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Abstract. Surface water from a lagoon and groundwater son and Paterson, 2005). Most of the problems associated
samples from 17 wells within and near an abandoned feedlotvith feedlot pollution are from manure mismanagement, re-
in northwestern Minnesota, USA, were analyzed for carbonsulting in large concentrations of ammonia, odorous com-
nutrients, and field parameters. The feedlot is surrounded byounds, and nutrients (USEPA, 1999) in air, soil, surface
wetlands that act as receptors of nutrients from the feedwater, and groundwater. Excessive nutrients in surface wa-
lot. Q- and R-mode multivariate analyses performed on to-ter and groundwater have been a major concern throughout
tal carbon (TC), inorganic carbon (IC), total organic carbonthe world (Tappin, 2002).
(TOC), nitrite-nitrogen (N@-N), nitrate-nitrogen (N@-N), Large feedlots, when operated within a small and re-
ammonium-nitrogen (NEtN), soluble or dissolved reactive stricted area, have been termed concentrated animal feed-
phosphorus (DRP), and total phosphorus (TP) indicated threang operations (CAFOSs), terminology coined in 1976 by the
groups of the chemical species, which reflected variabilityUS Environmental Protection Agency (USEPA). There are
in groundwater chemistry. Factor analysis indicated approx-different criteria for the definition of a CAFO, but they de-
imately 82% of the variability in factor 1 was caused by TC, pend mostly on the type and number of animals reared within
IC, TOC, and DRP, while in factor 2 approximately 79% the facility (USEPA, 2003). Confined or concentrated ani-
of the variability was caused by NEN, NOs-N, and TP.  mals receive nutrient-rich feed, which enables faster growth
In factor 3, only NH-N contributed 31 % of the variability. and greater health, thereby creating elevated concentrations
Groundwater isotope and spatial distribution analysis indi-of nutrients in their excreta (Jongbloed and Lenis, 1998).
cated reduced nitrate concentration from the source to th€AFOs or feedlot operations in the past did not require the
wetlands, with variation in N@N, NO3z-N, and NH;-N con- use of a liner on the soil surfaces, but accumulated manure
centrations attributed to the plant nutrient uptake, high rateacted as an impervious layer preventing the infiltration of
of denitrification and/or the dissimilatory nitrate reduction to urea and other waste from the livestock into the subsurface.
ammonium. This study indicated the value of multivariate During storm-water runoff when the feedlot is operational or
analyses in characterizing variability in groundwater quality. abandoned, natural processes such as weathering and erosion
result in the transport of nutrients into soils, surface water
(Burwell et al., 1974; Gilley and Risse, 2000), and ground-
water. These nutrients can accumulate in nearby wetlands
1 Introduction (Hopkinson, 1992; Ciria et al., 2005), be sequestered in soils
(Craft, 2007), sorbed on biomass (Stewart et al., 1990; Ciria
Large feedlots have boosted the economies in parts of thgt al., 2005), or transported in streams. Excessive amounts of
USA (Duncan et al., 1997) by creating jobs, food, and in- the nutrients, especially phosphorus, create conditions favor-
creasing the economic potential of corn and other cereal maryp|e for eutrophication, which reduces the concentration of

kets. Mismanagement of these agricultural facilities, how-gissolved oxygen in surface water (Paine et al., 1976; Scott
ever, has resulted in excessive nutrients, phosphorus and N g|., 1998; Wyngaard et al., 2011).

trogen, in soil, water, and air (Mielke and Ellis, 1976; OlI-
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Researchers have used multivariate statistics to understanszow ____ sgow
the groundwater pollution and to reduce the complexity of [z >
large data sets better (Vega et al., 1998; Zhang et al., 2009)
Multivariate analysis is widely applied to understand envi- £
ronmental pollution problems better (Carpenter et al., 1998; . |
Anazawa and Ohmori, 2005; Boruvka et al., 2005; Yidana et §
al., 2008) and has been used to differentiate between anthro® [’
pogenic and geogenic sources of trace elements (Boruvka e |
al., 2005; Zhou et al., 2008; Krishna et al., 2010). Application [
of multivariate statistical analysis in groundwater and surface -
water geochemistry within and near feedlots can help deter-§
mine the transport and fate of nutrients. Multivariate analy- ~ |
sis is used in the simultaneous comparison of several water-
quality parameters or chemical species. Most often, the mul- 5 y nga‘:‘r‘;d _
tivariate statistics used for geochemical data analysis include =7 B P
cluster analysis, principal component analysis, factor analy-
sis, and discriminant analysis. In this manuscript, multivari- Fig- 1. Map of the study area showing the sampled wells and the
ate statistical techniques, including cluster and factor anal¥vetiand areas.
ysis, are used to analyze groundwater data obtained from a

feedlot abandoned ‘T‘ 2000. ) The study area has approximately 2m of relief and an
At the feedlot, which operated from 1970 until 2000 and 5yerage elevation of 332m above m.s.l. Geologically, the
contained an average 0f_1500 animal units, an ongoing study, .o is characterized by Quaternary Red Lake Falls For-
has focused on the nutrient budget and movement of phosyation (carbonate-rich glacial till) that immediately under-
phorus within the local groundwater system. The objectiveSjias pheach ridges in the vicinity (Harris et al., 1974). The

of this paper are to (1) c;haracterize the relationship beyq5ch ridge is made up of sand and sandy gravel or grav-
tween nutrient concentration and groundwater movemente"y sand lithologies ranging from 3.0 to 3.4m thick. It is

and (2) determine the major contributing nutrient to ground-ynqerlain by till and bounded laterally by wetlands, thus
water contamination within the study area. comprising a comparatively simple hydrogeological system.
Wetland soils consist of 2m of organic-rich clay and sandy-
clay soils, and are dominated by graminoids, including reed
canary grassRhalaris arundinacep smooth brome Ero-

47°43'45"N

47°43'40"N

k) Study Area
© Surveyed Well
& Unsurveyed Well

2 Materials and methods

2.1 Study area mus inermi¥ and hybrid cattail Typhaspp.). The variably
drained Sandberg—Radium—Syrene—Strathcona soil series as-
The former Crookston Cattle Company feedlot¥3.6' N, sociation that underlies much of the site consists of loamy

96°19.2' W) comprises the study area, which lies 25km sand and loamy and sandy glaciolacustrine deposits (USDA,
southeast of the city of Crookston in northwestern Min- 2012).

nesota, USA (Fig. 1). It lies along a sandy beach that de- The feedlot site was selected because of its coarse sandy
veloped approximately 12 000yr ago on the eastern margirsoils that provide good drainage. Currently, there is a long-
of glacial Lake Agassiz. The feedlot, which contained asterm, ongoing study focusing on the nutrient budget and
many as 1500 cattle during its operation from 1970 to 2000,groundwater nutrient transport at the site.

is surrounded on the northwest and southeast by wetlands.

The feedlot covers approximately 0.13%krtl3ha) within 2.2 Sampling collection and analysis

the Glacial Ridge National Wildlife Refuge. The boundary

of the study area is defined by the extent of the cattle peng;roundwater samples were collected during the fall of 2010
within the area. and summer of 2013 for chemical analyses, and water lev-

The climate in the area is typical mid-continental, with hot els were monitored to characterize groundwater flow. In the
{all of 2010, groundwater samples were collected from six

summers and cold winters. The annual precipitation range
from 480 to 600 mm, with June being the wettest month. Ap-Shallow wells (DVPT, FLE, FLW, NWW, SPN, and SPS),
two surface water pits (SGN and SGS), an excavated la-

proximately 60 % of the annual precipitation occurs between : )
May and September. The average temperature recorded HCO" (POND) used in the past for manure disposal, and US
Crookston is 10.3C, with cold temperatures recorded be- G€ological Survey monitoring well G8 (Minnesota unique

tween November and April. The coldest month is JanuaryWell number 620668) (MDH, 2007). During summer 2013,

with temperatures ranging from20 to —9°C, and the groundwater samples were collected from most of the wells

warmest is July with temperature ranging from 14 t6@7 already noted, but additionally included a surface water pit
(DUG), six shallow wells (PGN, NO3, BRW, SWW, PGB,
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(model Vcsn). Stable oxygen and nitrogen isotopes in nitrate
were analyzed at the University of Nebraska-Lincoln Water
Science Center using a Micromass Optima dual inlet iso-
tope ratio mass spectrometer. Laboratory quality assurance
and quality control ensured acceptable analytical accuracy
and precision, which included using duplicate samples and
reagent blanks in the analysis, and matrix spike analysis. The
overall analytical recovery was between 80 and 120 % when
compared to the certified standard concentration.

2.3 Multivariate statistical techniques

The multivariate analyses done in this study include clus-
ter analysis (Q- and R-mode) and factor analysis (R-mode).

@® Dugout mmmmm Untarred Road 0 50 100 Meters N
+ Wel R —— B oS ,t These statistical analyses were performed on the samples col-

lected in 2013 using Systat 12 software (Systat Software,
Fig. 2. Potentiometric map showing the lateral flow of groundwater InC., Chicago, IL, USA). The chemical species analyzed us-
toward wetlands in the northwest and southeast (fall 2010). ing the multivariate statistical technique included TC, IC,
TOC, DRP, TP, N@N, NO>-N, and NH;-N. These chem-
ical species were chosen for the multivariate analysis be-
and NO6), and three deeper monitoring wells (MW2, MW3, Cause they cause or relate closely to surface and groundwater

and MW4) screened and sealed in the underlying till (Fig. 1)_pollution in the study area. Peqrson’§ correlation coefficient
Sample points were located using a GPS receiver and th¥/aS gsed to dete_rmlne the relationship between the chemical

relative elevation determined with a laser level. The hori- SP€cies and the field parameters.

zontal location was within 2 m and relative vertical elevation

within 0.015m. During fall 2010, groundwater levels in the

wells were measured using an electronic water level probq:

and a meter stic_k at surfage water sites. These dgta were usg hnique used to identify homogeneous groups of objects
to map the relative elevation of the water t"’_‘ble (F'_g' 2)- . (Davis, 2002), or it shows similarities (or dissimilarities) be-

Groundwater samples were collected with dedicated baily,, oap, objects graphically, with each cluster showing homo-
ers after the wells had been thoroughly purged and ‘f""ower%eneity within a multiple variable. Cluster analysis is done
to recover. Three samples were collected at each site. ONgy 1inimize within-group variation and maximize between-
of the samples was used immediately for measuring field pa: roup variation (Fernandez, 2002). In this study, Q- and R-
rameters, while the other two were bottled and transportecﬁ_I ' '

for lab | 4 electrical ode hierarchical clustering analyses with complete link-
or laboratory analyses. Temperatui®,(pH, and electrical 540 sing Euclidean distance as the similarity measure were

cond_uctivity (EC) were measured using_calibrated meters in,sad to generate dendrograms. Complete linkage was used

the f!eld as soon as the sample was retrlev_ed. because it is less susceptible to noise and outliers. With the
.W'th the other two.samples, one was filtered through aQ-mode, the relationship between the sampled locations was

q_|sposable 0'4":,’ Hm fllter membrane and placed In a Sterblotted, while with the R-mode the relationship between the

ilized 250 mL high-density polypropylene bottle while the chemical species was plotted.

other unfiltered sample was placed in 50mL round amber  yyih the cluster analysis, the chemical species were trans-

glass sample bottles for chemical analyses. The sampleg, e and standardized to reduce the variance, eliminate re-

were transported in an ice-filled ice chest to the laboratoryg, e that may bias the cluster results, and also fulfill the

and immediately refrigerated. Chemical analyses of the Waggq,jirements of optimal multivariate analyses. The data were
ter samples were done at the University of North Dakota’s

X : X log-transformed and then standardized ugisgore (Eq. 1):
Environmental Analytical Research Laboratory. The filtered g sgore (Eq. 1)

2.3.1 Cluster analysis

uster analysis is an empirical analysis or a multivariate

samples were analyzed for nutrients, which included to- _ X — K )
tal phosphorus (TP), soluble or dissolved reactive phospho- o’
rus (DRP), nitrate-nitrogen (N§N), nitrite-nitrogen (NQ- \yherey, 4, ando are each raw datum, mean, and standard

N), and ammonium-nitrogen (Nf-N). NOs-N and NG-N  geyiation of the data set, respectively.

were measured using ion chromatography (Dionex DX-120)

while TP, DRP, and NN were measured using a HACH 2.3.2 Factor analysis

DR/2010 spectrophotometer. The unfiltered samples were

analyzed for total carbon (TC), inorganic carbon (IC), and Factor analysis examines the pattern of correlations (or co-
total organic carbon (TOC) using Shimadzu TOC analyzervariances) between observed measures (DeCoster, 1998).
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Table 1. Location, water level, and concentration of the physical and chemical species of the water at each sample location, along with
descriptive statistics.

Well  E(UTM) N (UTM) WL Temp pH EC TC IC TOC NGN NOsgN NHsi-N DRP TP

BRW 701104 5289603 * 189 7.58 872 111 95 16 0.2 14.4 0.06 0.09 0.47
DUG 700819 5289772 330.75 195 8.00 969 144 89 55 ND 0.1 0.07 0.02 0.49
DVPT 700892 5289498 331.68 189 7.65 720 48 43 5 0.1 5.2 0.01 0.02 0.05
FLE 701118 5289716 331.61 185 7.50 386 55 44 10 0.6 12.6 0.26 0.03 0.40
FLW 700816 5289429 331.68 184 7.48 448 61 51 10 12 11.6 0.08 0.04 0.52
G8 701304 5289722 331.62 184 7.20 832 90 56 34<0.1 1.9 0.03 0.01 0.15
Mw2 701087 5289747 * 122 7.61 534 75 64 12 0.1 ND 1.36&0.01 0.05
MW3 700941 5289471 * 154 7.40 920 112 91 21 14 3.6 0.25 0.03 0.06
MW4 700800 5289451 * 178 750 460 48 46 2 ND <0.1 0.11 ND ND

NO3 700864 5289412 * 18.0 8.04 888 133 102 31 0.3 10.2 0.01 0.02 0.05
NOG6 701231 5289599 * 180 7.64 587 94 78 16 ND <0.1 0.30 0.24 0.48
NWwW 700776 5289574 330.85 183 7.60 1554 219 178 40<0.1 <0.1 0.00 0.01 0.16
PGB 701218 5289651 * 184 7.36 640 102 86 15 0.1 3.1 0.56 0.04 0.18
PGN 700918 5289686 * 187 7.38 413 86 76 10 0.1 7.9 0.05 0.05 0.06
POND 700958 5289464 331.12 199 7.18 1328 151 109 42 0.1 0.1 0.84 0.02 0.06
SPN 700962 5289612 331.66 19.2 7.88 312 45 36 9 0.1 23 0.4®m.01 0.01
SWw 701185 5289496 * 183 7.88 854 198 187 11 <0.1 ND 0.60 0.26 0.40
VWP 701156 5289561 331.12 189 7.43 984 95 88 7 0.1 2.2 0.01 0.02 0.04

Descriptive statistics of the water level and concentration of the physical and chemical species measured.

WL Temp pH EC TC IC TOC NG@GN NO3z-N NHg-N DRP TP

Minimum 330.75 122 7.18 312 45 36 2 0.1 0.1 0.01 0.01 0.01

Maximum 331.68 199 8.04 1554 219 187 55 14 14.4 1.36 0.49 0.52
Mean 331.34 181 7.57 761 104 84 19 0.2 4.2 0.26 0.09 0.17
Standard deviation 0.38 1.7 0.25 331 50 42 15 0.4 4.9 0.36 0.13 0.19

The chemical species, which include TC (total carbon), IC (inorganic carbon), TOC (total organic carbgy, (Nifrite-nitrogen), N@-N (nitrate-nitrogen), Ni-N

(ammonium-nitrogen), DRP (soluble or dissolved reactive phosphorus), and TP (total phosphorus), arenwitjle field parameters, including EC (electrical conductivity),
(temperature)

and pH, are in units of uS c¢nt, °C, and standard units, respectively. Water level (WL), E (easting UTM), and N (northing UTM) are in meters. Datum: NAD 1983 and zone 14. ND
represents non-detected andndicates below detection limit. * indicates the wells have not been surveyed yet. TC, IC, and TOC have a detection limit UﬂllmgghN and
NO3-N have a detection limit of 0.1 mgt}; and NH;-N, DRP, and TP have a detection limit of 0.01 ng'L

This type of analysis reduces a set of intercorrelated data With the factor analysis, R-mode factor analysis was done
into compact or smaller latent variables called factors. Fac-using varimax rotation, which is an orthogonal rotation of the
tor analysis is used to explore patterns in the data and redud®ctor axes. As noted, it was carried out to provide more in-
the number of variables. The variables used in the analysiserpretable results, enhance variation in the factors obtained,
produce different variances called eigenvalues. Often, factoand support the results obtained in the R-mode hierarchical
analysis and principal component analysis are thought to beluster analysis. Three factor score estimates were generated,
identical, but the major difference between principal compo-but only the two that gave the best estimates of the individual
nent analysis and the factor analysis relates to random errdatent factors were plotted.

in the variance observed in the data. There have been dif-

ferent views and rules concerning the sample size used in

factor analysis, but MacCallum et al. (1999) and Hogarty3 Results and discussion

et al. (2005) suggest that when the communalities in factor

analysis increase, the effect of small sample sizes on the quaf’:'1 Groundwater movement

ity of the factor solution will be reduced. As long as the com-

L ) . The groundwater elevations measured within the wells
munality is high, the number of expected factors is relatlvelyranged from 330.40 to 331.68m (Table 1). The groundwa-

. ; for elevations from each of the wells, which very closely
to be placed on the magnitude of the sample size (PreaCh%veaI the water table, were contoured using the minimum
and MacCallum, 2002). The results reported here use factor. o . :

) ) : o curvature gridding algorithm in Golden Software Surfer 10
analysis to determine the main cause of variation in the hy-

drochemistry and compare the results of the factor to that O{Golden Software, Inc., Golden, CO, USA). This provided a
the cluster a);alysis P good fit to the water table surface when compared to other

gridding algorithms; results were used in conjunction with
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Table 2. Pearson’s correlation coefficient between the chemical species, physical parameters, and water level.

pH EC TC IC  TOC NGQ-N NO3N NHgeN DRP TP WL
pH 1

EC -0.07 1

TC 019 0.82 1

IC 019 072 096 1.00

TOC 011 070 063 0.0 1

NO,-N -0.17 -0.16 -0.21 -020 -0.15 1

NOs-N 001 -031 -031 -027 -025 047 1

NHs-N -0.15 -0.02 010 0.12 —-0.03 -0.10 —0.40 1

DRP 045 008 035 027 040 -023 -024 001

TP 001 -014 008 015 -0.17 027 045 -0.05 0.16 1
WL -021 -0.80 -0.87 -082 -0.75 0.48 0.65 —0.11 -0.55 0.40

EC, TC, IC, TOC, N@-N, NO3-N, NH4-N, DRP, TP, and WL represent electrical conductivity, total carbon, inorganic carbon, total organic
carbon, nitrite-nitrogen, nitrate-nitrogen, ammonium-nitrogen, soluble or dissolved reactive phosphorus, total phosphorus, and water level,
respectively. The italic values indicate significant correlatipr:(0.05).

Total P (mg/L)

. 0.17 - 0.52

() 0.04-0.16
o ND-0.03

. 10.1- 14.4

51-10.0
| © ND-50

Fig. 3. Total phosphorus (TP) concentrations (summer 2013). Fig. 4. Nitrate-nitrogen concentrations (summer 2013).

aerial imagery to estimate patterns of shallow groundwater slug test performed on well DVPT gave a hydraulic con-

flow. ductivity of 24 mday ! when analyzed using the Hvorslev
Based on the conceptual flow model produced andmethod (Hvorslev, 1951). This well is screened in well-sorted
not unexpectedly, groundwater appears to be preferentialltang that extends to the surface where infiltration of precip-
recharged near the center of the feedlot (beach ridge) andation occurs easily. Groundwater flow occurs away from
flows a few tens or hundreds of meters before being disyhe main axis of the ridge and is at least partially discharged
charged into the nearby wetlands that lie to the northwestamng the margins of the ridge, where the POND, well NWW,
and southeast (Fig. 2). The highest water level of 331.68 MS\WW, and DUG sample points are located. The groundwater

was recorded coincidentally in wells FLE and FLW, while (jse peneath the ridge had a maximum relief of about 0.30 m
the lowest water level of 330.40 m was observed for surfacqjuring the time of the study in 2010.

water at DUG. The pond (POND) had a generally constant

head value of 331.12m. The untarred road in the northeasty 5  roundwater chemistry

ern part of the area where well G8 roughly is lies along a

groundwater flow divide, suggesting that the ridge createsrne water level elevations obtained in each well, which

a zone of local recharge (Fig. 2). The water table contoursyere ysed to approximate the patterns of groundwater flow

roughly para_llel the orientation of the beach ridge; flow lines (Fig. 2), correlated significantly with the spatial distribu-

are perpendicular. tion of the chemical species, except for pH and ammo-
nium, which showed a different pattern (Table 2). Pearson’s

www.hydrol-earth-syst-sci.net/17/4897/2013/ Hydrol. Earth Syst. Sci., 17, 4891806 2013
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Fig. 6. Dendrogram showing the R-mode clustering of the ground-

Fig. 5. Dendrogram showing the Q-mode clustering of the ground-Water data

water data.

) o ) . According to Gao et al. (2012), elevated pH can result in the
product-moment correlation coefficient was used in ShOW'”gupward diffusion of DRP.

the relationship between the chemical species using Systat

12 software (Systat Software, Inc., Chicago, IL, USA). Wa- 3.3 statistical analysis

ter levels showed a significant negative correlation with EC

(r=-0.80, p <0.0001), TC ( = -0.87, p <0.0001), IC  3.3.1 Descriptive statistics

(r =—-0.82,p < 0.0001), and TOCH= —0.75, p < 0.001).

Water level also showed a significant relationship with theThe measured temperature from the wells varied from

nutrients: NQ-N (r =0.48, p < 0.05), NO;-N (» = 0.65, 12.2°C in monitoring well MW2 to 19.9C in DUG and the

p <0.01), TP ¢ =0.40, p < 0.05), and DRP { = —0.55, POND. The temperature variation was influenced by the sea-

p < 0.01). Surveyed wells with high water level had high son the samples were taken, depths of the wells, soil temper-

concentration of both nitrate and nitrite. ature, interaction with air temperature, and infiltration of wa-
NO3-N showed a significant and positive relationship with ter with different temperature regime during recharge. Mon-

NO,-N (r = 0.47, p < 0.05), but a negative relationship with itoring well MW2 had the lowest temperature because it is

NH4-N (r = —0.40, p < 0.05). The significant relationship deep and screened at a depth of 7m. The highest temper-

between these species could be as a result of formation froratures were measured in the surface water sites DUG and

the same source (degradation of manure or organic materialPOND. These are surface water sites that equilibrate with air

Although there is no significant relationship between ammo-temperature.

nia and nitrite, the relationship between the nitrate and nitrite, Analysis of NH;-N concentrations ranged from

and nitrate and ammonium is mediated by various bacteri®.01mgL-! in DVPT and VWP to 0.84mgt?! in the

and the dissolution of the chemical species. This relationshif® OND. NQ-N ranged from 0.1 to 1.4 mgtl. Most of the

forms part of the nitrogen cycle with organic carbon acting aswells had a NG-N concentration below 0.2mg1l. DRP

an electron donor. N®N also showed a significant relation- had concentrations ranging from 0.01 nigtlin NWW and

ship with TP ¢ = 0.45, p < 0.05), which could be attributed G8 to 0.49 mgL! at DUG. DRP concentrations were gen-

to the degradation of organic material (manure). This is sug-erally low on the beach, compared to wetlands, apart from

gested by the significant relationship between TOC and DRIDVPT. TP concentrations ranged from 0.01 to 0.52 mg,L

(r =0.45,p < 0.05). with a mean concentration and standard deviation of 0.17
Slightly basic pH was measured for water samplesand 0.19mgL?, respectively. The lowest TP concentration

throughout the feedlot site. pH showed a significant relation-was measured from the groundwater sample collected from

ship with DRP { = 0.45, p < 0.05), which may relate to the SPN, with MW4 having a concentration below the detection

effect of high pH on the release of DRP into the water col- limit. The highest TP concentration was measured from

umn. The effect of pH on the solubility of P depends on thewell FLW. Both the lowest and highest concentrations are

availability of Fe, Al, and Ca. Anderson (1975) stated thatassociated with the beach ridge. There was no defined

high pH can increase the solubility of P, and this is due topattern in the spatial distribution of TP at the site. The

ligand exchange where Fe-bounded P is substituted by OHsouthern wetlands had relatively elevated concentrations

Hydrol. Earth Syst. Sci., 17, 48974906 2013 www.hydrol-earth-syst-sci.net/17/4897/2013/
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values obtained fo81°Nno, are consistent with values ob-
tained by Komor and Anderson (1993) in their study of ni-
trogen isotopic composition of nitrate from a feedlot, where
the enriched nitrogen isotope was a result of denitrifica-
tion and/or dissimilatory nitrate reduction to ammonium.
81°Nno, values greater tham10 %o are associated with ni-
trate obtained from human or animal waste (Seiler, 1996)
as compared to the commercial N fertilizer. Enrichment of
81°Nno, ands*®0 in nitrate within groundwater is an indi-
cation of denitrification (Bottcher et al., 1990; Kendall and
Aravena, 2000).

Well SPN is located within an area where roughly 0.5m
of topsoil was removed (Fig. 1), exposing medium- to fine-
grained sand. Removal of soils and sparse vegetation likely
contributed to the lowest EC, DRP, TP, TC, and IC; the rel-

atively high pH is likely the result of buffering by abundant
Fig. 7. Scatterplot of the factor 1 and 2 scores from the varimax carhbonate fragments in the sand.
rotation showing three clusters.

3.3.2 Cluster and factor analyses

when compared to the northern wetlands (Fig. 3). This couldEighteen sampled sites were categorized into three (3) clus-
be attributed to the clay-rich soil in the south as comparedters using the Q- and R-mode hierarchical cluster analyses.
to the sandy wetland soils in the north. Soils at the site aréWith the Q-mode analysis, FLW, FLE, SPN, DVPT, and
generally carbonate-rich and have variable concentration$/W4 comprise the first cluster and BRW, MW3, VWP, PGB,
of iron that may contribute to the observed spatial patterndNO6, PGN, G8 and MW2 the second cluster, and SWW,
(Fig. 3). NWW, DUG, POND, and NO3 the third cluster (Fig. 5).
NOs-N concentration ranged from 0.1mgt in the NWW and SWW had their distance of linkage greater than
POND and DUG to 12.6mgt! in FLE, with a mean that of the other clusters. This linkage could be attributed to
and standard deviation of 0.2 and 0.4 mg|_respectively. the relatively high concentration of the TC, IC, and phos-
Wells NWW, SWW, and MW2 had concentrations below phorus. There is a distinct relationship between the clusters
the detection limit of 0.1 mgt?, with no detection in  and well locations. The first cluster wells fall along the beach
well MWA4. Spatial distribution of N@ concentration indi-  ridge (recharge areas) while the third cluster is related to wet-
cated the higher concentration is associated with the beacland wells (discharge zone). The second cluster wells are as-
ridge and lower concentrations occurring within the wetlandssociated with the transition zone between the beach ridge and
(Fig. 4). The wetlands are characterized by well-grown hy-the wetlands.
brid cattails, smooth brome, and reed canary grass, which With R-mode hierarchical cluster analysis, the chemical
may have an influence on the low N©oncentrations in the species were grouped based on their concentrationg-NNH
wetlands. This makes the cattails and the other graminoid®RP, TP, and N@N were grouped together (Fig. 6). Al-
good for nutrient reduction within wetlands. though TC and IC had a relatively higher linkage, they were
Field parameters varied between the beach ridge and thelosely related by TOC and the other nutrients analyzed.
wetlands. The highest EC was measured at well NWW. Car- Factor analysis of the chemical species was done to exam-
bon analyses indicated higher concentrations in the wetlandge and detect the pattern of variation among the variables.
as compared to the beach ridge, with SPN having the lowesThis analysis was done using varimax rotation, and eigenval-
concentration and NWW having the highest concentration.ues greater than one were used for the analysis because they
POND, which was a former waste lagoon, was also char-contributed over 70 % of the total variance in the data (Ta-
acterized by high EC (1328 uScm), and NH;-N, but less  ble 3). The first, second, and third eigenvalues were used for
NO2-N and NQ:-N. Elevated NH-N and low concentration the factor analysis because they were greater than one and
or non-detection of N@N and NG-N in some of the wells  also reflected the greatest heterogeneity in the data distribu-
could be an indication of denitrification, or dissimilatory ni- tion. Chemical species with factor loadings greater than 0.50
trate reduction to ammonium. were considered to be the main cause of variability in the
Isotopic analysis of nitrogen and oxygen in dissolved ni- data (Table 4).
trate from wells FLE, FLW, and G8 indicated concentration  With the R-mode factor analysis, three main factors were
of heavier isotopes. FLE, FLW and G8 ha%fo,\,og values  generated that may be the cause of variations in the hydro-
of +30.8,+27.9, and+23.0 %o, respectively, anﬁilSNNo3 chemistry. Factor 1 accounted for 82.0 % of the total varia-
values of+42.22,4+29.38, and+-33.27 %o, respectively. The tion in the data, and this was caused by TC, IC, TOC, and
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Table 3.Eigenvalues of the correlation matrices explained by the various factors.

Initial eigenvalue obtained

Eigenvalues obtained after rotation

Cumulative Cumulative
Factor Eigenvalues variance Variance (%) variance % *Eigenvalues Variance (%) Cumulative (%)
1 2.909 2.909 36.367 36.367 2.285 28.557 28.557
2 1.706 4.615 21.328 57.695 1.846 23.076 51.633
3 1.061 5.676 13.264 70.959 1.085 13.562 65.195
4 0.910 6.586 11.376 82.335
5 0.727 7.313 9.089 91.424
6 0.411 7.724 5.138 96.562
7 0.275 7.999 3.438 100.00

The italic values are eigenvalues greater than 1, which forms more than 70 % of the variance in the data. * Eigenvalues used for the analysis.

Table 4. Factor loading matrix obtained from the varimax rotation. Table 5.Factor scores used in plotting the clusters.

Chemical Location Well *F1 *F2 F3
species Factor1 Factor2 Factor3 Communality FLW 064 527 _032
TC 0.947 -0.019 0.162 0.923 FLE —0.83 1.46 -0.13
IC 0.868 0.071 0.286 0.840 ) SPN -1.20 -0.84 -0.43
TOC 0.721 -0.264 -0.267 0.661 Beachridge pypT -1.10 -0.67 -0.61
NOo-N —0.228 0.683 -0.114 0.531 MW4 —-1.23 -1.04 -0.11
NO3-N —-0.251 0.776 —0.359 0.794 G8 -097 -0.72 -0.72
NH4-N —-0.016 -0.141 0.905 0.839 BRW 031 162 —043
DRP 0.586 -0.114 -0.106 0.368
TP 0.180 0.818 0.134 0.719 MW3 —0.10 084 -0.12
VWP —-0.40 -051 -0.25
Italic values are values that accounted for the variability within the data. PGB —0.05 -0.51 0.55
Intermediate  NO6 033 024 044
PGN —-045 -0.10 -0.55
MW2 -0.11 -0.68 -0.68
DRP. This explains the positive correlations between factor 1 NO3 0.42 0.22 1.78
and TC, IC, TOC, and DRP. These relationships could be an
indication of a similar source (decomposition of manure or SWW 1';4 00'2633 _0'12
organic material). Factor 2 accounted for 79.0 % in the vari- Wetland g\L/JVéV 171 :1.26 _11'511
ability of the hydrochemistry. This variation was caused by POND 066 —0.72 —0.99

NO>2-N, NOs-N, and TP, which had positive high loadings.
This explains why N@-N, NOs3-N, NOs-N, and TP are posi-
tively correlated with factor 2. This association could also be
an indication of a similar source (mineralized organic mat-
ter or manure). The variations in factor 1 and 2 could alsoThe variability caused by NIHN was insignificant, and this

be due to the relationship between the chemical species ancbuld be attributed to variable redox processes and biotic ac-
water level in the wells. With factor 1, TC, IC, TOC, and tivities within and surrounding well screens.

DRP were the main causes of variability, but these species In general, the relationships between the chemical species
had a significant negative relationship to water level. Thelikely indicate a common source (decomposition of manure
decomposition of organic material depends on water levelor organic materials). The fluctuation in the nitrate, nitrite,
and this can result in reduced carbon concentration (Tulineand ammonium could be related to denitrification and dis-
et al., 2009). In the presence of moisture or water, availablesimilatory NO; reduction to NH or plant uptake while that
DRP is depleted by plants and other microbes. With factor 2,0f DRP and TP could be due to sorption, desorption, pre-
the variability was caused by NEN, NOs-N, and TP. These cipitation, or dissolution of P from the water—sediment inter-
chemical species also had a significant positive relationshigace. Apart from well MW3, which showed a relatively high
with water levels. With factor 3, 39 % of the variability was NOs concentration, analysis of water from the deeper mon-
caused by only NiN, 31 % caused by the other nutrients, itoring wells indicated low nitrate concentrations. This well
and 30 % by the carbons. The nutrients, TC, and IC were noties within a surface runoff path, and the well is hydrologi-
considered because they had factor loadings less than 0.56ally connected to the excavated lagoon (POND). This is an

* The two factor score estimates that were plotted in Fig. 7.
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