
Science of the Total Environment 671 (2019) 1245–1256

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Usingmultiple tracers (F−, B, δ11B, and optical brighteners) to distinguish
between municipal drinking water and wastewater inputs to
urban streams
Kayla A. Lockmiller a, Kun Wang b, David A. Fike b, Andrew R. Shaughnessy a,1, Elizabeth A. Hasenmueller a,⁎
a Department of Earth and Atmospheric Sciences, Saint Louis University, Saint Louis, MO 63108, United States
b Department of Earth and Planetary Sciences, Washington University in St. Louis, Saint Louis, MO 63130, United States
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Tracers were used to assess drinking
water and wastewater inputs to
streams.

• Municipal waters have distinct tracer
(F−, B, δ11B, and optical brightener)
values.

• Municipal water tracer levels were low
in rural streams, but high in urban
streams.

• Drinking water and wastewater respec-
tively contribute up to 54% and 16% of
flow.
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Releases of municipal waters, including drinking water and wastewater, can considerably alter urban stream
chemistry. However, the relative contributions of drinking water versus wastewater to streams have not been
quantified previously and are therefore the focus of this study. We sampled streams along a land use gradient
that includedwatersheds with impervious surface areas (ISA) ranging from 1.6 to 62.6%. Samples were analyzed
for F−, total B, δ11B, and optical brighteners to determinemunicipalwater inputs to streams.We observed low F−

(75 ± 20 μg/L), B (29 ± 6 μg/L), and optical brightener (3.66 ± 0.76 RFU) levels in rural streams, but their con-
centrations increased with urbanization (up to 475 μg/L, 227 μg/L, and 22.09 RFU, respectively). The δ11B values
for drinkingwaters (16.52± 0.39‰) andwastewaters (untreated=6.06±0.88‰ and treated=6.46±0.93‰)
were distinct, but there was poor correlation between δ11B and ISA for the streams (R2 = 1 × 10−5; p = 0.99),
likely due to variable lithology in the study area. We used inverse and three-componentmixingmodels to quan-
tifymunicipalwater inputs to the streams. In densely urbanizedwatersheds, drinkingwater andwastewater can
respectively contribute up to 54% and 16% of the total streamflow. In addition to our spatial sampling, we col-
lected weekly samples at a suburban stream to test the effects of discharge and seasonality on municipal water
tracer behavior. We found that tracer levels did not change significantly (p ≥ 0.28) with discharge or season, sug-
gesting that municipal water inputs are fairly constant. Understanding the relative proportions of differing
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municipal water types to streams is crucial in guiding infrastructure improvements to conserve drinking water
and reduce harmful wastewater releases. The unique chemical signatures of municipal waters aid in the wide-
spread applicability of our multi-tracer method for identifying water sourcing to urban streams.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With over half of the world's population living in cities (UNDESA,
2016), municipal water use is leading to significant alteration of urban
streams. Municipal waters (i.e., treated drinking water, treated waste-
water, and untreated wastewater) may be released into proximal
waterbodies through several mechanisms including over-irrigation of
lawns with drinking water, discharges of treated wastewater, dis-
charges of untreated wastewater from sewer overflows, and leaks
fromdrinkingwater andwastewater infrastructure. Inputs ofmunicipal
waters to streams can profoundly influence water quality and quantity.
However, it is often challenging to determine the amount of municipal
water entering natural waterways because of the inherent difficultly
in tracking irrigation rates, sewer overflows, and leaking infrastructure.

Previousworkers have used geochemicalmulti-tracer approaches to
identify water and contaminant sourcing to rivers and groundwaters
impacted by urban and agricultural land uses (Widory et al., 2004a,
2004b; Chetelat and Gaillardet, 2005; Petelet-Giraud et al., 2009;
Briand et al., 2013, 2017). However, a multi-tracer approach has not
yet been applied to distinguish between municipal drinking waters
and wastewaters. Indeed, there are several chemical species that can
be unique to drinking (F−) and wastewater (B, B isotopes, and optical
brighteners in gray waters as well as K, artificial sweeteners, and phar-
maceuticals in black waters) sources, which can be exploited as tracers
to determine municipal water inputs to streams.

In industrialized countries, F− is added to most drinking water sup-
plies to promote dental health (Reardon and Wang, 2000; Kohn et al.,
2001). Indeed, drinking water fluoridation occurs in 25 countries, with
nearly 360 million people worldwide receiving artificially fluoridated
water (Lennon et al., 2004; Cheng et al., 2007). In the United States
alone, 66% of the population uses fluoridated drinking water (CDC,
2014). Moreover, F− is a conservative tracer (Kennedy et al., 1991; Xu
et al., 2016) that is not substantially altered from drinking water use
nor is it removed in significant quantities during the wastewater treat-
ment process (Meenakshi and Maheshwari, 2006). Concentrations of
F− have been used to trace the combination of drinking water and
wastewater (i.e., total municipal water) inputs to southwestern
United States streams. Here, it was determined that 25–60% of an
urban stream's flow was derived from both municipal water types
(Christian et al., 2011). It has also been used to trace municipal waste-
waters alone. For example, F− levels were used to establish that waste-
water contributionsmade up ~8% of the total discharge in amidwestern
United States stream (Stueber and Criss, 2005).

A common constituent of detergents and cleaning products is B (as
Na2B4O7·10H2O), where it is used as a bleaching agent (Vengosh
et al., 1994; Henckens et al., 2015). Indeed, detergents and soaps ac-
count for 4% of the world's B consumption (USGS, 2012). This use of B
leads to high concentrations in domestic and industrial wastewaters,
ranging from several hundred μg/L to several mg/L (Barth, 2000; Fox
et al., 2000). These characteristically high B concentrations have been
used in studies that address wastewater inputs to natural waters
(Butterwick et al., 1989; Barth, 1998; Stueber and Criss, 2005;
Guinoiseau et al., 2018).

Likewise, B isotopic ratios (δ11B) have been exploited to determine
wastewater inputs to streams and groundwater. Nearly 90% of B used
in detergents is sourced from two deposits of sodium perborate min-
erals: one in California, United States, and the other in Western Turkey
(Barth, 1998). Both of these deposits feature low δ11B values, ranging
from −0.9 to 10.2‰ in the United States and −5.4 to −1.7‰ in
Turkey (Barth, 1998). Researchers have found similar δ11B values
among sampled wastewaters (Vengosh et al., 1994; Barth, 1998;
Widory et al., 2005; Guinoiseau et al., 2018), which range from −2.4
(Guinoiseau et al., 2018) to 12.9‰ (Vengosh et al., 1994). These well-
established, characteristically low, isotopic ratios in wastewaters, com-
bined with the fact that the sources and fluxes of B in the global B
cycle are well-constrained and equilibrated (Guinoiseau et al., 2018
and references therein), make δ11B ideal for tracing municipal waters.
For example, B isotopes, along with B concentrations, have demon-
strated that municipal waters contribute as much as 70 ± 20% to the
total volume of the Seine River in highly urbanized areas of France
(Chetelat and Gaillardet, 2005). Guinoiseau et al. (2018) examined the
same river over a 15 year period and observed that the B concentrations
and isotopic signatures of municipal waters discharging to the Seine
River changed over time due to the replacement of perborates with
percarbonates in detergents. Nevertheless, Guinoiseau et al. (2018)
found that the total municipal water contributions to the river were
similar to previous estimates by Chetelat and Gaillardet (2005), and
thus B isotopes remained a good tracer of municipal water inputs.

Optical brighteners have also been used to assess wastewater inputs
to aquatic systems. These compounds are stilbene-type fluorescent
whitening agents (FWA) that increase the brilliance of clothing and
paper products by absorbing ultraviolet light, usually at 340–370 nm,
and reemitting it as blue light, usually at 420–470 nm (Tavares et al.,
2008; Gholami et al., 2016). Optical brighteners are added to 97% of de-
tergents in the United States and most types of toilet paper (Tavares
et al., 2008; Gholami et al., 2016), and are consequently found in high
concentrations (up to 22 μg/L) in wastewaters (Hayashi et al., 2002;
Cao et al., 2009). Hayashi et al. (2002) found relatively high concentra-
tions of optical brighteners (up to 6.4 μg/L) in highly urbanized streams
and coastal areas in Japan, likely due to additions from wastewater ef-
fluents and leaking wastewater infrastructure. Since these compounds
are largely removed during wastewater treatment (i.e., 55–98% reduc-
tion) due to their affinity to sewage sludge (Poiger et al., 1998), optical
brighteners are an effective tracer for untreated wastewaters from
leaking wastewater infrastructure and sewer overflow inputs.

Previous work tracing municipal water contributions to urban
streams has focused on determining only one end-member, like waste-
water, or a combination of end-members (i.e., totalmunicipal inputs) to
streamflow. Thus, researchers generally only use one or two tracers that
are characteristic of municipal waters. To our knowledge, no work has
been done in separately quantifying both drinking water andwastewa-
ter contributions to streams using chemical tracers. This is surprising
given the common use of fluoridated drinking water in industrialized
countries and additions of various chemical species, like B (with a char-
acteristic isotopic signature) and optical brighteners from laundry de-
tergents, during use. It is important to separately quantify drinking
water and wastewater contributions to streams as their chemistries
are vastly different and have varying impacts on natural systems.
Thus, this work distinguishes between drinking water and wastewater
fractions in urban streams using a suite of geochemical tracers, includ-
ing dissolved F−, total B, δ11B values, and optical brighteners, as well
as inverse and three-component mixingmodels. We found that munic-
ipal water inputs increased with urbanization. In the most densely ur-
banized watersheds we sampled, drinking water and wastewater
represent up to 54% and 16% of the total streamflow, respectively. Our
method can be applied in areas that feature these tracers in municipal
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waters or used to help constrain municipal end-member inputs to
streams in regions where municipal water types may not feature dis-
tinct chemical signatures (e.g., locations without fluoridated drinking
water).

2. Material and methods

2.1. End-member selection and study location

For this study, we considered three separate possible end-member
contributions to urban streams in Saint Louis, Missouri, United States.
They include: (1) the unaltered (hereafter referred to as “natural”)
input of groundwater as baseflow to streams, represented by rural
streams ~40 km west of downtown Saint Louis that are predominantly
forested and feature low watershed impervious surface area (ISA)
values of b2%, (2) municipal drinking water inputs, represented by
treated drinking water derived from chemically unique Missouri River
water (Criss et al., 2001; Hasenmueller and Criss, 2013; see Supplemen-
tal Material Section 1.1 for more details about drinking waters), and
(3)municipalwastewater inputs, represented bywastewater treatment
plant influents and effluents derived fromMissouri River-type drinking
waters (see Supplemental Material Section 1.2 for more details about
wastewaters). Other possible sources of our tracers of interest, including
Fig. 1. Stream and end-member sampling locations in Saint Louis, Missouri, on a land use/land
River-derived drinking water is distributed (Missouri American Water, 2016). Stream samplin
(white diamonds), or during both sampling periods (white circles). Our weekly sampling loc
circle as this site was also sampled during our 2016 and 2017 field campaigns). The watersh
(black inverted triangles). Data collected from drinking water (black squares) and wastewater
members. Note that one of Saint Louis' drinking water treatment plants draws directly from th
just below the confluencewith theMissouri River. Although the second treatment plant is not si
flow conditions due to slow river mixing processes below the confluence (Jordan, 1965).
atmospheric deposition, fertilizers, and road deicing salts, were ex-
cluded from our study as they were not found to be important contrib-
utors in this region (Hasenmueller and Criss, 2013).

To quantify the inputs of each of the aforementioned end-members
to streams in our study area, we sampled 18 watersheds at 65 locations
(Fig. 1). All of the streamswe sampled are within the regionwhereMis-
souri River-type drinking water is distributed (Jordan, 1965; Missouri
American Water, 2016; see black outline in Fig. 1). The sub-
watersheds draining to each selected stream site represent a gradient
of land use (Homer et al., 2015) from 1.6 to 62.6% ISA (Xian et al.,
2011; Fig. 1).We used ISA as a proxy for the density of water infrastruc-
ture because water infrastructure location data were unavailable for se-
curity reasons (see Supplemental Material Section 2.1 for details on the
ISA calculation method). 31562Some of the urban streams (i.e., ISA
values generally N30%) in our study are highly altered and feature
long stretches of concrete channel linings (up to several kilometers)
with sparse riparian vegetation (Hasenmueller and Robinson, 2016;
Hasenmueller et al., 2017). The rural streams selected for this study
receive higher baseflow contributions, are less flashy during floods,
and are typically more densely vegetated along their banks than
their urban counterparts (Hasenmueller et al., 2017). Regional lithology
consists of Ordovician dolostones and Carboniferous limestones and
shales.
cover map (Homer et al., 2015). The black outline represents the area in which Missouri
g locations were visited September to December 2016 (white triangles), September 2017
ation, Deer Creek, is indicated with a yellow star (note that this symbol overlies a white
eds with the lowest (i.e., b2%) ISA in the study area represent our natural end-member
(black crosses) treatment plants represent the chemical character of our municipal end-
e Missouri River, while the other is located on the western bank of the Mississippi River,
tuated directly on theMissouri River, it still treatsMissouri River-typewater under normal



1248 K.A. Lockmiller et al. / Science of the Total Environment 671 (2019) 1245–1256
2.2. Sample collection

Stream samples (n = 81) were collected during two separate sam-
pling events at the 65 stream sites across the land use gradient
(Fig. 1). Stream sites with low ISA (b2%; six locations in three water-
sheds) were used to determine the natural end-member (n= 8). Sam-
ples were also collected to characterize the municipal water end-
members (Fig. 1) including: 1) Missouri River water prior to drinking
water treatment near two drinking water treatment plants (n = 6),
2) treated drinking water sourced from the Missouri River from two
drinking water treatment plants (n = 5), and 3) untreated (n = 6)
and treated (n=6)wastewater from five wastewater treatment plants
that receive drinking water derived from the Missouri River (only the
wastewater treatment plants that receive Missouri River-type drinking
waterwere selected as not to convolute analysis of thewastewater end-
member signaturewithwastewaters derived fromother drinkingwater
sources). Stream and end-member samples were collected from Sep-
tember through December 2016 (n = 54) and in September 2017 (n
= 50). Some stream locations were sampled in both collection suites
(n=15), while others were sampled only once to build the spatial den-
sity of water quality data. Over 50% of the sites were close (b1 km) to
United States Geological Survey (USGS) gauging stations (USGS, 2018)
so that chemical data could be compared with discharge data. To
avoid introducing another end-member (i.e., runoff from recent precip-
itation events), all stream samples were taken at baseflow conditions.
We define baseflow as flow conditions near the seasonal average for
the stream of interest (USGS, 2018) and that occur at least 3 days after
a precipitation event.

At each site and for both sampling events, in situ results for standard
water quality parameters were measured with a YSI Professional Plus
Multiparameter Instrument (temperature, dissolved oxygen (DO), spe-
cific conductivity, and pH) and Hach 2100P Portable Turbidimeter (tur-
bidity); these instruments were calibrated with known standards
before field visits. Aliquots for ion chromatography (IC) and inductively
coupled plasma optical emission spectrometry (ICP-OES) were field-
filtered through 0.2 μm cellulose acetate filters into polypropylene
(PP) vials; subsamples to be run with an ICP-OES were acidified to 1%
HNO3. Both sample types were kept on ice until returning to the lab
where they were stored at 4 °C until analysis. During the September
2017 sampling event, measurements for optical brighteners (presented
in relative fluorescence units (RFU)) were also made on site using a
Turner Designs AquaFluor Handheld Fluorometer in UV grade methac-
rylate cuvettes. The fluorometer was calibrated with known standard
solutions prior to field excursions. Subsamples for δ11B (n = 31) were
also collected from select sites in PP vials during the second sampling
suite. Sites selected for B isotope analysis represented all three end-
members and watershed ISA ranging from 1.6 to 47.1%. These samples
were filtered, but not acidified, and frozen until analysis.

In addition to the two main sampling events during low water pe-
riods, samples were collected approximately weekly (from September
2016 to March 2018; n = 61) at a suburban stream (i.e., Deer Creek;
ISA = 28.0%; yellow star on Fig. 1) with known wastewater inputs
from a combined sewer overflow (CSO; MSD, 2017) and drinking
water contributions from nearby lawn irrigation. This stream acts as a
control to observe the effects of discharge and seasonality on municipal
water tracer behavior. All of the same in situ water quality measure-
ments were made at this site. We also collected aliquots for F− and B
during the entire study period. Optical brightener levels weremeasured
from September 2017 to March 2018. Due to resource limitations, we
collected only one δ11B sample in September 2017 during baseflow
conditions.

2.3. Lab analyses

We used a Metrohm 881 Compact IC Pro Ion Chromatograph with a
Metrosep A Supp 7 column with suppression to measure F− and other
anions on a conductivity detector. An eluent of 3.6 mM Na2CO3 was
used at a flow rate of 0.7 mL/min. Total B and major cations were ana-
lyzed on a PerkinElmer Optima 8300 ICP-OES with Fluka Analytical
Multi-Element Standard Solution 1. Replicates, blanks, and check stan-
dards were run on both instruments to test the reliability of field and
lab techniques. Accuracy and precision were within 5.0% for all analytes
for both the IC and ICP-OESmeasurements. The δ11B sample subset was
processed following previously outlinedmethods (Guerrot et al., 2010).
Briefly, samples were purified through columns filled with Amberlite
IRA-743 boron-specific resin and then run on a Neptune Plus multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-MS)
bracketed with the NIST SRM 951 standard; accuracy and precision
were within 0.1‰ (additional δ11B method details are provided in Sup-
plemental Material Section 2.2).

2.4. Mixing models to quantify municipal end-member inputs to streams

We tested two mixing models to quantify the relative contributions
of the end-members to streams across the study area. Both models as-
sume conservativemixing between end-members. The conservative be-
havior of many of our analytes (e.g., F−, B, δ11B, and Ca) has previously
been demonstrated (see Kennedy et al., 1991; Negrel et al., 1993; Roy
et al., 1999; Guinoiseau et al., 2018). We selected the 2017 sampling
suite for our end-member mixing analyses because more tracer data
were available (e.g., optical brightener and δ11B data).

We modeled the contributions of municipal waters and natural
water through baseflow using the mass-balance equation:

QSCS ¼ QDCD þ QWCW þ QNCN ð1Þ

where the subscripts S, D,W, and N respectively represent the stream of
interest and end-member (i.e., drinking water, wastewater, and natural
water) discharge (Q) or tracer concentration (C). Dividing both sides of
the equation by QS yields:

CS ¼ αDCD þ αWCW þ αNCN ð2Þ

whereαi ¼ Qi
QS

and is the proportion of water sourced from end-member

i (i.e., drinking water, wastewater, or natural water). Additionally, we
constrained the system so that the sum of the mixing proportions
equals 1:

1 ¼ αD þ αW þ αN ð3Þ

Following the work of previous researchers (e.g., Negrel et al., 1993;
Roy et al., 1999; Gaillardet et al., 1999; Chetelat and Gaillardet, 2005;
Guinoiseau et al., 2018), we first solved the system using an inverse
method, where C = F−, total B, optical brighteners, Ca2+, Mg2+, K+,
NO3

−, and SO4
2−. We did a second calculation with the inverse mixing

model using those same analytes as well as δ11B values. We omitted
Na+ and Cl− as tracers for the inverse mixing model due to the perva-
sive use of NaCl as a road deicer in the winter months in our study
area; this contamination especially impacts themore urbanized streams
(Hasenmueller and Criss, 2013; Hasenmueller and Robinson, 2016;
Hasenmueller et al., 2017; Robinson et al., 2017; Robinson and
Hasenmueller, 2017). Because there are three unknowns and nine
(i.e., the first inverse model calculation) or ten (i.e., the second inverse
model calculation) equations, the system is over-constrained. Thus,
we solved the inverse mixing model using a least-squares method. To
account for uncertainties in the end-member compositions, 10,000 ran-
dom end-member values were sampled from uniform distributions of
end-member values. Then, 10,000Monte Carlo simulations were calcu-
lated with the end-member combinations (Torres et al., 2016; Xu et al.,
2016; Burke et al., 2018; Yin et al., 2019). As described in Torres et al.
(2016), any models that yielded negative values for end-member pro-
portions were treated as erroneous and removed. Additionally, we
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assumed that therewere no other end-members to the streams of inter-
est. Thus, we removed any simulations where the mixing proportions
did not sum to 1.00 ± 0.05. The remaining models were averaged for
the final value.

We also tested the robustness of a three-component mixing model
set forth by Lee and Krothe (2001) that uses fewer tracers to see if it
yielded reliable results with only a few, easily measured analytes. The
three-component mixing model uses Eqs. (1)–(3) and has three un-
knowns, but only three equations. Therefore, the end-member propor-
tions could be simultaneously calculated in a matrix. We selected
optical brighteners and F− for the analysis because optical brighteners
can be measured quickly and inexpensively in the field via fluorometry
and IC technology for F− analysis is widely available. Uncertainties in
the three-component mixing model's predictions were calculated
using the same Monte Carlo simulations described earlier.

3. Results and discussion

3.1. End-member characterization

The rural streams (watershed ISA b 2%) that acted as our natural
end-member featured low concentrations of all the municipal water
tracerswe analyzed. Over both sampling suites, F− concentrations aver-
aged at 75 ± 20 μg/L, while the average B concentration was 29 ± 6
μg/L. Optical brighteners were analyzed only during our second sam-
pling suite andhad a value of 3.66±0.76 RFU. A 2017 sample of our nat-
ural end-member had a δ11B value of 12.76‰, while another similar
rural stream (ISA = 2.7%) had a more enriched signature (16.58‰).

The municipal drinking water end-member consisted of samples
from the two drinking water treatment plants that draw Missouri
River-typewater. Untreated sourcewater had an average F− concentra-
tion of 335± 155 μg/L, while the treated drinkingwater had an average
F− concentration of 626±112 μg/L after F− additions during treatment.
Dissolved B concentrations averaged at 92±13 μg/L in the sourcewater
and 82 ± 23 μg/L in the treated drinking water, indicating that little to
no change in B levels occurs during treatment. Optical brightener values
were low in the treated drinking water (5.52 ± 0.30 RFU). The δ11B
values for the Missouri River-type waters were distinct from other
water types in the study, with the sourcewater (17.06±0.44‰) having
a very similar composition to the treated water (16.52 ± 0.39‰), again
suggesting little to no change in B during treatment (Table 1).

For the municipal wastewater end-member, we analyzed both
treated and untreated wastewater samples collected from the five
wastewater treatment plants in the study area. The average concentra-
tion of F− was 560 ± 60 μg/L in raw, untreated wastewaters and 483±
56 μg/L in treated wastewaters, representing a ~14% reduction in F−

levels during treatment. Dissolved B concentrations were on average
212 ± 51 μg/L in the untreated wastewater influent and 213 ± 41
μg/L in the treatedwastewater effluent (Table 1). Thewastewater treat-
ment process therefore does not significantly alter total B levels in the
water, as has been shown by others (Hasenmueller and Criss, 2013;
Table 1
Municipal water tracer averages and standard deviations for end-members and streams across

Water type n F− (μg/L)

Untreated Missouri River water 6 335 ± 155
Treated drinking water 5 626 ± 112
Untreated wastewater 6 560 ± 60
Treated wastewater 6 483 ± 56
Natural stream water (ISA b 2%) 8 75 ± 20
Watershed ISA = 2–10% 6 95 ± 27
Watershed ISA = 10–20% 7 163 ± 52
Watershed ISA = 20–30%b 18 234 ± 43
Watershed ISA = 30–40% 13 238 ± 62
Watershed ISA N 40% 30 291 ± 87

a Additional data for end-member and stream samples can be found in Tables S1–S3 and Lo
b Note that an average of 61 samples from Deer Creek (collected 2016–2018) was used in th
Guinoiseau et al., 2018). Wastewater B concentrations were ~2.5 times
higher than drinking water values due to inputs of Na2B4O7·10H2O
from detergents during use (Stueber and Criss, 2005; Hasenmueller
and Criss, 2013). Optical brightener values in wastewaters were very
high compared to natural waters and drinkingwaters. Untreatedwaste-
waters had an average optical brightener value of 104.47 ± 38.69 RFU,
while treated wastewaters had an average of 54.36 ± 9.93 RFU. This
represents a 48% decrease in optical brightener levels during treatment,
which is a lower reduction rate than was observed by Poiger et al.
(1998). Themost depleted δ11B valueswere observed in thewastewater
samples: untreated wastewaters had an average isotopic value of 6.06
±0.88‰ and treatedwastewaters averaged at 6.46±0.93‰, indicating
little change in B isotopic composition with treatment.

3.2. Spatial trends for municipal water tracers in streams across a land use
gradient

We found significant and positive correlations between levels of F−,
B, and optical brighteners and urbanization (R2 ≥ 0.37; p b 0.01; Table 1;
Fig. 2). Specific conductivity and most other ion species were also posi-
tively correlated with ISA (Tables S1–S3). Rural streams (defined as
streams with watershed ISA = 2–10%) featured low F− values
(average = 95 ± 27 μg/L) while urban streams (defined as streams
with watershed ISA N 40%) had F− values up to 475 μg/L (average =
291 ± 87 μg/L). Rural streams also contained low concentrations of B
(25± 9 μg/L) and optical brighteners (9.43± 1.07 RFU). Urban streams
had much higher B and optical brightener values at 91 ± 53 μg/L and
15.96 ± 3.94 RFU, respectively. We observed the weakest correlation
betweendissolved B and ISA because B concentrations increased rapidly
in more urbanized streams (Fig. 2B). This potentially indicates that
there are higher inputs of wastewaters relative to drinking waters in
more densely populated areas. It is also possible that there are other
sources of B in these catchments that we have not identified, though
previous work by Hasenmueller and Criss (2013) indicates that sources
such as atmospheric deposition, fertilizers, and road salts are likely not
important inputs of B to urban streams.

We did not observe a correlation between δ11B values and water-
shed ISA (R2=1× 10−5; p=0.99; Fig. 2C). Nevertheless, themunicipal
end-members had distinctive B isotopic ratios that showed little varia-
tion among samples. Specifically, wastewaters had a characteristically
depleted signature (untreated wastewaters = 6.06 ± 0.88‰; treated
wastewaters = 6.46 ± 0.93‰) compared to drinking waters that had
amore enriched signature of 16.52±0.39‰ (Table 1). However, stream
waters displayed a wider range in isotopic values. Our natural end-
member had a δ11B value of 12.76‰ (determined from one B isotope
analysis), while streamswith similarly low ISA (2–10%) had δ11B values
ranging from 13.39 to 16.58‰. Highly urbanized streams (ISA N 40%)
also featured a wide range of δ11B values from 11.84 to 19.62‰. Since
the δ11B values we observed do not follow similar trends as the other
tracers (Fig. 2) and, in some cases, exceed the values of our end-
members, we suspect a fourth end-member, perhaps lithology, may
a land use gradient.a

Total B (μg/L) δ11B (‰) Optical brighteners (RFU)

92 ± 13 17.06 ± 0.44 9.78 ± 1.20
82 ± 23 16.52 ± 0.39 5.52 ± 0.30

212 ± 51 6.06 ± 0.88 104.47 ± 38.69
213 ± 41 6.46 ± 0.93 54.36 ± 9.93

29 ± 6 12.76 3.66 ± 0.76
25 ± 9 14.99 ± 2.26 9.43 ± 1.07

40 ± 17 19.48 ± 1.09 5.71 ± 1.25
48 ± 13 13.97 ± 2.94 13.90 ± 2.64
59 ± 30 16.97 ± 1.82 14.29 ± 3.16
91 ± 53 15.34 ± 3.04 15.96 ± 3.94

ckmiller (2018).
is category as not to skew the data towards one monitoring site.
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be influencing the δ11B ratios in Saint Louis-area streams. To assess the
role of lithology, we compared samples collected from less developed
watersheds with low densities of municipal water infrastructure, thus
reducing the convoluting influence of the municipal water end-
members. In low development watersheds underlain by Ordovician
dolostones and lower Mississippian limestones, δ11B values tended to
be more depleted, while similarly rural watersheds in upper Mississip-
pian limestones and Pennsylvania shales tended to havemore enriched
δ11B values. Other studies have noted large differences in δ11B values be-
tween sedimentary rock types. For example, Guinoiseau et al. (2018)
noted that limestones from the Jura Mountains in France had δ11B
values of 10.0‰, while Noireaux et al. (2014) observed that shales in
the Appalachian Mountains of the United States had δ11B values of
−4.5‰. However, these trends are the reverse of what we observe for
carbonates and shales in the Saint Louis region. Because both land use
and lithologic gradients occur across our study area, future work is
needed to characterize the δ11B values for various rock types in this re-
gion to better understandwhat impact they have on the composition of
the natural water end-member.

To visualize the unique chemistries of our end-members and their
impacts on our streams of interest, we created mixing diagrams using
the F−, B, δ11B, and optical brightener data (Fig. 3). The location of
each stream plotted in Fig. 3 gives a relative sense of the contributions
of eachwater type to the total flow. For the B and F− (Fig. 3A) and opti-
cal brightener and F− (Fig. 3B)mixing diagrams,we only considered the
chemistry of untreated wastewaters for themunicipal wastewater end-
member because our study streams do not receive any treated effluents
(Supplemental Material Section 1.2) and optical brightener levels can
change considerably during the treatment process (Table 1). For the
δ11B mixing diagrams (Fig. 3C,D), we considered the chemistries of
both treated and untreated wastewaters because not all of the un-
treated wastewater samples were analyzed for δ11B and there is not a
large change in B chemistry during the treatment process (average ab-
solute value of change of 0.40‰ for δ11B and 1 μg/L for B concentration;
Table 1).

Stream F−, B, and optical brightener values nearly all plot within the
mixing triangles presented in Fig. 3A,B, implying that the natural and
municipal end-members are the main contributors of these tracers.
The rural stream chemistries fall closer to our natural end-member,
while the urban streams plot near the drinking water and wastewater
end-members. However, when the δ11B values are considered, N60% of
the stream samples plot outside of the mixing triangles (Fig. 3C,D).
Given the large number of outliers for the B isotope mixing diagrams,
it is likely that our single δ11B sample of the natural end-member does
not adequately represent its chemistry. In addition, the wide range in
δ11B values for streams with ISA b 20% again suggests that the variable
lithology in our study area may influence the B isotopic signature of
the natural end-member.
3.3. Relative fractions of municipal water inputs to streams

We quantified the relative fractions of drinking water (αD), un-
treated wastewater (αW), and natural water (αN) in our stream sites
using both the inverse and three-component mixing models and data
from our 2017 sampling campaign. We only considered the chemistry
of untreated wastewaters for the municipal wastewater end-member
because our study streams do not receive any treated effluents (Supple-
mental Material Section 1.2) and optical brightener levels change dur-
ing the treatment process (Table 1). We ran two tests for the inverse
mixing model. The first test used molar concentrations of F−, total B,
Ca2+, Mg2+, K+, NO3

−, and SO4
2− and optical brightener data, while the

second test used the same analytes and δ11B values (Table 2). For the
three-component mixing model, we selected F− and optical brightener
data (Table 2) as these constituents are easily measured in streams and
do not fall outside of the bounds of their mixing triangle (Fig. 3B). This
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indicates that additional end-members either do not affect orminimally
influence these analytes in streams.

In the first test of the inversemixingmodel, we converged on appor-
tioned end-member results for most of our sites (~70%), indicating that
the model reasonably accounts for the end-member inputs to the
streams. In this test, we found that drinkingwater andwastewater con-
tributions to streams had positive and significant correlations with ISA
(R2 ≥ 0.65 and p b 0.01 in both cases; Fig. 4A,B). Our calculations show
that, combined, municipal waters may comprise as much as 66% of the
total flow in urban streams. Drinking water made a more significant
contribution to the total streamflow than did wastewater, supplying
up to 54% of the flow in highly urbanized streams, while wastewaters
Table 2
End-member compositional ranges used in the mixing models.a

Water type F− (mM) Total B (mM) δ11B (‰) Optical brighte

Treated drinking water 0.027–0.039 0.004–0.008 16.24–16.79
Untreated wastewater 0.027–0.035 0.014–0.025 5.43–6.68 63.
Natural stream water 0.003–0.006 0.002–0.004 12.76

a Analyte averages for the end-members can be found in Tables 1, S1–S2 (note that these tab
and stream samples can be found in Table S3 and Lockmiller (2018).
contributed up to 16% (Fig. 4A,B). Less urbanized streams (i.e., ISA
b 20%) featured lower municipal water inputs, with an average of 10
± 8% of the flow being derived from drinking water and an average of
3 ± 2% of the flow being derived fromwastewaters. Natural water con-
tributions to streams through baseflow decreased significantly with in-
creasing watershed ISA (R2 = 0.76 and p b 0.01; Fig. 4C).

We ran a second test of the inverse mixing model, which included
the same stream chemistries as the first model, but also our δ11B values.
However, whenwe included the δ11B data in themodel, themodel gen-
erally (N50% of the stream sites) could not converge on answers that
gave all positive proportions. The failure of the inverse mixing model
to converge on apportioned end-member results, particularly when
ners (RFU) Ca2+ (mM) Mg2+ (mM) K+ (mM) NO3
− (mM) SO4

2− (mM)

5.31–5.73 0.4–0.7 0.3–1.0 0.12–0.15 0.030–0.180 0.9–2.0
90–168.00 0.7–1.1 0.6–1.1 0.27–0.41 0.002–0.140 1.0–2.7
3.13–4.20 1.6–2.4 0.6–1.0 0.07–0.09 0.003–0.050 0.1–0.4

les include all data, while only 2017 data are given here). Data for individual end-member
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using the B isotope data, could be the result of over-constraining the
system or the narrow ranges for some of the end-member chemistries
(Table 1, Fig. 3). Given the high variability in δ11B values observed in
the less developed streams (Fig. 3C,D), we also suspect that our data
do not adequately characterize the natural end-member B isotope
chemistry. We surmise that a fourth end-member (likely lithology) is
influencing the δ11B values in our study area. Future work is needed to
constrain the impact of lithology on stream δ11B values for this region.

Finally, we tested a simple three-component mixing model using
easily obtained F− and optical brightener data. For this mixing model
test, we were able to converge on answers for all of the apportioned
end-member results for each stream. With increasing ISA, the three-
component mixing model demonstrated the same overall increasing
trends in themunicipalwater end-members (R2=0.25 for the drinking
water end-member and R2= 0.40 for thewastewater end-member; p b
0.01 in both cases; Fig. 4D,E). The three-component mixing model
showed that total municipal water inputs to streams may comprise up
to 73% of the flow in the most urbanized streams sampled (compared
to 66% for the first test of the inverse mixing model). Like the inverse
mixing model, the three-component mixing model also demonstrated
that drinking water made a more significant contribution to the total
streamflow than did wastewater, supplying up to 61% of the flow in
highly urbanized streams, while wastewaters contributed up to 17%
(Fig. 4D,E). Less urbanized streams (ISA b 20%) featured low municipal
water inputs, with an average of 12 ± 11% of flow being derived from
drinking water and an average of 3 ± 2% of flow being derived from
wastewater. The three-component mixing model results also showed
that inputs of the natural end-member to streams decreased signifi-
cantly with ISA (R2 = 0.36; p b 0.01; Fig. 4F).

Overall, the calculated end-member contributions to streams were
similar for both the inverse and three-component mixing models
(Fig. 4). However, the R2 and p values were lower and higher, respec-
tively, for the three-component mixing model compared to the inverse
mixingmodel. This is likely because the inversemixingmodel assesses a
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greater number of chemistries than does the three-component mixing
model. Nevertheless, the three-component mixing model uses fewer
tracers but still yields similar end-member inputs. This model was also
able to converge on apportioned end-member inputs more frequently
than either of the inverse mixing model tests. This is likely due to
over-constraining the system for the inverse mixing model. Conse-
quently, the three-component mixing model could be an ideal method
for municipal watermanagers to quickly assess the relative proportions
of the municipal end-member types (particularly wastewaters which
demonstrated the highest R2 and lowest p values) given its simplicity.

When the apportioned end-member results from each model were
plotted together (Fig. S1), the best fit line slopes were close to unity
and the intercepts were close to zero for each end-member; all of the
R2 values were N 0.78. We also calculated the values for each of the
end-member samples using both the inverse and three-component
mixing models to determine the recoveries for the two models
(Fig. S1). For the drinking water and natural water end-members, re-
coveries were close to 100% for each water type. However, recoveries
for the wastewater end-member averaged at ~70%. The lower recovery
for the wastewater end-member observed in both models is likely the
result of the large compositional range in the wastewater end-
member (Fig. 3). Variable wastewater chemistries can be attributed to
differences in use in the services areas.

3.4. Sourcing of municipal water contributions to streams

The higher contributions of drinking water calculated with both the
mixing models are likely due to leaking pipes and possibly also runoff
from lawn irrigation (Grimmond and Oke, 1986; Lerner, 2002;
Passarello et al., 2012; Hasenmueller and Criss, 2013). Drinking water
pipes are over-pressured, unlike wastewater pipes, which could lead
to a greater leakage volume, especially in urban areas where pipe den-
sities are highest. Indeed, estimates of leakage rates from drinking
water pipes in developed countries typically range from 8 to 24%
(Motiee et al., 2007) of the total volume of water carried by piping sys-
tems, though higher losses of 20–30% were observed in Austin, Texas,
United States (Passarello et al., 2012). Though drinking water infra-
structure leakage data for the Saint Louis area are unavailable, we sus-
pect that water losses could be similar to Austin since estimates for
the age of water-related infrastructure in both cities average around
55 years (Christian et al., 2011; ASCE, 2018). Additionally, commercial
and residential lawn irrigation consumes nearly 34 billion liters of pota-
ble water daily in the United States alone, much of which is lost via sur-
face runoff and infiltration due to excessive application (USEPA, 2018a).
However, results from our temporal monitoring site (see Section 3.5)
suggest that lawn irrigation may be a less important source of drinking
water.

Untreatedwastewater inputs to urban streams are likely due to con-
tributions from leaking, antiquated wastewater infrastructure and dis-
charges from CSOs, which only occur in the more urbanized areas of
Saint Louis (MSD, 2017). Wastewater exfiltration rates range from 5
(Passarello et al., 2012) to 52% (Eiswirth and Hӧtzl, 1997) of the total
volume carried in pipes, butmany studies agreewithmore conservative
losses (Barrett et al., 1997; Ellis et al., 2003; Vollertsen and Hvitved-
Jacobsen, 2003; Rutsch et al., 2006; Christian et al., 2011). It has been
noted that leaking infrastructure can contribute wastewater to streams
aswell as the shallowgroundwater,which, in turn, feeds streams during
baseflow conditions (Passarello et al., 2012). Furthermore, during times
of moderate to heavy rainfall, urban streams in our study area experi-
ence discharges from CSOs with volumes exceeding 50 billion liters an-
nually (USEPA, 2018b). However, the exact discharge amounts during
wet weather conditions for specific CSOs were not available for this
study.

Studies have found wastewater contributions to streams that range
from 8 to 90% (Chetelat and Gaillardet, 2005; Stueber and Criss, 2005;
Graham et al., 2014) of the total streamflow. Our average result for
wastewater inputs to streams (9 ± 4%) falls on the lower end of this
spectrum. However, other studies (e.g., Stueber and Criss, 2005;
Christian et al., 2011) did not consider inputs from drinking water in
their estimates, despite distinct differences between their drinking
water and wastewater end-members. Additionally, our estimates for
wastewater inputs to streamsmay represent a minimum value, as opti-
cal brighteners are subject to photo-decay over time. In detail, there are
two common types of FWA used as optical brighteners, FWA-1
(disodium 4,4′‑bis[(4‑anilino‑6‑morpholino‑1,3,5‑trizin‑2‑yl)amino]
stilbene‑2,2′‑disulphonate) and FWA-5 (benzenesulfonic acid, 2,2′
([1,1′‑biphenyl]‑4,4′‑diyldi‑2,1‑ethenediyl) bis-disodium salt), which
are added to most detergents (Hagedorn et al., 2005; Gholami et al.,
2016). Optical brighteners FWA-1 and FWA-5 are included in deter-
gents in different concentrations (0.05–0.15% and 0.02–0.10% of the de-
tergent formula, respectively) and each has a differing rate of photo-
decay (Hagedorn et al., 2005). Specifically, FWA-1 decays more slowly,
at ~50% degradation in 12 months, than FWA-5, which decays by ap-
proximately 70% in 28 days (Hagedorn et al., 2005). Based on this infor-
mation, our wastewater input calculations may represent a minimum
value for our streams. In addition, organic matter in natural and munic-
ipal wastewaters can interfere with fluorometric analysis of optical
brightener levels. Future work is needed to assess these interferences
in natural and municipal water samples.

As the relative proportions of municipal waters increase in streams,
the fractions of natural water decrease. Indeed, in highly urbanized
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streams, the natural water end-member may only represent 34% of the
total streamflow. Nevertheless, we acknowledge that because both land
use and lithologic gradients occur across our study area, future work is
needed to characterize the variability in the natural end-member.

3.5. Temporal trends in municipal water inputs to a suburban stream

We monitored a small, suburban stream (Deer Creek; ISA = 28.0%;
yellow star on Fig. 1) from September 2016 toMarch 2018 to determine
temporal variations inmunicipal water inputs as a control for our study.
Deer Creek's F− and B concentrations fluctuated 96–490 μg/L (average
= 252 ± 64 μg/L; Fig. 5A) and 6–167 μg/L (average = 49 ± 23 μg/L;
Fig. 5B), respectively, under differing flow conditions that ranged from
nearly 0 to 11.07 m3/s over the study period (USGS, 2018). Optical
brightener values ranged from 12.51 to 38.04 RFU (average = 21.90
± 6.63 RFU; Fig. 5C) over the sampling period, and the one δ11B sample
analyzed for Deer Creek had a value of 10.68‰. When comparing F−, B,
and optical brightener data to stream discharge, we observed
chemostatic behavior for all tracers (R2 ≤ 0.01 and p ≥ 0.28; Fig. 5). No
consistent trends were observed in tracer concentration values across
seasons (Fig. 6).

The average drinking water contribution at Deer Creek was 18 ±
18% using the inverse mixing model, which was indistinguishable
from the average value derived using the three-component mixing
model (17 ± 13%). Since we did not observe any seasonal changes in
the municipal water tracers (Fig. 6), the drinking water inputs at this
site aremost likely the result of leaking infrastructure rather than drink-
ing water applications for lawn irrigation. This inference is based on the
expectation thatwewould see higher drinkingwater contributions dur-
ing the summer months when homeowners, parks, and golf courses in
the basin more frequently water their lawns.

In contrast to many of the other stream sites across the land use gra-
dient, the average wastewater contribution to the total streamflow at
Aug-16 Nov-16 Feb-17 May

Aug-16 Nov-16 Feb-17 May

A.

B.

C.

Fig. 6. Levels of (A) F−, (B) B, and (C) optical brighteners plotted against time at Deer Creek. N
seasonal trends were observed for any of the tracers (R2 ≤ 0.01; p ≥ 0.35).
Deer Creek was similar to the drinking water contribution at 15 ± 6%
and 14 ± 6% for the inverse and three-component mixing models, re-
spectively. This result indicates higher municipal wastewater inputs
from a nearby CSO or more severe wastewater infrastructure leakage
in this watershed. However, there are no data available on wet weather
CSO volumes or infrastructure leakage rates, so we cannot directly
quantify their inputs to Deer Creek.

Interestingly, the relative fractions of our municipal water tracers
remained fairly consistent with variable discharge. In other words, we
did not observe significant tracer dilution due to event water (Fig. 5),
which is known to have low concentrations of our tracers
(Hasenmueller and Criss, 2013). We suspect that there are two possible
explanations for this observation. First, this site is known to have high
inputs of shallow groundwater during flooding conditions (Deeba
et al., 2017; Deeba and Hasenmueller, 2018). Shallow groundwater in
this catchment is likely highly altered by municipal water signatures.
Consequently, if groundwater inputs to the stream remain high even
duringfloods, themunicipalwater tracers could retain relatively consis-
tent values as a function of discharge. Second, with increasing runoff
(and, therefore, increasing event water into the combined sewer sys-
tem), the contributions of municipal wastewater from the CSO to Deer
Creek likely concomitantly increase. The Deer Creek CSO is scheduled
for removal (MSD, 2017), so the data shown here can be compared to
future water quality analyses to show how effective CSO removal is in
improving overall stream and ecosystem quality.

The temporal results from Deer Creek suggest that the relative por-
tions of municipal water inputs to other moderately developed water-
sheds in our study area could remain constant with discharge. This is
likely due to contributions from altered groundwaters, CSOs, or both
during high flow conditions. However, in basins with lower groundwa-
ter inputs during floods, no combined sewer system, or with different
densities of municipal water infrastructure, changes in discharge could
affect the relative contributions of municipal waters to streams.
-17 Aug-17 Nov-17 Feb-18

-17 Aug-17 Nov-17 Feb-18

ote that optical brighteners were only collected from September 2017 to March 2018. No



1255K.A. Lockmiller et al. / Science of the Total Environment 671 (2019) 1245–1256
4. Conclusions

Our multi-tracer approach to distinguish between drinking water
and wastewater contributions to urban streams is the first of its kind.
Other workers have separated a total municipal water or wastewater
signature from that of the natural stream water using chemical tracer
approaches. However, further separation into drinking water and
wastewater inputs is critical because of the different implications for
each of these water types. Large contributions from drinkingwaters rel-
ative towastewatersmay indicate inadequate or failing drinkingwater-
related infrastructure or wasteful lawn irrigation practices. These losses
of drinking water to natural stream systems are wasteful of municipal
resources and heavily alter urban stream chemistry. Large inputs from
wastewaters may be indicative of inadequate infrastructure or inputs
from sewer overflows. However, the implications for wastewater re-
leases are of greater concern for human and ecosystem health.

Our study shows that municipal water inputs to streams increase
with increasing development. We found that most streams impacted
by municipal water contributions are dominated by the drinking
water end-member (up to 54% of the total streamflow). Nevertheless,
the most highly urbanized streams feature significant wastewater con-
tributions (up to 16% of the total streamflow). We also observed that
ourmunicipal tracers did not significantly changewith discharge or sea-
son. Our techniques will aid in future studies of municipal water inputs
to urban stream systems, particularly in quantifying separate contribu-
tions of drinkingwater andwastewater. The use of F− as a tracer formu-
nicipal waters may be applied in any region where fluoridated drinking
water is used. Furthermore, dissolved B and optical brighteners are
commonly found in detergents; these detergents also have characteris-
tic δ11B values. The unique signatures of municipal drinking and waste-
water aid in the widespread applicability of our multi-tracer method. In
regions where municipal end-members do not differ substantially from
natural waters (e.g., locations without fluoridated drinking water), our
method can be used to constrain their inputs to streams as a function
of land use. These types of tracer studies may be beneficial in informing
infrastructure improvements in highly urbanized areas and habitat res-
toration in impacted ecosystems.
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