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Abstract

Large subsurface treatment systems (LSTS) and rapid infiltration basins (RIB) are preferred
onsite wastewater treatments compared to direct discharge of treated wastewater to
streams and adjacent facilities. Discharge of these wastewater treatments may result in con-
taminant loading to aquifers that also serve as drinking water sources downgradient from
the discharge site. Until recently, few studies have characterized the contribution of micro-
pollutants (e.g. pharmaceuticals, fragrances, flame retardants, etc.) to receiving aquifers.
We conducted a pilot project to characterize the occurrence of micropollutants in groundwa-
ter downgradient from 7 on-site treatment systems in Minnesota, USA: 5 community LSTS
and 2 municipal RIB. One downgradient monitoring well was sampled three times at each
facility over one year. Of 223 micropollutants analyzed, 35 were detected. Total sample con-
centrations ranged from 90 to 4,039 ng/L. Sulfamethoxazole (antibiotic) was detected in all
samples at concentrations from 7 to 965 ng/L. Other pharmaceuticals (0.12—1,000 ng/L),
organophosphorus flame retardants (10-500 ng/L), and other anthropogenic chemicals (4—
775 ng/L) were also detected. The numbers and concentrations of micropollutants detected
were inversely related to dissolved oxygen and depth to water. Ratios of pharmaceutical
concentrations to human-health screening values were <0.10 for most samples. However,
concentrations of carbamazepine and sulfamethoxazole exceeded screening values at two
sites. Study results illustrate that large on-site wastewater systems designed to discharge to
permeable soil or shallow groundwater effectively deliver pharmaceuticals and other micro-
pollutants to groundwater aquifers and could contribute micropollutants to drinking water via
water supply wells.
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Introduction

Wastewater from municipal sewage treatment plants and septic systems contains a variety of
micropollutants, such as pharmaceuticals, personal care products, hormones, and other
organic wastewater contaminants [1-10]. Although the vast majority of research on micropol-
lutants has focused on wastewater treatment plant (WWTP) discharges to surface water [11],
decentralized on-site wastewater treatment (septic) systems can contribute micropollutants to
groundwater [2, 5, 7, 12, 13]. Septic systems represent a substantial share of wastewater treat-
ment worldwide, but they may not treat waste as effectively as centralized WWTP because of
poor placement, undetected failure, and anaerobic conditions that typically prevail in these
systems [14, 15]. Additionally, septic systems and other WWTP are generally designed to
reduce nutrient and pathogen loads, not to remove micropollutants [4, 14].

The effect of micropollutants from septic systems can be especially severe when the water
table is shallow and surficial materials are highly permeable, such as sands and gravels. Surfi-
cial sand and gravel aquifers typically have high hydraulic conductivity, resulting in rapid infil-
tration rates, low horizontal dispersion, and little opportunity for natural attenuation resulting
in plumes from septic systems in the shallow part of the aquifer [16]. In developed regions
without centralized wastewater collection, treatment and off-site discharge, the density of
domestic septic systems, and multi-household discharge of micropollutants to groundwater
could affect ecological health via discharge to streams and could cause human exposures if
groundwater is the primary or sole source of drinking water [4, 5]. Centralized larger-volume
discharges from community on-site wastewater sources are poorly characterized and could
cause similar problems [17, 18].

In Minnesota, there are more than 550,000 on-site wastewater treatment systems through-
out the state. Most are unpermitted on-site wastewater treatment systems (10,000 mid-sized
and 540,000 small), which require no effluent discharge reporting or groundwater monitoring
[14]. However, 210 of Minnesota’s on-site wastewater treatment facilities are large enough to
require permitting and monitoring. Of the 210 permitted facilities in Minnesota, 160 are large
septic drainfields (large subsurface treatment systems, or LSTS) and 50 are rapid infiltration
basins (RIB). The large LSTS each discharge >3.8 million liters of wastewater to soils and
groundwater each year. Municipalities and other entities use RIB facilities, which are large
earthen basins specifically designed to allow fast infiltration of wastewater into soil to recharge
groundwater.

LSTS and RIB have been encouraged since 1978 in lieu of direct discharge to surface waters
[19]. The Environmental Protection Agency’s most recent national estimate of the number of
large septic systems was more than 350,000 large systems [20] and >20 million smaller systems
[21, 22]. Worldwide, infiltration of wastewater has been documented as a significant source of
micropollutants to groundwater [23,24]. Bremer and Harter’s [25] analysis showed that risk to
domestic wells from septic wastewater was strongly influenced by system size, separation dis-
tance, and the hydraulic conductivity of the aquifer. In Minnesota, residential and community
water supplies often rely on wells that are set within the same aquifer or a connected aquifer as
the LSTS drainfields.

Groundwater monitoring for nutrients and pathogens is required at large (>38,000 liters/
day) on-site wastewater treatment facilities in Minnesota. However, almost no testing has
occurred to determine if on-site wastewater treatment in shallow surficial sand and gravel (vul-
nerable) aquifer settings may be affecting local groundwater resources with micropollutant
loading. We conducted a pilot project to characterize the presence of micropollutants in shal-
low groundwater underlying on-site wastewater treatment in vulnerable aquifer settings. The
goals of the study were to determine if: 1) micropollutants were detectable in groundwater

PLOS ONE | https://doi.org/10.1371/journal.pone.0206004 November 7,2018 2/17


https://doi.org/10.1371/journal.pone.0206004

®PLOS | one

Micropollutants in groundwater downgradient from on-site wastewater treatment

downgradient from large on-site wastewater discharges, 2) detected concentrations were com-
parable to other micropollutant detections in the environment, 3) site-specific conditions and
general water quality parameters relate to or influence micropollutant detections and concen-
trations, and 4) detected concentrations were near levels of concern for human health. This
study provides a baseline of micropollutant data downgradient from seven large on-site waste-
water systems located in vulnerable hydrogeologic settings. The ubiquity of on-site wastewater
treatment systems and detection of micropollutants in groundwater is a concern for both well
users and policymakers, which illustrates the international relevance of this issue.

Materials and methods

Site access for this study was coordinated by the Minnesota Pollution Control Agency
(MPCA). Because these wells are sampled regularly for conventional contaminants by the
MPCA, no specific permits were required.

Site descriptions

Seven on-site wastewater treatment facilities, 5 LSTS and 2 RIB, were selected for sampling
based on conventional pollutant monitoring results and a range of facility characteristics, such
as wastewater pretreatment and facility size (Table 1). All facilities have been in operation for
>15 years. Pretreatment at the selected facilities varies and ranges from no pretreatment to
textile filters, wetlands, or ponds. Six of the facilities had average annual effluent discharges
ranging from 8 to 20.4 million liters. One facility (Facility F) had an annual average effluent
discharge of 314.1 million liters. Drainfields for the community LSTS range in size from 0.3-
0.9 hectares. Municipal RIB drainfields cover a range in area from 1.5 to 2.2 hectares.

All facilities are located in hydrogeologic settings vulnerable to contamination from land
surface as a result of highly permeable surficial materials, with a shallow (<15 meters) water

Table 1. Large subsurface treatment systems (LSTS) and rapid infiltration basins (RIB) where groundwater was collected and analyzed for micropollutants, 2014

15.
Facility Pretreatment Annual design | Average annual | Drainfield or | Approximate distance Community | Monitoring well Average
1D capacity discharge basin area, from edge of drainfield description screen interval, water level,
discharge, ML | (2013-15), ML hectare to monitoring well, meters BGS meters BGS
meters
LSTS
A Constructed 20.1 8.7 0.3 12 32 residential 13.4-16.5 12.46
wetland units
B Textile filters, 359 19.3 0.3 21 70 residential 12.2-15.2 12.39
denitrification tank units
C None 46.9 14.8 0.4 20 46 residential 9.1-12.2 10.16
units
D Textile filters 55.2 20.4 0.9 15 220 mobile 11.0-14.0 12.09
homes
E None 20.8 15.9 0.2 10 80 mobile 4.6-7.6 4.44
homes
RIB
F Screens, aeration 745.8 314.1 2.2 50 Municipality of 2.4-5.5 0.66
ponds, secondary ~7,500
pond
G Stabilization ponds 61.7 7.9 1.5 100 Municipality of 4.0-7.0 5.12
~350
ML, million liters; BGS, below ground surface
https://doi.org/10.1371/journal.pone.0206004.t001
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Fig 1. Location of on-site wastewater treatment facilities sampled in Central Minnesota, USA. Basemap from Hobbs and Goebel [26]. LSTS, large

subsurface treatment system; RIB, rapid infiltration basin.

https://doi.org/10.1371/journal.pone.0206004.9001

table in sand and gravel aquifers (Fig 1). Past water level measurements in each facility’s moni-
toring wells were evaluated to determine groundwater flow direction, and one downgradient
well at each facility was chosen for water quality sampling. Land use surrounding the facilities
is variable, and includes residential development, undeveloped, and agricultural land for LSTS
facilities and mixed urban development for the municipal RIB facilities.

Drinking water wells are <1 kilometer from the facilities included in this study [27]. Two
residential developments have homes served by individual drinking water wells located 100-
300 meters from the respective LSTS drainfield. Because of the limited scope and resources
available, no drinking water wells were sampled as part of the study.

Field sample collection methods

One downgradient monitoring well at each of the seven facilities was sampled in September
2014 (fall), May/June 2015 (spring), and August 2015 (summer). Field quality-assurance sam-
ples included two matrix-spike samples to characterize matrix interference with laboratory
analyses and three blank samples to characterize potential contamination introduced during
field activities.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206004 November 7,2018 4/17


https://doi.org/10.1371/journal.pone.0206004.g001
https://doi.org/10.1371/journal.pone.0206004

®PLOS | one

Micropollutants in groundwater downgradient from on-site wastewater treatment

Groundwater sample collection methods followed the USGS National Field Manual [28]. In
summary, wells were purged using a submersible Grundfos or peristaltic pump outfitted with
polytetrafluoroethylene tubing until three well volumes were removed and physical water-
quality parameters [specific conductivity, pH, dissolved oxygen (DO), and temperature] stabi-
lized. All samples were filtered through a 0.7 micron glass fiber filter, collected into baked
amber glass or clear polyethylene bottles, and preserved according to method protocols. All
samples were maintained at 4° C until received at the laboratories.

Sampling equipment was cleaned between wells using, in sequence, Liqui-Nox and tap
water solution, tap water, deionized water, methanol, and organic-free blank water. Sampling
personnel generally refrained from using personal-care products [e.g. mosquito repellant con-
taining N,N-diethyl-meta-toluamide (DEET)] to avoid sample contamination during
collection.

Chemical analysis and reporting

Groundwater samples were filtered and analyzed for nutrients, ions, and boron at the Minne-
sota Department of Health Environmental Laboratory in St. Paul, Minnesota, using the follow-
ing standard methods: ammonia-N, U.S. Environmental Protection Agency (EPA) 350.1 [29];
nitrate + nitrite-N, standard method (SM) SM 4500-NO3 F [30]; fluoride, SM 4500-F C [31];
bromide and chloride, EPA 300.1 [32]; and boron, EPA 200.7 [33].

Four different methods were used for analysis of 223 micropollutants. A total of 112 chemi-
cals are included in the pharmaceutical method, which were determined by direct aqueous
injection-high-performance liquid chromatography/tandem mass spectrometry [34]. The
pharmaceutical method includes four chemicals that are not pharmaceuticals: atrazine, caf-
feine, nicotine, and methyl-1H-benzotriazole. These chemicals were counted as wastewater
indicators for detection counts and concentration comparisons, leaving the total number of
pharmaceuticals as 108. Fifty-nine wastewater indicator and other select chemicals were
extracted through solid-phase extraction cartridges and then eluted from the cartridges with
dichloromethane-diethyl ether and determined by capillary-column gas chromatography/
mass spectrometry [35]. A total of 20 hormones and sterols were extracted from samples using
solid phase extraction and analyzed by gas chromatography with tandem mass spectrometry
[36]. Thirty-two antibiotics and select pharmaceuticals were extracted from samples using
solid-phase extraction and determined by liquid chromatography/mass spectrometry [37].
Micropollutant data can be retrieved from the USGS National Water Information System
(https://waterdata.usgs.gov/nwis) by searching for the station numbers provided in S2-S5
Tables.

The total number of individual micropollutants analyzed was 220 because caffeine, carba-
mazepine, and sulfamethoxazole are included in multiple analytical schedules. Compounds
measured in a sample by multiple analytical methods were counted as one detection (not two)
in summary tables and figures. The maximum concentration reported from any method was
used in figures depicting concentrations.

Quality assurance

Field quality-assurance samples collected for this study included two matrix-spike and three
field equipment blank samples. Recovery of most chemicals in matrix-spike samples ranged
from 70-120% (S1 Table). Recovery of several pharmaceuticals was relatively high, but none of
those chemicals were detected in environmental samples. Conversely, recovery was relatively
low (ranging from 50 to <70%) for several wastewater indicators. Those chemicals also were
not detected in environmental samples. However, it should be noted that because of low
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recoveries, results may be biased low. Three chemicals were detected in field-equipment blank
samples: 2-methylnaphthalene, 4-nonylphenol, and naphthalene. Nonylphenol was the only
chemical detected above the reporting limit and which had a detection in environmental sam-
ples. The environmental detection was an estimated value below the reporting limit and blank-
sample concentration and as a result, is not reported as a detection.

Laboratory quality-assurance samples included surrogate spikes, isotope dilution standards,
and laboratory blank samples. Laboratory surrogate spike and isotope dilution standard results
are provided with the analytical results in S2 through S4 Tables. Generally, recovery of surrogate
spikes and isotope dilution standards was within 50 to 150%. One exception was decafluorobi-
phenyl, which had recoveries consistently <70%. Concentrations were not corrected for recov-
eries for this analysis. Three chemicals were potentially affected by laboratory contamination, as
indicated by laboratory-blank sample data: nonylphenol, hexahydrohexamethyl cyclopentaben-
zopyran (HHCB), and glyburide. Associated data were qualified by the analyzing laboratory to
indicate potential contamination. This was true for 6, 3, and 2 data points for nonylphenol,
HHCB, and glyburide, respectively. These data were not included in data analyses.

Comparison to human-health screening values

Screening values for 11 of the detected pharmaceuticals are available from the Minnesota
Department of Health (Table 2). These values were established through a rapid assessment
that does not consider full toxicological assessment and thus, are meant to be more conserva-
tive than traditional guidance values or standards [38]. To provide context for detected con-
centrations, screening value ratios were calculated by dividing detected concentrations by
their respective screening value. Ratios of individual pharmaceuticals to screening values were
classified as high if greater than the screening value, moderate if greater than 0.10 of the
screening value, and low if less than 0.10 of the screening value. Total sample screening value
ratios where calculated by summing individual screening value ratios for all detected pharma-
ceuticals in a given sample to provide an indication of overall potential hazard.

Results and discussion
Of the 223 analyzed, 35 unique micropollutants were detected in at least one sample: 18 phar-

maceuticals and 17 wastewater indicators. In contrast to other studies of wastewater-affected

Table 2. Human-health screening values used to compare detected pharmaceutical concentrations in groundwa-
ter downgradient from large subsurface treatment systems and rapid infiltration basins.

Pharmaceutical Screening value®, ng/L
Alprazolam 30
Carbamazepine 900
Carisoprodol 30,000
Fluconazole 400
Glyburide 4
Meprobamate 10,000
Metformin 4,000
Sulfamethoxazole 400
Temazepam 80
Tramadol 7,000
Warfarin 70

*Suchomel et al. [38]

https://doi.org/10.1371/journal.pone.0206004.t002
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Fig 2. Total micropollutant concentrations detected in groundwater downgradient from large subsurface treatment systems and rapid infiltration
basins. Numbers in bars indicate the number of micropollutants detected within that class.

https://doi.org/10.1371/journal.pone.0206004.9002

groundwater [5, 17], no hormones were detected during this study. The number of micropol-
lutants detected in samples ranged from 1 (Facility C, 8/11/2015) to 24 (Facility F, 5/28/2015)
(S2-S5 Tables). The most micropollutants (24) and greatest total sample concentration (4,039
ng/L) were detected in groundwater downgradient from Facility F (Fig 2), the facility with the
largest wastewater discharge. However, contrary to what might be expected, the fewest micro-
pollutants and lowest concentrations were not observed at Facility G, the facility with the
smallest wastewater discharge (Fig 2).

Pharmaceuticals

The detected pharmaceuticals represent a variety of use classes with concentrations ranging
from 0.12 (glyburide) to 1,000 (carbamazepine) ng/L (Table 3). Average total sample pharma-
ceutical concentrations ranged from 90 (Facility C) to 1,440 (Facility F) ng/L (S2 Table). Six
pharmaceuticals were detected in >25% of samples. With few exceptions, individual pharma-
ceuticals were generally detected in multiple samples collected from the same facility and at
similar concentrations, indicating a continual loading of pharmaceuticals. To further corrobo-
rate this, no consistent pattern in pharmaceutical detections compared to sample collection
date was observed (Fig 2).

Carbamazepine (anticonvulsant), fluconazole (antifungal), and sulfamethoxazole (antibi-
otic) were the most frequently detected pharmaceuticals. Carbamazepine and fluconazole were
detected in 71% of samples; sulfamethoxazole was detected in all samples. Carbamazepine and
sulfamethoxazole have been identified in other studies as good indicators of wastewater-influ-
enced groundwater [11, 39] and our study results are consistent. Furthermore, sulfamethoxa-
zole can persist for long distances downgradient of subsurface wastewater treatment systems
and therefore is commonly detected in groundwater affected by on-site treatment systems [39,
40]. Bupropion (antidepressant), lidocaine (anesthetic), and tramadol (pain reliever) were
detected in >25% of all samples with maximum concentrations of 27, 77, and 186 ng/L,
respectively.
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Wastewater indicators

Detected wastewater indicators included corrosion inhibitors, pesticides, solvents, organo-
phosphorus-based flame retardants (OPFR), fragrances, and stimulants. Concentrations ran-
ged from 10 (tributyl phosphate) to 775 (methyl-1H-benzotriazole) ng/L (Table 3). Five
wastewater indicators were detected in >25% of samples. DEET was the most frequently
detected wastewater indicator, detected in 71% of samples and at least once at every facility.
This is consistent with other studies, which have frequently detected DEET [24, 41]. Although
DEET was frequently detected, concentrations generally were low (below the reporting level).
At least one OPFR was detected at all facilities (S3 Table). Two OPFRs were detected in

>50% of samples and 5 facilities: tris(dichloro isopropyl) phosphate (TDIP) and tris

Table 3. Summary of micropollutant concentrations (ng/L) in groundwater samples collected downgradient from large subsurface treatment systems or rapid infil-

tration basins.

Chemical RL | Percent detections (n =21) | Percent detections above RL | Minimum | Median | Maximum
Alprazolam 21.3 14 0 0.62 1.32 241
Bupropion 17.8 29 0 2.82 7.72 27
Carbamazepine 11 71 62 9.93 38.4 1,000
Carisoprodol 12.5 10 12.4 12.8 13.2
Dehydronifedipine 24.5 14 8.96 10.6 14.3
Dextromethorphan 8.2 5 na na 1.46
Diphenhydramine 5.79 5 na na 6.19
Fluconazole 71 71 24 6.48 44.7 124
Glyburide 3.95 10 0 0.12 na 1.08
Lidocaine 15.2 43 24 0.83 39.1 76.9
Meprobamate 86 24 0 30.4 39.4 57.6
Metformin 13.1 14 14 75.6 91.3 206
Methocarbamol 8.72 5 5 na na 550
Phenytoin 188 10 0 54.1 Na 115
Sulfamethoxazole 26.1 100 86 7 129 965
Temazepam 18.4 5 5 na na 20.3
Tramadol 15.1 29 29 26.4 97.1 186
Warfarin 6.03 10 2.5 na 5.13
1,4-dichlorobenzene 40 10 18 na 20
Atrazine 19.4 29 14 7.59 21.5 47.3
Prometon 120 14 70 80 90
Tributyl phosphate 160 19 10 30 40
Triphenyl phosphate 120 10 20 na 30
Tris(2-butoxyethyl) phosphate 800 14 300 400 500
Tris(2-chloroethyl) phosphate 100 52 24 50 100 240
Tris(dichloroisopropyl) phosphate 160 57 43 110 240 440
Acetyl hexamethyl tetrahydro naphthalene (AHTN) 28 14 6 9 13
Caffeine 90.7 10 7.83 na 50
Hexahydrohexamethyl cyclopentabenzopyran (HHCB) 52 24 6 25 44
Isophorone 32 5 na na 4
Methyl-1H-benzotriazole 141 43 14 14.7 67.1 775
N,N-diethyl-m-toluamide (DEET) 60 71 19 10 30 140
Nicotine 57.8 10 6.32 na 29.9
Tetrachloroethene 120 10 10 na 10
RL, reporting level; na, not applicable

https://doi.org/10.1371/journal.pone.0206004.t003
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(2-chloroethyl) phosphate (TCEP). Both OPFRs are used in upholstered furniture and other
common household foam and fabric products. Concentrations of the individual OPFRs ranged
from 10 (tributyl phosphate) to 500 [tris(2-butoxyethyl) phosphate] ng/L, with a median of
120 ng/L. In contrast, Schaider et al. [4] infrequently detected (<25% of samples) OPFRs and
at low concentrations (11 to 38 ng/L). The detection frequency and concentrations of TCEP
and TDIP are consistent with low wastewater treatment removal efficiencies [42].

Several other micropollutants were detected in 5-43% of samples (Table 3). These included
low concentrations (below the method reporting level) of musk fragrances [acetyl hexamethyl
tetrahydro naphthalene (AHTN) and hexahydrohexamethyl cyclopentabenzopyran (HHCB)],
industrial chemicals (isophorone and tetrachloroethene), and stimulants (nicotine and caf-
feine). The industrial chemical methyl-1H-benzotriazole (BTA) was detected in 43% of sam-
ples at concentrations ranging from 14.7 to 775 ng/L. The pesticides 1,4-dichlorobenzene
(mothballs), atrazine (broadleaf herbicide), and prometon (non-selective herbicide) were
detected in 10-29% of samples. Atrazine was detected only at Facilities F and G (both RIB)
where it is used for weed control near holding ponds and infiltration basins.

Comparison to detections in ambient groundwater, receiving surface
waters, wastewater treatment plant effluents, and other on-site treatment
systems

Micropollutants were detected more frequently and at higher concentrations in this study

compared to ambient groundwater in Minnesota (S6 Table, Fig 3). Detection frequencies for
the micropollutants in this study were >10% for 59% of detected chemicals, whereas detection

10,000 ;
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Fig 3. Comparison of maximum concentrations of most frequently detected (>30%) micropollutants in this study
and Minnesota (MN) ambient groundwater [9], MN surface water [6], MN wastewater treatment plant (WWTP)
effluent [6], and other septic systems [7]. CBZ, carbamazepine; FLU, fluconazole; LID, lidocaine; SMX,
sulfamethoxazole; TCEP, tris(2-chloroethyl) phosphate; TDIP, tris(dichloroisopropyl) phosphate; BT A, methyl-1H-
benzotriazole; DEET, N,N-diethyl-meta-toluamide.

https://doi.org/10.1371/journal.pone.0206004.9003
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frequencies in ambient groundwater were generally <5% [9]. Of the 15 micropollutants in
common between the two studies, maximum concentrations of 7 (carbamazepine, fluconazole,
sulfamethoxazole, triphenyl phosphate, methyl-1H-benzotriazole, DEET, and nicotine) were
greater in our study compared to ambient groundwater (Fig 3; S6 Table). These results con-
firm that the sampled groundwaters in our study are under the influence of sources with
chemical signatures indicative of wastewater.

Concentrations in this study were often higher than those detected in surface water, and
some concentrations (e.g., carbamazepine, sulfamethoxazole, nicotine, and prometon) were
similar to or higher than concentrations detected in wastewater effluent discharging directly to
surface water (S6 Table, Fig 3). For example, concentrations of sulfamethoxazole in our study
were 5.6, 4.3, and 1.8 times greater than ambient groundwater, receiving surface waters and
wastewater effluents, respectively (56 Table).

The number of micropollutants detected in our study was more similar to wastewater efflu-
ent from centralized municipal wastewater facilities. Several chemicals (alparazolam, dehydro-
nifedipine, tramadol, and warfarin) were not detected in Minnesota wastewater effluents or
receiving streams but were detected in our study (S6 Table) [6]. In a study of pharmaceuticals
in Burlington, Vermont wastewater, several pharmaceuticals (alprazolam, dehydronifedipine,
phenytoin, and warfarin) were not detected in wastewater effluent but were detected in our
study. Additionally, higher concentrations of carbamazepine and SMX were found in our
study’s groundwater compared to treated wastewater effluent [43]. Both carbamazepine and
SMX were detected more frequently in our study, and the maximum detected concentrations
were similar to Fairbairn et al. [44].

Schaider et al.’s [7] compilation of 20 studies reporting micropollutant concentrations asso-
ciated with on-site septic system leachate included 13 of the micropollutants detected in this
study. Our study detected two pharmaceuticals (diphenhydramine and warfarin) in ground-
water that were not detected within septic system drainfields in Schaider et al [7]. Additionally,
two micropollutants were detected in our study at higher concentrations (carbamazepine and
TDIP). Results demonstrate that centralized larger-volume discharges from community on-
site wastewater sources are important sources of micropollutants to groundwater. When the
discharges are in proximity to drinking water wells, as is the case for our study’s facilities,
drinking water quality is at risk.

Micropollutant relations to conventional pollutants and other factors

The number, variety, and concentrations of detected pharmaceuticals and conventional pollut-
ants illustrate that large on-site wastewater treatment systems integrate the pharmaceutical
and other chemical usages of their large contributing populations (Tables 1 and 3; S2-S5 and
S7 Tables). Large on-site wastewater systems designed to discharge to permeable soil or shal-
low groundwater effectively deliver pharmaceutical and other micropollutants to the ground-
water system.

Conventional pollutants and redox. Many studies illustrate that micropollutants can be
more resistant to removal in anoxic conditions when compared to oxic conditions [1, 5, 45].
Results from this study are consistent with the findings of others. More micropollutants were
detected at facilities with less oxic or anoxic (<3.5 mg/L) groundwater conditions when com-
pared to facilities with oxic (>6.5 mg/L) groundwater conditions. Up to 10 micropollutants
were detected at facilities with oxic groundwater conditions, while up to 24 micropollutants
were detected at facilities with less oxic or anoxic groundwater (Fig 4). The negative relation-
ship between number of micropollutants detected and DO is significant (Spearman’s rank cor-
relation, p<0.01). However, because Facility F is an outlier it drives the significance of the
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Fig 4. Number of micropollutants detected by dissolved oxygen category.
https://doi.org/10.1371/journal.pone.0206004.9004

relationship. Although a generally negative relationship is still observed when removing data
points from Facility F, the relationship is no longer significant (p = 0.08).

Facility F had a higher number of micropollutant detections (up to 24) and higher total
micropollutant concentrations (3,498-4,039 ng/L) than smaller systems (Fig 2). This large sys-
tem also had the lowest DO (0.2-0.5 mg/L, anoxic), relatively low (1.5 and 7.7 mg/L) nitrate-N
in most samples, and detectable ammonia-N concentrations in two of three samples downgra-
dient, despite a very shallow groundwater depth (approximately 0.6 meters below ground sur-
face) (S7 Table). At the smaller facilities, DO ranged from 1.1-10.4 mg/L (sub-oxic to oxic)
with groundwater depths ranging from approximately 4-13 meters below ground surface. Our
results indicate that the high micropollutant concentrations and high detection frequencies
observed in Facility F samples are related both to its large wastewater discharge volume and to
the anoxic conditions in shallow downgradient groundwater.

Facility characteristics and season. The occurrence and total concentrations of micro-
pollutants detected in our study were variable with annual discharge volume, groundwater
depth, and downgradient redox conditions, which is consistent with other studies [24, 46].
Fewer detections of micropollutants at smaller facilities with oxic groundwater conditions
indicate that smaller total loading and geochemical degradation processes diminish micropol-
lutant transport downgradient in groundwater. Both carbamazepine and sulfamethoxazole
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have been found to be very persistent in groundwater and can be transported downgradient
well away from the wastewater source discharge [39].

Slight seasonal differences in micropollutants were evident in this study. All wells had fewer
micropollutants detected during the late summer (August) sampling event than during the
early summer (May/June) or autumn (September) sampling events (Fig 2). Additionally, many
wells had lower total concentrations of micropollutants in the late summer compared to early
summer (Fig 2), when groundwater temperatures were generally higher than in the early sum-
mer. These micropollutant decreases may be due to increased biodegradation during the sum-
mer months.

Potential human-health hazard

Domestic wells can be placed downgradient from and within the same aquifer receiving LSTS
or RIB discharges. Although downgradient drinking water wells were not sampled as part of
our pilot project, putting the data into context with regards to human-health hazards provides
information that can be used to guide future research focusing on the fate and hazards of
micropollutants in groundwater. Concentration data were compared to rapid assessment
screening values established by the Minnesota Department of Health [38]. This analysis can
also be used to prioritize micropollutants that may be of greater concern than others. Screen-
ing value ratios ranged from <0.01 to 2.4 for the 11 pharmaceuticals for which comparisons
could be made (S8 Table). Of the 72 detected concentrations, 32 (44%) were moderate, and 3
(4%) were high, relative to screening values. Concentrations of meprobamate were consistently
substantially lower (<0.01) than screening values in the five samples in which it was detected.
A majority of the moderate concentrations were attributed to sulfamethoxazole at four of the
seven facilities (S8 Table). Concentrations of carbamazepine were moderate in all samples col-
lected from Facilities B and D, and high for one sample at Facility G (S8 Table). Average
screening value ratios among all sites resulted in the following ranking of pharmaceuticals: sul-
famethoxazole>>carbamazepine>temazepam >fluconazole >tramadol. However, site-specific
differences were observed. For example, with respect to average screening value ratios, trama-
dol was identified as the second most important pharmaceutical for LSTS sites, but fourth for
RIB.

Human health screening values are often calculated or promulgated on a chemical-by-
chemical basis. Although individual micropollutant concentrations detected in our study were
generally below drinking water screening values, little is known in a quantitative way about the
effects of mixtures. Summing the screening value ratios for every chemical detected within a
given sample, provides a rough indication of the potential hazard associated with exposure to
chemical mixtures. Although this method does not account for specific chemical interactions
(e.g. additive, synergistic, antagonistic), it provides a method to prioritize sites based on a
potential overall hazard with larger values representing more potential hazard. Total sample
screening value ratios ranged from 0.038 (Facility E, September 2014) to 2.8 (Facility F, August
2015) (Table 4). The two facilities with higher annual discharge (Facilities D and F) had the
highest average total sample screening value ratios (Table 4). However, volume of discharge
and average total sample screening value ratios were not linearly related. For example, Facility
G had the lowest discharge volume of the sampled sites, but the third highest average total
sample screening value ratio. All but two samples (one from Facility E and one from Facility
G) had a total sample screening value ratio exceeding 0.1, or moderate total concentration of
organic constituents.

The analyses provided herein provides context for environmental data related to human-
health hazards and can help prioritize micropollutants and/or sites for further monitoring.
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Table 4. Total sample screening value ratios for pharmaceuticals detected in groundwater downgradient from subsurface treatment systems in Central Minnesota,

2014-2015.
Facility Average annual discharge, million liters per day Date sampled Total sample screening value ratio
A 8.7 September 3, 2014 0.59
May 26, 2015 0.72
August 10, 2015 0.47
Average 0.59
B 19.3 September 3, 2014 0.60
May 26, 2015 0.87
August 10, 2015 0.70
Average 0.72
C 14.8 September 3, 2014 0.29
May 26, 2015 0.15
August 10, 2015 0.11
Average 0.18
D 20.4 September 4, 2014 0.61
May 27, 2015 1.3
August 11, 2015 1.2
Average 1.04
E 15.9 September 5, 2014 0.038
May 28, 2015 0.47
August 13. 2015 0.44
Average 0.32
F 314.1 September 5, 2014 0.84
May 28, 2015 2.6
August 12, 2015 2.8
Average 2.1
G 7.9 September 4, 2014 0.09
May 27, 2015 2.2
August 11, 2015 0.33
Average 0.87

https://doi.org/10.1371/journal.pone.0206004.t004

However, there remains a lack of information regarding screening values, which could allow
more rigorous evaluation of human health effects from more individual micropollutants, and
more importantly, complex mixtures of micropollutants.

Conclusions

We sampled groundwater downgradient from 7 of Minnesota’s approximately 210 large waste-
water facilities discharging to shallow soil or groundwater. The number, variety, and concen-
trations of chemicals detected illustrates that large wastewater treatment systems integrate the
pharmaceutical and other chemical usage of their large contributing populations and effec-
tively deliver pharmaceuticals and other micropollutants to the groundwater system. Although
the study results do not fully capture the flowpath of micropollutants in groundwater (no
deeper aquifer wells, drinking water wells, or downgradient surface water was sampled), the
results do show that on-site treatment facilities serving relatively small communities (hundreds
to thousands of residents) result in numerous micropollutants in groundwater downgradient
of on-site wastewater discharges. The presence of micropollutants in groundwater in sand and
gravel aquifers in proximity to drinking water wells raises human-health concerns. But the
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lack of health-based drinking water standards and toxicological information limits quantifica-
tion of risk. Micropollutant releases from large and small on-site wastewater treatment systems
similar to those sampled in this study likely contribute micropollutants to surface waters or
drinking water wells, a concern for both well users and policymakers worldwide. Further
research focused on fate and transport of micropollutants to downgradient drinking water
wells and surface waters is needed to fully understand the contribution of micropollutants to
the environment from LSTS and RIB facilities.
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