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Abstract—Increasing residential development in watershed recharge areas increases the likelihood of groundwater and surface
water contamination by wastewater effluent, particularly where on-site sewage treatment is employed. This effluent contains a range
of compounds including those that have been demonstrated to mimic or interfere with the function of natural hormones in aquatic
organisms and humans. To explore whether groundwater contaminated by discharge from on-site septic systems affects water quality
in surface water ecosystems, we measured steroidal hormones, pharmaceuticals, and other organic wastewater compounds (OWCs)
in water collected from six aquifer-fed ponds in areas of higher and lower residential density on Cape Cod (Massachusetts, USA).
We detected both a greater number and higher concentrations of OWCs in samples collected from ponds located in higher residential
density areas. Most often detected were the steroidal hormones androstenedione, estrone, and progesterone and the pharmaceuticals
carbamazepine, pentoxifylline, sulfamethoxazole, and trimethoprim. Of particular concern, estrogenic hormones were present at
concentrations approaching those that induce physiological responses in fish. While a number of papers have reported on surface
water contamination by OWCs from wastewater treatment plants, our results show that surface water ecosystems in unconfined
aquifer settings are susceptible to contamination by estrogenic and other biologically active OWCs through recharge from aquifers
contaminated by residential septic systems.
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INTRODUCTION

Expansion of residential development into watershed re-
charge areas increases the likelihood of contamination in not
only surface water but also groundwater resources by waste-
water effluent. This effluent contains a variety of organic
wastewater compounds (OWCs), including excreted hormones
and pharmaceuticals, detergent components, and disposed
household and personal care products that are of concern be-
cause of their ability to interfere with the function of natural
hormones in both aquatic organisms and humans [1–5]. Many
of these compounds have already been widely documented in
surface waters receiving discharge from wastewater treatment
plants [6–11]. However, less attention has been paid to trans-
port of OWCs to surface waters by wastewater-contaminated
groundwater.

Recently, OWCs have been detected in groundwater in ar-
eas where on-site septic systems predominate, wastewater ef-
fluent is discharged onto land surfaces, or recharge from ef-
fluent-contaminated surface waters infiltrates through the hy-
porheic zone [10,12–17]. For example, on Cape Cod (Mas-
sachusetts, USA), where septic systems service more than 85%
of commercial and residential development, traditional indi-
cators such as nitrate show that groundwater quality has been
declining for decades [18]. More recently, researchers also
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detected nonylphenol, bisphenol A, and the hormones �-es-
tradiol and estrone in groundwater [12,15,16]. In particular,
nonylphenol and other OWCs were detected in Cape Cod
groundwater more than 5 m downgradient of a multi-family
septic system [15] and 0.5 km downgradient from a wastewater
infiltration bed [16]. Although the porous nature of Cape Cod
sandy aquifers increases their vulnerability to contamination,
this phenomenon is not unique to this area. For example, con-
tamination of groundwater by septic system discharge con-
taining OWCs has also been reported in other regions of the
country including central Oregon [14], Montana [17,19], Ne-
vada [13], and Nebraska [20], USA. Several studies have doc-
umented high concentrations of endocrine disrupting com-
pounds and pharmaceuticals in effluent of on-site septic sys-
tems [15,17,21], increasing the likelihood that discharge from
these systems will contaminate vulnerable aquifers, particu-
larly where an anoxic core of the wastewater plume is main-
tained [15,22].

The introduction of septic system wastewater containing
nutrients and OWCs into groundwater raises concerns not only
regarding the quality of groundwater-derived drinking water
but also impacts to surface water ecosystems that are primarily
fed by groundwater. Eutrophication impacts are readily ap-
parent, for example, in Washington State, where lakes sur-
rounded by residences using septic systems experienced great-
er eutrophication than those in sewered areas with higher res-
idential density [23]. Similarly, on Cape Cod, discharges of
nutrients from on-site septic systems have been implicated as
a primary factor in the eutrophication of hydraulically con-
nected ponds [18,24]. The potential for OWC-contaminated
groundwater to contaminate surface waters was recently doc-
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Fig. 1. Map showing location of study ponds on Cape Cod (Massachusetts, USA) (inset map showing location of Cape Cod in Massachusetts;
inset table showing number of samples collected at three time points in 2006).

umented using seepage meters by Peeler et al. [25], who re-
ported an influx of caffeine to Sarasota Bay (Florida, USA).

To investigate the extent of contamination of surface water
ecosystems by wastewater-contaminated groundwater, we
measured steroidal hormones, pharmaceuticals, and other
OWCs in six aquifer-fed ponds on Cape Cod, Massachusetts,
located in areas of higher and lower residential density. We
sampled the ponds during three seasons to include an assess-
ment of whether the large increase in population during the
summer tourist season influenced contaminant burdens. While
a number of papers have reported on surface water contami-
nation from wastewater treatment plant effluent, the present
study documents for the first time contamination of surface
waters by endogenous hormones and pharmaceuticals from
aquifers receiving discharge from on-site septic systems. This
issue is of particular relevance for unconfined sand and gravel
aquifers where long-range migration of contaminants in
groundwater is likely [16,26].

MATERIALS AND METHODS

Site selection

On Cape Cod, groundwater flows through an unconfined
stratified sand and gravel aquifer, with porewater velocities
ranging from 0.15 to 0.3 m/d [27]. Cape Cod’s kettle ponds
were formed as depressions remaining in the terrain when

glaciers retreated north about 12,000 years ago [26]. These
ponds typically lack streams flowing into them and are thus
fed primarily by groundwater [26].

We selected study ponds on Cape Cod using two criteria
intended to ascertain likelihood of contamination by septic
system discharge. First, we selected ponds with total nitrogen
concentrations measured in 2001 that were higher (impacted)
or lower (unimpacted) than the U.S. Environmental Protection
Agency’s (U.S. EPA) reference threshold (0.32 mg/L for Cape
Cod [26,28]). We then determined proximity to residential
density by examining aerial photographs (www.mass.gov/
mgis/colororthos2005.htm, accessed March 11, 2008) and land
use designations (www.mass.gov/mgis/lus.htm, accessed
March 11, 2008) in the vicinity of these ponds to select those
located in higher (houses on majority of perimeter) and lower
(few, if any, houses on perimeter) residential density areas.
We eliminated those located downgradient of other potential
sources of OWCs, such as agricultural, commercial (e.g., phar-
macies), and industrial areas. No ponds receiving wastewater
treatment plant discharge were included in the present study.
In all, we selected six ponds across Cape Cod (Fig. 1), with
three located in higher residential density (HRD, black labels)
areas and three in lower residential density (LRD, white labels)
areas. The LRD ponds provided a benchmark for conditions
of minimal contamination by wastewater.
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Lewis (town of Barnstable, MA, USA), Oyster (town of
Falmouth, MA, USA), and Schoolhouse (town of Brewster,
MA, USA) ponds were the three HRD ponds selected for the
present study. Lewis Pond is surrounded by low and medium
density development along the upgradient and downgradient
perimeters. Visibility was very low in this pond and the smell
of wastewater was apparent during warmer months. We sam-
pled this pond during all three seasons. The second HRD pond,
Oyster Pond, is the only brackish pond in the study, receiving
seawater through a causeway on its downgradient perimeter
(www.opet.org). Residential development along the perimeter
of Oyster Pond is primarily medium density (quarter to half
acre lots), with the exception of a high-density senior con-
dominium development to the north (upgradient) and a section
without development located along the northeastern edge. No
wastewater smell was apparent in this pond during sampling,
which occurred in February and August 2006. Schoolhouse
Pond was the third HRD pond sampled and is surrounded by
low-density development (less than half acre lots). This pond
was sampled only in August 2006 and water was a deep tea
color.

Joshua Pond (town of Barnstable), Flax Pond (town of Den-
nis, MA, USA), and Flax Pond (town of Brewster) were the
three LRD ponds selected. The two Flax Ponds will be dis-
tinguished by their town names. Joshua Pond was sampled
during all three seasons and was devoid of residences along
its perimeter except for the presence of a medium density
neighborhood along its southwestern (downgradient) edge.
Visibility was excellent and access for recreation included a
beach located on the downgradient perimeter. Flax Pond (Den-
nis), sampled in May and August 2006, was bordered in part
by a high-density development (less than quarter acre lots)
along its western perimeter (lateral to flow). Also, we noted,
and residents reported, frequent recreation by dogs in both
Joshua and Flax (Dennis) ponds, indicating an additional
source for selected OWCs, such as �-estradiol and veterinary
medications. The third LRD pond, Flax Pond (Brewster), is
located in Nickerson State Park (MA, USA). Although no
residences are located along the perimeter, several septic sys-
tems are associated with camping areas near this pond (J.
Peterson, Nickerson State Park Supervisor, personal commu-
nication). Flax Pond (Brewster) was sampled only in August
2006.

Sample collection

We collected water samples from ponds (Fig. 1, inset table)
for analysis of organic and inorganic wastewater compounds.
In February 2006, we sampled three ponds (LRD, Joshua Pond;
HRD, Lewis and Oyster Ponds). We then collected samples
in May 2006 from two of the ponds sampled in February
(Joshua and Lewis ponds) and a second LRD pond (Flax Pond,
Dennis) to provide a pretourist season sampling. Finally, we
sampled all six ponds in late August 2006.

Pond water was collected in 1-L precleaned amber glass
bottles (prespiked with 2.0 ml H2SO4 to inhibit microbial deg-
radation [29]) for analysis of organic analytes. Water samples
were also collected in polyethylene bottles for analysis of dis-
solved organic carbon (DOC [30]), nitrate, and boron, with
nitric acid preservative (pH � 2) added to samples for boron
analysis. Water was sampled from central locations in ponds
at approximately half the maximum depth in ponds (estimated
from the Cape Cod Pond and Lake Atlas [26] and by dropping
a line to the bottom) using peristaltic pumps; all apparatus in

contact with samples were constructed of glass, high purity
silicone, or Teflon�. Samples were shipped with ice packs,
stored in the laboratory at 4�C, and extracted within 14 d of
sample collection.

A YSI 600 XL probe (YSI Life Sciences, Yellow Springs,
OH, USA) was utilized to collect measures of temperature (�C),
pH, dissolved oxygen (mg/L), and conductivity (�S/cm) at six
points across the pond and at two depths to determine the
vertical and horizontal heterogeneity in Lewis Pond in July
2007.

Analytical methods

Samples were analyzed for 29 organic and three nutrients
or inorganic wastewater contaminants. Organic analytes in-
cluded endogenous hormones, pharmaceuticals, and other
wastewater contaminants (see Table 1). Nutrients and inorganic
wastewater contaminants analyzed were (reporting limits in
parentheses): nitrate-nitrogen (NO3-N, 0.1 mg/L), boron (50
�g/L for February samples and 10 �g/L for all others), and
DOC (0.5 mg/L).

For OWC analysis, water samples were adjusted to pH 3,
spiked with surrogate standards (13C3-caffeine and 13C2-17�-
estradiol), and then extracted by solid-phase extraction (U.S.
EPA method 3535 [31]) using Oasis� hydrophilic-lipophilic-
balanced solid phase extraction cartridges (Milford, MA,
USA). Samples were not filtered prior to extraction. Since the
sample preparation procedure called for solid phase extraction,
suspended solids or particulate in the sample was retained on
the solid phase disk and extracted during the elution step.
Blanks and spiked laboratory controls were prepared using
reverse-osmosis water. Following extraction, cartridges were
eluted with 5 ml 10% methanol in methyl-t-butylether, fol-
lowed with 5 ml methanol in the same glass culture tube.
Extracts were evaporated to near dryness under a stream of
nitrogen (�30�C) and then brought to 1-ml volume with 1:1
methanol:deionized H2O after addition of 10 �l internal stan-
dard solution (hydrocodone-d6, bisphenol A-d16, diazepam-
d5, and 4-nonylphenol-d8). Finally, samples were filtered into
autosampler vials for analysis.

Extracts were analyzed for OWC content using a Thermo
TSQ Quantum�, high-pressure liquid chromatography, tandem
mass spectrometry system (100 � 2.1 mm, 3 �m C-18 column;
Thermo Electron North America, San Jose, CA, USA) and
single reaction monitoring mode, with only one parent ion
(generally the molecular ion plus hydrogen [M�H]� ion in
positive mode and the [M-H]� ion in negative mode) allowed
through the first quadrupole. The target ion was then frag-
mented by argon in the collision cell and selected quantitation
fragment ions allowed in the third quadrupole. This screening
provided greater specificity and sensitivity for the complex
pond-water matrices by reducing interferences from organic
matter and other components.

The instrument was calibrated using a minimum of five
calibration concentrations. Three ionization modes were used
to quantify analytes: electrospray ionization mode with neg-
ative, positive, or mixed polarity, depending on the analytes
(Table 1). These three instrumental analyses allowed a single
extract to produce acceptable results for many different com-
pound classes, giving a representative view of pharmaceuticals
and personal care products in the pond samples. One transition
was used to identify each compound as described previously
in Vanderford et al. [29]. While multiple transitions would
further corroborate the presence of each compound, a high-
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Table 1. Organic wastewater analytes, Chemical Abstracts Service (CAS) reference numbers, detection limits, electrospray ionization polarity,
and laboratory control recoveries (mean and standard deviations, SD, n 	 6, except 4-n-nonylphenol for which n 	 2)

Analyte CAS no.
Detection limit

(ng/L)
Electrospray

polarity

Lab controls

Mean (%) SD

Acetaminophen 103-90-2 10 Mixed 99 7.8
Androstenedione 63-05-8 1.0 Positive 117 29
Bisphenol A 80-05-7 36 Negative 103 5.7
Caffeine 58-08-2 16 Positive 111 13
Carbamazepine 298-46-4 0.5 Positive 121 9.2
Diazepam 439-14-5 0.5 Positive 84 5.7
Diclofenac 15307-86-5 2.0 Mixed 93 7.8
Diethylstilbestrol 56-53-1 0.5 Negative 84 8.5
Diethyltoluamide 134-62-3 25 Positive 99 28
17
-Estradiol 57-91-0 0.5 Negative 104 4.9
17�-Estradiol 50-28-2 2.0 Negative 101 7.1
Estriol 50-27-1 2.0 Negative 101 7.1
Estrone 53-16-7 1.0 Negative 104 6.4
17
-Ethynylestradiol 57-63-6 2.0 Negative 102 17
Fluoxetine 54910-89-3 8.0 Mixed 196 21
Gemfibrozil 25812-30-0 0.5 Mixed 91 1.4
Hydrocodone 125-29-1 2.0 Positive 77 4.2
Ibuprofen 15687-27-1 10 Mixed 96 1.4
Iopromide 73334-07-3 20 Mixed 74 5.7
Meprobamate 57-53-4 5.0 Positive 107 18
Naproxen 22204-53-1 2.0 Negative 154 7.1
4-n-Nonylphenol 25154-52-3 1.0 Negative 68 4.2
Oxybenzone 131-57-7 940 Positive 117 17
Pentoxifylline 6493-05-6 1.0 Positive 111 8.5
Phenytoin 57-41-0 1.0 Mixed 97 2.8
Progesterone 57-83-0 0.5 Positive 103 21
Sulfamethoxazole 723-46-6 0.5 Positive 87 19
Testosterone 58-22-0 2.0 Positive 113 23
Triclosan 3380-34-5 16 Mixed 103 3.5
Trimethoprim 738-70-5 1.0 Positive 86 4.2

performance liquid chromatography separation with matching
retention times of a compound with the correct molecular ion
that separates into the correct transition ion at the same col-
lision energy provides sufficient proof of analyte identity. Ad-
ditionally, recently published U.S. EPA method 1694 also
specifies only one transition for identification [32].

Samples for DOC analysis were filtered upon receipt at the
laboratory and then preserved with sulfuric acid (pH � 2).
Dissolved organic carbon was analyzed using U.S. EPA meth-
od 415.1 [33] (persulfate oxidation with infrared detection).
Boron was determined using U.S. EPA method 6010B (in-
ductively coupled plasma–optical emission spectroscopy) [34].
Only the August results are reported due to higher detection
limits for the February samples (50 �g/L). Nitrate-N was de-
termined both at the laboratory by ion chromatography (U.S.
EPA method 300.0 [35]) and in the field using CHEMets�
(Chemetrics, Calverton, VA, USA) test kits. Reagents used for
CHEMets nitrate analysis in May and August contained a pre-
cipitate and thus we are reporting only ion chromatography
results for these samples (Table 2). The ion chromatography
method reporting limit for nitrate was lowered for August
samples to improve detection (0.1 from 0.2 mg/L).

Method quality data

Quality assurance samples were analyzed at least once for
each 10 samples and included laboratory and field blanks and
laboratory controls (standard-spiked reagent water). Several
analytes were detected in laboratory and/or field blanks, in-
cluding caffeine (two of three field blanks, mean 8.2 ng/L);
DEET (two of three field blanks, mean 7.9 ng/L); oxybenzone
(three of three field blanks, mean 160 ng/L); fluoxetine (two

of three laboratory blanks, mean 2.9 ng/L); and iopromide
(once each in laboratory and field blanks, mean 4.5 ng/L). We
adjusted reporting limits to account for blank detections as
follows: for an analyte detected in more than one blank, the
revised reporting limit was determined by adding three times
the standard deviation (SD) to the mean of blank values (mean
� 3 SD), or for a single detection, the revised reporting limit
was equal to three times the concentration of the blank de-
tection.

On occasion, recoveries of analytes in laboratory controls
were out of the acceptable range (i.e., not within 50–150%).
Therefore, results for those analytes were not reported for that
set of samples. These included acetaminophen (May and Au-
gust), fluoxetine (February and May), iopromide (May), na-
proxen (February and August), and testosterone (August).

In the present study, higher DOC concentrations of samples
collected in warmer months may have reduced the analytical
recovery of surrogate standards, and thus the recovery of com-
pounds they were intended to track. The interference of DOC
on extraction efficiency of pesticides from river water has been
previously demonstrated [36]. Dissolved organic carbon may
also affect ionization processes during instrumental analysis
[37]. Recoveries of surrogates were higher overall for LRD
samples (13C2-caffeine mean 82%, SD 44%; 13C2-17�-estradiol
mean 98%, SD 9.4%) than HRD samples (13C2-caffeine mean
47%, SD 34%; 13C2-17�-estradiol mean 77%, SD 30%), in
which DOC concentrations were on average five times higher.
The lowest surrogate recoveries (13C2-caffeine mean 22%, SD
8.9%; 13C2-17�-estradiol mean 58%, SD 26%) were measured
for August HRD pond samples, which had the highest DOC
concentrations.
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Table 2. Concentrations of detected hormones, pharmaceuticals, and other contaminants in Cape Cod (Massachusetts, USA) pondsa

Category Compound Date
Reporting

limit

LRD ponds

Frequency
Range

detected

HRD ponds

Frequency
Range

detected
Total

frequency

Nutrients (mg/L) DOC All 0.5 7/7 0.7–1.8 8/8 3.8–8.9 15/15
NO3-Nb February 0.1 0/2 �0.1 3/3 0.4–0.4 3/5

May 0.2 1/2 1.0 1/1 0.4 2/3
August 0.1 0/3 �0.1 0/3 �0.1 0/6

Boron (�g/L) Boron August samples only 10 3/3 11–13 4/4 12–250 7/7

Organic wastewater compoundsc (ng/L)
Hormones Androstenedione 1.0 0/7 �1.0 5/9 1.4–3.3 5/16

17�-Estradiol 2.0 1/7 2.2 0/9 �2.0 1/16
Estrone 1.0 0/7 �1.0 5/9 1.2–3.0 5/16
Progesterone 0.5 1/7 0.73 5/9 0.72–6.5 6/16

Pharmaceuticals Carbamazepine 0.5 0/7 �0.5 3/9 0.63–2.4 3/16
Ibuprofen 10 1/7 19 0/9 �10 1/16
Meprobamate 5.0 0/7 �5.0 1/9 7.0 1/16
Pentoxifylline 1.0 0/7 �1.0 5/9 1.2–2.8 5/16
Sulfamethoxazole 0.5 1/7 1.5 4/9 0.63–2.2 5/16
Trimethoprim 1.0 1/7 1.9 3/9 1.4–11 4/16

a DOC	 dissolved organic carbon; LRD 	 lower residential density; HRD 	 higher residential density.
b NO3-N (nitrate-nitrogen) values were determined using CHEMets� (February, Chemetrics, Calverton, VA, USA) and ion chromatography (May,

0.2 mg/L reporting limit; August, 0.1 mg/L reporting limit).
c Means were not calculated for organic wastewater contaminants due to the low number of detections.

Dissolved organic carbon from different sources appeared
to have a differential effect on analyte recovery. Specifically,
even though residential density (e.g., septic discharge) ap-
peared to have a greater impact than season on DOC concen-
trations (see Discussion section below), the DOC associated
with summer season (e.g., algal sources) appeared to have a
stronger effect on extraction efficiency. For example, surrogate
recoveries from February HRD pond water samples, which
were high in residential DOC but low in seasonal DOC, were
83% (SD 22%, 13C2-caffeine) and 105% (SD 5.9%, 13C2-17�-
estradiol), values similar to those of LRD pond samples overall
but much higher than recovery of surrogates from HRD pond
samples in August, when seasonal DOC concentrations were
at their peak. This effect was greatest in samples from Lewis
Pond, with surrogate recoveries at 17% (SD 13%, 13C2-caf-
feine) and 30% (SD 3.0%, 13C2-17�-estradiol). Matrix inter-
ference was still pronounced in samples collected in summer
from the other two HRD ponds (Oyster and Schoolhouse) for
the surrogate 13C2-caffeine (26%, SD 4%) but less so for the
surrogate 13C2-17�-estradiol (76%, SD 4.0%).

RESULTS

In the present study of groundwater-fed ponds vulnerable
to contamination by septic leachate, we documented clear dif-
ferences between profiles of OWCs in samples collected from
ponds in areas of higher and lower residential density on Cape
Cod. Anticipated seasonal differences due to the threefold in-
crease in population on Cape Cod during summer months were
less clear. Because of the small number of samples collected,
observed trends by season should be considered speculative.
In contrast, the effect of residential density was more clearly
demonstrated by data collected. As context for our results on
OWCs, we first discuss findings related to nutrients (nitrate
and DOC) and boron, constituents known to be associated with
wastewater.

Nutrients, boron, and measures of pond heterogeneity

Dissolved organic carbon concentrations in the ponds
ranged from 0.7 to 8.9 mg/L (Table 2) and varied with resi-

dential density and season (Fig. 2). Of the two factors, resi-
dential density was more clearly associated with DOC con-
centrations, which were approximately five times higher ( p �
0.001) in HRD ponds (mean 5.5 mg/L; SD 1.9 mg/L) than in
LRD ponds (mean 1.0 mg/L; SD 0.4 mg/L), suggesting septic
contamination of HRD ponds as the source. Seasonal factors
also appeared to influence DOC concentrations in the ponds,
though less strongly than residential density, with higher con-
centrations in samples collected during warmer months (Fig.
2). For the three ponds sampled in both February and August—
Joshua, Lewis, and Oyster ponds—DOC concentrations were
41, 65, and 14% higher, respectively, in August than in Feb-
ruary. This difference was most likely due to two factors:
increased algal production in warmer months and higher septic
flows from the large seasonal increase in population.

Trends in NO3-N concentrations, although generally related
to residential density, were dependent on season (Table 2). In
both February and May LRD pond samples, NO3-N concen-
trations were below the reporting limits, except that in the May
sampling round, the duplicate of the single nondetect from an
LRD pond (Flax Pond, Dennis) showed an unusually high
NO3-N concentration of 1.8 mg/L (the value of 1.0 that appears
in Table 2 is the average of this duplicate and the original
nondetect). In each HRD pond sample collected in February
and May, the NO3-N concentration was 0.4 mg/L. In contrast,
in all August samples from both LRD and HRD ponds,
NO3-N concentrations were below the reporting limit (�0.1
mg/L). These results may reflect enhanced denitrification fa-
vored by conditions typical of ponds in August, including
higher DOC concentrations, higher temperatures, and lower
dissolved oxygen [38,39].

Boron was used as an indicator of wastewater influence
because of its presence in detergents. August boron concen-
trations were fairly uniform in the three LRD ponds (mean
11.7 �g/L; SD 1.1 �g/L) but varied substantially in HRD
ponds, from 12 �g/L in Schoolhouse Pond to 250 �g/L in
Oyster Pond. High boron concentrations in seawater [40] prob-
ably account for the concentrations in the brackish Oyster
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Fig. 2. Dissolved organic carbon concentrations in pond water samples collected in lower and higher residential density ponds in February
(stippled bar), May (diagonal striped bar), and August (black bar), 2006. The dashed line shows the reporting limit. Not all ponds were sampled
in all seasons; the symbol (ø) indicates that no sample was collected.

Pond. Because the other five ponds were located 1 to 7 km
away from the ocean and the general direction of groundwater
flow was toward the ocean, we considered the possibility of
sea-spray and brackish groundwater–derived boron to these
ponds to be unlikely. In future studies, isotopic analyses may
allow differentiation of seawater and wastewater contributions
[41]. In Lewis Pond, boron was detected at 22 �g/L in August
samples, twice the mean concentrations measured in LRD
ponds and 10% of those measured by Swartz et al. [15] in
septage, suggesting wastewater contribution.

Physicochemical heterogeneity in Lewis Pond was deter-
mined in August 2007 by measuring temperature, conductivity,
dissolved oxygen, and pH at six horizontally spaced locations
(east, west, south, center, and along a transect between the
southern shore and the center of the pond), as well as two
additional depths at the central location (data not shown).
These measures do not provide direct information on the het-
erogeneity in hormone and pharmaceutical concentrations in
this or other study ponds or during other years or seasons,
such as during thermocline formation in summer, or take into
account factors such as photolysis and microbial degradation,
but they do give some indication of the extent of mixing in a
pond immediately surrounded by approximately 20 residences
serviced by on-site septic systems (additional houses are lo-
cated nearby).

Of the four parameters measured at varying depths and
across horizontal transects in Lewis Pond, pH varied the least
(mean 7.3, SD 0.3) and dissolved oxygen varied the most
(mean 9.7 mg/L, SD 1.3 mg/L). Results for conductivity (mean
108 �S/cm, SD 6 �S/cm) and temperature (mean 26.6�C, SD
2.7�C) had intermediate variability. For these parameters, mean
values of samples collected across horizontal transects were
within 0 to 4% of means for samples collected at different
depths, indicating that the pond was well mixed horizontally
and vertically at the time of data collection. Conductivity val-
ues, likely the best indicator for wastewater contamination in
the pond, fell within a narrow range between 98 and 113 �S/
cm for samples collected at different depths and 98 to 111 �S/

cm for samples collected across the horizontal transects. As
discussed further below, differences between OWC concen-
trations in samples collected on the same day from different
locations were within 1 ng/L, also indicating that ponds were
well mixed and samples collected for the present study rep-
resentative.

Organic wastewater compounds

Prevalence of OWCs. As detailed above, we analyzed 16
water samples from six Cape Cod ponds for 29 OWCs: seven
endogenous hormones, 18 pharmaceuticals, and four other
compounds, including bisphenol A and triclosan. Ten of these
compounds were measured at least once above reporting limits,
at concentrations up to 19 ng/L (summary results in Table 2).
Field blanks contained low levels of several compounds, in-
cluding caffeine, DEET, and oxybenzone, in spite of efforts
to avoid use of potentially contaminating sources such as caf-
feinated beverages, insect sprays, and sunscreen during sam-
pling. It is possible that the boat used for sampling was not
sufficiently cleaned prior to use.

In all, three hormones (androstenedione, estrone, and pro-
gesterone) and four pharmaceuticals (carbamazepine, pent-
oxifylline, sulfamethoxazole, and trimethoprim) were detected
three to six times; in addition, 17�-estradiol, ibuprofen, and
meprobamate were each detected once. There was generally
good agreement among samples collected from different lo-
cations in the same pond (�100 m apart), with 1 ng/L or less
difference between sample results, consistent with the limited
variation observed for other parameters in Lewis pond in the
summer of 2007 and suggesting that the ponds were fairly well
mixed laterally.

Contaminants and residential density. Of the 29 OWCs
analyzed, the total number detected in HRD pond samples
(mean 3.5 compounds per sample, SD 0.5) was significantly
higher ( p � 0.001) than the number detected in LRD ponds
(mean 0.7 compounds per sample, SD 1.2). These findings are
consistent with the results of a recent study by Lee et al. [42],
who found more OWCs in rivers influenced by wastewater
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Fig. 3. Concentrations of selected steroidal hormones in pond water samples collected in lower and higher residential density ponds in February
(stippled bar), May (diagonal striped bar), and August (black bar), 2006. Dashed lines show reporting limits. Ponds are identified along the x
axis. Samples labeled I and II were collected on the same date from separate locations within ponds. Not all ponds were sampled in all seasons;
the symbol (�) represents a value below the reporting limit and the symbol (ø) indicates that no sample was collected.

(mean 8.9 OWCs per sample, of 97 compounds analyzed) than
in rivers not receiving wastewater (mean 3.6 per sample) or
in groundwater (mean 3.0 per sample).

Of the compounds examined in the present study, the hor-
mones androstenedione, estrone, and progesterone were de-
tected more frequently in HRD than LRD pond samples (Table
2, Fig. 3a–c). All HRD pond samples contained at least one
steroidal hormone, and three of the four samples collected from
Lewis Pond contained all three hormones analyzed (Fig.
3a–c). In contrast, detections of hormones were rare in LRD
pond samples, with 17�-estradiol and progesterone each de-
tected once in May, in different ponds (Fig. 3c; 17�-estradiol
not shown).

In a study on migration of OWCs in a wastewater plume,
Swartz et al. [15] noted that estrone is more persistent in
groundwater than 17�-estradiol. These researchers observed a
substantial decrease in 17�-estradiol, but not estrone, in
groundwater over a 5.5-m traverse downgradient of a septic
leach pit. Consistent with those findings, we detected estrone,
but not 17�-estradiol, in groundwater-fed HRD ponds. The
source of the single detection of 17�-estradiol in Joshua Pond

is unclear but the pond is used extensively for recreation by
both humans and dogs.

Hormones were also detected at higher concentrations in
HRD ponds than in LRD ponds. Androstenedione, estrone,
and progesterone were measured at concentrations up to 3.3,
3.0, and 6.5 ng/L, respectively in HRD ponds. Two of these
hormones, androstenedione and estrone, were present at sig-
nificantly higher concentrations in HRD ponds than in LRD
ponds ( p � 0.05). Because DOC concentrations associated
with seasonal sources (such as algal excretions) appeared to
interfere with extraction efficiency, particularly in Lewis Pond,
we corrected steroidal hormone results for surrogate recovery
(13C2-17�-estradiol) in these samples. With this correction,
concentrations of androstenedione, estrone, and progesterone
in May samples collected in Lewis Pond increased from 1.4,
3.0, and 6.5 ng/L to 2.2, 4.6, and 10.0 ng/L, respectively.
Similarly, the concentration of androstenedione in the August
Lewis Pond sample increased from 3.3 to 11 ng/L after cor-
rection for surrogate recovery.

Prevalence and concentrations of pharmaceuticals show
similar correspondence with residential density. We detected
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Fig. 4. Concentrations of selected pharmaceuticals in pond water samples collected in lower and higher residential density ponds in February
(stippled bar), May (diagonal striped bar), and August (black bar), 2006. Dashed lines show reporting limits. Ponds are identified along the x
axis. Samples labeled I and II were collected on the same date from separate locations within ponds. Not all ponds were sampled in all seasons;
the symbol (�) represents a value below the reporting limit and the symbol (ø) indicates that no sample was collected.

pharmaceuticals more frequently and at higher concentrations
in HRD than in LRD pond samples (Fig. 4a–d; Table 2); the
difference in concentrations was statistically significant only
for pentoxifylline ( p � 0.05). The pharmaceuticals detected
most often were carbamazepine, pentoxifylline, sulfameth-
oxazole, and trimethoprim, at concentrations up to 2.4, 2.8,
2.2, and 11 ng/L, respectively. Meprobamate and ibuprofen
were detected only once each in different ponds: meprobamate
at 7.0 ng/L in an HRD pond (Schoolhouse Pond; August) and
ibuprofen at 19 ng/L in an LRD pond (Flax Pond, Brewster;
August). The latter was the only LRD pond sample with de-
tectable concentrations of pharmaceuticals (ibuprofen, sulfa-
methoxazole, and trimethoprim); the ibuprofen concentration
in this sample (19 ng/L) was the highest of all detected OWCs

in the present study (Table 2). This may reflect the intensive
use of this pond for recreational activities, such as swimming
and camping, during the summer months.

Caffeine is often utilized as a tracer of wastewater [13,43]
and has been detected frequently in surface waters influenced
by wastewater [7,8], but was not detected above the reporting
limit (16 ng/L) in the present study. Several factors may con-
tribute to this: detection in blanks elevating the reporting limit;
reduced surrogate recovery in HRD samples (mean 47%); and
likely biodegradation of caffeine during transit. For example,
Swartz et al. [15] noted that caffeine was removed more ef-
ficiently between a septic tank and downgradient monitoring
wells than compounds such as estradiol, estrone, and fluores-
cent whitening agents.
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Fig. 5. Sums of concentrations of steroidal hormones and pharmaceuticals in pond samples on Cape Cod (Massachusetts, USA) collected during
all seasons in the higher residential density ponds.

OWCs and season. We expected that seasonal shifts in con-
centrations of OWCs might occur in study ponds as larger
summer populations on Cape Cod would result in both in-
creased wastewater flow to septic systems and greater in-pond
contributions from recreation. Although, as discussed previ-
ously, DOC concentrations increased and NO3-N concentra-
tions decreased in warmer months, no clear seasonal trend was
evident in OWC concentrations for the two HRD ponds (Lewis
and Oyster ponds) sampled in both February and August. Ste-
roidal hormones in Lewis Pond samples were generally higher
in warmer months; similarly, estrone was detected only in
August in Oyster pond samples (Fig. 3a–c). In contrast, pro-
gesterone—a steroid measured in three of four samples col-
lected in February from HRD ponds—was not detected in
samples collected from any of the six ponds in August (Fig.
3c). Moreover, there was no overall seasonal pattern for phar-
maceuticals (Fig. 4a–d). Possible reasons for this lack of sea-
sonal trend, such as groundwater migration rates delaying ar-
rival of effluent to ponds beyond our August sample time and
reduced rates of transformation in cooler months [44], will be
investigated in future studies.

Differences in OWC profiles across ponds. As described
above, both hormones and pharmaceuticals were detected in
samples from all three HRD ponds. However, the relative fre-
quency of pharmaceutical and hormone detections varied by
pond, and each pond’s profile was consistent across seasons
(Fig. 5). Specifically, hormones dominate in samples from
Lewis Pond (62–87% of 
OWC concentration), whereas phar-
maceuticals dominate in samples from Oyster Pond (88–93%).
Samples collected from Schoolhouse Pond were also domi-
nated by pharmaceuticals (85%), but this HRD pond was only
sampled once (August) and thus requires further study to de-
termine whether this pattern holds across seasons.

There are at least two possible explanations for the differ-
ences in OWC profiles across ponds. First, demographics may
play a role. For example, if senior citizens use greater quan-
tities of pharmaceuticals, a senior condominium complex lo-
cated on the upgradient shore of Oyster Pond may affect its
OWC profile. However, it is difficult to determine which res-
idences are contributing, because patterns of groundwater flow
are complex. For example, mounding of effluent below septic

systems may distort groundwater flow, allowing lateral con-
tributions to the pond from residences located near the shore
but not upgradient of the pond. Indeed, an initial survey to
track the flux of wastewater into Oyster Pond using fluores-
cence as an indicator ([45]; www.opet.org, accessed June 25,
2008) documented just such a pattern.

Second, there may be nonwastewater sources of the ste-
roidal hormones �-estradiol, estrone, and progesterone, due to
recreational use of the ponds by people and dogs [46]. Ad-
ditionally the compound androsterone, a reduced form of an-
drostenedione, is a component of deer deterrents (www.
freepatentsonline.com/4451460.html, accessed March 8, 2007)
that may be used by gardeners in the area to protect vegetation
from grazing deer. Therefore, surface runoff may contribute
this chemical to the ponds.

DISCUSSION

Comparison to other studies

In the literature to date on OWCs in water resources, ponds
on Cape Cod are unique because surface water bodies are fed
primarily by aquifers receiving wastewater from on-site septic
systems rather than from treatment plant effluent. However,
recent reports on OWC contamination of groundwater in the
vicinity of septic systems provide some context for our results.

Swartz et al. [15] detected 17�-estradiol and estrone at
concentrations ranging from 0.3 to 3.0 ng/L and 20 to 23
ng/L, respectively, in groundwater water collected 5.5 m down-
gradient from a septic leach pit on Cape Cod. The one detection
of 17�-estradiol in the present study was within the range
measured by these authors, but estrone concentrations in that
study were an order of magnitude higher than concentrations
detected in the present study (Table 2).

In a study of well water collected from an aquifer un-
derlying a Montana region undergoing rapid residential de-
velopment serviced by onsite wastewater disposal, Miller
and Meek [19] (www.deq.state.mt.us/wqinfo/pws/docs/
Helena%20valley%20pharms�new.pdf, accessed June 25,
2008) detected 17�-estradiol, estrone, and progesterone in-
frequently (2–4% of samples) at concentrations ranging
from 0.6 to 2.9 ng/L, values similar to those detected in the
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present study. In their study, pharmaceuticals were detected
more frequently and at higher concentrations than hor-
mones, with carbamazepine detected in 31% of samples
(median �0.5 ng/L, maximum 420 ng/L) and sulfameth-
oxazole detected in 78% (median 3.1 ng/L; maximum 490
ng/L) [19]. Godfrey et al. [17] also studied groundwater
contamination by septic effluent in Montana and detected
pharmaceuticals such as carbamazepine and sulfamethox-
azole at concentrations ranging from tens to hundreds of
nanograms per liter and at distances up to 15 m downgra-
dient of a high school septic drain field. Finally, in a region
of eastern Nebraska where 61% of households use on-site
septic systems, Verstraeten et al. [20] measured acetamin-
ophen, sulfamethoxazole, and trimethoprim in 8 to 26% of
domestic well water samples. Hormones were not measured
in that study.

Two U.S. Geological Survey studies of surface water con-
tamination provide additional context, although in these stud-
ies the source of most wastewater was treatment plant effluent
[7,8]. The first study reported reproductive hormones in 3 to
21% of samples at median concentrations up to approximately
100 ng/L [7]. Both studies reported a large number of phar-
maceuticals detected: 23 of 41 analyzed [7] and 17 of a similar
but not identical set of 41 compounds [8]. Among the phar-
maceuticals reported were sulfamethoxazole at median con-
centrations of 66 to 150 ng/L and trimethoprim at 11 to 150
ng/L [7,8]. Overall, the median concentrations of hormones
and pharmaceuticals measured in those two surveys [7,8] were
higher than concentrations measured in pond samples of the
present study.

Biological implications. Detection of biologically active
hormones and pharmaceuticals in Cape Cod ponds raises con-
cern regarding the potential impact on aquatic species living
in these ecosystems. As a case in point, the incidence of in-
tersex fish caught wild in rivers in the United Kingdom has
been directly related to the proportion of wastewater in those
rivers [2]. Laboratory studies have identified a number of
OWCs that may be responsible for these reproductive effects.
For example, Metcalfe et al. [3] detected slightly elevated
incidence of intersex condition of Japanese medaka (Oryzias
latipes) when these fish were exposed to 10 ng/L estrone or
17�-estradiol. Tabata et al. [4] detected female-specific pro-
teins in all of five male medaka after five weeks of exposure
to 5 ng/L 17�-estradiol.

In the present study, the estrogenic hormones estrone and
progesterone were measured in ponds on Cape Cod at con-
centrations up to 3 and 6.5 ng/L, respectively (4.6 and 10
ng/L, respectively, when corrected for surrogate recovery);
these concentrations approach those observed to induce phys-
iological responses in fish in the studies discussed above.

Fewer studies have been conducted on the ecological im-
plications of pharmaceuticals as context for our results. In one
study, an exposure of 1 �g/L ibuprofen resulted in reduced
growth of the aquatic plant Lemna minor [47]. However, that
concentration is two orders of magnitude higher than the ibu-
profen concentration we measured.

Although measures of ecotoxicological responses to indi-
vidual compounds are informative, OWCs most often occur
as mixtures, in Cape ponds and elsewhere. As discussed above,
we measured an average of more than three compounds co-
occurring in HRD pond samples. Mixtures of compounds may
exert synergistic, additive, or antagonistic effects. For exam-
ple, Brian et al. [48] compared induction of the female repro-

ductive protein vitellogenin in male fathead minnows exposed
to the estrogens 17�-estradiol and ethynylestradiol, and the
estrogenic compounds nonylphenol, octylphenol, and bis-
phenol A, first as individual compounds and then as a mixture.
While the individual compounds had no effect at concentra-
tions one-fifth their median effective concentration, a mixture
of the five compounds, each at one-fifth their median effective
concentration, induced vitellogenin production in the fish, in-
dicating an additive effect of the endogenous and xenobiotic
estrogens. Similarly, Thorpe et al. [49] measured an additive
effect of 17�-estradiol and nonylphenol on plasma vitellogenin
concentrations in juvenile rainbow trout (Oncorhynchus my-
kiss). Measures of the aquatic toxicity of 10 pharmaceuticals
to the crustacean Daphnia magna and the plant L. minor in-
dicated additive effects of pharmaceuticals with similar modes
of action and independent effects of pharmaceuticals with dis-
similar modes of action [50].

CONCLUSION

The present study demonstrates that surface water ecosys-
tems fed by groundwater, impacted in turn by effluent from
residential on-site wastewater treatment systems, are suscep-
tible to contamination by estrogenic and other biologically
active OWCs, much as rivers are affected by point-source
discharges of effluent from wastewater treatment. The primary
difference between the two sets of ponds in the present study,
and thus the primary source of these contaminants, was the
presence of residential septic systems in their watershed. Such
considerations should inform land-use planning and policy,
particularly in areas where development outstrips the construc-
tion of sewage infrastructure. Furthermore, surface water bod-
ies such as the ponds studied here can act as regional indicators
of groundwater contamination. In areas such as Cape Cod,
where aquifers are the sole or primary source for drinking
water, this contamination has implications for human health.
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