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ABSTRACT: Natural and synthetic organic contaminants in
municipal wastewater treatment plant (WWTP) effluents can
cause ecosystem impacts, raising concerns about their
persistence in receiving streams. In this study, Lagrangian
sampling, in which the same approximate parcel of water is
tracked as it moves downstream, was conducted at Boulder
Creek, Colorado and Fourmile Creek, Iowa to determine in-
stream transport and attenuation of organic contaminants
discharged from two secondary WWTPs. Similar stream
reaches were evaluated, and samples were collected at multiple
sites during summer and spring hydrologic conditions. Travel
times to the most downstream (7.4 km) site in Boulder Creek were 6.2 h during the summer and 9.3 h during the spring, and to
the Fourmile Creek 8.4 km downstream site times were 18 and 8.8 h, respectively. Discharge was measured at each site, and
integrated composite samples were collected and analyzed for >200 organic contaminants including metal complexing agents,
nonionic surfactant degradates, personal care products, pharmaceuticals, steroidal hormones, and pesticides. The highest
concentration (>100 μg L−1) compounds detected in both WWTP effluents were ethylenediaminetetraacetic acid and 4-
nonylphenolethoxycarboxylate oligomers, both of which persisted for at least 7 km downstream from the WWTPs.
Concentrations of pharmaceuticals were lower (<1 μg L−1), and several compounds, including carbamazepine and
sulfamethoxazole, were detected throughout the study reaches. After accounting for in-stream dilution, a complex mixture of
contaminants showed little attenuation and was persistent in the receiving streams at concentrations with potential ecosystem
implications.

■ INTRODUCTION

Wastewater treatment plant (WWTP) effluents are complex
mixtures of biologically active organic chemicals, including
pharmaceuticals and personal care products, many of which
have been detected in receiving streams.1−6 The potential
impact of these contaminants on aquatic ecosystems is
illustrated by adverse effects of hormonally active chemicals,
such as 17β-estradiol and 4-nonylphenol, on the reproductive
health of fish.7−10 With increasing demands on water resources,
reuse of WWTP effluent to augment water supplies will
become more frequent,11 and there is a need to better
understand in-stream transport of WWTP-derived contami-
nants. Water-quality impacts downstream from a WWTP are
determined by mixing (dilution) with upstream water, hydraulic
residence times (HRT), and in-stream attenuation pro-
cesses.12,13

Multiple biotic and abiotic reactions occur simultaneously in
heterogeneous streams, making it difficult to define all essential
biogeochemical variables. In-stream tracer experiments produce

composite “pseudo-first-order” attenuation rates14−17 that do
not define specific transformation processes such as sorption,
biodegradation, volatilization, and photolysis.18−20 Tracer tests
can be conducted using direct dosing, in which chemicals are
added to the stream as short-term pulses,16,17,21 or using
intrinsic tracers introduced by point-source inputs.5,14,15

This study evaluates the occurrence, transport, and potential
ecological impact of a broad suite of organic contaminants in
two geographically and hydrologically distinct streams at the
point of the first major WWTP discharge. Lagrangian sampling
was used to track specific parcels of water as they moved
downstream, allowing determination of in situ attenuation.
Spatiotemporal variability was characterized under different
flow regimes using mass-balance and error analysis. This
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integrated approach provides hydraulic control through stream-
discharge and velocity measurements, which, combined with
composite sampling and comprehensive chemical analysis,
allows assessment of attenuation and potential ecosystem
impacts. A companion paper reports on 58 inorganic
constituents studied during the same set of field experiments.5

■ SITE DESCRIPTION

Boulder Creek, Colorado and Fourmile Creek, Iowa (Figure 1)
were selected to evaluate in-stream persistence of WWTP-
derived contaminants because they are headwater-urban
streams, and the study reaches encompass the transition from
“background” to “wastewater-impacted” streams. Differences
between the two sites include the types of wastewater treatment
and hydrology.
Boulder Creek runs through the City of Boulder, Colorado,

and transects a gradient from pristine snowmelt conditions in
the upper watershed to wastewater-impacted conditions in the
lower basin.4,22 The study reach (Figure 1A) extends from 0.1
km above the City of Boulder’s WWTP to approximately 7.4

km downstream (hydraulic gradient varies from 0.0031 to
0.0039). Basin area upstream from the WWTP is 790 km2 and
population density during 2000 was 220 people/km2. The
Boulder WWTP discharged an annual average of 0.74 m3 s−1 of
effluent following secondary treatment by trickling filter/solids
contact with chlorination (chlorine gas) and dechlorination
(sodium bisulfite). There are three diversion canals and one
small tributary in the reach downstream from the WWTP.
Fourmile Creek, located near Ankeny, Iowa, drains a

predominantly agricultural watershed, and the study reach
(Figure 1B) extends from 0.1 km above the City of Ankeny’s
WWTP to approximately 8.4 km downstream (hydraulic
gradient varies from 0.0007 to 0.0013).23 Basin area upstream
from the WWTP is 160 km2 and population density during
2000 was 170 people/km2. The Ankeny WWTP discharged an
annual average of 0.21 m3 s−1 of secondary effluent treated by
fine-bubble aeration with ultraviolet light disinfection.

Figure 1. Locations of the (A) Boulder Creek, Colorado and (B) Fourmile Creek, Iowa study reaches investigated during the summer 2003 and
spring 2005 Lagrangian samplings. Also shown are rhodamine WT breakthrough curves. [U, sites upstream from wastewater treatment plants
(WWTP); E, WWTP effluents; A, calculated mixing zones; D1 and D2, sites downstream from WWTP with distances given in km].
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■ METHODS

Lagrangian Sampling and Chemical Analysis. Lagran-
gian sampling, in which a parcel of water is tracked as it moves
downstream under natural-gradient conditions, was combined
with integrative cross-sectional sampling to determine in situ
attenuation of organic contaminants. This approach minimizes
the effects of temporal variations in chemical loading by
incorporating stream discharge measurements24 and transport
times determined from rhodamine WT tracer tests5,21,25 into
the experimental design. Sampling was coordinated to capture
summer low-flow conditions (August−September 2003) on the
falling limb of the annual stream hydrograph, and spring low-
flow conditions (March−April 2005) on the rising limb of the
hydrograph, periods when dilution of WWTP effluent by
streamwater was low.
Boulder Creek and Fourmile Creek had four sampling sites

(Figure 1): 0.1 km upstream from the WWTPs (U), the
WWTP effluents (E), and two sites downstream from the
WWTPs (D1 and D2). Sampling at the downstream sites was
based on transport times determined from tracer tests (Table
1), adjusted for differences in flow between the tracer tests and
samplings. Equal-width-depth integrated composite-water
samples26 were collected using clean protocols and stainless
steel/Teflon equipment.27 At each downstream site, sampling
was conducted over the period of time required to capture
>75% of the initial parcel of water. Due to dispersion, sampling
times increased from sites D1 to D2. A minimum of five cross-
sectional samples were collected as the parcel of water passed
by the sampling point and composited in a 19-L glass carboy
before splitting into subsamples for individual chemical analysis
using a Teflon churn and cone splitter. Details on sample
collection procedures and analytical methods (seven organic
and two inorganic) used in this study are summarized in the
Supporting Information (SI) and elsewhere.28

Hydraulic Analysis. Understanding in-stream attenuation
requires accurate determination of hydrological variables, such
as discharge volumes and flow velocities, in order to constrain
dilution and transport times. Two approaches were used to
assess the Lagrangian sampling data: normalized removal
relative to a conservative tracer, and quantitative mass flow
and error analysis. Generally, a longitudinal profile consisting of
U, E, D1, D2, and a calculated mixing zone site A located 0.1
km downstream from E (Figure 1) was used to evaluate
contaminant loss or gain along the flow path. Concentrations at
mixing zone site A were calculated from concentrations and
discharges at sites U and E, and define the upstream boundary
condition for the WWTP-impacted reach. Boulder Creek
discharge and contaminant concentrations were measured at U,
E, D1, and D2, but not at A. Fourmile Creek discharge and
contaminant concentrations were measured at U, A, D1, and
D2, but not at E (determined by difference between U and A).
Normalized Removal. Normalized removal (Remnorm)

calculations used measured concentrations of the contaminants
and the conservative tracer boron, similar to the approach used
by Schreiber and Mitch.29

=Rem C C C C( / )/( / )norm i boron i i A boron A, , , (1)

where Ci is measured target compound concentration (μg L−1)
at site i, Cboron,i is measured boron concentration at site i, and
Ci,A and Cboron,A are calculated concentrations at site A.
Mass Flow. The following equations are presented in a

generalized form to accommodate the variety of field conditions

encountered. Measured in-stream mass flows (Mi; g d−1) were
defined as the product of Ci and measured discharges (Qi; m

3

s−1) at each sampling site, and were compared to calculated
mass flows (Θi; g d−1), which are a function of calculated
discharges (Ωi; m

3 s−1) at each sampling site.
Downstream Site 1. At site D1, ΘD1 is the sum of the mass

flow at site A, inflows, and outflows along the stream segment
multiplied by a discharge discrepancy parameter (ei = Qi/Ωi,),
to correct ΘD1 for variations in discharge:

∑ ∑Θ = Θ + −
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Table 1. Hydrological Data for the Boulder Creek (BC),
Colorado, and Fourmile Creek (FC), Iowa Summer 2003
and Spring 2005 Tracer Experiments and Lagrangian
Samplingsa

site

distance from
WWTP discharge

(km)

stream
discharge
(m3 s−1)

flow velocity
(m s−1)

hydraulic
retention
time (h)

Boulder Creek

August 21, 2003: Tracer Experiment
BC-D1 3.6 2.97 0.48t, nam 2.1
BC-D2 7.4 0.94 0.33t, nam 6.2
April 16 to 17, 2005: Tracer Experiment
BC-D1 3.6 2.60 0.32t, nam 3.1
BC-D2 7.4 1.29 0.22t, nam 9.3
September 3, 2003: Lagrangian Sampling
BC-U −0.1 1.62 0.27m

BC-E 0 0.92 0.31m

BC-D1 3.6 2.41 0.36m

BC-D2 7.4 1.84 0.60m

April 19, 2005: Lagrangian Sampling
BC-U −0.1 1.69 0.28m

BC-E 0 1.11 0.29m

BC-D1 3.6 2.60 0.45m

BC-D2 7.4 1.29 0.45m

Fourmile Creek

July 30 to 31, 2003: Tracer Experiment
FC-D1 2.9 0.33 0.13t, 0.09m 6.4
FC-D2 8.4 0.24 0.13t, 0.30m 18
March 3 to 4, 2005: Tracer Experiment
FC-D1 2.9 1.09 0.26t, 0.36m 3.1
FC-D2 8.4 1.12 0.27t, 0.43m 8.8
August 5, 2003: Lagrangian Sampling
FC-U −0.1 0.04 0.04m

FC-E 0 na na na
FC-D1 2.9 0.17 0.07m

FC-D2 8.4 0.16 0.23m

March 8, 2005: Lagrangian Sampling
FC-U −0.1 0.62 0.22m

FC-E 0 na na na
FC-D1 2.9 0.92 0.27m

FC-D2 8.4 0.90 0.20m

aU, upstream from wastewater treatment plant (WWTP); E, WWTP
effluent; BC-D1, BC-D2, FC-D1, and FC-D2, sampling sites
downstream from the WWTP; t, reach-integrated flow velocities
determined from tracer test hydraulic retention times; m, instanta-
neous flow velocity determined by flow meter during discharge
measurement; na, not analyzed.
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where ΘA is mass flow at site A (sum of U and E mass flows),
Cin,i is inflow concentration at location i, Cout,j is outflow
concentration at location j, Qin,i is measured inflow at location i,
Qout,j is measured outflow at location j, and n and m are the
number of inflows and outflows in the stream reach.
At site D1, ΩD1 is defined as the sum of discharges along the

stream segment:

∑ ∑Ω = Ω + −
= =

Q QD A
i

n

in i
j

m

out j1
1

,
1

,
(3)

where ΩA is calculated discharge at site A (sum of U and E
discharges).
Downstream Site 2. At site D2, ΘD2 and ΩD2 are defined as

∑ ∑Θ = + −
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In-Stream Gains and Losses. Error analysis30 was applied to
assess the significance of mass loss or gain at the downstream
sites. Generally, results are defined in terms of a mass flow
discrepancy ratio (Ri) ± overall uncertainty (Ei). Ri is defined as

ε
=

Θ
+ +

R
M
e

/
(1 )/3i

i i

i i Cl, (6)

where εi,Cl (= Mi/Θi) is a mass flow discrepancy parameter for
the “conservative” element chloride. The εi,Cl parameter is
similar to ei and measures deviation from ideal chloride mass
flow corrected for discharge discrepancies. Ei is defined by

μ ε= +E evar(1, , )i i i i Cl
2

, (7)

where var is variance, and μi is a ratio of uncertainty similar to
the relative standard deviation and allows uncertainties to be
compared on an equal basis by

μ = =
+ +m

M

q C c Q c q

Mi
i

i

i i i i i

i

i
2 2 2 2 2 2

(8)

where mi is measurement uncertainty in mass flow at site i, qi is
uncertainty in Qi (8%, based on stream conditions and replicate
cross-sectional measurements27), and ci (relative standard
deviation of replicate sample measurements) is uncertainty in
Ci. If |Ri − 1| > 2Ei, in-stream gain or loss between sites was
considered to be significant (similar to standard deviation
analysis30). To be included in the mass flow and error analysis,
a contaminant had to be detected in all replicate samples from
the downstream sites at concentrations >3× the detection limit.

Attenuation Rates and Zone-of-Influence. In-stream
“pseudo-first-order” attenuation rates were determined for

Figure 2. Twenty-five highest concentration organic compounds detected in replicate samples from the Boulder, Colorado and Ankeny, Iowa
wastewater treatment plant (WWTP) effluents during the spring 2005 sampling. All compounds detected in the WWTP effluents are summarized in
Table SI-8. The complete data set for all compounds and samples analyzed in this study is presented elsewhere.28 [Compounds ranked from highest
to lowest concentration in the Boulder effluent; AHTN, 7-acetyl-1,1,3,4,4,6-hexamethyl-5,6,7,8-tetrahydronaphthalene; DEET, N,N-diethy-meta-
toluamide; DTBB, 2,6-di-tert-butyl-1,4-benzoquinone; EDTA, ethylenediaminetetraacetic acid; HHCB, 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta-[γ]-2-benzopyran; MBT, 5-methyl-1H-benzotriazole; NTA, nitrilotriacetic acid; NPEC, 4-nonylphenolethoxycarboxylic
acids; NPEO, 4-nonylphenolethoxylates; OPEO, 4-tert-octylphenolethoxylates; TBP, tris(butyl)phosphate; TBEP, tris(2-butoxyethyl)phosphate;
TCEP, tris(2-chloroethyl)phosphate; TDPP, tris(dichloroisopropyl)phosphate].
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contaminants that met the >3× the detection limit by log−
linear regression of contaminant mass and downstream
transport times. Monte Carlo simulations of 10 000 slopes
with errors in transport times and concentrations were used to
assess uncertainties in mass recovery and error propagation.
The attenuation rates and transport times were used to
calculate downstream zones-of-influence, defined as the trans-
port distance required to achieve 90% reduction of concen-
trations at site A (4.5 half-lives). The zone-of-influence assumes
no additional contaminant loading other than the WWTP
discharge.
Hazard Quotients. Potential ecosystem risks from individual

contaminants can be estimated using the hazard quotient
(HQ).31

=HQ MEC/LC50 or MEC/NOEC (9)

where MEC is maximum measured environmental concen-
tration (μg L−1), LC50 is 50% lethal effect concentration (μg
L−1), and NOEC is no-observable effect concentration (μg L−1)
for the most sensitive aquatic test species (bacteria, plants,
invertebrates, and vertebrates). A HQ value <1 indicates limited
potential ecosystem risk (with no additional safety factor)
whereas a HQ >1 indicates potential risk.

■ RESULTS AND DISCUSSION
The integrated cross-sectional-stream sampling, discharge
measurements, and comprehensive chemical analyses allowed
internally consistent comparisons within and between the
streams. Despite efforts to conduct true “Lagrangian” sampling,
logistical limitations and unpredictable hydrological and
anthropogenic variables add uncertainty to tracking the same
parcel of water downstream. For example, timing of sampling
with respect to the diurnal variability in WWTP flow and
composition is important.5

Stream Hydraulics. Table 1 shows the differences in
hydraulic parameters between Boulder Creek and Fourmile
Creek, including discharge volumes and transport velocities.
The impact of WWTP discharge on stream hydrology is
illustrated by calculated hydraulic mixing ratios at site A.
Discharge at Boulder Creek site U during the summer sampling
was 40× greater than at Fourmile Creek site U. There was little
difference (<5%) in Boulder Creek site U discharge between
the summer and spring samplings, and hydraulic mixing ratios
indicate that 36% and 40% of the streamflow at site A was
WWTP effluent. Discharge at site D1 was similar during the
summer and spring samplings, but site D2 had 69% and 50%
less flow than site D1 due to diversions. The flow loss resulted
in increased hydraulic retention times.
Fourmile Creek hydraulic mixing ratios indicated that 81%

and 28% of streamflow at site A was WWTP effluent during the
summer and spring samplings. In contrast to Boulder Creek,
discharge at Fourmile Creek site U during the spring sampling
was 16× greater than during the summer sampling (Table 1),
indicating unstable hydraulic conditions (poststorm flow
regression). The companion paper5 reported in-stream loss of
inorganic tracers during the spring sampling, indicating more
complex hydrogeochemical conditions.
Effluent and Stream Chemistry. The municipal WWTPs

used different secondary-treatment processes and the Boulder
effluent was less nitrified than the Ankeny effluent.5 However,
the occurrence and concentrations of organic contaminants in
the two effluents showed general agreement (Figure 2; Table
SI-8).28 Chemical mixing ratios using the conservative inorganic

tracer boron5,29 indicate that Boulder Creek site A was 32% and
36% effluent during the summer and spring samplings,
respectively, and that Fourmile Creek was 79% and 21%
effluent, similar to the hydraulic mixing ratios. The chemical
data can be visualized using a two-member (sites U and E)
mixing model and plotting organic contaminant concentrations
against boron concentrations (Figure 3). If concentrations at

the downstream sites plot near the mixing line, there is little
attenuation. Despite efforts to minimize uncertainty, there is
variability associated with this (or any) field study because it is
not possible to control all relevant factors. The combined
uncertainty in sampling the same parcel of water and analytical
variability are indicated by error bars.
On the time-scale of the Lagrangian experiments, many of

the >200 organic contaminants had little attenuation relative to
boron during transport. Boulder Creek and Fourmile Creek are
relatively shallow, and the attenuation that was observed
represents interactions among the water column, suspended
sediments, bed sediments, and macrophytes.13−18 Because of
low concentrations in the WWTP effluents, several contami-
nants were diluted below detection limits at the D1 sites and
mass flow/error analysis could not be performed. For the
subset of organic contaminants that met the >3× detection
limit criteria, there was general agreement between normalized-
removal and mass flow results (Table 2), although only the
mass flow/error-analysis data have statistical significance.

Consumer-Product Contaminants. The high use amino-
polycarboxylic chelating agent ethylenediaminetetraacetic acid
(EDTA)32 is resistant to biodegradation33 and had the greatest
concentration of any organic contaminant measured (Figure 2,
Table SI-8). These results are consistent with previous studies
on Boulder Creek,4,22 other sites in the U.S.,2,6 and a recent
European survey that showed EDTA to be one of the most
abundant organic contaminants in surface waters.34 Although
nitrilotriacetic acid (NTA) is used in greater quantities than

Figure 3. Concentrations of (A) ethylenediaminetetraacetic acid
(EDTA), (B) 4-nonylphenolethoxycarboxylic acids (NPEC), (C)
sulfamethoxazole, and (D) carbamazepine plotted against boron
concentrations for the summer 2003 and spring 2005 Lagrangian
samplings in Boulder Creek (BC), Colorado and Fourmile Creek
(FC), Iowa. [U, upstream from wastewater treatment plant (WWTP);
E, WWTP effluent; D1 and D2, downstream from WWTP; error bars
represent one standard deviation (triplicate analysis) or one percent
difference (duplicate analysis): vertical error bars represent organic
contaminant uncertainty and horizontal error bars (too small to see)
represent boron uncertainty].
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EDTA, due to its greater biodegradability,33,35 concentrations
of NTA were 100× lower than EDTA in the WWTP effluents.
EDTA and NTA are water-soluble polyacids,36 and depending
on the form of the aqueous complex (a function of initial
commercial product and water chemistry) have diverse

environmental behaviors.32,35,37 EDTA concentrations at the
downstream sites generally plot below the mixing line (Figure
3A), with greater attenuation in the summer than in the spring
sampling. Mass flow analysis generally showed significant
attenuation between sites A and D1 (Table 2). Although

Table 2. Mass Flow Discrepancy Ratios (Ri) and Overall Uncertainty (Ei) between Measured and Calculated Values, and
Normalized Removal for Select Organic Contaminants Detected at the Downstream Sites (D1 and D2) in Boulder Creek,
Colorado (BC) and Fourmile Creek, Iowa (FC) during the Summer 2003 and Spring 2005 Lagrangian Samplingsa

aNormalized removal, Remnorm, calculated according to eq 1; Ri values calculated according to eq 6; Ei values calculated according to eq 7; orange
cells have significantly lower (± two Ei) mass flows (in-stream loss); pink cells have significantly higher (± two Ei) mass flows (in-stream gain); na,
not applicable due to detection limits; 0, indicates mass removal to below detection limit; concentration errors were determined using the standard
deviation of replicate analysis; a, sum of 1−4 ethylene oxide oligomers.
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resistant to biodegradation, EDTA undergoes photolysis
depending on metal speciation (Fe[III]-EDTA half-life is on
the-order-of minutes) and stream conditions.38 Water depths
(<1 m) for both streams were similar during the summer
samplings, but EDTA attenuation was greater in Boulder Creek
than in Fourmile Creek which had less light penetration due to
greater turbidity.28

The next most abundant contaminants in the WWTP
effluents (Figure 2, Table SI-8) were 4-nonylphenolethoxy-
carboxylic acids (NPEC; 1−4 ethylene oxide, EO, oligomers -
predominantly 1 and 2 EO) derived from the degradation of 4-
nonylphenolpolyethoxylate nonionic surfactants.39 Measured
concentrations are in the range previously reported for Boulder
Creek4,22 and for other WWTP effluents and impacted surface
waters.2,6,39−41 In contrast to EDTA, downstream NPEC
concentrations in Boulder Creek plotted above the mixing
line (Figure 3B), suggesting in-stream gain, possibly the result
of biodegradation of longer-chain NPEO degradates.39

Other alkylphenol contaminants including 4-nonylphenol, 4-
nonylphenolethoxylates (NPEO; 1−4 EO oligomers), 4-tert-
octylphenol, and 4-tert-octylphenolethoxylates (OPEO; 1−4
EO oligomers) were detected in the WWTP effluents and
stream waters (Figure 2, Table SI-8). The concentration trend
was NPEC ≫ NPEO > 4-nonylphenol > OPEO > 4-tert-
octylphenol, and reflects differences in water solubility (acid to
polar to neutral), use patterns, and transformation during
WWTP treatment and stream transport. Because 4-nonyl-
phenol is relatively hydrophobic (octanol/water partition
coefficient, log Kow = 4.2)39 it can sorb to sediments and
biofilms20 (storage rather than elimination) as well as
bioaccumulate in fish.42 However, the low suspended sediment
concentrations in the stream waters (5.0−34 mg L−1)28 limit
the mass of hydrophobic contaminants such as 4-nonylphenol
that can be removed by sorption.43 Previous studies on Boulder
Creek showed 4-nonylphenol concentrations in the bed
sediments are orders-of-magnitude greater than in the water20

and that aerobic biodegradation was significant in the sediments
but not the water.19,44 In contrast to ionic EDTA and NPEC,
which have high water solubilities and low vapor pressures, 4-
nonylphenol also is susceptible to removal by volatilization.17 4-
Nonylphenol and NPEO were detected in the WWTP effluents
and the first downstream sites in Boulder Creek and Fourmile
Creek (Table SI-8), suggesting in-stream persistence. There
appeared to be greater attenuation of NPEO than 4-
nonylphenol.
The polycyclic musk fragrances 7-acetyl-1,1′,3,4,4′,6-hexa-

methyl-5,6,7,8-tetrahydronaphthalene (AHTN) and 1,3,4,6,7,8-
hexahydro-4,6,6′,7,8,8′-hexamethylcyclopenta-[γ]-2-benzopyr-
an (HHCB) have widespread occurrence in surface waters3 and
were detected in the WWTP effluents and downstream sites at
concentrations similar to the alkylphenols (Figure 2, Table SI-
8). AHTN and HHCB (log Kow = 5.4 and 5.3, respectively) are
more hydrophobic than 4-nonylphenol and tend to sorb to
sediments and bioaccumulate.45,46 Measured polycyclic musk
concentrations are in the range previously reported for Boulder
Creek4,22 and other sites.3,6 Concentrations of HHCB were
greater than AHTN in the WWTP effluents, and both
compounds persisted at all of the downstream sites (Table
SI-8).
The corrosion inhibitor 5-methyl-1H-benzotriazole repre-

sents a class of contaminants with high polarity (log Kow = 1.9)
and potential anionic characteristics (the NH-acidic heterocycle
has an acid disassociation constant, pKa = 8.2−8.5) that are

mobile in the aquatic environment.47 Measured WWTP-
effluent and stream concentrations of 5-methyl-1H-benzotria-
zole are consistent with values previously reported for Boulder
Creek4,22 and other sites in the U.S. and Europe.3,47−49 This
hydrophilic compound was detected in both WWTP effluents
and persisted through the downstream study reaches (Figure 2,
Table SI-8).
Another class of contaminants detected in the WWTP

effluent and stream samples is organophosphate compounds
used as flame retardants and plasticizers, including triphenyl-
phosphate, tris(2-butoxyethyl)phosphate, tris(2-chloroethyl)-
phosphate, and tris(dichloroisopropyl)phosphate (Figure 2,
Table SI-8). These chemicals share the phosphate group’s H-
bonding basicity, and log Kow values vary depending on the
esterified moieties [triphenylphosphate = 4.6; tris(2-
butoxyethyl)phosphate = 3.8; tris(2-chloroethyl)phosphate =
1.4; and tris(dichloroisopropyl)phosphate = 3.7].50 Although
their sorption and biodegradation characteristics vary, the alkyl
and chlorinated organophosphorous esters are widespread in
the environment and concentrations reported here are
consistent with values reported for the U.S. and Europe.3,50,51

The poorly degradable and hydrophilic organophosphate esters
had relatively high concentrations in the WWTP effluents and
were persistent in both streams.
Triclosan is an important antimicrobial consumer product

chemical, and because it is hydrophobic (log Kow = 4.8),
removal during wastewater treatment occurs primarily by
sorption52 and it can accumulate on sediments downstream
from WWTP discharges.53 However, the ionized form of
triclosan (pKa = 8.1) can be present in wastewater-impacted
streams. Triclosan concentrations measured in this study were
in agreement with previously reported values for Boulder
Creek4,22 and other locations.3,52 Triclosan was detected in
both of the WWTP effluents and persisted at the Boulder
Creek and Fourmile Creek downstream sites (Figure 2, Table
SI-8).

Pharmaceutical Contaminants. Fourteen antibiotics were
detected in the Boulder and Ankeny WWTP effluents (Table
SI-8),28 but only ofloxacin and sulfamethoxazole were present
in both effluents during both samplings. Similar antibiotic
detections have been reported for other locations.3,54

Concentrations of sulfamethoxazole at the downstream sites
plotted near the mixing line (Figure 3C) during the summer
Boulder Creek and the summer and spring Fourmile Creek
samplings, suggesting conservative behavior. However, down-
stream sulfamethoxazole concentrations plotted above the
mixing line during the spring Boulder Creek sampling,
suggesting in-stream gain (also indicated by mass flow analysis,
Table 2). Ofloxacin had significant in-stream removal during
the summer Boulder Creek and both Fourmile Creek
samplings, and as observed with sulfamethoxazole, there was
significant downstream loading during the spring Boulder
Creek sampling. Although a downstream antibiotic source in
Boulder Creek was not identified, there is a small tributary
between E and D1 that was not sampled. Alternatively,
retransformation of glucuronide- and acetyl-metabolites is a
potential in-stream source of sulfamethoxazole.55 The persis-
tence of sulfamethoxazole is consistent with its limited sorption
(typically occurs as a soluble anion, pKa = 5.7), biodegradation,
and photolysis with respect to the time-scale of these
experiments.56−58 For example, the half-life for sulfamethox-
azole in laboratory water/sediment systems was 17 days55 and
in outdoor microcosms was 19 days.56
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Fifteen pharmaceuticals were detected, including carbamaze-
pine, caffeine and its degradate 1,7-dimethylxanthine, and
cotinine (Table SI-8) as have been reported for other
locations.3,54 During the spring Boulder Creek and spring and
summer Fourmile Creek samplings, carbamazepine plotted
near the mixing line (Figure 3D) indicating minimal in-stream
loss; however, the Boulder Creek summer data plot below the
line, suggesting in-stream attenuation. Carbamazepine has been
shown to be persistent to environmental attenuation
processes.56,57,59,60 Carbamazepine is hydrophilic (log Kow =
2.2) and has little affinity for removal by sorption or for
bioaccumulation,61 and its reported half-life in outdoor
microcosms is 82 days.56 Previous studies on Boulder Creek
and Fourmile Creek have shown that biodegradation of caffeine
and cotinine was significant in the bed sediments but not in the
water column.62

Other Contaminants. The biogenic compounds cholesterol
and coprostanol were detected in the Boulder WWTP effluent
at concentrations similar to NPEO and 4-nonylphenol, and
concentrations were lower in the Ankeny effluent (Figure 2,
Table SI-8). The biogenic steroidal hormones 17β-estradiol and
estrone, and the synthetic hormone 17α-ethynylestradiol, had
concentrations that were orders-of-magnitude lower (Table SI-
8) than the fecal sterol coprostanol. The downstream
persistence of 17β-estradiol and estrone is consistent with
previous studies on Boulder Creek and Fourmile Creek which
indicated minimal removal in the water column,63 as well as
field studies in Minnesota17 and France64 which showed
minimal in-stream removal.
The occurrence of pesticides differed from that of consumer

products and pharmaceuticals. In the spring sampling, the
herbicides atrazine (and its degradate deethylatrazine) and

Table 3. Summary of Maximum Measured Environmental Concentrations (MEC) for Organic Contaminants Detected in the
Wastewater Treatment Plant Effluents and Downstream Samples during the Spring 2005 Boulder Creek, Colorado and
Fourmile Creek, Iowa Samplings (Table SI-8; ref 28) Grouped by Analytical Methoda

aAlso included are values for the 50% lethal concentration (LC50) and no observable effects concentrations (NOEC) for the most sensitive aquatic
species from the literature (sources of data given in Table SI-9). Hazard quotients (HQ) are calculated as MEC/NOEC. CLLE is continuous liquid-
liquid extraction. SPE is solid-phase-extraction. na is non applicable.
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metolachlor were detected at all of the Fourmile Creek sites
(Table SI-8) reflecting intensive herbicide use in this
agricultural region65 and the in-stream persistence of the
compounds.

■ IMPLICATIONS
Impact Zone and Water Supply. Although several

organic contaminants had rapid in-stream removal (i.e.,
ofloxacin), many were only partially attenuated at the
downstream sites (Tables 2 and SI-9; ref 28). The zones-of-
influence for the conservative tracer boron generally extended
>100 km downstream from the WWTPs (Table SI-9). The
exception was the spring 2005 Fourmile Creek sampling when
the complex hydrology resulted in apparent loss of conservative
tracers. During the summer 2003 samplings, EDTA had an
estimated half-life of 5.7 h in Boulder Creek and 21 h in
Fourmile Creek, resulting in zones-of-influence of 44 and 51
km, respectively. In a study on the wastewater-impacted Trinity
River in Texas, which is more turbid than Boulder Creek and
Fourmile Creek, EDTA persisted for ∼500 km (60% reduction
during 13 days of transport).14 In Boulder Creek and Fourmile
Creek, NPEC exhibited a range of behaviors from production
to removal, and the zones-of-influence for NPEC and the other
NPEO degradation products differed from EDTA due to
complex biogeochemical interactions.17,39 In a study of the
Santa Ana River in California, 86% removal of alkylphenol-
polyethoxylates degradates was observed after 12.6 km of
transport.40 Sulfamethoxazole was more persistent than EDTA
in Boulder Creek and Fourmile Creek, and had half-lives of 18
and 63 h, and zones-of-influence of 140 and 160 km,
respectively. A study on Wascana Creek, a wastewater-impacted
stream in Saskatchewan, Canada, indicated that sulfamethox-
azole concentrations were reduced 80% after 105 km of
transport.54

The zones-of-influence for organic contaminants in Boulder
Creek were evaluated with respect to potential downstream
users, including drinking-water utilities.66 Because of the
complexity of Boulder Creek, which is engineered to convey
water to many users,22 water from multiple sources is diverted
to drinking water supplies. Although none directly take water
from Boulder Creek or Fourmile Creek, there are multiple
communities within the ∼100 km zone-of-influence with source
waters potentially influenced by “de facto” wastewater reuse.
The persistence of complex contaminant mixtures in Boulder
Creek and Fourmile Creek is consistent with results from a
national survey of U.S. drinking-water sources.67

Hazard Quotients. Consumer-product and pharmaceutical
compounds are designed for specific physicochemical (e.g.,
surface tension) or biological (e.g., bacterial toxicity) functions
that often require persistence.68,69 The MECs for contaminants
in the WWTP effluents and the first downstream sites and the
available NOEC or LC50 values for the most sensitive aquatic
species (Table SI-10) were used to calculate HQs for the
effluents and streams (Table 3). Of the 38 compounds, ten had
effluent HQ values >0.1 (indicating less than a 10-fold safety
factor) and six had stream HQs >0.1. 17α-Ethinylestradiol had
the greatest effluent HQ, whereas cimetidine had the lowest. As
the result of in-stream attenuation, stream HQ values were up
to an order-of-magnitude lower than effluent values. Because of
the potential diversity of biological effects that can result from
exposure to the individual components of the contaminant
mixture present in wastewater-impacted streams, different
sensitivities of different test species during different life stages,

and the diversity of organisms exposed to the streamwater, it is
a challenge to assess ecosystem impacts.
EDTA forms water-soluble aqueous complexes and modifies

metal transport and toxicity.35,37 Because EDTA is used in large
quantities and persists in the aquatic environment, it occurs at
high concentrations, and despite its low toxicity70 the effluent
HQ was 0.17, suggesting potential for ecosystem effects. 4-
Nonylphenol has greater toxicity71 but lower concentrations,
and had an effluent HQ of 0.12 (Table 3).

Ecosystem Impacts. The downstream persistence of
organic contaminant mixtures indicates that aquatic organisms
are exposed to biologically active compounds. Risks of exposure
to mixtures in wastewater-impacted streams is not clear.12

Although experimental conditions used to determine ecotox-
icological end points are variable, HQ results indicate that
contaminants detected in the Boulder and Ankeny WWTP
effluents exhibit a range of toxicities. The effects of individual
contaminants on different organisms, the chemical complexity
of WWTP effluents, and the species diversity in streams
complicate understanding potential risks. Applying the
concepts of mode-of-action and chemical additivity,72 and
adverse outcome pathways,73 provides insight into contami-
nants likely to impact aquatic ecosystems. For example,
endocrine disruption, as represented by estrogen-receptor
mode-of-action reproductive effects on fish, is an issue in
wastewater-impacted streams.7−10 Adverse reproductive effects
have been attributed to the synthetic hormone 17α-
ethynylestradiol74,75 and the nonionic surfactant degradate 4-
nonylphenol.76 Other contaminants in the WWTP effluents
with endocrine disrupting properties include AHTN and
HHCB,77,78 bisphenol A,79,80 organophosphorous flame
retardants,81 and triclosan.82 Because estrogenic contaminants
have very low effect levels (ng L−1) and the effects are additive,
the implications of complex mixtures must be considered when
evaluating WWTP-effluent-impacted streams.83 In contrast to
estrogenic contaminants such as 17α-ethynylestradiol, for
which fish reproductive effects are the most sensitive
biomarkers, other contaminant classes, such as antibiotics,
have different modes-of-action. For example, the most sensitive
aquatic species for the antibiotic sulfamethoxazole are plants84

and bacteria85,86 due to disruption of the biologically conserved
folic acid biosynthesis mode-of-action.
This study documents the persistence of a complex mixture

of biologically active organic contaminants in two wastewater-
impacted streams under different flow regimes. Although the
potential ecological and human health impacts of organic and
inorganic contaminant mixtures are poorly understood, they
will become increasingly important to water-resource managers
as reliance on reuse of reclaimed municipal wastewaters
increases.11
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