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Wastewater Indicators, Hormones, Sterols, Antibiotics,
and Pharmaceuticals in Soil at an Agricultural Field
Irrigated with Domestic Septage, Central Minnesota,

September 2014

By Sarah M. Elliott," Melinda L. Erickson,' Aliesha L. Krall," and Byron A. Adams?

Abstract

Treated domestic septage can be used to irrigate agri-
cultural fields as a disposal method or as a means to reuse
water. Because traditional on-site treatment systems are not
designed to remove wastewater indicators, hormones, sterols,
antibiotics, and pharmaceuticals, land application of septage
potentially results in soil contamination. Soils were collected
and analyzed from four sites in a central Minnesota agricul-
tural field irrigated with domestic septage. Soil samples were
analyzed for 111 unique contaminants, including wastewater
indicators, hormones, sterols, antibiotics, and pharmaceuti-
cals. In total, 32 contaminants were detected in soil samples.
Several wastewater indicators were detected in soil, including
fragrances, alkylphenols, and flame-retardants, at concentra-
tions ranging from 1 (2,6-dimethylnaphthalene at soil site 4)
to 1,550 (B-sitosterol at soil site 1) micrograms per kilogram.
Relative to the number of contaminants analyzed, steroid
hormones had the most frequent detections in soil samples
(33 percent), and androgens were more prevalent compared
to estrogens (50 and 22 percent, respectively). Androgens and
estrogens were detected at concentrations ranging from 0.21
(estrone at soil site 3) to 3.9 (dihydrotestosterone at soil site 1)
micrograms per kilogram. Quantifiable concentrations of anti-
biotics and pharmaceuticals ranged from 1.4 (carbamazepine
at soil site 1) to 540 (azithromycin at soil site 3) micrograms
per kilogram. Two antibiotics, ciprofloxacin and ofloxacin,
were detected at concentrations above the limit of quantifi-
cation (greater than 1,000 micrograms per kilogram at soil
sites 2 and 3). This pilot sampling indicates that soils may be
a repository for some contaminants introduced to the environ-
ment through land application of domestic septage.

'U.S. Geological Survey.

“Minnesota Pollution Control Agency.

Introduction

Domestic septage is a potential source of contaminants
to soil when used for irrigation. Even after treatment, domes-
tic septage is known to contain various pharmaceuticals,
hormones, alkylphenols, and fragrances (Carrara and others,
2008; Katz and others, 2009; Lapworth and others, 2012).
The practice of irrigating with domestic septage is an effi-
cient reuse of water, especially in arid regions. However, the
fate, transport, and ecological effects of septage-associated
contaminants after application to the land surface are not well
understood. Contaminants may accumulate in soils resulting
in alterations to the microbial community, uptake by crops, or
transport to underlying aquifers.

Unlike wastewater treatment plants that typically dis-
charge into surface waters as a point source, agricultural lands
can act as nonpoint sources of contaminants to the environ-
ment through runoff and infiltration. Herbicides, insecticides,
and fungicides may be introduced to the environment through
direct application to crops, whereas hormones and antibiot-
ics may be introduced through animal excretion directly onto
the land surface or through application of manure on a broad
scale. Antibiotics commonly detected in stream waters and
sediments in agricultural settings include sulfonamides and
tetracyclines (Arikan and others, 2008; Bartelt-Hunt and oth-
ers, 2011); however, most studies mainly focus on establish-
ments that land apply or store livestock manure and less on
sources such as treated domestic septage used for irrigation.

Irrigation using treated septage may accumulate con-
taminants in the soil (Chen and others, 2011). The affinity of
organic chemicals to bind to soils depends on many factors
including the physical properties of the chemical, soil carbon
content, soil texture, and, in agricultural settings, field prac-
tices (Rodvang and Simpkins, 2001; Xu and others, 2009).
For example, carbamazepine has a high affinity to sorb to
soil with a high organic matter content, which often is pres-
ent in the topmost layers of soil (Arye and others, 2011).
However, depending on the type of tillage practices used, the
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organic-rich layer can be incorporated into deeper depths,
affecting the chemical profile of the soil and environmental
risks.

In addition to the potential ecological risks associated
with applying domestic septage to land, potential human-
health risks exist, such as contamination of downgradient
drinking water and exposure through consumption (in agricul-
tural settings). More than 15 million households in the United
States rely on groundwater from private wells for domestic
water use (U.S. Environmental Protection Agency, 2017);
some of these wells are located downgradient and within the
same aquifers as sites where domestic septage is applied to
land. Pharmaceuticals, perfluorinated chemicals, and flame-
retardants represent some of the types of chemicals that may
contaminate drinking water sources (Schaider and others,
2016); furthermore, domestic wells near a septic system and in
shallow, thin aquifers are more vulnerable compared to others
(Verstraeten and others, 2005). Another potential human-
health risk is associated with consumption of produce grown
on lands irrigated with domestic septage. Specifically, carba-
mazepine, carbamazepine metabolites, and lamotrigine can
accumulate in certain vegetables (Malchi and others, 2014;
Paz and others, 2016). As further evidence, carbamazepine
and its metabolites were excreted from humans that consumed
produce grown on lands irrigated with reclaimed wastewater
(Paltiel and others, 2016).

The quantity of septage removed from septic tanks or
applied to land in Minnesota is not tracked. However, based
on the current estimate of 542,000 septic systems in the State,
an approximate volume of septage pumped from tanks and
other sanitation devices may be as high as 275 million gallons
per year (Jensen, 2015). More than 400 licensed businesses
(maintainers) pump and apply septage from septic tanks,
holding tanks, and other sanitation devices from domestic and
nondomestic sources in the State to land. Some maintainers
apply septage to land at one site, whereas others may have
many sites within their service areas, bringing the possible
number of land application sites scattered across the State to
more than 1,000 (Minnesota Pollution Control Agency, 2006).
Given the estimated volume of septage that is applied to land
in Minnesota, it is important to understand potential effects to
the environment. A pilot study was completed to characterize
the presence of wastewater indicators, hormones, sterols, anti-
biotics, and pharmaceuticals in soil collected from a central
Minnesota agricultural field that irrigates with treated domes-
tic septage.

Purpose and Scope

The purpose of this report is to present an assessment
on the presence of wastewater indicators, hormones, ste-
rols, antibiotics, and pharmaceuticals in soil collected from
a Minnesota agricultural field that irrigates with treated
domestic septage. The assessment was based on analyses of

111 unique contaminants in four soil samples collected in
September 2014. Wastewater indicator, hormone, and sterol
data are available in the USGS National Water Information
System and can be searched by the following station num-
bers: 451700093430001 (soil site 1), 451700093440001 (soil
site 2), 451700093430003 (soil site 3), 451700093430002
(soil site 4; U.S. Geological Survey, 2017). Antibiotic and
pharmaceutical data are provided in this report.

Study Area

The study area is a 14-hectare agricultural field in central
Minnesota, northwest of the Twin Cities Metropolitan Area
(fig. 1). The field contains gently rolling, glacially deposited
materials that extend to a depth of nearly 30 meters. Geologic
materials identified during drilling of the four on-site monitor-
ing wells included intermittent layers of sand and clays, sandy
clays and sand, and gravel; no confining layers were identified.
The depth to the water table at time of well installation was
12 to 15 meters below land surface (Minnesota Department of
Health, 2016). Crops alternate between soybeans and corn on
an annual basis, and tillage practices consist mainly of chisel
plowing to a depth of 10 to 15 centimeters after corn harvest.

The agricultural field has been irrigated with treated
domestic septage for more than 40 years. The septage, consist-
ing almost entirely of residential wastewater from septic and
holding tanks, is sprayed from a tanker truck onto the soil and
row crops. Septage is applied year round, mostly during the
growing season and fall before winter freezeup. An average
of 2.25 million liters is applied every year across the field at
a rate of about 160,000 liters per hectare. About 50 percent of
the septage receives a lime stabilization treatment for 30 min-
utes to raise the pH of the wastewater to about 12 to control
pathogens before it is applied to land. Biosolids have been
applied to the field previously; however, this practice has not
been used for at least two decades. Other sources of irrigation
water have not been applied to the field.

Methods

The methods section describes field procedures used
to collect soil samples, laboratory analytical methods, and
laboratory quality-assurance and quality-control samples and
analyses.

Soil Sample Collection Methods

Soil samples were collected from four soil sites around
the perimeter of the agricultural field (fig. 1). Soil representa-
tive of the top 15 centimeters was scooped into a stainless
steel bowl using a stainless steel scoop. Once enough soil was
collected to fill a 500 milliliter jar, the sample was manually
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pharmaceuticals, central Minnesota, September 2014.

stirred with the stainless steel scoop to homogenize it before
dispensing it into a glass amber jar. The stainless steel bowl
and scoop were cleaned following USGS protocols for
organic chemical sampling (Wilde, 2004). Briefly, the bowl
and scoop were washed with, in succession, Liquinox® + tap
water solution, tap water, methanol, and organic-blank water
obtained from the USGS National Water Quality Laboratory
in Lakewood, Colorado, prior to initial sample collection and
in between collection of soil from different sites. Soil samples
were frozen at -4 degrees Celsius until shipped to the analyz-
ing laboratories.

Laboratory Analytical Methods

Soil samples were analyzed for 60 wastewater indicators
(including 3 surrogate standards) and 33 hormones and sterols
(including 13 surrogate standards) at the U.S. Geological

Location of soil sites on an agricultural field sampled for wastewater indicators, hormones, sterols, antibiotics, and

Survey National Water Quality Laboratory in Lakewood,
Colorado, and 37 antibiotics and pharmaceuticals at the

U.S. Geological Survey Organic Geochemistry Research
Laboratory in Lawrence, Kansas. Wastewater indicators

were determined by gas chromatography/mass spectrometry
(Burkhardt and others, 2006), and hormones and sterols were
determined by gas chromatography/tandem mass spectrometry
by an adaptation of the method of Foreman and others (2012)
for solid samples (Yang and others, 2012). Antibiotics and
pharmaceuticals were determined by a research method previ-
ously described by Gibs and others (2013), Massey and others
(2010), McKinney and others (2010), and Watanabe and
others (2010). Briefly, samples were thawed and freeze-dried
to remove moisture. Antibiotics and pharmaceuticals were
extracted from the freeze-dried samples with a citric acid buf-
fer adjusted to pH 6.0 with sodium hydroxide and mixed 50/50
(volume/volume) with methanol. Extracts were evaporated to
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about 50 percent of their original volume using a TurboVap
LV nitrogen evaporator. Chemical determinations were made
by using a liquid chromatography method with tandem mass
spectrometry in electrospray positive and negative mode (for
two compounds) with scheduled multiple reaction monitoring
and negative multiple reaction monitoring modes. A complete
list of antibiotics and pharmaceuticals included in analysis is
provided in table 1. The reporting level for most antibiotics
and pharmaceuticals was 1 microgram per kilogram (pg/kg).
Reporting levels for ibuprofen and virginiamycin were 50 and
5 ng/kg, respectively.

Laboratory Quality-Assurance Methods and
Results

Several quality-assurance measures were done with
analyses including laboratory reagent-spike samples, labora-
tory-blank samples, one laboratory duplicate sample, and one
matrix-spike sample in which a baked reagent-sand matrix was
spiked with chemicals of interest. Additional quality assur-
ance was provided by surrogates, isotope dilution standards,
or both, which were added to all samples before analysis.
Relative percent difference between the laboratory duplicate
samples was calculated as:

RPD=(IC~C,/[(C,+C,)/2])x100 (1)

is the relative percent difference;
is the measured concentration in sample 1, in
micrograms per kilogram; and
C is the measured concentration in sample 2, in
micrograms per kilogram.
Similarly, the percent recovery of the laboratory baked
reagent-sand matrix-spike sample was calculated as:

PR=(C -C, /C, )*100 2)
where
PR is the percent recovery,
C,  is the measured concentration, in micrograms
per kilogram, in the spiked environmental
sample,

is the measured concentration, in
micrograms per kilogram, in the unspiked
environmental sample, and
C,, isthe nominal concentration, in micrograms
per kilogram, added to the unspiked
environmental sample.

Average percent recovery of 19 wastewater indicators
was below 60 percent. Additionally, 4-nonylphenol, 4-non-
ylphenol diethoxylate, and 4-nonylphenol monoethoxylate
had a percent recovery of zero. Additionally, average per-
cent recovery of the antibiotics doxycycline and ofloxacin
was 50 percent. Measurable concentrations of 10 analytes

env

were detected in laboratory-blank samples; most maximum
concentrations ranged from 3 to 9 times less than the respec-
tive reporting levels. However, the maximum concentration

of phenol, 78.2 pg/kg, detected in laboratory-blank samples
was above the reporting level of 50 ng/kg. All environmental
detections of phenol in soil samples were coded with a “v” to
reflect elevated concentrations found in laboratory blanks and
were not included in counts of detections. The percent recov-
ery of all analytes in the laboratory matrix-spike sample varied
greatly, ranging from 1.1 to 418 percent. Average laboratory
matrix-spike percent recoveries for antibiotics and pharmaceu-
ticals were less than wastewater indicator chemicals, which
were less than hormones, sterols, and bisphenol A. Average
percent recovery of surrogate or isotope dilution standards was
often below 60 percent, suggesting that reported concentra-
tions not corrected for isotope dilution standards potentially
underestimated environmental concentrations in the samples.

Presence of Wastewater Indicators,
Hormones, Sterols, Antibiotics, and
Pharmaceuticals in Soil Irrigated with
Domestic Septage

A total of 32 contaminants were detected among the
4 soil samples (table 2). Quantifiable concentrations ranged
from 0.21 to about 2,460 ng/kg; concentrations of the antibiot-
ics ciprofloxacin and ofloxacin were greater than the limit of
quantification (1,000 pg/kg) for soil sites 2 and 3. Detectable
concentrations of hormones, sterols, and wastewater indicators
generally were comparable to ranges reported in bottom sedi-
ments collected from Minnesota streams and rivers down-
stream from wastewater treatment plant effluent discharge
(fig. 2; Lee and others 2011; Elliott and others 2016). Of the
detected contaminants, 56 percent were detected in at least two
samples, and 37 percent were detected in all four. A greater
percentage of hormones and sterols were detected (47 percent)
compared to wastewater indicators (29 percent) or antibiotics
and pharmaceuticals (19 percent). Given the high soil adsorp-
tion coefficients for 4-androstene-3,17-dione, cis-androste-
rone, and 3f-coprostanol, these chemicals are more likely to
adsorb to soils and have lower mobility to deeper depths or
groundwater and may help to explain their presence in all the
soil samples.

Of the hormones analyzed, three androgens (4-andros-
tene-3,17-dione, cis-androsterone, and dihydrotestosterone)
and two estrogens (estrone and progesterone) were detected.
Total androgen and estrogen concentrations in each soil
sample ranged from 1.5 to 10.6 and 0.2 to 0.9 pg/kg, respec-
tively. All detectable concentrations of cis-androsterone
in this study were greater than the 75th percentile of those
reported for river bottom sediments in Minnesota (fig. 2; Lee
and others 2011; Elliott and others 2016). In addition to the
detected biogenic estrogens, several other contaminants were
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Table 1. Antibiotics and pharmaceuticals analyzed in soil samples collected from a Central Minnesota agricultural field,
September 2014.

[CASRN, Chemical Abstracts Service Registry Number; pg/kg, micrograms per kilogram; USGS, U.S. Geological Survey; OGRL, Organic Geochemis-
try Research Laboratory; --, no data]

Reporting level,?

Chemical CASRN' .
in pg/kg
Antibiotics and pharmaceuticals analyzed at USGS OGRL
Azithromycin 117772-70-0 1
Carbamazepine 298-46-4 1
Chloramphenicol 56-75-7 1
Chlorotetracycline 64-72-2 1
Ciprofloxacin 85721-33-1 1
Doxycycline 564-25-0 1
Enrofloxacin 93106-60-6 1
Epichlorotetracycline -- 1
Epiisochlorotetracycline -- 1
Epioxytetracycline -- 1
Epitetracycline 79-85-6 1
Erythromycin 114-07-8 1
Erythromycin-H,0 23893-13-2 1
Ibuprofen 15687-27-1 50
Isochlorotetracycline 514-53-4 1
Lincomycin 154-21-2 1
Lomefloxacin 98079-51-7 1
Norfloxacin 70458-96-7 1
Ofloxacin 82419-36-1 1
Ormetoprim 6981-18-6 1
Oxytetracycline 6153-64-6 1
Roxithromycin 80214-83-1 1
Sarafloxacin 98105-99-8 1
Sulfachloropyridazine 80-32-0 1
Sulfadiazine 68-35-9 1
Sulfadimethoxine 122-11-2 1
Sulfamethazine 57-68-1 1
Sulfamethoxazole 723-46-6 1
Sulfathiazole 72-14-0 1
Tetracycline 60-54-8 1
Total chlorotetracycline -- 1
Total erythromycin -- 1
Total oxytetracycline -- 1
Total tetracycline -- 1
Trimethoprim 738-70-5 1
Tylosin 1401-69-0 1
Virginiamycin 11006-76-1 5

'This report contains Chemical Abstracts Service Registry Numbers (CASRN)®, which is a Registered Trademark of the American Chemical Soci-
ety. The CASRN online database provides the latest registry number information: http://www.cas.org/. Chemical Abstracts Service recommends the
verification of the CASRNs through Chemical Abstracts Service Client ServicessM.

U.S. Geological Survey Organic Geochemistry Research Laboratory.


http://www.cas.org/.
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Table 2. Concentrations of wastewater indicators, hormones, sterols, antibiotics, and pharmaceuticals in soil samples collected from
a Minnesota agricultural field that applies domestic septage to the land, central Minnesota, September 2014.

[Table only includes chemicals that were detected in at least one sample. See figure 1 for soil site locations. na, not applicable; nr, not reported—sample poten-
tially affected by laboratory contamination; <, less than; E, estimated; >, greater than]

Sample concentration, in micrograms per kilogram
Soil site 1 Soil site 2 Soil site 3 Soil site 4
Wastewater indicators

Chemical Reporting level’

Sample weight (grams) na 9.9 10 10 10
p-Cresol 250 50 40 40 nr
4-tert-Octylphenol 50 <50 <50 6 <50
BDE congener 47 50 <50 <50 3 <50
Tributyl phosphate 50 <50 10 <50 <50
3-Methyl-1H-indole 50 7 10 5 4
Acetyl hexamethyl tetrahydronaphthalene 50 <50 <50 11 2
Indole 100 60 110 90 70
Isophorone 50 <50 <50 11 6
Carbazole 50 <50 12 6
9,10-Anthraquinone 50 <50 10 7
Acetophenone 150 nr nr 120 nr
2,6-Dimethylnaphthalene 50 <50 <50 <50 1
Benzo[a]pyrene 50 16 48 14 20
Fluoranthene 50 26 65 <50 <50
Pyrene 50 21 59 20 29
Triclosan 50 <50 nr 17 6
Bisphenol A? 50 <50 13 nr nr
3B-Coprostanol? 500 1,140 1,470 nr nr
B-Sitosterol 500 1,550 1,300 <500 <500
Hormones, sterols, and bisphenol A
Sample weight (grams) na 4.99 4.83 4.97 4.98
4-Androstene-3,17-dione 0.1 3.65 1.31 0.59 <0.43
cis-Androsterone 0.25 3.08 1.72 1.13 0.62
Dihydrotestosterone 0.1 3.9 1.82 1.13 0.9
Estrone 0.1 <0.36 <0.34 <0.20 0.21
Progesterone 0.5 <1.05 <1.45 0.91 <1.01
Bisphenol A? 10 E 35 E 27.7 E 10.9 E 363
3p-Coprostanol® 50 E 1,850 E 2,460 E 1,655 1,352
Cholesterol 50 702 E 1,031 731 326
Antibiotics and pharmaceuticals
Sample weight (grams) na 1 1 1 1
Carbamazepine 1.0 1.4 43 6.3 39
Norfloxacin 1.0 <1 10 24 <1
Ciprofloxacin 1.0 380 >1,000 >1,000 540
Ofloxacin 1.0 400 >1,000 >1,000 310
Epitetracycline 1.0 <1 3.1 5.7 1.8
Tetracycline 1.0 <1 33 6.6 2.2
Azithromycin 1.0 <1 180 540 <l

'Determined by the U.S. Geological Survey National Water Quality Laboratory or Organic Geochemistry Research Laboratory.
2Analyzed by two different analytical methods.
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Figure 2. Comparison of concentrations for wastewater indicators, hormones, and sterols detected in a central Minnesota agricultural
soil with bottom sediments collected from receiving streams, downstream from effluent inputs from wastewater treatment plants. Data
for bottom sediments are from Elliott and others (2016) and Lee and others (2011).
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detected that exhibit estrogenic properties: 4-tert-octylphenol,
tributyl phosphate, acetyl hexamethyl tetrahydronaphthalene,
and bisphenol A. Although these contaminants have rela-
tively weak estrogenic properties by themselves, the additive
estrogenicity of weak estrogens in a mixture may increase the
effective estrogenicity of the soil (Silva and others, 2002).

Six antibiotics and one anticonvulsant were detected at
least once among all soil samples. Carbamazepine, ciprofloxa-
cin, and ofloxacin were detected in all soil samples; the sum
of concentrations ranged from 201 to greater than 2,500 pug/kg
per sample. Two fluoroquinolones (ciprofloxacin and oflaxa-
cin) were present in all four soil samples at concentrations
ranging from 310 to greater than 1,000 ug/kg. Azithromycin
(antibiotic) was present in two soil samples at concentrations
of 180 and 540 ng/kg. Ciprofloxacin and ofloxacin tend to
have high sorption to soils, even soils with low organic carbon
and high sand contents (Leal and others, 2013; Peng and
others, 2014). Additionally, ofloxacin can inhibit microbial
growth by more than 50 percent at concentrations of 5,000
ng/kg (Peng and others, 2014). Carbamazepine is detected
frequently in soils from fields irrigated with wastewater at
concentrations similar to those observed in this study (Duran-
Alvarez and others, 2009; Kinney and others, 2006). Com-
pared to other studies, soil concentrations of tetracycline in
this study are relatively low (2—6 compared to 3—20 pg/kg;
Chen and others, 2011).

Fluoroquinolones and other antibiotics persist in agri-
cultural soils and earthworms amended with biosolids (which
often contain the same contaminants as septage) with the
potential for accumulation over time (Golet and others, 2003;
Kinney and others, 2008). The presence of antibiotics in soils
also may lead to shifts in microbial communities dominated by
resistant organisms (Thiele-Bruhn, 2003) or favor particular
bacteria, altering the microbial activity of soils (Cérdova-
Kreylos and Scow, 2007). Microbial abundance and diversity
can shift when exposed to ciprofloxacin concentrations as low
as 200 pg/kg (Girardi and others, 2011). Ciprofloxacin con-
centrations in the soil in the current study were all greater than
200 ng/kg; two were an order of magnitude greater, indicating
the potential for an altered microbial community.

Hydraulic factors such as overlying soil properties and
degree of aquifer confinement are important factors in the
transport of organic contaminants to groundwater (Lapworth
and others 2012); for example, carbamazepine is more likely
to sorb to soils with high clay or organic matter content (Arye
and others, 2011). The soil organic matter content was not
analyzed, but the Natural Resources Conservation Service
provides estimates of less than 2 percent organic matter at
sites 1-3 and 6 percent at site 4 (Natural Resources Conserva-
tion Service, U.S. Department of Agriculture, 2017). Sorp-
tion to soils has been an important mechanism for removal of
contaminants such as carbamazepine and sulfamethoxazole
from water (Martinez-Hernandez and others, 2016); in fact,
carbamazepine was detected in all the soil samples (table 2).

Summary

Traditional on-site wastewater treatment systems are not
designed to remove wastewater indicators, hormones, sterols,
antibiotics, and pharmaceuticals, yet treated domestic septage
can be used to irrigate agricultural fields. Soil collected from
a central Minnesota agricultural field irrigated with domestic
septage was analyzed for a variety of contaminants composed
of 60 wastewater indicators (including 3 surrogate standards)
and 33 hormones and sterols (including 13 surrogate stan-
dards) at the U.S. Geological Survey National Water Qual-
ity Laboratory in Lakewood, Colorado, and 37 antibiotics
and pharmaceuticals at the U.S. Geological Survey Organic
Geochemistry Research Laboratory in Lawrence, Kansas. A
total of 32 contaminants were detected among the samples col-
lected from four soil sites. In total, 19 wastewater indicators
were detected at concentrations ranging from 1 (2,6-dimethyl-
naphthalene at soil site 4) to 1,550 (B-sitosterol at soil site 1)
micrograms per kilogram (pg/kg). Considering the number of
individual compounds analyzed within each chemical group
(wastewater indicators; hormones, sterols, and bisphenol A;
and antibiotics and pharmaceuticals), hormones and sterols
were detected the most frequently (47 percent). Quantifiable
concentrations of androgens and estrogens ranged from 0.21
(estrone at soil site 3) to 3.9 (dihydrotestosterone at soil site 1)
pg/kg, and androgens were more prevalent than estrogens. A
total of seven antibiotics and pharmaceuticals were detected
at concentrations ranging from 1.4 ng/kg (carbamazepine
at soil site 1) to above the limit of quantification, 1,000 pg/kg
(ciprofloxacin and ofloxacin at soil sites 2 and 3). Results
from this pilot sampling indicate that contaminants may be
accumulating in soil that is lacking a high organic content.
Further research needs to be done to assess fate and transport
of wastewater indicators, hormones, sterols, antibiotics, and
pharmaceuticals through the soil column that may potentially
reach groundwater, as well as effect soil health.

References Cited

Arikan, O.A., Rice, C., and Codling, E., 2008, Occurrence of
antibiotics and hormones in a major agricultural watershed:
Desalination, v. 226, nos. 1-3, p. 121-133. [Also available
at https://doi.org/10.1016/j.desal.2007.01.238.]

Arye, G., Dror, L., and Berkowitz, B., 2011, Fate and trans-
port of carbamazepine in soil and aquifer treatment (SAV)
infiltration basin soils: Chemosphere, v. 82, no. 2, p. 244—
252. [Also available at https://doi.org/10.1016/j.chemo-
sphere.2010.09.062.]


https://doi.org/10.1016/j.desal.2007.01.238
https://doi.org/10.1016/j.chemosphere.2010.09.062
https://doi.org/10.1016/j.chemosphere.2010.09.062

Bartelt-Hunt, S., Snow, D.D., Damon-Powell, T., and Mies-
bach, D., 2011, Occurrence of steroid hormones and
antibiotics in shallow groundwater impacted by livestock
waste control facilities: Journal of Contaminant Hydrology,
v. 123, nos. 34, p. 94—103. [Also available at https://doi.
org/10.1016/j.jconhyd.2010.12.010.]

Burkhardt, M.R., Zaugg, S.D., Smith, S.G., and ReVello, R.C.,
2006, Determination of wastewater compounds in sedi-
ment and soil by pressurized solvent extraction, solid-phase
extraction, and capillary-column gas chromatography/
mass spectrometry: U.S. Geological Survey Techniques and
Methods, book 5, chap. B2, 40 p. [Also available at https://
pubs.er.usgs.gov/publication/tm5B2.]

Carrara, C., Ptacek, C.J., Robertson, W.D., Blowes, D.W.,
Moncur, M.C., Sverko, E.D., and Backus, S., 2008, Fate of
pharmaceutical and trace organic compounds in three septic
system plumes, Ontario, Canada: Environmental Science &
Technology, v. 42, p. 2805-2811. [Also available at https://
doi.org/10.1021/es070344q.]

Chen, F., Ying, G., Kong, L., Wang, L., Zhao, J., Zhou, L., and
Zhang, L., 2011, Distribution and accumulation of endo-
crine-disrupting chemicals and pharmaceuticals in wastewa-
ter irrigated soils in Hebei, China: Environmental Pollution,
v. 159, no. 6, p. 1490-1498. [Also available at https://doi.
org/10.1016/j.envpol.2011.03.016.]

Cérdova-Kreylos, A.L., and Scow, K.M., 2007, Effects of
ciprofloxacin on salt marsh sediment microbial communi-
ties: Multidisciplinary Journal of Microbial Ecology, v. 1,
p. 585-595. [Also available at https://doi.org/10.1038/
ismej.2007.71.]

Duran-Alvarez, J.C., Becerril-Bravo, E., Castro, V., Jiménez,
B., and Gibson, R., 2009, The analysis of a group of acidic
pharmaceuticals, carbamazepine, and potential endocrine
disrupting compounds in wastewater irrigated soils by gas
chromatography-mass spectrometry: Talanta, v. 78, no. 3,
p. 1159-1166. [Also available at https://doi.org/10.1016/j.
talanta.2009.01.035.]

Elliott, S.M., Lee, K.E., Ziegeweid, J.R., Schoenfuss, H.L.,
and Martinovic-Weigelt, D., 2016, Chemicals of emerging
concern and fish biological endpoints data collected from
select tributaries of the St. Croix River, Minnesota and
Wisconsin, 2011-12: U.S. Geological Survey data release.
[Also available at https://doi.org/10.5066/F7TM906RN.]

Foreman, W.T., Gray, J.L., ReVello, R.C., Lindley, C.E., Los-
che, S.A., and Barber, L.B., 2012, Determination of steroid
hormones and related compounds in filtered and unfiltered
water by solid-phase extraction, derivatization, and gas
chromatography with tandem mass spectrometry: U.S. Geo-
logical Survey Techniques and Methods, book 5, chap. B9,
118 p. [Also available at https://pubs.usgs.gov/tm/5b9/.]

References Cited 9

Gibs, J., Heckathorn, H.A., Meyer, M.T., Klapinski, M.A.,
and Lippincott, R.L., 2013, Occurrence and partitioning of
antibiotic compounds found in the water column and bottom
sediments from a stream receiving two waste-water treat-
ment plant effluents in Northern New Jersey: Science of the
Total Environment, v. 458—460, p. 107—116. [Also available
at https://doi.org/10.1016/j.scitotenv.2013.03.076.]

Girardi, C., Greve, J., Lamshoft, M., Fetzer, 1., Miltner,
A., Schiffer, A., and Késtner, M., 2011, Biodegradation
of ciprofloxacin in water and soil and its effects on the
microbial communities: Journal of Hazardous Materials,
v. 198, p. 22-30. [Also available at https://doi.org/10.1016/].
jhazmat.2011.10.004.]

Golet, E.M., Xifra, 1., Siegrist, H., Alder, A.C., and Giger, W.,
2003, Environmental exposure assessment of fluoroqui-
nolone antibacterial agents from sewage to soil: Environ-
mental Science & Technology, v. 37, no. 15, p. 3243-3249.
[Also available at https://doi.org/10.1021/es0264448.]

Jensen, A.S., 2015, Septage and restaurant grease trap waste
management guidelines: Minnesota Pollution Control
Agency, Document no. wq—-wwists4—20, accessed Novem-
ber 21, 2017, at https://www.pca.state.mn.us/sites/default/
files/wq-wwists4-20.pdf.

Katz, B.G., Griffin, D.W., McMahon, P.B., Harden, H.S.,
Wade, Edgar, Hicks, R.W., and Chanton, J.P, 2009, Fate of
effluent-borne contaminants beneath septic tank drainfields
overlying a karst aquifer: Journal of Environmental Qual-
ity, v. 39, no. 4, p. 1181-1195. [Also available at https://doi.
org/10.2134/jeq2009.0244.]

Kinney, C.A., Furlong, E.T., Werner, S.L., and Cahill, J.D.,
2006, Presence and distribution of wastewater-derived phar-
maceuticals in soil irrigated with reclaimed water: Environ-
mental Toxicology & Chemistry, v. 25, no. 2, p. 317-326.
[Also available at https://doi.org/10.1897/05-187R.1.]

Kinney, C.A., Furlong, E.T., Kolpin, D.W., Burkhardt, M.R.,
Zaugg, S.D., Werner, S.L., Bossio, J.P., and Benotti, M.J.,
2008, Bioaccumulation of pharmaceuticals and other
anthropogenic waste indicators in earthworms from agricul-
tural soil amended with biosolid or swine manure: Environ-
mental Science & Technology, v. 42, no. 6, p. 1863—1870.
[Also available at https://doi.org/10.1021/es702304c.]

Lapworth, D.J., Baran, N., Stuart, M.E., and Ward, R.S.,
2012, Emerging organic contaminants in groundwater—
A review of sources, fate and occurrence: Environmental
Pollution, v. 163, p. 287-303. [Also available at https://doi.
org/10.1016/j.envpol.2011.12.034.]

Leal, RM.P, Alleoni, L.R.F., Tornisielo, V.L., and Regitano,
J.B., 2013, Sorption of fluoroquinolones and sulfonamides
in 13 Brazilian soils: Chemosphere, v. 92, no. 8, p. 979—
985. [Also available at https://doi.org/10.1016/j.chemo-
sphere.2013.03.018.]


https://doi.org/10.1016/j.jconhyd.2010.12.010
https://doi.org/10.1016/j.jconhyd.2010.12.010
https://pubs.er.usgs.gov/publication/tm5B2
https://pubs.er.usgs.gov/publication/tm5B2
https://doi.org/10.1021/es070344q
https://doi.org/10.1021/es070344q
https://doi.org/10.1016/j.envpol.2011.03.016
https://doi.org/10.1016/j.envpol.2011.03.016
https://doi.org/10.1038/ismej.2007.71
https://doi.org/10.1038/ismej.2007.71
https://doi.org/10.1016/j.talanta.2009.01.035
https://doi.org/10.1016/j.talanta.2009.01.035
https://doi.org/10.5066/F7M906RN
https://pubs.usgs.gov/tm/5b9/
https://doi.org/10.1016/j.scitotenv.2013.03.076
https://doi.org/10.1016/j.jhazmat.2011.10.004
https://doi.org/10.1016/j.jhazmat.2011.10.004
https://doi.org/10.1021/es0264448
https://www.pca.state.mn.us/sites/default/files/wq-wwists4-20.pdf
https://www.pca.state.mn.us/sites/default/files/wq-wwists4-20.pdf
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.1897/05-187R.1
https://doi.org/10.1021/es702304c
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.chemosphere.2013.03.018
https://doi.org/10.1016/j.chemosphere.2013.03.018

Wastewater Indicators, Hormones, Sterols, Antibiotics, and Pharmaceuticals in Soil

Lee, K.E., Langer, S.K., Barber, L.B., Writer, J.H., Ferrey,

M.L., Schoenfuss, H.L., Furlong, E.T., Foreman, W.T.,
Gray, J.L., ReVello, R.C., Martinovic, D., Woodruft, O.P,,
Keefe, S.H, Brown, G.K., Taylor, H.E., Ferrer, 1., and
Thurman, E.M., 2011, Endocrine active chemicals, pharma-
ceuticals, and other chemicals of concern in surface water,

Paltiel, O., Fedorova, G., Tadmor, G., Kleinstern, G., Maor,

Y., and Chefetz, B., 2016, Human exposure to wastewater-
derived pharmaceuticals in fresh produce—A randomized
controlled trial focusing on carbamazepine: Environmental
Science & Technology, v. 50, no. 8, p. 4476-4482. [Also
available at https://doi.org/10.1021/acs.est.5b06256.]

wastewater-treatment plant effluent, and bed sediment, and
biological characteristics in selected streams, Minnesota-
design, methods, and data, 2009: U.S. Geological Survey
Data Series 575, 54 p., with apps. [Also available at https://
pubs.usgs.gov/ds/575/.]

Paz, A., Tadmor, G., Malchi, T., Blotevogel, J., Borch, T.,
Polubesova, T., and Chefetz, B., 2016, Fate of carbamaze-
pine, its metabolites, and lamotrigine in soils irrigated with
reclaimed wastewater—Sorption, leaching and plant uptake:
Chemosphere, v. 160, p. 22-29. [Also available at https://

Malchi, T., Maor, Y., Tadmor, G., Shenker, M., and Gefetz, B., doi.org/10.1016/j.chemosphere.2016.06.048.]

2014, Irrigation of root vegetables with treated wastewater:

Evaluating uptake of pharmaceuticals and the associated

human health risks: Environmental Science & Technology,

v. 48, no. 16, p. 9325-9333. [Also available at https://doi.

org/10.1021/es5017894.]

Peng, F., Zhou, L., Ying, G., Liu, Y., and Zhao, J., 2014,
Antibacterial activity of the soil-bound antimicrobials
oxytetracycline and oflaxacin: Environmental Toxicology
& Chemistry, v. 33, no. 4, p. 776-783. [Also available at
https://doi.org/10.1002/etc.2513.]

Martinez-Hernandez, V., Meffe, R., Lopez, S.H.; and de
Bustamante, 1., 2016, The role of sorption and biodegrada-
tion in the removal of acetaminophen, carbamazepine, caf-
feine, naproxen and sulfamethoxazole during soil contact—
A kinetics study: Science of the Total Environment, v. 559,
p. 232-241. [Also available at https://doi.org/10.1016/].
scitotenv.2016.03.131.]

Rodvang, S.J., and Simpkins, S.W., 2001, Agricultural con-
taminants in Quaternary aquitards—A review of occurrence
and fate in North America: Hydrogeology Journal, v. 9,
no. 1, p. 44-59. [Also available at https://doi.org/10.1007/
$100400000114.]

Schaider, L.A., Ackerman, J.M., and Rudel, R.A, 2016, Septic
systems as sources of organic wastewater compounds in
domestic drinking water wells in a shallow sand and gravel
aquifer: Science of the Total Environment, v. 547, p. 470-
481. [Also available at https://doi.org/10.1016/j.scito-
tenv.2015.12.081.]

Massay, L.B., Haggard, B.E., Galloway, J.M., Loftin, K.L.,
Meyer, M.T., and Green, R.W., 2010, Antibiotic fate and
transport in three effluent-dominated Ozark streams: Eco-
logical Engineering, v. 36, p. 930-938. [Also available at
https://doi.org/10.1016/j.ecoleng.2010.04.009.]

Silva, E., Nissanka, R., and Kortenkamp, A., 2002, Something
from “Nothing”—Eight weak estrogenic chemicals com-
bined at concentrations below NOECs produce significant
mixture effects: Environmental Science & Technology,

v. 36, no. 8, p. 1751-1756. [Also available at https://doi.
org/10.1021/es0101227.]

McKinney, C.W., Loftin, K.A., Meyer, M.T., Davis, J.G., and
Pruden, A., 2010, tet and sul Antibiotic resistance genes
in livestock lagoons of various operation type, configura-
tion, and antibiotic occurrence: Environmental Science &
Technology, v. 44, no. 16, p. 6102—6109. [Also available at
https://doi.org/10.1021/es9038165.]

Thiele-Bruhn, S., 2003, Pharmaceutical antibiotic compounds
in soils—A review: Journal of Plant Nutrition Soil Science,
v. 166, no. 2, p. 145-167. [Also available at https://doi.
org/10.1002/jpIn.200390023.]

Minnesota Department of Health, 2016, Minnesota Well
Index: Minnesota Department of Health web page and digi-
tal data, accessed November 1, 2016, at http://www.health.
state.mn.us/divs/eh/cwi/.

U.S. Environmental Protection Agency, 2017, About private
water wells: U.S. Environmental Protection Agency web
page, accessed August 15, 2017, at https://www.epa.gov/
privatewells/about-private-water-wells.

Minnesota Pollution Control Agency, 2006, Summary report
of septage pumper inspections May 2005—October 2005:
Minnesota Pollution Control Agency, accessed November
21, 2017, at https://www.pca.state.mn.us/sites/default/files/
wq-Indapp3-01.pdf.

Natural Resources Conservation Service, U.S. Department of
Agriculture, 2017, Web Soil Survey: U.S. Department of
Agriculture, Natural Resources Conservation Service web
page and digital data, accessed February 24, 2017, at https://
websoilsurvey.sc.egov.usda.gov/.


https://pubs.usgs.gov/ds/575/
https://pubs.usgs.gov/ds/575/
https://doi.org/10.1021/es5017894
https://doi.org/10.1021/es5017894
https://doi.org/10.1016/j.scitotenv.2016.03.131
https://doi.org/10.1016/j.scitotenv.2016.03.131
https://doi.org/10.1016/j.ecoleng.2010.04.009
https://doi.org/10.1021/es9038165
http://www.health.state.mn.us/divs/eh/cwi/
http://www.health.state.mn.us/divs/eh/cwi/
https://www.pca.state.mn.us/sites/default/files/wq-lndapp3-01.pdf
https://www.pca.state.mn.us/sites/default/files/wq-lndapp3-01.pdf
https://websoilsurvey.sc.egov.usda.gov/
https://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1021/acs.est.5b06256
https://doi.org/10.1016/j.chemosphere.2016.06.048
https://doi.org/10.1016/j.chemosphere.2016.06.048
https://doi.org/10.1002/etc.2513
https://doi.org/10.1007/s100400000114
https://doi.org/10.1007/s100400000114
https://doi.org/10.1016/j.scitotenv.2015.12.081
https://doi.org/10.1016/j.scitotenv.2015.12.081
https://doi.org/10.1021/es0101227
https://doi.org/10.1021/es0101227
https://doi.org/10.1002/jpln.200390023
https://doi.org/10.1002/jpln.200390023
https://www.epa.gov/privatewells/about-private-water-wells
https://www.epa.gov/privatewells/about-private-water-wells

U.S. Geological Survey, 2017, Water quality samples
for Minnesota—Select sites [451700093430001,
451700093430002, 451700093440001, and
451700093430003], in USGS water data for the Nation:
U.S. Geological Survey National Water Information
System database, accessed February 10, 2017, at https://
doi.org/10.5066/F7P55KIN. [Site information directly
accessible at https://nwis.waterdata.usgs.gov/mn/nwis/
qwdata?multiple site no=451700093430001%2C45170009
3430002%2C451700093440001%2C451700093430003.]

Verstraeten, [.M., Fetterman, G.S., Meyer, M.T., Bullen,
T., and Sebree, S.K, 2005, Use of tracers and isotopes to
evaluate vulnerability of water in domestic wells to septic
waste: Groundwater Monitoring and Remediation, v. 25,
no. 2, p. 107-117. [Also available at https://doi.org/10.1111/
j.1745-6592.2005.0015.x.]

Watanabe, N., Bergamaschi, B.A., Loftin, K.A., Meyer, M.T.,
and Harter, T., 2010, Use and environmental occurrence
of antibiotics in freestall dairy farms with manured forage
fields: Environmental Science & Technology, v. 44, no. 17,
p. 6591-6600. [Also available at https://doi.org/10.1021/
es100834s.]

References Cited 1

Wilde, F.D., ed., 2004, Cleaning of Equipment for water
sampling (ver. 2.0): U.S. Geological Survey Techniques of
Water-Resources Investigations, book 9, chap. A3, April
2004, accessed September 1, 2014, at http://pubs.water.
usgs.gov/twri9A3/.

Xu, J., Wu, L., and Chang, A.C., 2009, Degradation and
adsorption of selected pharmaceuticals and personal care
products (PPCPs) in agricultural soils: Chemosphere,

v. 77, no. 10, p. 1299-1305. [Also available at https://doi.
org/10.1016/j.chemosphere.2009.09.063.]

Yang, Y., Gray, J.L., Furlong, E.T., Davis, J.G., ReVello, R.C.,
and Borch, T., 2012, Steroid hormone runoff from agricul-
tural test plots applied with municipal biosolids: Environ-
mental Science & Technology, v. 46, no. 5, p. 2746-2754.
[Also available at https://doi.org/10.1021/es203896t.]


https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5066/F7P55KJN
https://nwis.waterdata.usgs.gov/mn/nwis/qwdata?multiple_site_no=451700093430001%2C451700093430002%2C451700093440001%2C451700093430003
https://nwis.waterdata.usgs.gov/mn/nwis/qwdata?multiple_site_no=451700093430001%2C451700093430002%2C451700093440001%2C451700093430003
https://nwis.waterdata.usgs.gov/mn/nwis/qwdata?multiple_site_no=451700093430001%2C451700093430002%2C451700093440001%2C451700093430003
https://doi.org/10.1111/j.1745-6592.2005.0015.x
https://doi.org/10.1111/j.1745-6592.2005.0015.x
https://doi.org/10.1021/es100834s
https://doi.org/10.1021/es100834s
http://pubs.water.usgs.gov/twri9A3/
http://pubs.water.usgs.gov/twri9A3/
https://doi.org/10.1016/j.chemosphere.2009.09.063
https://doi.org/10.1016/j.chemosphere.2009.09.063
https://doi.org/10.1021/es203896t




Appendix 1

The appendix consists of one table listing wastewater indicators, hormones, sterols,
antibiotics, and pharmaceuticals analyzed (table 1.1), and five tables summarizing labora-
tory quality-assurance data for reagent-spike samples (table 1.2), laboratory-blank samples
(table 1.3), duplicate samples (table 1.4), matrix-spike samples (table 1.5), and surrogate and
isotope dilution standards (table 1.6).
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Table 1.1 Wastewater indicators, hormones, and sterols analyzed in soil samples collected from an agricultural field, central
Minnesota, September 2014.

[CASRN, Chemical Abstracts Service Registry Number; pg/kg, micrograms per kilogram; USGS, U.S. Geological Survey; NWQL, National Water Quality
Laboratory; --, no data; na, not applicable; d, deuterium]

Reporting level,?

Chemical CASRN' .
in pg/kg
Wastewater indicators analyzed at USGS NWQL
1,4-Dichlorobenzene 106-46-7 100
1-Methylnaphthalene 90-12-0 100
2,6-Dimethylnaphthalene 581-42-0 100
2-Methylnaphthalene 91-57-6 100
3B-Coprostanol 360-68-9 1,000
3-Methyl-1H-indole (Skatole) 83-34-1 100
3-tert-Butyl-4-hydroxyanisole (BHA) 121-00-6 300
4-Cumylphenol 599-64-4 100
4-n-Octylphenol 1806-26-4 100
4-Nonylphenol (sum of all isomers) -- 1,500
4-Nonylphenol diethoxylate (sum of all isomers; NP2EO) 20427-84-3 2,000
4-Nonylphenol monoethoxylate (sum of all isomers; NP1EO) 68412-54-4 1,000
4-tert-Octylphenol 140-66-9 100
4-tert-Octylphenol diethoxylate (OP2EO) 2315-61-9 100
4-tert-Octylphenol monoethoxylate, (OP1EO) 2315-67-5 500
9,10 Anthraquinone 84-65-1 100
Acetophenone 98-86-2 300
Acetyl hexamethyl tetrahydro naphthalene (AHTN) 21145-77-7 100
Anthracene 120-12-7 100
Atrazine 1912-24-9 200
BDE congener 47 5436-43-1 100
Benzo[a]pyrene 50-32-8 100
Benzophenone 119-61-9 100
[-Sitosterol 83-46-5 1,000
B-Stigmastanol 19466-47-8 1,000
Bis(2-ethylhexyl) phthalate 117-81-7 500
Bisphenol A 80-05-7 100
Bromacil 314-40-9 1,000
Camphor 76-22-2 100
Carbazole 86-74-8 100
Chlorpyrifos 2921-88-2 100
Cholesterol 57-88-5 500
Diazinon 333-41-5 100
Diethyl phthalate 84-66-2 200
D-Limonene 5989-27-5 100
Fluoranthene 206-44-0 100
Hexahydrohexamethyl cyclopentabenzopyran (HHCB) 1222-05-5 100
Indole 120-72-9 200
Isoborneol 124-76-5 100

Isophorone 78-59-1 100
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Table 1.1 Wastewater indicators, hormones, and sterols analyzed in soil samples collected from an agricultural field, central
Minnesota, September 2014.—Continued

[CASRN, Chemical Abstracts Service Registry Number; pg/kg, micrograms per kilogram; USGS, U.S. Geological Survey; NWQL, National Water
Quality Laboratory; --, no data; na, not applicable; d, deuterium]

Reporting level,?

Chemical CASRN' .
in pg/kg
Wastewater indicators analyzed at USGS NWQL—Continued
Isopropylbenzene 98-82-8 200
Isoquinoline 119-65-3 200
Menthol 89-78-1 100
Metolachlor 51218-45-2 100
Naphthalene 91-20-3 100
N,N-Diethyl-m-toluamide (DEET) 134-62-3 200
p-Cresol 106-44-5 500
Phenanthrene 85-01-8 100
Phenol 108-95-2 100
Prometon 1610-18-0 100
Pyrene 129-00-0 100
Tributyl phosphate 126-73-8 100
Triclosan 3380-34-5 100
Triphenyl phosphate 115-86-6 100
Tris(2-butoxyethyl) phosphate 78-51-3 300
Tris(2-chloroethyl) phosphate 115-96-8 200
Tris(dichloroisopropyl) phosphate 13674-87-8 200
Bisphenol A-d|, (surrogate) -- na
Decafluorobiphenyl (surrogate) 434-90-2 na
Fluoranthene-d, , (surrogate) 93951-69-0 na
Steroid hormones, sterols, and bisphenol A analyzed at USGS NWQL

11-Ketotestosterone 564-35-2 0.52
170-Estradiol 57-91-0 0.2
170-Ethynylestradiol 57-63-6 0.2
17B-Estradiol 50-28-2 0.4
3B-Coprostanol 360-68-9 50
4-Androstene-3,17-dione 63-05-8 0.5
Bisphenol A 80-05-7 20
Cholesterol 57-88-5 120
cis-Androsterone 53-41-8 0.5
Dihydrotestosterone 521-18-6 1
Epitestosterone 481-30-1 1
Equilenin 517-09-9 0.52
Equilin 474-86-2 4
Estriol 50-27-1 0.52
Estrone 53-16-7 0.5
Mestranol 72-33-3 0.4
Norethindrone 68-22-4 0.4
Progesterone 57-83-0 3
Testosterone 58-22-0 0.4
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Table 1.1 Wastewater indicators, hormones, and sterols analyzed in soil samples collected from an agricultural field, central
Minnesota, September 2014.—Continued

[CASRN, Chemical Abstracts Service Registry Number; pg/kg, micrograms per kilogram; USGS, U.S. Geological Survey; NWQL, National Water
Quality Laboratory; --, no data; na, not applicable; d, deuterium]

Reporting level ?

Chemical CASRN' .
in pg/kg
Steroid hormones, sterols, and bisphenol A analyzed at USGS NWQL—Continued

trans-Diethylstilbestrol 56-53-1 0.33
16-Epiestriol-2,4-d, (surrogate) 366495-94-5 na
170-Ethynylestradiol-2,4,16,16-d, (surrogate) 350820-06-3 na
17B-Estradiol-13,14,15,16,17,18-C_ (surrogate) -- na
Bisphenol A-d,  (surrogate) 96210-87-6 na
Cholesterol-25,26,26,26,27,27,27-d, (surrogate) 83199-47-7 na
cis-Androsterone-16,16-d,(surrogate) 89685-22-3 na
Estriol-2,4,16,17-d, (surrogate) -- na
Estrone-13,14,15,16,17,18-"C (surrogate) -- na
Medroxyprogesterone-d, (surrogate) 162462-69-3 na
Mestranol-2,4, 16, 16-d, (surrogate) -- na
Nandrolone-16,16,17-d, (surrogate) 120813-22-1 na
Progesterone-2,3,4-C, (surrogate) 327048-87-3 na
trans-Diethyl-1,1,1",1°-d -stilbesterol-3,3",5,5 -d, (surrogate) -- na

IThis report contains Chemical Abstracts Service Registry Numbers (CASRN)®, which is a Registered Trademark of the American Chemical Soci-
ety. The CASRN online database provides the latest registry number information: http://www.cas.org/. Chemical Abstracts Service recommends the
verification of the CASRNs through Chemical Abstracts Service Client ServicesS™.

*Determined by the U.S. Geological Survey National Water Quality Laboratory.


http://www.cas.org/.
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Table 1.2 Recovery of method analytes in laboratory reagent-spike samples analyzed at the U.S. Geological Survey National Water

Quality Laboratory and Organic Geochemistry Research Laboratory.

[CASRN, Chemical Abstracts Service Registry Number; USGS, U.S. Geological Survey; NWQL, National Water Quality Laboratory; m, highly variable chemi-
cal using this method, questionable precision and (or) accuracy; E, estimated value; v, chemical detected in laboratory blank; --, no data; Organic Geochemistry

Research Laboratory]
Percent recovery
CASRN' Analyzed Analyzed
March 3, 2015 February 19, 2015
Wastewater indicator compounds analyzed at USGS NWQL

1,4-Dichlorobenzene 106-46-7 61.6 m 64.9 m
1-Methylnaphthalene 90-12-0 69 89
2,6-Dimethylnaphthalene 581-42-0 73 93
2-Methylnaphthalene 91-57-6 67 90
3B-Coprostanol 360-68-9 0Om E105 vin
3-Methyl-1H-indole (Skatole) 83-34-1 83 98
3-tert-Butyl-4-hydroxy anisole (BHA) 121-00-6 19m 12m
4-Cumylphenol 599-64-4 105 117
4-n-Octylphenol 1806-26-4 94 90
4-Nonylphenol (sum of all isomers) -- Om Om
4-Nonylphenol diethoxylate (NP2EO, all isomers) 20427-84-3 0m 0Om
4-Nonylphenol monoethoxylate (NP1EO, all isomers) 68412-54-4 Om E154 vin
4-tert-Octylphenol 140-66-9 87 102
4-tert-Octylphenol diethoxylate (OP2EO) 2315-61-9 E126 vin E119m
4-tert-Octylphenol monoethoxylate (OP1EO) 2315-67-5 E60 vm E64 vm
Acetophenone 98-86-2 E63 vn 108 m
Acetyl hexamethyl tetrahydronaphthalene (AHTN) 21145-77-7 108 118
Anthracene 120-12-7 E91 vm 102
Anthraquinone 84-65-1 41 84
Atrazine 1912-24-9 62 126
BDE congener 47 5436-43-1 108 m 111 m
Benzo[a]pyrene 50-32-8 97 112
Benzophenone 119-61-9 E91v Ell2v
B-Sitosterol 83-46-5 0Om 0Om
B-Stigmastanol 19466-47-8 0m 0Om
Bis(2-ethylhexyl) phthalate 117-81-7 El126 v E104 v
Bisphenol A 80-05-7 E74 m 62 m
Bromacil 314-40-9 48 m 105 m
Camphor 76-22-2 51.4 101
Carbazole 86-74-8 100 119
Chlorpyrifos 2921-88-2 62 m 52m
Cholesterol 57-88-5 Om Om
Diazinon 333-41-5 2 2
Diethyl phthalate 84-66-2 0 E58 v
D-Limonene 5989-27-5 E53 vin 60 m
Fluoranthene 206-44-0 E103 v 114
Hexahydrohexamethyl cyclopentabenzopyran (HHCB) 1222-05-5 109 113
Indole 120-72-9 62 64
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Table 1.2 Recovery of method analytes in laboratory reagent-spike samples analyzed at the U.S. Geological Survey National Water
Quality Laboratory and Organic Geochemistry Research Laboratory.—Continued

[CASRN, Chemical Abstracts Service Registry Number; USGS, U.S. Geological Survey; NWQL, National Water Quality Laboratory; m, highly variable chemi-

cal using this method, questionable precision and (or) accuracy; E, estimated value; v, chemical detected in laboratory blank; --, no data; Organic Geochemistry

Research Laboratory]
Percent recovery
Chemical CASRN' Analyzed Analyzed
March 3, 2015 February 19, 2015
Wastewater indicator compounds analyzed at USGS NWQL—Continued
Isoborneol 124-76-5 0m 0m
Isophorone 78-59-1 36 m 75 m
Isopropylbenzene 98-82-8 Om Om
Isoquinoline 119-65-3 23 m 86 m
Menthol 89-78-1 54m 108 m
Metolachlor 51218-45-2 92 119
Naphthalene 91-20-3 75 93
N,N-Diethyl-m-toluamide (DEET) 134-62-3 56 m 118 m
p-Cresol 106-44-5 59 113
Phenanthrene 85-01-8 96 105
Phenol 108-95-2 Om -
Prometon 1610-18-0 Om 104 m
Pyrene 129-00-0 102 112
Tributyl phosphate 126-73-8 E79 117
Triclosan 3380-34-5 90 120
Triphenyl phosphate 115-86-6 41 m 22 m
Tris(2-butoxyethyl) phosphate 78-51-3 17m 120 m
Tris(2-chloroethyl) phosphate 115-96-58 43 m 65 m
Tris(dichloroisopropyl) phosphate 13674-87-8 42 m 17 m
Hormones, sterols, and bisphenol A analyzed at USGS NWQL

11-Ketotestosterone 564-35-2 91 106
170-Estradiol 57-91-0 111 110
17a-Ethynylestradiol 57-63-6 100 104
17B-Estradiol 50-28-2 107 104
3B-Coprostanol 360-68-9 107 104
4-Androstene-3,17-dione 63-05-8 113 109
Bisphenol A 80-05-7 E135 E130
Cholesterol 57-88-5 113 109
cis-Androsterone 53-41-8 101 98
Dihydrotestosterone 521-18-6 108 108
Epitestosterone 481-30-1 116 113
Equilenin 517-09-9 114 104
Equilin 474-86-2 100 m 88 m
Estriol 50-27-1 E95 109
Estrone 53-16-7 113 107
Mestranol 72-33-3 99 105
Norethindrone 68-22-4 116 98
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[CASRN, Chemical Abstracts Service Registry Number; USGS, U.S. Geological Survey; NWQL, National Water Quality Laboratory; m, highly variable chemi-
cal using this method, questionable precision and (or) accuracy; E, estimated value; v, chemical detected in laboratory blank; --, no data; Organic Geochemistry

Research Laboratory]
Percent recovery
Chemical CASRN! Analyzed Analyzed
March 3, 2015 February 19, 2015
Hormones, sterols, and bisphenol A analyzed at USGS NWQL—Continued
Progesterone 57-83-0 105 m 97 m
Testosterone 58-22-0 108 101
trans-Diethylstilbestrol 58-63-1 E123 Elll
Antibiotics and pharmaceuticals analyzed at USGS OGRL

Azithromycin 117772-70-0 100 --
Carbamazepine 298-46-4 96 --
Chloramphenicol 56-75-7 82 --
Ciproflaxacin 85721-33-1 69 --
Doxycycline 564-25-0 50 --
Enrofloxacin 93106-60-6 60 --
Erythromycin 114-07-8 67 --
Erythromycin-H,0 23893-13-2 83 --
Ibuprofen 15687-27-1 89 --
Lincomycin 154-21-2 87 --
Lomefloxacin 82419-36-1 120 --
Norfloxacin 70458-96-7 69 --
Ofloxacin 82419-36-1 50 --
Ormetoprim 6981-18-6 98 --
Roxithromycin 80214-83-1 91 --
Sarafloxacin 98105-99-8 130 --
Sulfachloropyridazine 80-32-0 82 --
Sulfadiazine 68-35-9 100 --
Sulfadimethoxine 122-11-2 70 --
Sulfamethazine 57-68-1 91 --
Sulfamethoxazole 723-46-6 90 --
Sulfathiazole 72-14-0 87 --
Total chlorotetracycline -- 81 --
Total oxytetracycline -- 110 --
Total tetracycline -- 100 --
Trimethoprim 738-70-5 100 --
Tylosin 1401-69-0 85 --
Virginiamycin 11006-76-1 82 --

IThis report contains Chemical Abstracts Service Registry Numbers (CASRN)®, which is a Registered Trademark of the American Chemical Society. The
CASRN online database provides the latest registry number information: http://www.cas.org/. Chemical Abstracts Service recommends the verification of the

CASRNSs through Chemical Abstracts Service Client ServicesSM.


http://www.cas.org/.
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Table 1.3 Concentrations of wastewater indicators, hormones,
sterols, antibiotics, and pharmaceuticals in laboratory-blank soil
samples analyzed at the U.S. Geological Survey National Water
Quality Laboratory.

[Table only includes chemicals that were detected in blank samples; pg/kg,
micrograms per kilogram]

Reporting Maximum
Chemical level, concentration,

in pg/kg in pg/kg

4-tert-Octylphenol diethoxylate
(OP2EO) 100 14.6

Anthracene 100 10.5
Benzophenone 100 5.5
B-Sitosterol 1,000 79
[-Stigmastanol 1,000 51
Cholesterol 500 56
D-Limonene 100 5.9
Fluoranthene 100 12
Phenanthrene 100 9.2
Phenol 100 78.2

Table 1.4 Relative percent difference between environmental
(U.S. Geological Survey station 451700093430001, sampled
September 8, 2014) and laboratory duplicate samples analyzed at
the U.S. Geological Survey Organic Geochemistry Laboratory.

. Relative
Chemical .
percent difference
Azithromycin 0
Carbamazepine 3
Ciproflaxacin 20
Norfloxacin

Ofloxacin

Total tetracycline 16
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Table 1.5 Percentrecovery of study analytes in a laboratory matrix-spike soil sample (U.S. Geological Survey station 451700093430001,
sampled September 8, 2014).

[USGS, U.S. Geological Survey; OGRL, Organic Geochemistry Research Laboratory; --, no data—not included in spiked sample; NWQL, National Water Qual-
ity Laboratory]

Chemical Percent recovery

Antibiotics and pharmaceuticals analyzed at the USGS OGRL

Azithromycin 32
Carbamazepine 93
Chloramphenicol 100
Ciproflaxacin 1.8
Doxycycline 73
Enrofloxacin 1.1
Ibuprofen 100
Lincomycin 88
Lomefloxacin 15
Norfloxacin 2.0
Ofloxacin 23
Ormetoprim 87
Roxithromycin 66
Sarafloxacin 16
Sulfachloropyridazine 89
Sulfadiazine 86
Sulfadimethoxine 90
Sulfamethazine 94
Sulfamethoxazole 94
Sulfathiazole 86
Total chlorotetracycline 94
Total erythromycin 44
Total oxytetracycline 45
Total tetracycline 71
Trimethoprim 87
Tylosin 66
Virginiamycin --

Wastewater indicator compounds analyzed at the USGS NWQL

1,4-Dichlorobenzene 56
1-Methylnaphthalene 92
2,6-Dimethylnaphthalene 95
2-Methylnaphthalene 96
3-Methyl-1H-indole (Skatole) 26
3B-Coprostanol 80
3-tert-Butyl-4-hydroxy anisole (BHA) -
4-Cumylphenol 87
4-n-Octylphenol 65
4-Nonylphenol (sum of all isomers) 114
4-Nonylphenol diethoxylate (NP2EO, all isomers) 161

4-Nonylphenol monoethoxylate (NP1EO, all isomers) 190
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Table 1.5 Percentrecovery of study analytes in a laboratory matrix-spike soil sample (U.S. Geological Survey station 451700093430001,
sampled September 8, 2014).—Continued

[USGS, U.S. Geological Survey; OGRL, Organic Geochemistry Research Laboratory; --, no data—not included in spiked sample; NWQL, National Water Qual-
ity Laboratory]

Chemical Percent recovery

Wastewater indicator compounds analyzed at the USGS NWQL—Continued

4-tert-Octylphenol 255
4-tert-Octylphenol diethoxylate (OP2EO) 67
4-tert-Octylphenol monoethoxylate (OP1EO) 70
Acetophenone 37
Acetyl hexamethyl tetrahydronaphthalene (AHTN) 95
Anthracene 130
Anthraquinone 139
Atrazine 109
BDE congener 47 74
Benzo[a]pyrene 132
Benzophenone 137
[-Sitosterol 42
B-Stigmastanol 61
Bis(2-ethylhexyl) phthalate 87
Bisphenol A 62
Bromacil 69
Camphor 83
Carbazole 137
Chlorpyrifos 59
Cholesterol 122
Diazinon --
Diethyl phthalate 87
D-Limonene 25
Fluoranthene 245
Hexahydrohexamethyl cyclopentabenzopyran (HHCB) 80
Indole 75
Isoborneol -
Isophorone 25
Isopropylbenzene --
Isoquinoline 50
Menthol 79
Metolachlor 130
Naphthalene 100
N,N-Diethyl-m-toluamide (DEET) 50
p-Cresol 12
Phenanthrene 180
Prometon 89
Pyrene 220
Tributyl phosphate 145

Triclosan 122
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Table 1.5 Percentrecovery of study analytes in a laboratory matrix-spike soil sample (U.S. Geological Survey station 451700093430001,
sampled September 8, 2014).—Continued

[USGS, U.S. Geological Survey; OGRL, Organic Geochemistry Research Laboratory; --, no data—not included in spiked sample; NWQL, National Water Qual-

ity Laboratory]
Chemical Percent recovery
Wastewater indicator compounds analyzed at the USGS NWQL—Continued
Triphenyl phosphate 66
Tris(2-butoxyethyl) phosphate 130
Tris(2-chloroethyl) phosphate 31
Tris(dichloroisopropyl) phosphate 62
Hormones, sterols, and bisphenol A analyzed at the USGS NWQL
11-Ketotestosterone 213
170-Estradiol --
17a-Ethynylestradiol 116
17B3-Estradiol --
3B-Coprostanol 116
4-Androstene-3,17-dione 418
Bisphenol A 103
Cholesterol 124
cis-Androsterone 98
Dihydrotestosterone 136
Epitestosterone 207
Equilenin --
Equilin 60
Estriol --
Estrone 141
Mestranol 102
Norethindrone 249
Progesterone 107
Testosterone 158
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Table 1.6 Percentrecovery of surrogate and isotope dilution standards analyzed at the U.S. Geological Survey National Water Quality
Laboratory.

Percent recovery at U.S. Geological Survey station, sampled September 8, 2014

Standard 451700093430001 451700093440001 451700093430003 451700093430002
Wastewater indicator surrogate standards
Bisphenol A-d, 10 20 20 40
Decafluorobiphenyl 24 17 36 25
Fluoranthene-d, | 62 65 83 84
Steroid hormone, sterol, and bisphenol A isotope dilution standards
16-Epestriol-2,4-d, 6 19 36 29
17a-Ethynylestradiol-2,4,16,16-d 4 6 28 48 43
17p-Estradiol-13,14,15,16,17,18-°C, 3 18 34 36
Bisphenol A-d, 5 18 40 28
Cholesterol-25,26,26,26,27,27,27-d, 33 23 26 59
cis-Androsterone-16,16-d, 94 43 57 18
Diethyl-1,1,1",1 ’-d4-stilbestr01-3,3 5,5 ’-af4 1 3 5 2
Estriol-2,4,16,17-d, 3 10 10 3
Estrone-13,14,15,16,17,18-"C, 8 35 53 48
Medroxyprogesterone-d, 27 59 88 94
Mestranol-2,4,16,16-d, 47 54 67 77
Nandrolone-16,16,17-d, 19 40 66 87
Progesterone-2,3,4-"C, 16 42 58 53

trans-Diethyl-1,1,1°1"-d 4-stilbestrol-3 ,3°55-d 4 2 3 5 1
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