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EXECUTIVE SUMMARY

Wastewatemfrastructure deterioration is commproblemfor many municipalities throughout
the nation Exfiltrating wastewater, or leakage from faulty systems can be a major source of
contamination creatingater quality problems in receiving streams, patute the groundwater
and pose health risks for people living in the surrounding communitgrefore, understanding
how aging sewer lines are influencing local stream and identifying specific sources of sewer
exfiltration is important for improving water quality in an urban area.

Wilson Creekin the City of Springfield, Missouri is listd on the 303(d) impaired water body list
for bacterial contamination for consistently exceeding Missouri Department of Natural
Resources water quality standards for Whole Body Contact Recreation (WBCRBClass
designation of 206 MPN/100 mL (GAP, 2007)o Better understand the influence of exfiltrating
wastewater on Wilson Creek and to identify areas within the sewer system that may need
maintenance, the City of Springfield, Missouri contracted with the Ozarks Environmental and
Water Resources Institut® EWRI) at Missouri State University to perform a pilot study to
determine if water quality trends could be used to locate points of exfiltration of sewage from
leaking sewer lines. The purpose of this study is to quantify variations in wastspet#ic
indicators at base flow along a 5.7 km segment of Wilson Creek.

This study used analyses of closspaced field samples to rank and prioritize source points
based on the degree to which water pollutants increased in concentration over upstream
background levels at expected source locati@fsthe six sewer crossingdentified, two are
considered very high ridlor source pollutionthree moderate risks, and one a low risk.

Following this rationale, a preliminary comparison of average pollutant concentrations detected
in the segment, including all samples, with apprate background levels suggests that
exfiltration inputs have increasgollutantloadsfrom 6-49% during base flow conditions in

Wilson Creek. Therefore, repairing leaking pipelines may also help meet broadeqweditgr

goals for Springfield. Howewer, more study of how fluctuations in exfiltration indicators relate

to point and nonpoint loadings is needed.



SCOPE AND OBJECTIVES

Sanitary sewer systems are constructed to transport wastewater from institutions, commercial
facilities, resdencesand industrial plant® treatment facilities Infrastructure deterioration of
these systems, however, is a common phenomenon for many municipalities throughout the U.S.
(Amick and Burgess, 2000Exfiltrating wastewateror leakage from faulty systems can be a
major source offroundwater contaminatiomrnef, 1983; Bishop et al., 1998pudieshave
reportedsewer leakageatescanvary from 1 to 61 m*/km/yearandrepresent as much as 13% of
collection volumeof the plant during dryweather flowdays (Decker and Risse 993; Lerneret

al., 1994 Ellis and Revitt, 2002enz et al., 20Q9Rutsch et al 2008; Musolff et al., 2010).
Several investigations have found that the impact of sewage exfiltration ongudosgwater is

also highly variable. This is due to the fact that many wastewater constituents biodegtade whi
in the vadose annsaturated zone (Vollertsen et al., 2002). This results in a grisitpotential

for wastewater pollution on shallow gmodwater storegatherthan in deep groundwater zones
(Ellis & Revitt, 2003. However, sewageerived pollutants have been detected from as much as
60 m below the surfacdue to fissured passageways in underlying aquifers (Dizer and
Hagendorf, 1991Morris et al., 200k This puts groundwater stores in areas characterized by
karst topography at high risk of contemxation from wastewater inputs his is concerning given
that sewage exfiltrate often contains high levels of toxic compounds, pathogenic
microorganisms, petroleum products, and nutrients (Amick and Burgess, 2000). These and other
organic and inorganic pollutants create water quality problems in receiving streams, can be a
major source of groundwater contamination, and subsequently pdgertsia for people living

in the surrounding community (Bishap al, 1998). Therefore, understanding how aging sewer
lines are influencing local stream and identifying specific sources of sewer exfiltration is
important for improving water quality ian urban area.

There are several physical and biological parameters that can be considered as indicators of
cumuative wastewater exfiltrationChloride(Cl) is a good indicator of wastewater inpand is
often used in conjunction with speciftonductivity (SC) because SC is an indirect measure of
the presence of dissolved solids suckalgCl, and other ionic solutd&mick and Burgess,
2000;Huggins et al., 2005)Examination of he relationship between @hd nitrogen iglso
instructivein exfiltration assessmebtcause these parameters have been found to travel together
as indicators of fecal pollutiofAmick and Burgess, 2000)Vhile nutrients such as total
nitrogen(TN) and total phosphoroy3P) are found in relatively high conceations in

biological tissues and wateZ| is added to municipal water supplies during treatment.
Phosphorous is also used as a fecal indicaoalse natural levels of phosphorus in surface
waters are verjow (0.01 mg/L) except in streams affected by human activity (All€089; Barr
andDavis, 2010).Escherichia col(E. coli) and total coliformsare commonly used indicators of
the possible presencé sewageexfiltratebecause it can be released directly into the stream via
faulty underground wastewater collection syst¢msfenthaler Stein, and.yon, 2009 Dove et

al., 2015) Therefore gtensive water quality monitoring of fecal indicators can be used to
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identify critical zones of exfiltration along an urban waterway (Sercu et al., 2011; Guérineau et
al., 2014).

Wilson Creeldrains the City of Springfield, Missouri and portions of unincorpor&textne
County,is listedon the 303(d) impaired water body list fwacterial contaminatiofor
consistently exceedingissouriDepartment oNaturalResource water quality standardisr
Whole Body Contact Recreation (WBCR) Clsslesignatiorof 206 MPN/100mL (GAP,
2007) Further, Wilson Creek artie James Rivdocaeddownstream arancluded in a total
maximum daily loadTMDL) for nutrients; which can also lefluenced byexfiltrating
wastewate(MDNR 2001) To betterunderstand the influence of exfiltrating wastewater on
Wilson Creekand to identify areas within the sewer system that may megutenancethe City
of Springfield, Missouri contracted witheé Ozarks Environmental and Water Resources
Institute (OEWRI) at Missouri State Universttyperform a pilot study tdetermine ifwater
quality trends could be uséal locate point®f exfiltration of sewage from leaking sewer lines.
The purpose of this study is to quantifyriationsin wastewatesspecificindicatorsat baseflow
alonga 5.7km segment of Wilson Creek beginningla¢ West Farm Road 15§oing upstream
to theconfluence of Jordan and Famgn Creeks

The specific objectives of this assessnaeto:

1. Usea rapid fieldbasedscreeningprotocolthat collects information at closely spaced
intervals usinga multiparameter probe to access the variabitittemperatur€T), SC
pH, dissolved oxyge(DO), andCl to identify potential exfiltration locations.

2. Collectwater qualitygrab sampleto beanalyzedn the laboratoryor TP, TN, CI, and
E. coli concentrationat stream locationg/hereinitial screening indicatedigh
concentration of exfiltration indicatorgo verify and more clearly identifgpecific
wastewater input locations

3. Make gecific recommendations to thetgof Springfield and itengineers regarding site
prioritizationbased omesults from thiexfiltration riskassessment.

The procedures and approatdscribed herean be usetb develop ambient and sigpecific
sampling protocols for identifying possible exfiltration siteSMitson Creekandother areas of
the cityto support continued targeted water quality monitoring.

STUDY AREA

The Wilson Creek watershed draasproximately 218 kfof the central and western aseaf
the City of Springfield in Greene County flowing southite confluence witthe James River in
Christian County (Figure)1Wilson Creek is difth order streamhatresideswithin the Ozark
Plateau physiographic regiah Missouri andis a majo tributary to the dmes RiverThis
portion of Wilson Creek is within the idigit HydrologicUnit Code (HUC) 110100020303S
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(130.4 knf) referred to agHeadwaters Wilson Creék The underlying geology of the area is

the BurlingtonKeokuk limestone of Mississippian ag&hin which is formed a karst landscape
where sinkholes, losing streams, and springs are commoey@fd and Feder, 1982).

Limestone bluffs are also common where the stream meets the valley margin and bedrock is
often exposed in the bed of the streadumerous facture zones in the bedrock create pathways
for flow of groundwater and pollutants.

The study segment is 5.7 km lobgginning atVest Farm Road 15Qriver kilometer (Rkm)

0.0) upstream tthe confluence of Jordan and Fassnight CraéRskm 5.7 (Figure 2 The

North Branch of Wilson Creek enters the main channel betwdaen R7 and 2.8 and is the only
major tributary in the study segmeWtilson Creek has both losing and gaining sections within
the study segment. Wilson Creek loses fieim 0-2.5 and is a gaining stream frormki 2.5
5.7. Additionally, all ofthetributariesentering the main channeélow Rkm 3.0 are also
classified as losingThe upstream land usepsedominantlyurban withsomeforest and pasture
along the ripaan cooridor within the study segméhrtgure3). There is a United States
Geological Survey (USGS) gang station Wilsons Creek near Springfiel@4052000 located at
R-km 52 that has been in constituent operation since 1998 ars®dsto account for
hydrological variability during the studyrable 1)

Floodplain soilsalong thestudy areare thelLanton silt loam at upstream sites dhd

Hunington Silt Loam further downstreamith both having relatively deep accumulations of
alluvium (Hughes, 1982)Both series consist ailty over bank deposits over buried channel
deposits with 38B0% chert fragments. Both series are moderately permeable, but surface runoff
is much slower in Lanton, indicating a greater proportion of clay in thlisTssrace soils

typically consist of a Hepler silt loam (upstream) and a Pembrook silt loam (downstream) that lie
over weathered silty clay subsoils containin§3% chert fragments. These soils have high

water capacity, but permeability is considerdblyer in Hepler. Gos§&asconade bluffs line the
ridges along the stream in some locations.

METHODS

Source Risk Assessmer& Infrastructure Identification

Prior to sampling, a source risk assessment was conducted to identify factors likely to eontribut
to exfiltration in this watershed such as: locations of sewage line crossings, inflowing tributaries,
local springs, faults and other geologic features, soil types, and land use praltisesas
accomplished bysing geospatial data froamline sources such s USGSandMissouri

Spatial Data Information Service (MSDISTheCity of Springfieldprovided the sewer

infrastructure data requirddr thisassessment.



Field Sampling

All sampling occurred during faiveather, base flowonditions because both E.coli transport

and storm water derived E. coli sources aghlly variable at higher flowsElevated levels

under these conditions are indicative of a nearby upstream source whereas collection of samples
during runoff events anmore likely to be affected by dilution or transport from distant sources;
making it difficult to determine points of origin (Dove et al., 2016ield sampling eventaere
conductedn summer 2016 oAugust 2d, August17th, andAugust29th. Eachmonitoring

event involved two teams with each team sampling half of the study segment betvd@ami 1

and 2:30 min the afternoon. Field workers walked upstream to ensure that each measure was
taken above the previous sampling site. Care was takesueithat bottm sediment was not
disturbed during measurement collection or sampling.

In Situ Measurements

In situ field measurements of SC, pH, DO, ClI, anaierecollectedusing a YSI multiprobe
environmental meter (Pro Plus Model; YSI, Inc. YellSwrings, OH, USA) (OEWRI, 2015)
During the inital screening phasa,total of three measurements were colleatddft, center,

and rightchannelocationsat each sit¢o verify variability across the channenstrument
accuracy was maintained bging the autealibration procedure before each sampling day and
by re-conditioning and manually calibrating each sensor prior to each sampling day.

Water Sample Collection

Surface water grab samples weodlectediaboratory analysis ofP, TN, and Clsing 500 mL
polypropylene (Nalger®&') opermouth bottle{OEWRI, 2007a)Additional surface wategrab
samples were collected in pseerilized 100 mL bottles and analyzed Eocoli bacteria

(OEWRI, 2013) Water qualitysamples weralwayscollectedin the thalweg Water depths

ranged from 0.0Th to greater thath m along the study segme&ample bottles were triple

rinsed with ambient water prior to samplingamples were collected by invertitige bottle to
approximately 0.6 ofhe watedepth ad then turning up the opening to allow water to enter

Care was taken to insure that bottom sediment was not disturbed by sampling activity, and
sampling occurred upstream of the technician. Upon collection, samples were transported on ice
and deliveredo the laboratory using chain of custody procedures (OEWRI, 2@06he

laboratory each 500 mL sample was split into two 250 mL samples. One 250 mL sample was
preserved for nutrient analysis by addingnl of concentrated sulfuric acid §8QOy) to lower he

pH below 2 standard units to stop all biological processes and preserve nutrient concentrations.
The remaining 250 mL was used foranalysisand was not preservedll samples were stored

at ~ 4°C prior to further analysis.

Hydrological Monitoring
The USGS gaging station #07052000 locatdd-kn 5.2 was used to monitor flow conditions
before and during sampf days. Hydrologic conditions were compared for both the previous




year and over the entire day of record (17 years) at the gage usingdufhiwn curve.

Additional, discharge measurements were colleatdive locations along the study segment
using a SonTek FlowTracker Acoustic Doppler velocity meter to verify downstream variability
of flow (OEWRI 200D). Flow data assisted in analysisd interpretation of the effects of
losing/gaining flow and pollutant assimilation on water quality trends.

Laboratory Analysis

Sample processing and analysis was perfor med
on the campus of Missouri State Maisity. Surface water grab samphlsre analyzedor TN
andTP using a Genesys 10S WWis Spectrophotometer using EPA standard mett&d23and
methods outlined b€rumpton et al(1992 (OEWRI 2010a, OEWRI 2010b). Laboratdzy

was measured using &ccumet Excel XL25 Dual Charel pH/lon Meter (OEWRI, 2009)As
determined by irhouse QA/QC procedures;aeptable detection limits for these procedures are
O0. 1 mg /0005TMY/L TPOand 0.1 mg/L Ghith all accuracy and precision checks
within therange of + oii 20%. Samples were analyzed tbe presence oE. coli using the

IDEXX Colilert® and QuantiTray® method for detection and enumeraf{@EWRI, 2013)

The detection limit of this method is 1 MPN/10Q with accuracy of + or 20%.IDEXX MPN
Generator 3.2 software was used ¢onfirming MPN of sample results, agll as calculation of
95% confidence intervals.

Quality Assurance/Quality Control

Field duplicates and field blanks were collected for each batch for quality assurance (QA) and
quality control (QC) purposes (OEWRI, 2007a). The duplicate sample was collected at different
sampling sites each time. Benized (DI) water was transferred to a 500 ml sample bottle in the
field for each blank. The field duplicates and field blanks wegsgrved and processed in the
same manner as other samples. Following these field QA/QC protocols ensured that field
equipment was free from contamination and that sample collection procedures accurately
reflected actual field conditionkaboratory qualitycontrol procedures includgreparation of
laboratory duplicates, reagent blanks, spiked samples, digestion efficleeaks and laboratory
control checksField andlaboratory duplicate samples weleemedacceptable if the rative

percent differenceRPD) wa less than 20 %.

Where:
RPD=bOsDb x 100
(O+D)/2

O = original sample
D = duplicate sample
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Laboratory QA/QQCalsorequired the usef acidcleaned sample bottles for all sample collection
to avoid crosscontaminationAdditionally, all sample bottles were labelaith date, eventsite
and project to msure that propdaboratory results were attributed to the appropriate field site.

Field duplicateelative percent differences (RPD) for iallsitu field measurmentsranged from
0.0% to 13.3% among all pararaet This range was acceptableZ8%) and indicated that
sample collection procedures accurately refleet#dal field conditions Grab sample field
blank valuesvere reported dgss than 1 mg/L dess tharl MPN/100 mL.No E.coli colonies
were detected in any tieblank sampled-ield and lab duplicatée2PDfor TP, TN, Cl, andE.
coli was0.0%- 16.2%among each monitoring site and sampling debe only exceptions to
thiswereAugust 17thfield duplicates for TN at Fkm 1.8 and 2.8 which were 284)and 24.6%,
respectivelyandAugust 29thield duplicatefor E. coliat Rkm 25 which was 28%. All
laboratory and quality control checks met acceptable performance stafderdssults of the
analysis of these QA/QC products show that laboratory results for nutrients, El eold
analysis (other thathosementioned above)ould be accepted.

Effect Magnitude Ratios of Sewage Source Indicators

Sewage source indicators (SSI) ugethis study include CISC, TP, TN, ané. coli bacteria

which have all been identified as constituents in wastewater that can be tracked in streams
(Amick and Burgess, 2006{uggins et al., 200%Allen, 1999; Barr & Davis, 2010)Sewage

Source Indicator levels were further quantified by calculating an Effect Ratio (ER) for individual
peaks in SSI concentrations. Effect Ratios compared peaks in concengatim f SSI1 6s t o
upstream background concentrations. These ratiogedethe magnitude of the peakstdnce

(km) between predicted exfiltration source poiatsd the downstream peak was also evaluated.

The combination ofmagnitude and distance clank all potential source points to SSI responses
during each phase of the study.

RESULTS AND DISCUSSION

Source Assessment

The source assessment identifgetbtal ofnine potentiakxfiltration sourcelocations along the
Wilson Creek study segment includisix sewer crossings fault, anda major tributary. A
mapped &ult line crosesthe stream at two locationsetween Rkm 2.2and 2.3 and again atR
km 3.6(Figure 4 Table2). Sewer lines cross Wilson Creek at six points along the study
segment, witta main line running down the valley near thelpoint of the study segment.
Crossing points identified include:-kn 0.6, between Rm 2.0 and 2.1, betweenln 3.0 and
3.1, and at Kkm 4.6, 5.4, and 5.6Additionally, the North Branch tributary of WilsoCreek
enters the study segment betweeknR2.7 and 2.8
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Permitted point sourcalischarge locationism theWilson CreekNVatershed above the study
segmentvere also identified There were a total afight permitted point sources within the

upstream dainage area and the majontgerec | as s i f i &ahDensestie RracdseWater

o rNoricontact Cooling Watér Table 3. Most of the discharge sites are locaftenn 2.8 km

to 7.5 km upstream of the study sitexl gven the distance from the slysite, we did not

believe they would have an influencetbe results of the pilot stud¥igure 4) Theexception

to this was discharge site number 1 which is located at the most upstream samplingrsite (R
5.7). Thi s ¢ omp anydsctaolisgevater disghargad at® & loldings n o n
tank on property &fore being released into Jordareekand was not evaluated in this

assessment

Hydrology

Discharge records from the USGS gaging station indicated that the nmanifear was wetter
thannormal lased orcomparisorof discharge recorder water year 2016 versus the entire gage
record.Examination of flonduration analysishowed a higher percentage of flow exceedance
for sample data discharges for the 2016 water year compared to the fjageaecord. For
example the discharge during the AuguStsample date was exceeded 60% of the time over the
2016 water year, but only 55% of the time over the entire gaaged (Tablet). Similar
exceedance differences were evidentdischargeduring the other twsampling datesn

August 17th and August 29ttAdditional downstream discharge measurements were collected
and confirmed findings from an earlier report, that Wilson Creek loses at points betkaen R
2.5 and 1.6 as discharge decredsetveen these two sites, but returned to upstream levels at
points further downstreaftPA, 2011)(Table5; Figure 2).

Field Sampling

A total of 271in situprobe measurements and 174 water samples were collectedredong
Wilson Creek study segmenttinree sampling periods oveourse of the pilot study. The GPS
coordinates and elevations of each study site are presented in Appe@brplete records for
each sample site and date, including water quality parameters and concentrations of aurient
included in AppendixB-D.

Initial Field-BasedScreening (August 2, 2016)

For the initial screening assessmentAugust 2ngin situ field measurements were collected

every 100 m along the.7 kmstudy reach To better understand how T, SC, DO, pH, and Cl

varied at a site, three readings were collected and the variability between readings was accessed.
With the acceptation of DO, the average variability of the measured parameters was less than 1%
across the @nnel. Average across channel variability for DO was still relatively low at 6.6%.

Due to the lack of across channel variability, it was determined a single measurement in the
thalweg was sufficient. Therefore, in subsequent sampling events a simljtg n@as collected
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at each site. Additionally, in the discussion of the initial screening rémitie/the average of
the three readings was used to analyze trends.

For the initial screening phase, temperature, SC, and pH varied ver(idigs than 10%) among
sites while DO and CI had greater than 10% variabilDischarge at the USGS gage did not
vary over thenitial screeningsampling period staying at 0.167/sfrom 11:00 am to 2:00 pm
and 60% of all flows exceed that value interayear2016(Figure5). Temperature readings
ranged from 23.9C to 26.3°C with an average of 25.Z anda coefficient of variation (cv% =
standard deviation/mean x 100) of 2.5% (T&)leThe range in pHeadingsvas 7.5to 7.8
standard units with a mean of 7.@rsflard units and a cv% of 1.0%. Specific conductivity
values ranged from 448S/cm to 58QuS/cm with an aerageof 521 uS/cm for a cv% @.2%.
MeanDO concentratiorwas 74 mg/L with a range of 4.4 myg/to 10.3 mg/L for a cv% of

15.4%. Chloride concentrations ranged from 48.8 mg/t3t0 mg/L with an average of 60.1
mg/L and a cv% of 13.0%0EWRIper f or med tests on the city of
July 24, 2014. Resulshowthat average Gioncentration is 23.8 mg/ISCis3 79 ¢ &d ¢ m,
pH is 7.3 standard unijtahich are lower than observed measurements in the stream. This
suggests tap water from leaking water lines would actually dilute any sewer exfiltration signal
found during samplig.

For the purposes of this study, SC and Cl are used as an indicator of sewer source indicator
(SSI). Both SC and chloridexhibited a consistent pattern of decrease from upstream to
downstreanthrough the study segmefitigure6). Average SC concération was 556 pS/cm

(range = 543580 uS/cm) in the upstream quarter of study sites (n = 16) versus 473 uS/cm in the
downstream quarter of study sites (range =448 uS/cm), representing a downstream decrease
of 132 uS/cm between the highest upstreachlawest downstream concentratioghloride

exhibited a similar pattern with a downstream decrease of 24 mg/L between the highest upstream
and lowest downstream concentration. Average Cl concentration was 70.2 mg/L (range = 66.7
73.0 mg/L) in the upstreanuarter of study sites, compared to 50.6 mg/L in the downstream
guarter of study sites (range = 4%2.0 mg/L). Hence, Cl and SC were strongly correlated (R =
0.94) and both decreased significantly downstream (p < 0.001).

Similarly, fluctuations intese two parameteogcurredat similar points along the Wilson Creek
study segment. Both Cl and SC were highest approximately 200 m downstream of the two sewer
crossings at km 5.4 and 5.6 with values of 71.9 mg/L and 561 uS/cm, respectively. Peaks in
concentrations of both parameters were also recorded near the point where the North Branch
tributary of Wilson Creek enters the study segmerkrfR2.8), and just downstream of the

sewer mairat R-km 3.1 Given the similarity in peak trends for SC and @dl ahe downstream

trend of decrease for both of these parameters, the entire 5.7 km segment wasftarrgeted
additional water qualitgampling duringhe next phase of tretudy.
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Water QualitySampling(August 17, 2016)

A targeted water qualityamplingassessmentas conducted on Augustthivhere29 in-situ

field measurementsere collectedt pre-selected points alorntye study reacfocusing on the
critical zones identified in the screening phd3ischarge at the USGS gage did vary oves th
sanpling period decreasing from20 m*sat11:00 am td.159 n/s at2:00 pmindicating there
was an unknown release of water upstream dwamgpling(Figure7). Average dischargever
the sampling period was 0.18G/sand that flow was exceeded 57% of the time during water
year 2016.However, variability among parameters was lower for this sampling than the initial
screening.Specific conductivity values ranged frafi7 uS/cm to548 uS/cm with an average
of 514uS/cmfor a cv% 0f4.9% (Table 7. In situ dloride concentrations ranged fr&f.2

mg/L to63.3mg/L with an average d@6.9mg/L and a cv% 05.6%. Summary statistics for T,
pH, and DOfor this sampling periodrealsoshownin Table 7

A total of 29 water quality samples were collected fornviager quality sampling portioof this
prgect in conjunction with the isitu measurements that included laboratory analysis of
chloride, TN, TP, an&. Coli. Chloride concentrationsere similar to the ksitu measurements
rangng from 48.763.0 mg/L with a reanof 55.8 mg/Land a cv% of 5% (Table7). The
averagelN concentration wa$.63 mg/Lrangingfrom 1.46 to 2.09 mg/lwith a cv% of 7.0%.
Total phosphorous concentrationsgad from 0.027 to 0.062 mgikith a mean 00.034 mg/L
and had higher variability with a cv% of 24.3%.p r i n g f i e |hddaverage aRpandvidt e r
concentrations are 0.013 mg/L and 0.78 mg/L, respectiviin, his suggests tap water from
leakingwater lines would actually dilute any sewer exfiltratsagnal found during sampling.
The average E. coli concentratiamas 125 MPN/100 mkangingfrom 26:378 MPN/100mL
among sampling sitesith relatively high variability where the cv% was 72%

Nutrients, Cl, and E. coli grab samples collected on August 17 profudierevidence for the
locations of possible exfiltration risk sites along Wilsae&k. All predicted source points

showed evidence of pollution from sewage exfiltration except theliiae at R-km 2.3 and the

fault line at Rkm 3.6. The most dramatic peaks in TP concentration (TP; 0.061 mg/L) occurred
at Rkm 5.2 just downstream of the sewer line crossingslanf.4 and 5.6 as well as at the
sewer crossing at-Rm 0.6 (TP; 0.062 gyL) (Figure 8). The effect ratio (ER) or magnitude of
these peaks in TP concentration was two times that of upstream background concentrations
(Table9).

Elevated concentrations of Cl and TN were observed at similar points along the study segment.
Pe&s in Cl and TN levels were recorded just downstream of the sewer line crossingsat R

5.4 and 5.6 (Cl: 60.5mg/L; TN: 1.77 mg/L), downstream of the sewer line crossirgnatto

(Cl: 57.6 mg/L; TN: 1.69 mg/L), and at the fault line akR 3.6 (Cl: 546mg/L; TN: 1.65 mg/L)
(Figure 9) A relatively large peak in Cl concentration (60.9 mg/L), occurredianH..6, just
downstream of the sewer crossing ékmR 21. The magnitude of each of these peaks in CI
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concentration, however, was only slightly greater than that of the upstream background
concentrations. The largest peak in TN concentration (2.09 mg/L) wakmatIR8 just below the
sewer line at Fkm 2.0. Concentrations at this site were 1.3 times highpared to upstream
concentrations. The most elevated CI concentration (63.0 mg/L) was record&th&.R, 300

m downstream of the North Branch, with an ER of 1.2.

E. coli concentrations increased steadily and significantly (p < 0.001) ovetutlyesegmentE.
coli concentrations in 48% of sites sampled were at or above the 126 MPN/100mL (WBCR)
Class A water quality criteria for trstate of Missouri (MDNR, 2014&igure 10). Of the 48% of
sites above the 126 MPN/100mL Class A criteria, four vabie/e the Class B criteria of 206
MPN/100mL. The four sites included two-{n 5.4 and 5.2) at or just below the sewer
crossings at km 5.4 and 5.6, as well as two sites just below the sewesicgoat 4.6 (Rkm 4.2
and 4.4).Concentrations at this siteere 2.0 times higher compared to upstreamcentrations
(Table8). Sitesthat exceeded the Class A criterion, but not class B included the sHenaDRl
(just below the sewer line crossing akR 0.6), sites at Rm 2.6 and 2.8 at, or just beloweth
North Branch and the sewer main akiR 3.1, sites Fkm 4.0 and 4.6 at or just downstream of
the sewer crossing atlkn 4.6, and the site at-Rn 4.8 downstream of the sewer crossing-at R
km 5.4. Concentrations atln 2.6 and 2.8 were two times thatupfstream concentrations. The
peak at Rkm 0.4 was five and a half times that of upstream concentrations.

Using the E.coli results, four stdections of the Wilson Creek study segment were designated
for more targeted detaileshmpling (Figure Q). Subsection | captured the area of peak

upstream and downstream of the sewer line crossingkat B.6. Suksection Il captured the

area surrounding the peak in E. coli concentration surrounding the main sewer line crossing
between Rkm 3.0 and 3.1, and stdection |1l addressed risk areas around sewer crossings
further upstream (5.4 and 5.6). Ssiction IV was added to address the plateau seen in between
subsections | and II.

TargetedWater QualitySampling(August 29, 2016)

For thetargeted water qualitgssessmend8 in situ field measurements were collected every
100 m along the study readbwnstream of the 4 stdections designated in the water quality
sampling phase on August™.7Sampling was again completeetween 11:00 am and 2:00 pm
and dscharge at the USGS gage did not vary owersampling period staying @09m?/s over
that time which was exceeded 87% of the time in water year 2Bitbirell). Specific
conductivity valuesvere elevated compared to the previous two sampling peaodsg from
585uS/cm to640uS/cm with an average 6fL1uS/cm for a cv% o2.9% (Table 9) However,
in situ Cl concentrationsvere similar to previous sampling periods rangnogn 54.4mg/L to
67.4mg/L with an average of G®mg/L and a cv% 06.1%. Summary statistics for T, pH, and
DO for this sampling period asdsoshown in Table.
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A total of 48 water quality samples were collected lmboratory analysiduringthe targeted
sampling phase of this project in conjunction with the insitasurementsLaboratory
analyzedCl concentrations weragainsimilar to the insitu measurements ranging from 51.4
mg/L to 69.7mg/L with a mean 060.9mg/L and a cv% 06.7% (Table 9. The average TN
concentration was 33 mg/L ranging from 1.04 mgAo 1.55mg/L with a cv% 016.0%. Total
phosphorous concentrations ranged from 8.08/Lto 0.07/1 mg/L with a mean of 0.mg/L
and had higer variability with a cv% of 28%. The average E. coli concentration \235
MPN/100 mL ranging fron80-1,011MPN/100 mL among sampling sites with relatively high
variability where the cv% wagt. 6.

All predicted source points showed evidence of pollution from sewage exfiltration. Total
phosphorous concentration (TP; 0.052 mg/L) at the faulalifRekm 2.3 was two times gres
than it had been on Auguktith(Figure 13. Similarly, high levels of TP occurred athkn 5.0
(0.062 mg/L) just downstream of the sewer crossinglainFb.4, and 4.3 (0.071 mg/L)
downstream of the sewerossing at 4.6These concentrations were 4 and 5 times greater,
respectively, tan they had been on the August 17th sampling dag ER for these peaks in TP
concentration were two times greater than that of upstream backgroncehtrations (Table

10). Anotherpeak n TP concentration was recorded at the sewer line crossingratR6, but

the ER wadower (1.4).

Sites with elevated TN and Cl levels were similar to those of the previous sampling day and
included sites at Rm 5.5 and Rkm 5.4 (TN: 1.45 mg/L; Cl: 6@.mg/L), located at or just
downstream of the sewer crossing at 5.6 maddFigure 13). BotAN and Cl were highest atR

km 5.0 (TN: 1.55 mg/L; Cl: 69.7 mg/L), downstream of the sewer crossinekat R4. Other

much less sizable peaks in TN and CI leweére recorded at-km 2.6, and 2.8 downstream of

the North Branch confluence. From that point downstream concentrations in both parameters
decreased substantially. The magnitude of these concentrations, homeevenly slightly

greater than that of ¢hupstream background concentration (1.1) and none exceeded 1.2 (Table
10).

E.coli concentrations among sampling sites between the second and third sampling day
increased, on average, by 58%@f the 48 sites, 85% of them had E. coli concentrations that
exceeded the WBGCRIass A criteron of 126 MPN/100nL (Figure 134. Of those sites, 37%
had concentrations above the WBCHRass B criterion of 206 MPN/100L. The E. coli
concentrations of 27% of thesites exceeded 400 MPN/100niLhe largest peak i&. coli
(21,0113 MPN/100mL) was at the sewer main limeossing at fkkm 3.1 Concentrations at this
site were 6.4 times greater than upstreamcentrations (TableOL At R-km 2.9, just
downstream of the sewer crossing &M 3.1, concentrations weres2imes higher than
upstream concentrations. The site étrR 2.2, located just downstream of the fault E&-km
2.3 and the site at-Rm 3.2, just downstream of the fault line akR 3.6, had E. coli levels that
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exceeded 650 MPN/10@L, with ER of 30 and 4.2, resgctively. E. coli concentration at4Rm

2.7, just downstream of the North Branch confluence, was 436 MPN/100mL; two times greater
than values upstream. Other sites, just downstream of the North Branch that exhibited elevated
E.colilevelswereatRk m 2 . 6, 2.4, and 2.3 with EROGs of
peaks of substantial magnitude occurred-&trR5.5 and 5.1 (downstream of the sewer crossing

at Rkm 5.4 and 5.6), and atkn 4.3, 300 m downstream of the sewer line &R4.6. E. coli
concentrations at these sites were approximately 1.2, 1.6, and 1.5 times greater than upstream,
respectively. E.coli levels at-lRn 0.2 (downstream of the sewer crossing-&niR0.6) were 2.2
times greater than upstream concentratioBscoli levels at kkm 3.2, 3.1, and 2.2 exceeded
August 17 samplelevels for the same sites by22%.

Decreased stream discharge on this sampling day could have contributed to the increase in
bacteria levelslue to less dilution due to low flow conditio&his is consistent with others who
have shown that bacteria levels are often higher in natural streams during lower flow conditions
(Tiefenthaler et al., 2009)The magnitude of increase in E. coli concatibns at potential

source points supports the notion that the decrease in discharge limited bacterial transport
downstream resulting in elevated E. coli concentrations at sites very near active sewage leaks
(Dove et al., 2015). This is evidenced by fhet that the distance between peaks in E. coli
concentrations and predicted source points was 0 for the three sites with the highest
concentrations.

E. coli Geometric Means f@kug. 17thandAug 29thSampling Dates

The MDNR Methodology for 303(d) listgnin Missouri recommends using a geometric mean to
compute a measure of central tendency for each sampling/iieR 2014) This analysis

allows for a comparison of results betwesampling dates and confirmed that all of the potential
source points shosd evidence of possible pollution from sewage exfiltration except the fault
line between FKkm 2.2 and & (Figure 15).The highest geometric mean E. coli concentration
was 392 MPN/100 mL at the-Bn 5.4 sewer crossing whichastso200m downstream athe
sewer crossing at-Rm 5.6. Additional analysis of geometric means showed that E. coli values
exhibited a significant (p = < 0.001) decreasilogvnstream trendGeometric means (GM) were
further analyzed by calculating Effect Ratios for each of itles svith elevated GM E. coli
concentrations. As illustrated in Figure 15, GM E. coli concentrations at each sitgressey
thanl.2 and concentrations at sites atiR 2.7 and 2.8 (at the North Branch confluence), and
5.4 (located at below the seweossings at kkm 5.4 and 5.6) were two times greater than
upstream concentrations.

Effect Magnitude Ratios

Consistent with the observations of oth&rscoli appearedo bethe strongesSSI given that ER
values were consistently greater thand.2early allpotential source pointduringboththe
August 17" andAugust 24" sampling period¢Edberg et al., 2000)Theonly source point
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where this pattern was varlabvas thefault lines atR-km 2.2 and 3.6 August 17" E. coli
analysis indicatéthat there wagso evidence of sewagfiltration at sitedelow either of thee
fault lines August 29thanalysis howevershowed thaE. coliconcentrations werree times
higher downstream of tHfault at Rkm 2.Q and 4.2 times higher downstreaifrtloe fault at R

km 3.6 compared to upstream concentratiohisiscould bebecauséigherdischargeon the
August 17thsampling dateould have had a dilution effeah E. coli concentrationsind
discharge on August Yavas considerably lowerFurthermore, pollution from exfiltration
sources may travel for some distance through the groundwater below the bed before coming to
the surface during higher base flowhe reliability of theER method of quantification appeared
to be hidp for TP as well For example, ffect ratios for TP amongugust 17thandAugust 29th
sampling days occurred at similar potential exfiltration source points (sewer crossingat R
0.6, 5.4, and 5.6) and were of similar magnitudegd 24 (Table 8and D). TheER analysis

for TN and Cl suggests that they are weaker SSI than Eoli aseffect atios for TN and Cl
were 1.2or higherat only one potential source point the August 17tsampling date, and
never greater than 1dat any potential source poiahthe August 29tlsampling date. This was
while ER forE. colion theAugust 29thsamplingdateweregreater thari.2 atall potential

source points

Classification of Exfiltration Risk

Consequently, we usdd andE. coliresults taclassify each of the potential source points as

being avery high high, moderatepr low sewage exfiltratiomisk source point Very high
exfiltration-risk source points incluatthe sewer crossings atk® 3.1 and 06 (Table 11 and

Figure 16) Thesepotential source points had hidh. coliconcentrationsvith ERsgreater than

5.0. The fault linesat Rkm 2.3 and 3.@re classified as high risk havidr vales at or above

3.0for E. Coli. This suggests sewer exfiltration (or other pollution source) may aksatéeng

the stream via karst pathways from areas other than adjacent to the stream. A better
understanding of the base flow hydrology (losing vs. gaining) at these locations and perhaps dye
tracing would help better understafadiits as apotential polution source.The sewer line

crossings at 4.6, 5.4, and 5.6 are classified as moderate risk sources, with ER values of 2.0 to 3.0
for TP and E. Coli.The North Branctat R-km 2.8is alsoa moderateisk site.E. Coli ER for

this site is between 2.0 and3 The sewer line crossing atkn 2.1is alow exfiltration risk

siteswith an E.Coli ER value of 1.4

Suggestions for Further Study
Several suggestions are presented here tarnelmve the design of future studies

1. Site and reackscale variability irE. Coliand TP concentratiomeeds to be better
understood Results from this study indicate that the best parameters for exfiltration
assessmerare TP andE. coli. Howeveronly onesampleor measuremeribr each
paraméer was takerfrom the thalweg at eacttudysite. Future assessments would benefit
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from taking replicate samples at each Siteis would strengthen ¢hwvalidity of the data
analysis.

2. Sincesewage leachasghouldbeable to badentifiedthrough trends in T, SC, Cl and DO,
and because these water quality parameters were informative during the initial field survey, it
is recommended that-situ measures of these parametstinue tdbe taken in
conjunction with SSI grab samples of Tid& coli. (Tiefenthaler et al., 2009)

3. Improve theunderstanding thatn important limitation oE. coliis that it is not human
specific (Sercu et al., 201.1Several studies have used alternative approaches to discern
between human and ndruman sources d&. coli. One such method is to péir coli
monitoring with assessment of specific wastewater micropollutants such asecaffe
(Gue’rineau, et al., 2014 his would be an advantageous line of study that could confirm
that bacterial findings were from human rather than animal sources.

4. ltis likely the sewer lines identified in this study are not leakiglgt at the stream crossing
sincethecrossngsare below the water tabldt is more likely that the exfiltration is
occurring at more elevated points in the sewage lines such as service tatethés
junctionswhich may exist above groundwater tables, at or near gtiesssm crossings
Therefore examination othe sewer systemt and near high risk sites identified in this study
would be required

CONCLUSIONS

The purpose of this study was to monitor a 5.7r&achof Wilson Creek and determine if water
guality trends could be used to locptents of exfiltration of swage from leaking sewer lines so
they could be repaired and ultimately improve water quaityotal of 271 probe measurements
and 174 water samples were collected and analyzed over three sampling dates in August for this
study. In situ measurements by myplirameter probe collected measurements of T, pH, SC,
DO, and CI during all three samplidgtes. Surface water grab samples were collected only
during the second and third sampling dates and analyzed in the laboratory for TP, TN,ECI, and
coli concentrations. The source assessment identified a total of nine potential source locations
along he Wilson Creek study segment including six sewer crossings, a fault (2), and a major
tributary (1). All potential source points showed evidence of possible pollution from sewage
exfiltration at variable classifications of risk (major, moderate, min®pecific locations

identified by thisstudyare detailed here

1. The sewer crossings aR-km 3.1and 0.6 representvery high exfiltration risk sites where
ER values greaterthan 5.0for E. Coli. During August 29th sampling, the highest peaak

19



E. coliconcentration was &-km 3.1 with a magnitude 6.4 times that recorded upstream
During the August 17th sample date, the highest effect ratib. foolicompared to upstream
concentrations (5.5) was recorded &R 0.4. These were the highest ER valuesthis
study.

2. The fault line crossingsat R-km 2.2 and 3.6are classified asigh exfiltration risk sites
as ER values are at or above 3.0 for E. ColThis suggests sewer exfiltration (or other
pollution source) may also be entering the stream vist kathways from areas other than
adjacent to the stream. A better understanding of the base flow hydrology (losing vs.
gaining) at these locations and perhaps dye tracing would help better understand faults as a
potential pollution source.

3. The sewelline crossing atR-km 4.6, 5.4, and 5.@&re moderate exfiltration risk sites
with ER values greater than 2.0 for E. Coli and TP.
While theses upstream sites have high raw concentrations of E. Coli, ER values are moderate
due to higher upstream concetitvas. Upstream influences from Fassnight or Jordan
Creeks could also be contributing to the problems in these upper reaches of the study
segment. These two tributaries enter Wilson Creek just abdéwe R7, and have a long
history of water quality degdation from a variety of point and nonpoint pollution sources
associated with urban development (Richards and Johnson, 2002; Miller, 2006; Hutchinson,
2010).

4. The North Branch of Wilson Creek at R-km 2.8 is also classified as moderate, with an
E. Coli ER value greater than 2.0.During August 2%h sampling peaks irk. coli
concentrationsccurredat Rkm 2.8(184 MPN/100mL) and 2.6(156 MPN/100 mL)The
ER for both concentrations was than 2.0 totRr@sgreaterthan recorded upstream.

5. The sewer crossingt R-km 2.1is considered a lowexfiltration risk site with an ER
value of less than 2.0 for E. Coli.Small peaks irE. coliconcentrations occurreat this site
during the August 17 sampling periods, but the ERaslower than thether sites and no ER
was detected on August 29th

Overall, this protocol has proven useful for identifying exfiltration leaks at expected source
points as well as providing a better understanding of the effects of sewer exfiltration on base
flow water quality in Wilson Creek. As found in other studid3,ahd E. Coli were most useful

in identifying source location#\(len 1999; Barr and Davis 2010; Tiefenthaler, Stein, laywh

2009; Dove et al. 20)5However, TN and Cl also indicated exfiltration effects in Wilson Creek.
Ultimately, this study used alyaes of closelyspaced field samples to rank and prioritize source
points based on the degree to which water pollutants increased in concentration over upstream
background levels at expected source locations. Following this rationale, a preliminary
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compaison of average pollutant concentrations detected in the segment, including all samples,
with approximate background levels suggests that exfiltration inputs have increased the loads of
TP by 6%, TN by 8%, Cl by 8%, and E. Coli by 49% during base flowlitions in Wilson

Creek. Therefore, repairing leaking pipelines may also help meet broader water quality goals for
Springfield. However, more study of how fluctuations in exfiltration indicators relate to point

and nonpoint loadings is needed.
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TABLES

Tablel. Drainage area and discharge at USGS gaging statiem(R2).

Annual Annual
. . Mean Mean
USGS Gage L Period of Drainage . .
D # Description Record Area Discharge Discharge
For Period For WY
of Record 2016
07052000 Wilson Creek at %i);llggs;étfol\éoev'tligg% 17.8 mf 19.2 s 23.1 /s
Springfield, MO PLESEL) 461 knd) | (0.54nis) | (065mis)

June 1998 to present

Table2. Potential exfiltration source points along the Wilson Creek®. 8tudy segment.

Potential Source

Point (R-km) Type
0.6 Sewer line
21 Sewer line
2.3 Fault
2.8 North Branch Wilson Creek
3.1 Sewer line
3.6 Fault
4.6 Sewer line
5.4 Sewer line
5.6 Sewer line
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Table3. Permitted Discha@es for Wilson Creek watershed

Approx.
Site . Easting Northing Distance
Facility N T t Wast tat
Number acility Name (m)* (m)* ype Stream aste Status Upstream
(km)
1 Euticals, Inc. 470,971.23| 4,115,670.39 Outfall Jordan CreeK Noncontact Cooling Water Expired 0.0
PAUL MUELLER Storm Water | Tributary of .
2 COMPANY 471,910.06| 4,118,440.68 outfall Jordan Creek Nonprocess Expired 3.5
3 Ozarks Regional 474,262.93| 4,118,161.90 Outfall Tributary of Non-Domestic Process Water| Effective 5.0
YMCA Jordan Creek
Tributary of
4 Kraft Foods Global| 477,197.80| 4,116,085.65 Outfall Fassnight | Non-Domestic Process Water| Expired 7.5
Creek
Storm Water Tributary of
5 Kraft Foods Global| 477,187.85| 4,116,048.73 Outfall Fassnight | Noncontact Cooling Water Expired 7.5
Creek
6 Sherman Street 475,057.00| 4.118,518.00 outfall S. Branch | NonrDomes Process/Incidentg Effective 56
Plant Jordan Creek Stormwater
7 Sherman Street 475.177.00| 4.118,548.00 outfall S. Branch | Storm water/incidental nen Effective 57
Plant Jordan Creelk domes process
N. Branch .
8 | Conco Companies| 468,844.00 4,118,985.00  Outfall Wilsons | NorrDomes Process/incidents oo 0| o g
Creek Stormwater

* coordinate system UTM NADS83 Zone 15 North
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Table4. Flow duration percentagdsr sampling date dischargeom gage records.

Mean Sample Daily Mean Discharge Daily Mean Discharge
Monitoring Date Discharge Percent Exceedance Percent Exceedance 17
(m%s) for 2016 Year Gage Record
August 2, 2016 0.16 60% 54%
August 17, 2016 0.14 57% 51%
August 29, 2016 0.09 87% 82%

Table5. Record of downstream variability in discharge on August 30, 2016.

R-km Discharge (n/s) Time (CST)
04 0.09 15:10:13
1.6 0.06 16:22:07
2.9 0.08 14:02:52
4.4 0.08 15:11:35
5.2 0.07 17:47:13

Table6. Summary statistics fokugust 2, 2016n-situ field measurements.

Temp pH SC DO Cl
(°C) (std) | (uS/em) | (mg/L) | (mg/L)

n 58 58 58 58 58
Mean 25.2 7.6 521 7.4 60.1
Median 25.2 7.6 529 7.5 58.8
Min 23.9 7.5 448 4.4 48.8
Max 26.3 7.8 580 10.3 73.0
SD 0.6 0.1 32 1.1 7.8
CV% 2.5 1.0 6.2 154 130
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Table7. Summary statistics foAugust 17, 2018ampling

Temp pH SC DO Cl Cl TN TP E. coli
(°C) (std.) (uS/cm) (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MPN)
Method In-situ Laboratory
n 29 29 29 29 29 29 29 29 29
Mean 22.7 7.8 514 8.0 56.9 55.8 1.63 0.034 125
Median 22.7 7.7 525 7.9 56.6 56.0 1.59 0.032 101
Min 22.0 7.6 477 7.1 52.2 48.7 1.46 0.027 26
Max 23.8 7.9 548 8.9 63.3 63.0 2.09 0.062 378
SD 0.4 0.1 25 0.5 3.2 3.1 0.11 0.008 91
CV% 1.9 1.3 4.9 6.4 5.6 5.7 7.0 24.3 72.2

Table8. Summary of exfiltration source points and Effect Ratio (ERAug. 17th

Potential Effect Ratio E. coli
& TP TN Cl
Source Type Distance | (mg/l) | (mg/L) | (mg/L) MPN
Point g g g (Col/100 mL)
(km)
) Effect Ratio 2.0 5.5
0.6 Sewer line Dist 5 200
. Effect Ratio 1.3
2.0/2.1 Sewer line Dict 200
2.2/2.3 Fault Effec.t Ratio
Dist.
58/2.7 North Effec.t Ratio 1.2 2.20r2.0
Branch Dist. 300 0 or 200
. Effect Ratio 2.2
3.0/3.1 Sewer line Dist 200
36 Fault Effec.t Ratio
Dist.
46 Sewer line Effect Ratio 1.40r2.30r2.0o0r1l.
' Dist. 0 or 200 or 400 or 60
54 Sewer line Effect Ratio 2.0 23o0r1l1.2
' Dist. 200 200 or 600
. Effect Ratio 2.0 2.4
5.6 Sewer line Dist 200 200

Effect = ratio between SSI indicator at peak and upstream background.
Distance =distance in km between source point and downstream peak.
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Table9. Summary statistics for Augug®, 2016 ampling

Temp pH SC DO Cl Cl TN TP E. coli
(°C) (std.) (uS/cm) (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L) | (MPN)
Method In-situ Laboratory
n 48 48 48 48 48 48 48 48 48
Mean 24.6 7.8 611 7.5 60.2 609 1.33 | 0.033 225
Median 24.7 7.7 609 7.4 59.8 60.3 1.35 | 0.031 170
Min 235 7.6 585 6.1 54.4 51.4 1.04 | 0.023 80
Max 25.8 7.9 640 8.8 67.4 69.7 1.55 | 0.071 1011
SD 0.6 0.1 18 0.5 3.7 4.08 0.09 0.01 173
CV% 2.2 1.3 2.9 7.2 6.1 6.7 6.0 28.4 76.7

Table10. Summary of exfiltration source points and Effect Ratio (ERAug. 29th

) Effect Ratio )
Potential & TP ™ C| E. coli
Source Type Distance | (mg/l) | (mg/L) | (mgiL) MPN
Point g g g (Col/100 mL)
(km)
Effect Ratio 1.4 2.2
; li
0.6 Sewer line Dist 0 200
Effect Ratio 1.4
2.0/2.1 li
0/ Sewer line it 900
Effect Ratio 2.0 3.0
2.2/2.3 Fault -
au Dist, 0 0
28/2.7 North Effect Ratio 200r20o0rl1.20r1.2
T Branch Dist. 0 or 100 or 300 or 400
Effect Ratio 6.4 or 2.6
.0/3.1 li
3.0/3 Sewer line Dist 0 or 100
Effect Ratio 4.2
3.6 Fault Dist. 200
. Effect Ratio 2.4 15
4.6 Sewer line Dist 300 300
Effect Ratio 2.0 1.20r1.6
A4 li
> Sewerline —gi o 200 0 or 300
Effect Ratio 1.2
; li
5.6 Sewer line Dist 100

Effect = ratio between SSI indicator at peak and upstream background.
Distance = distance in km between source point and downstream peak.
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Table11l. Summary of finding®y source location.

Potential Source

Parameter and

Point (R-km) Type Effect Ratio Classification

0.6 Sewer line E'TCPOE i;’2225 Very High
2.1 Sewer line E.TCNOE if4

23 Fault E.Tgo; i'g.o

28 \l;lv?lrstgnB(r:e:ZZi E. c%llizzié-z.z Moderate
3.1 Sewer line E. Coli = 22-6.4 Very High
3.6 Fault E. Coli=4.2

4.6 Sewer line E C-I;)FI)i 212;23 Moderate
54 Sewer line E C-I;)F;i 212223 Moderate
5.6 Sewer line E C-I;)F;i 221(;24 Moderate
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Figurel. Wilson Creek location within the Jamiesser Basin.
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Figure2. Wilson Creek location within the James River Basin.

32



Figure3. Land use in the Wilson Creek Watershed.
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