, 2009.
Pond valuas the mean and standard deviatineasured duringug. 28 2008 to Nov. 13 2009

(n=7). Note: Sampling occurred only along the centre line on these ddtds.also the ~10x
vertical exaggeration.

88



Ic’J’

POND: 1150
+/- 250

POND: 1150
+/- 250 s
715
V4
7
100
6550
7 DRT: )
/ .45 A?O N
. A
Ve
/ =
L’ — .
0 40 m 1‘00¢—K (mg/L)

Figure 15. Plan view of K: a) August 28, 2008 anlbl) July 15, 2009.Values are vertically
averaged oved-3 m depth(h=2-5). Pondvalue isthe mean and standard deviatrapasured
duringAug. 28 2008 to Nov. 13 2009 (n=7).
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Figure 16. K™ distibution along the centre lina) August20, 2009 and) Novemberl3, 2009.
Pond valuas the mean and standard deviatineasured duringug. 28 2008 to Nov. 13 2009

(n=7). Note: Sampling occurred only along the centre line on these dbtesalso the ~10x
vertical exaggeration.
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Figure 18. Plan view of ND3-N: a) August 28, 2008 anbl) July 15, 2009.Values are vertically
averaged oved-3 m depth(n=2-5). Pondvalue isthemean and standard deviation measured
duringAug. 28 2008 to Nov. 13 2009 (nj9
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Figure 19. Distributionof dissolved NO: a) vertically averaged over-8 m depthin=2-5) in
plan view (July 152009) andb) along the centre line (August 20, 2009). Pwallie is from
August 202009. Note the ~10x vertical exaggeration.
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A-A’ July 15, 2009
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Figure 20. Distribution ofnitrogen speciesa) NOs b) NH," ¢) N,O along transect A, July 15,
2009. Note the ~10x vertical exaggeration.
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B-B’ July 15, 2009
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Figure 21. Distribution of nitrogen speciega) NOs b) NH," ¢) N,O along transect B, July 15,
2009.
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C-C’ July 15, 2009
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Figure 22. Distribution of nitrogerspeciesa) NOs b) NH," ¢) N,O along transect C, July 15,
20009.
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D-D’ July 15, 2009
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Figure 23. Distribution of nitrogen specieg) NOs b) NH," ¢) N,O along transect D, July 15,
20009.
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Figure 24. Distribution of nitrogen species) NOs b) NH," ¢) N,O alongtransect E, July 15,
2009.
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