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Abstract
This study examined the distribution and toxic potential of conventional and emerging contaminants in composite sediment 
samples from 15 stormwater ponds in the Minneapolis–St. Paul, MN metropolitan area. Previously, coal tar-based sealants 
were shown to be a major source of polycyclic aromatic hydrocarbons to these ponds, and concentrations of carcinogenic 
benzo[a]pyrene (B[a]P) equivalents were influencing management options about pond maintenance. For the second com-
ponent of this study, a complex mixture of 13 metal(loid)s, 4-nonylphenols, 8 brominated diphenyl ethers (BDEs), and total 
polybrominated diphenyl ethers (PBDEs) were detected in all surficial samples. Contaminants with detection frequencies 
≥ 20% included: silver (46.7%), beryllium (20.0%), chloride (60.0%), bis(2-ethylhexyl)phthalate (60.0%), 10 per- and poly-
fluoroalkyl substances (PFASs; 26.7–80.0%), 4-nonylphenol monoethoxylate (66.7%), 4-nonylphenol diethoxylate (40.0%), 
bifenthrin (20.0%), total permethrins (33.3%), and 24 other BDE congener groups (20.0–93.3%). Five stormwater ponds had 
contaminants exceeding benchmarks likely to be associated with harmful effects to benthic organisms. Ponds with water-
sheds dominated by either commercial and/or industrial land uses had significantly higher (p < 0.05) concentrations of zinc, 
4-nonylphenol, six BDEs (28 + 33, 47, 99, 100, 154, and 209), and total PBDEs than those dominated by residential land 
uses. Multivariate statistical analyses verified that updated B[a]P equivalents were an effective chemical proxy for making 
management decisions about excavated pond sediment. Jurisdictions that do not test their stormwater pond sediments prior 
to maintenance dredging should consider the environmental ramifications of applying this potentially contaminated mate-
rial to land.
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The application and use of stormwater ponds was pioneered 
in Minnesota during the 1980s when untreated stormwater 
runoff was one of the leading sources of nonpoint source 
pollution to Minnesota’s waterways (Crane et al. 2010). 
Since that time, stormwater ponds have become a popular 
best management practice (BMP) for the treatment of urban 
stormwater runoff in developed countries (Weiss et al. 2008). 
The ponds act to slow the flow of water to allow suspended 
sediment and particle-associated contaminants to settle out. 
In addition, these ponds are used for stormwater detention 
and flood control (Minnesota Stormwater Manual contribu-
tors 2017). Although new stormwater ponds are constructed, 
natural ponds and/or wetlands have historically been used for 
the same purposes when stormwater was diverted to them. 
New stormwater diversions to natural waterways are no 
longer allowed in Minnesota, but some historical diversions 
are still in place. Constructed ponds usually have a design 
life of approximately 20–30 years, and large-scale sediment 
removal is suggested every 8–12 years (Crane et al. 2010). 
In the United States, publicly owned stormwater ponds are 
considered part of the Municipal Separate Storm Sewer Sys-
tem (MS4) when located within a MS4 boundary. MS4s are 
regulated through National Pollutant Discharge Elimination 
System permits administered by state agencies through the 
federal Clean Water Act (USEPA 2018). For example, the 
Minnesota Pollution Control Agency (MPCA) regulates the 
stormwater discharges of 252 municipalities, universities, 
and other entities. A single municipality may have oversight 
of hundreds of stormwater ponds through their MS4 per-
mit, for which the MPCA requires pond sediments to be 
analyzed for a suite of polycyclic aromatic hydrocarbons 
(PAHs), arsenic, and copper prior to sediment removal 
actions (Berger et al. 2017). However, other jurisdictions 
in the United States and Canada vary widely in how they 
manage stormwater pond sediments (Polta 2004), includ-
ing some that have no requirements for chemical testing of 
pond sediments prior to excavation and land application 
(e.g., South Carolina; Weinstein et al. 2010).

Municipalities in Minnesota have been stymied by the 
discovery of high concentrations of carcinogenic PAHs in 
many stormwater ponds, which would require expensive dis-
posal of the excavated sediment in specially lined landfills 
(Crane 2014; Crane et al. 2010). This finding has resulted in 
delayed maintenance of stormwater ponds that are filling up 
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with sediment and losing water storage capacity. Although 
PAHs are commonly found in urban sediments due to their 
hydrophobic properties and ubiquitous sources (Burgess 
et al. 2003), the reasons for the high PAH concentrations 
in Minnesota’s stormwater ponds were unknown. In the 
first component of this study, a contaminant mass balance 
receptor model was used to determine that coal tar-based 
sealant (CT-sealant) particulate washoff and dust sources 
were the most important sources of PAHs (67.1%) to 15 
stormwater pond sediments in the Minneapolis–St. Paul, MN 
(Twin Cities) metropolitan area, followed by vehicle-related 
sources (29.5%) and pine wood combustion particles (3.4%; 
Crane 2014). After 29 municipalities in Minnesota passed 
local bans on the use of CT-sealants, the State of Minne-
sota became the second state in the country on January 1, 
2014 to prohibit the statewide sale and use of CT-sealants 
(Crane 2014). Nationwide, sediment PAH concentrations are 
expected to decrease over several decades after local and/or 
statewide bans on CT-sealants have been enacted (Mahler 
et al. 2012; Pavlowsky 2012; Van Metre and Mahler 2014).

Contaminants of emerging concern (CECs) could pose 
additional challenges for the management of stormwater 
pond sediments. CECs have varying definitions (Diamond 
et al. 2011; Sauvé and Desrosiers 2014) but will be generally 
defined here as “synthetic or naturally occurring chemicals 
that are not regulated or commonly monitored in the envi-
ronment but have the potential to enter the environment and 
cause adverse ecological or human health impacts” (Sutton 
et al. 2017). In the Twin Cities metropolitan area, 123 CECs 
were recently detected in stormwater samples, including 
commercial-consumer compounds, veterinary and human 
pharmaceuticals, lifestyle and personal care compounds, 
pesticides (e.g., acetochlor and atrazine), and other com-
pounds (Fairbairn et al. 2018). Stormwater runoff elsewhere 
also has been found to contain other CECs, such as alkyl-
phenols (APs, Zgheib et al. 2011; Sébastian et al. 2015), 
brominated diphenyl ethers (BDEs, Sébastian et al. 2015), 
nonylphenol ethoxylates (NPEs, Sébastian et al. 2015), and 
pyrethroids (Weston et al. 2009). Markiewicz et al. (2017) 
reviewed the sources of organic pollutants (including several 
CECs) in road and traffic environments, and they prioritized 
a list of significant sources of organic pollutants to Swed-
ish road runoff as: PAHs > alkanes C20–C40 > APs > phtha-
lates > aldehydes > phenolic antioxidants > bisphenol 
A > oxygenated-PAHs > naphtha C5–C12 > amides > amines. 
Also in Sweden, several phthalates, 4-nonylphenol (4-NP), 
and NPEs have been detected in three stormwater sedimen-
tation chambers from urban areas (Björklund et al. 2009). 
While information is emerging on a wide variety of chemi-
cal substances transported in urban runoff, little data exist 
regarding the detection and distribution of CECs in storm-
water pond sediments.

A short list of CECs that would be of potential concern in 
Minnesota’s stormwater pond sediments due to their persis-
tence, toxicity to aquatic life, and use in a range of consumer 
products and/or commercial/industrial applications include 
per- and polyfluoroalkyl substances (PFASs), APs and 
NPEs, pyrethroids, and flame retardant compounds, such as 
polybrominated diphenyl ethers (PBDEs) and specific BDE 
congeners. All of these CECs are classified as endocrine-
disrupting compounds (EDCs; Rudel et al. 2003; Brander 
et al. 2016; Braun 2017).

PFASs are a class of manufactured, fluorinated, organic 
compounds with novel physical and chemical properties that 
make them both lipid- and water-repellent and extremely 
persistent in the environment (Lindstrom et al. 2011; OECD 
2013). PFASs have been detected in the environment, wild-
life, and humans (Buck et al. 2011). The two PFAS com-
pounds that are most important in terms of past production 
are perfluorooctane sulfonate (PFOS) and perfluorooctanoic 
acid (PFOA). The 3M Company produced these compounds 
at their Cottage Grove facility in the southeast portion of 
the Twin Cities until 2002 (Paul et al. 2009). By 2015, eight 
companies, including 3M, eliminated PFOA and long-chain 
PFAs from their emissions and products (https​://www.epa.
gov/asses​sing-and-manag​ing-chemi​cals-under​-tsca/fact-
sheet​-20102​015-pfoa-stewa​rdshi​p-progr​am, accessed 14 
September 2018).

Nonylphenols (NPs) are one group of APs that are used 
mainly to produce NPEs, both of which are high produc-
tion chemicals. NPEs are nonionic surfactants, which have 
a hydrophilic head that attracts water and a hydrophobic tail 
that attracts poorly soluble substances like oils and greases 
(USEPA 2010). Their use in consumer detergents has largely 
been eliminated, although NPEs are used in other industrial 
applications and consumer products that lead to releases to 
the aquatic environment (USEPA 2010). The environmental 
fate of these compounds has been reviewed by Ying et al. 
(2002). Chokwe et al. (2017) provided a review of the distri-
bution, exposure pathways, sources, and toxicity of NPs and 
NPEs in the environment. In 2014, the U.S. Environmental 
Protection Agency (EPA) proposed a Significant New Use 
Rule, under the Toxic Substances Control Act, to require 
manufacturers to provide 90-day notice before commencing 
or resuming any significant new use of 15 NP/NPEs that 
are no longer used in commerce, including 4-NP and 4-NP 
diethoxylate (4-NP2EO; EPA 2014). Canada and the U.S. 
proposed NPs and NPEs as chemicals of mutual concern in 
the Great Lakes basin in 2014, although insufficient informa-
tion was available to apply the Binational Considerations for 
further action (Identification Task Team 2015).

Pyrethroids are the synthetic version of pyrethrins, 
which are derived from a species of chrysanthemum 
(Palmquist et al. 2012). Both groups of compounds are 
broad-spectrum insecticides used worldwide to control a 

https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-sheet-20102015-pfoa-stewardship-program
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-sheet-20102015-pfoa-stewardship-program
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-sheet-20102015-pfoa-stewardship-program
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variety of agricultural and urban pests (Li et al. 2017), but 
pyrethroids are much more photostable and persistent in 
the environment (ATSDR 2003). Both types of compounds 
are neurotoxins that work by binding to sodium channels 
in the target organisms, resulting in hyperexcitation of 
the nerve cell that eventually shuts down insects’ nervous 
systems (Davies et al. 2007). Piperonyl butoxide often is 
added as a synergist to block the insects’ detoxification 
enzymes and subsequently increase the efficacy of these 
compounds (ATSDR 2003). First generation pyrethroids 
(e.g., allethrin) are mainly used for indoor applications, 
whereas photostable second generation pyrethroids (e.g., 
bifenthrin, permethrin) are registered for use in agricul-
tural and nonagricultural applications outdoors (Li et al. 
2017). The use, environmental fate, and ecotoxicology of 
pyrethroid insecticides has been described by Palmquist 
et  al. (2012), whereas Li et  al. (2017) have provided 
an overview of the global occurrence of pyrethroids in 
sediment along with their high toxic impacts on benthic 
invertebrates.

PBDEs are organobromine compounds that are similar to 
PCBs in their chemical structure, environmental persistence, 
and bioaccumulation propensity (Hooper and McDonald 
2000). Commercial mixtures of PBDEs (i.e., pentaBDE, 
octaBDE, and decaBDE) have been used as flame retardants 
to slow the burning of plastics, foam, fabrics, electronics, 
and other products (USEPA 2009). The use of certain PBDE 
homologs has been restricted in Minnesota and nationwide 
(Cordner et al. 2013). The sole U.S. manufacturer of penta- 
BDE and octaBDE voluntarily ceased production in 2004 
(USEPA 2009). Beginning in 2008, the State of Minnesota 
prohibited the manufacturing, processing, or distribution of 
products which contained more than 0.1% of pentaBDE or 
octaBDE (2007 Minn. Stat. 325E.386; https​://www.revis​
or.mn.gov/statu​tes/cite/325E.386; accessed 18 September 
2018). The U.S. EPA negotiated with the two U.S. produc-
ers of decaBDE, as well as the largest U.S. importer, to 
phase out this product by the end of 2013 (USEPA 2014). 
In 2015, Minnesota restricted the future use of four flame 
retardants, including: decaBDE, tris(1,3-dichloro-2-propyl)
phosphate (TDCPP), tris(2-chloroethyl)phosphate (TCEP), 
and hexabromocyclododecane (HBCDD). Beginning on July 
1, 2018, this law banned the manufacture or importation 
of children’s products and residential upholstered furniture 
containing these chemicals greater than 1000 parts per mil-
lion, and a ban on the sale of such products in Minnesota 
will take effect on July 1, 2019 (2015 Minn. Stat. 325F.071; 
https​://www.revis​or.mn.gov/statu​tes/cite/325F.071; accessed 
18 September 2018). The replacement flame retardants for 
commercial mixtures of pentaBDE, octaBDE, and decaBDE 
are of emerging concern. For example, hexabromobenzene 
(HBB), pentabromoethylbenzene (PBEB), and other emerg-
ing halogenated and nonhalogenated flame retardants have 

been detected in mostly low levels in the livers of top preda-
tor glaucous gulls in the Eastern Canadian Arctic (Verreault 
et al. 2018). These results indicate these compounds are bio-
accumulating in biota.

This paper provides another component of the study 
reported by Crane (2014), which featured the source appor-
tionment and distribution of PAHs in 15 stormwater ponds 
from the Twin Cities, MN metropolitan area. Ancillary data 
for total organic carbon (TOC), black carbon, and particle 
size classes also were provided in Crane (2014). In this 
paper, additional analytical data obtained from split, com-
posite sediment samples will be described. The objectives of 
this part of the study were to: (1) determine the distribution 
of a suite of conventional contaminants and CECs in the 
pond sediments; (2) evaluate whether ecological and human 
health benchmarks for sediment were exceeded, including 
an update of the benzo[a]pyrene (B[a]P) equivalent calcula-
tions provided in Crane (2014); (3) determine the influence 
of major urban watershed land uses (i.e., residential, com-
mercial, and industrial) on contaminant concentrations; (4) 
utilize multivariate statistical techniques to determine the 
subset of contaminants that accounted for most of the vari-
ance in the data set and to identify similar groups of ponds; 
and (5) evaluate implications for stormwater management, 
including dredge disposal options and applications to other 
jurisdictions. The conventional contaminants included 19 
metal(loid)s, chloride, and semivolatile organic compounds 
(SVOCs), such as phthalates. The CECs included 13 PFASs, 
2 APs, 2 NPEs, 14 pyrethroids, 6 pyrethrins, piperonyl 
butoxide, 40 BDE groups, and 4 non-BDE brominated flame 
retardants (BFRs). This study appears to be the most com-
prehensive one to date regarding CECs in urban stormwater 
pond sediments.

Materials and Methods

Sample Collection

The sampling design and collection of individual and com-
posite sediment samples from 15 stormwater ponds in the 
Twin Cities, MN metropolitan area were described in Crane 
(2014). In brief, five ponds each from primarily residential, 
commercial, and industrial land use areas were sampled 
with a modified drop corer during October 2009 (Fig. 1; 
Table S1). Composite samples were comprised of approxi-
mately equal portions of three discrete samples of the upper 
15 cm of sediment collected from an equidistant transect 
across each pond. Each composite sample was mixed in a 
1.9-L precleaned Pyrex mixing cup. Field replicates were 
collected from two ponds.

The composite (“C”) samples were distributed to four dif-
ferent sample jars at each pond. The jars included a 250-mL 

https://www.revisor.mn.gov/statutes/cite/325E.386
https://www.revisor.mn.gov/statutes/cite/325E.386
https://www.revisor.mn.gov/statutes/cite/325F.071
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Nalgene jar [metal(loid)s, mercury, and chloride], a 125-mL, 
precleaned amber wide-mouth glass jar (SVOCs), a 125-mL 
HDPE jar (PFASs), and a 250-mL amber glass jar with a 
Teflon-lined lid (other CECs). The jars were stored on ice in 
coolers while in the field.

The samples were transported to the MPCA each day where 
they were stored until ready for shipment to three analytical 
laboratories. The sediment samples were either refrigerated 
(3 °C) or frozen (− 18 °C) in the case of the 250-mL CEC jars 
(to preserve the samples for pyrethroids). All of the samples, 
and their respective sample tracking forms, were transported 
in chilled coolers to two local laboratories and via overnight 

courier to AXYS Analytical Services Ltd. in Sidney, BC, 
Canada for the PFASs and other CECs.

Analytical Extraction and Instrumental Analysis

Metal(loid)s and Chloride

The Minnesota Department of Health’s Environmental 
Laboratory in St. Paul, MN was used to analyze sediment 
samples for a suite of 18 metal(loid)s, mercury, and chloride. 
Metal(loid)s were analyzed by inductively coupled plasma—
mass spectrometry using reference method SW6020. 

Fig. 1   Location of composite 
stormwater pond sites (SWP09-) 
in the Minneapolis–St. Paul, 
MN metropolitan area (Crane 
2014)
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Mercury was analyzed by atomic absorption cold vapor 
spectrometry using reference method SW7471. Chloride was 
analyzed using ultraviolet or visible molecular absorption 
spectrometry by EPA Method 325.2. Percent moisture was 
determined by gravimetry on each sample using reference 
method ASTM D2216.

SVOCs

The analysis of SVOCs, including phthalate ester plasti-
cizers, was conducted by Pace Analytical Services, Inc. in 
Minneapolis, MN. The samples (30 g) were extracted using 
EPA Method 3550. Six surrogate standards were added to 
the sample extracts, which were analyzed by EPA Method 
8270C using an Hewlett Packard (HP) 5973 gas chromatog-
raphy/mass spectrometry (GC/MS) system. Moisture was 
determined using ASTM D2216.

CECs

The preparation and analysis of all CEC samples followed 
standard operating procedures developed by AXYS Analyti-
cal Services, Ltd. Once AXYS received the samples, a turn-
around-time of 45 days was expected for PFASs and 8 weeks 
for the other parameters. The pyrethroid samples were stored 
at − 20 °C before sample preparation and analysis.

Sediment samples were analyzed for 13 PFASs by AXYS 
Method MLA-041. In this method, the environmentally rel-
evant conjugate base anions were analyzed. An accurately 
weighed sample (up to 5 g dry wt.) was spiked with isotopi-
cally labeled quantification standards and extracted in acetic 
acid and basic methanol. The extract was cleaned up using 
ultra-pure carbon powder followed by solid phase extraction 
cartridges. After spiking with labeled internal standards, the 
extract was analyzed using high performance liquid chroma-
tography coupled to a triple quadrupole MS (LC–MS/MS). 
Analyte concentrations were determined by isotope dilution/
internal standard method, comparing the area of the quantifi-
cation ion to that of the 13C-labelled standard and correcting 
for response factors. Linear quantification equations with 1/
X2 weighting fit were determined from a multipoint calibra-
tion series prepared alongside the samples.

Alkylphenols and NPEs were determined by AXYS 
Method MLA-004 for 4-NP, 4-n-octylphenol, 4-nonylphe-
nol monoethoxylate (4-NP1EO), and 4-NP2EO. A surro-
gate standard (13C-p-NP) was added to an approximately 
5-g sediment sample, digested in methanolic potassium 
hydroxide, extracted with hexane at pH 6, and acetylated to 
convert the analytes to their acetate derivatives. The extract 
was then cleaned up on a silica column, reduced in vol-
ume, and spiked with d10-pyrene recovery standard before 
analysis. The extracts were analyzed by high-resolution GC/
low-resolution MS (HRGC/LRMS) using a Restek RtX-5 

capillary column (30 m, 0.25-mm i.d. × 0.25-µm film thick-
ness) or equivalent for chromatographic separation. The MS 
was operated at a unit mass resolution in the electron ioni-
zation mode using multiple ion detection acquiring at least 
two characteristic ions for each target analyte and surrogate 
standard. Target analyte concentrations were determined 
by isotope dilution (internal standard) quantification pro-
cedures. The totals of 4-NPs, 4-NP1EOs, and 4-NP2EOs 
were each quantified as the sum of several individual marker 
peaks in the HRGC/LRMS chromatogram.

Sediment samples were analyzed for 14 pyrethroids, 6 
pyrethrins, and the synergist piperonyl butoxide by AXYS 
Method MLA-046. Approximately 2 g (wet weight) of the 
samples were spiked with 13C-labeled cypermethrin sur-
rogate and Soxhlet extracted with dichloromethane. Each 
extract was split into unequal portions: 1/10th for analysis 
and 9/10th for backup. The portion for analysis was cleaned 
up using chromatography columns. The resulting extracts 
were reduced in volume and spiked with recovery (inter-
nal) standard before instrumental analysis. The quantifica-
tion procedures accounted for the splitting of the extract, 
and the final results are in terms of the original sample size 
extracted. The samples were analyzed on a HRGC equipped 
with a DB-5 capillary column and coupled to a high-reso-
lution MS (HRMS). The HRMS was operated in a static 
(≥ 8000) mass resolution in the electron ionization mode 
using voltage selected ion detection. The initial calibration 
was performed using a five-point calibration series of solu-
tions that encompassed the working concentration range. 
The mid-level calibration solution was analyzed as a brack-
eting calibration, run before and after the batch of samples. 
Due to matrix interferences from hydrocarbons, the pyre-
throid samples required repeat analysis from a smaller sam-
ple size that had additional surrogate quantification solution 
added. The data were not blank corrected. Because isotope 
dilution/internal standard quantification procedures were 
used, the sample data were recovery corrected for possible 
losses during extraction and clean-up.

All of the pyrethroid standards were obtained as a techni-
cal mixture of the stereoisomers, except for bifenthrin and 
fenpropathrin. The concentrations of the individual isomers 
in the technical mixture were assigned by assuming the same 
response factors. Pyrethrins were obtained as a technical 
mixture of the six naturally occurring components, where 
the concentrations of the individual components were esti-
mated to be equal. The concentrations of pyrethroids were 
reported as the sum of the concentrations of the observed 
isomers. Since the first eluting isomer of flucythrinate (flu-
cythrinate A) coelutes with the last eluting isomer of cyper-
methrin (cypermethrin D), an additional ion for flucythrinate 
was monitored in the channel for cypermethrin. Due to con-
version of tralomethrin to deltamethrin in the GC injector, 
these two analytes were detected and reported as a sum. The 



271Archives of Environmental Contamination and Toxicology (2019) 76:265–294	

1 3

pyrethrins were reported as the sum of cinerin I, cinerin II, 
jasmolin I, jasmolin II, pyrethrin I, and pyrethrin II. These 
compounds degrade rapidly when exposed to light, heat, or 
microbial action (ATSDR 2003). Consequently, the accuracy 
of quantification is unknown for these pyrethrins.

Forty BDE groups and four non-BDE BFRs were ana-
lyzed by AXYS Method MLA-033, which is based on EPA 
Method 1614. The semiquantitative analysis of the four non-
BDE compounds included: 1,2-bis(2,4,6-tribromophenoxy)
ethane (BTBPE), decabromodiphenylethane (DBDPE), 
HBB, and PBEB. Approximately 10 g (dry weight) of the 
sediment samples were spiked with 13C-labeled BDE sur-
rogates and Soxhlet extracted with dichloromethane. The 
extract was cleaned up on a series of chromatographic col-
umns, which could include layered acid/base silica, Flo-
risil, and alumina. During extract cleanup, samples 03-C, 
05-C, and 12-C-R were inadvertently lost. These samples 
were repeated from fresh aliquots of sediment, and the data 
were reported separately in two batches. Most of the sam-
ples required additional cleanup and a dilution due to the 
presence of interferences. The final extract was spiked with 
isotopically labeled recovery (internal) standards before 
instrumental analysis. The extracts were analyzed by HRGC/
HRMS.

Quality Assurance/Quality Control

Quality control (QC) samples were included in each batch 
of field samples to assess the precision and accuracy of 
the results. These samples varied by laboratory and could 
include analytical duplicates, laboratory blanks, surrogate 
standards, laboratory control samples, and matrix spike/
matrix spike duplicates. The QC sample results for each 
group of analytes were acceptable, with the exceptions 
noted in the electronic supplementary material (ESM; Tables 
S2–S16).

Calculated Benchmarks

Ecological and human health-based benchmarks were cal-
culated on groups of similar classes of chemicals, as well 
as on a mixture of contaminants for benthic invertebrates. 
Mean probable effect concentration quotients (PEC-Qs) 
were calculated on a dry weight basis to distill data from a 
mixture of metal(loid)s (i.e., arsenic, cadmium, chromium, 
copper, lead, nickel, and zinc) and ∑PAH12 into one unit-
less index (Crane and Hennes 2007). The 12 parent PAHs 
included in ∑PAH12 were identified in Crane (2014) and 
were not normalized to TOC (Crane and Hennes 2007). 
The calculation of mean PEC-Qs involved three steps for 
chemicals with reliable probable effect concentrations 
(PECs, MacDonald et al. 2000). These PECs were adopted 
by the MPCA as Level II sediment quality targets (SQTs) 

for benthic invertebrates (Crane et al. 2000, 2002; Crane 
and Hennes 2007). First, individual PEC-Qs were calcu-
lated by dividing each chemical or chemical group con-
centration by the corresponding PEC value. Second, the 
individual PEC-Q values for metal(loid)s were summed 
and divided by seven to yield the mean PEC-Qmetal(loid)s. 
Third, the mean PEC-Qmetal(loid)s and PEC-Q∑PAH12 values 
were summed and divided by two to yield the mean PEC-Q 
value for each composite sample.

Toxic units (TUs) were calculated for detected concen-
trations of bifenthrin and permethrin, which were summed 
to provide TUs for total pyrethroids. The bifenthrin and 
total permethrin data were first normalized to organic car-
bon (OC) using the mean TOC data from Crane (2014) for 
split sediment samples. Next, the 10-d whole sediment 
median lethal concentration values (LC50’s) for the amphi-
pod Hyalella azteca, that were determined from spiked 
sediment toxicity tests for both pyrethroids, were obtained 
from the peer reviewed literature for two different test tem-
perature ranges (i.e., 23 °C and 15/18 °C; Tables S17 and 
S18). Mean LC50 values were then calculated (Tables S17 
and S18). The TUs for each pyrethroid were calculated as:

Nonylphenol toxic equivalents (TEQs) were calculated 
using Canadian methods for the protection of freshwater 
aquatic life (CCME 2002). Concentration values of APs 
and NPEs less than the associated reporting limits were 
substituted as zero. The total NP TEQs were calculated 
by summing the products of the toxic equivalency factors 
(CCME 2002) by the concentrations of the respective APs 
and NPEs.

The human health-based B[a]P equivalents provided in 
Crane (2014) were recalculated based on updated proce-
dures (Berger et al. 2017) and a combination of overlap-
ping carcinogenic PAH (cPAH) data (Crane 2014). The 
number of cPAHs included in the calculation has been 
reduced from 24 cPAHs to 17 cPAHs (Berger et al. 2017). 
Because benzo[b]fluoranthene and benzo[j]fluoranthene 
often coelute as benzo[b&j]fluoranthene, the number of 
cPAHs was reduced to 16 for the recalculated values. In 
addition, the Kaplan–Meier method (Helsel 2010) is now 
being used to calculate B[a]P equivalents on data sets with 
≥ 20% detects, instead of using substitution methods to 
sum the B[a]P equivalents for each sample (Berger et al. 
2017). The same potency equivalency factors (Table S19; 
Crane 2014; Berger et al. 2017) were used to multiply by 
the individual cPAH concentrations to determine B[a]P 
equivalent values. For each composite sediment sample, 
concentration data for seven cPAHs from the ∑PAH34 
data set (Crane 2014; Table S19) were combined with the 

TU =
Sediment concentration(μg/g OC)

Mean LC50(μg/g OC)
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data for nine other cPAHs from the original cPAH data 
set (Crane 2014; Table S19) in order to calculate revised 
B[a]P equivalents. This step was performed, because the 
laboratory that performed the ∑PAH34 analyses had a 
more rigorous clean-up step that resulted in lower report-
ing limits than the laboratory that performed the original 
cPAH analyses (Crane 2014). Thus, some cPAHs that were 
reported as nondetects in the original cPAH data set were 
detected in the ∑PAH34 data set.

Statistical Analyses

The data were compiled in an internal Microsoft Access 
2010 sediment quality database, and either the queried or 
original data files were used for subsequent statistical anal-
yses. Data that were either J-flagged from the analytical 
laboratory, or were determined to be estimated based on a 
QA/QC review of the data, were treated as detected values 
in the statistical analyses. Summary statistics were run in 
either Microsoft Excel® 2010 or 2016 (Microsoft Corpora-
tion, Redmond, WA), SigmaPlot 13.0 (Systat Software, Inc., 
San Jose, CA), or the U.S. EPA’s ProUCL 5.1 software. The 
Kaplan–Meier method (Helsel 2012) was used in ProUCL 
5.1 to calculate total values of PFAS and PBDE compounds 
containing ≥ 20% detects (i.e., the Kaplan–Meier mean 
was multiplied by the number of compounds to determine 
total values). The Kaplan–Meier method (Helsel 2012) 
also was used in ProUCL 5.1 to calculate summary statis-
tics for censored data sets with ≥ 20% detects. Box plots, 
quantile–quantile plots, and Dixon’s outlier tests at the 
5% significance level were determined using ProUCL 5.1 
for both 100% detected parameters and those with ≥ 20% 
detects. Box plots, bar charts, and linear regression graphs 
were assembled for selected parameters in SigmaPlot 13.0. 
Shapiro–Wilk normality tests and Pearson product moment 
correlations (including the use of transformed variables to 
meet normality requirements) were run in SigmaPlot 13.0.

The data were compared to corresponding ambient 
sediment quality data collected from 54 mostly randomly 
selected lakes located across Minnesota (Crane 2017). In 
particular, the 95% upper tolerance limits with 95% cov-
erage (UTL95-95) values for a select group of contami-
nants (Crane 2017) were used. Percentage exceedances of 
the ambient UTL95-95 values would most likely be due to 
natural geologic and/or anthropogenic influences on the sur-
rounding watershed (Crane 2017).

Hypothesis testing was used to compare selected data 
sets by major watershed land uses. The null hypothesis was 
identified as no significant (p > 0.05) differences in either 
contaminant concentrations or the detection frequency 
of 10 PFAS compounds. These scenarios encompassed 
stormwater ponds located in primarily residential (n = 5), 
commercial (n = 5), and industrial (n = 5) watersheds. This 

approach utilized the Shapiro–Wilk normality test and the 
Brown-Forsythe equal variance test in SigmaPlot 13.0 to 
determine if the raw or transformed data for each param-
eter passed (p > 0.05). If so, a one-way Analysis of Variance 
(ANOVA) was run. Statistically significant results (p < 0.05) 
triggered pairwise multiple comparisons run by the Holm-
Sidak method. A Kruskal–Wallis one-way ANOVA on 
Ranks was run on data that did not pass the normality and/
or equal variance tests. If the result was statistically signifi-
cant (p < 0.05), the Tukey test was used to conduct pairwise 
multiple comparisons.

Multivariate statistical methods were used for two main 
purposes. First, to determine if B[a]P equivalents were one 
of the most important factors accounting for variance in the 
data set when several detected parameters were considered. 
Second, to determine if ponds within the same land use 
category had similar chemical profiles. Principal compo-
nents analysis (PCA) was run in SigmaPlot 13.0 to reduce 
the complexity of numerous parameters down to its most 
important components. Although PCA is a large sample 
statistical technique that is best used on a minimum of 50 
samples (Osborne and Costello 2004), it was used on the 
composite sediment samples from the 15 stormwater ponds 
for the focused purposes described here. In PCA, a large 
number of correlated variables are transformed to a new set 
of uncorrelated reference variables (i.e., principal compo-
nents). The first principal component accounts for the larg-
est amount of variability in the data, and each succeeding 
component accounts for as much of the remaining variability 
as possible. All of the detected and calculated data selected 
for PCA analyses underwent a range transformation (also 
known as the maximum-minimum transformation; Johnson 
et al. 2004) to reduce variance in the data. This step resulted 
in unitless data so that a covariance matrix could be run for 
each PCA scenario. The significance level for hypothesis 
testing was 0.05. The number of components was varied, 
and the Henze–Zinker normality test was used with a p value 
to reject of 0.05. Scree plots, component loading plots, and 
component score plots were produced for each PCA sce-
nario. The principal component scores were used to prepare 
three-dimensional plots in SigmaPlot 13.0. To designate dis-
crete groups on the plots, the principal component scores 
were run through hierarchical cluster analysis (HCA) using 
PAleontological STatistics (PAST) version 3.20 software. 
The best HCA option for identifying discrete groups was the 
Paired Group (UPGMA) algorithm with the Gower similar-
ity index (as also used in Crane 2017).

Minnesota Pesticide Sales Data for Pyrethroids

Annual sales data of pyrethroids in Minnesota were obtained 
from the Minnesota Department of Agriculture’s pesticide 
sales database (http://www.mda.state​.mn.us/chemi​cals/pesti​

http://www.mda.state.mn.us/chemicals/pesticides/useandsales.aspx
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cides​/usean​dsale​s.aspx; MDA 2013). These data are based 
on pesticide registrant reporting requirements. The data were 
converted to kg active ingredient, as well as the percentage 
of pyrethroids in different sales categories. An important 
caveat to these data is that not all of the pesticides sold in 
Minnesota may be used in the same year they are sold or in 
some cases may never be used in Minnesota (MDA 2013). 
Although sales data specific to the Twin Cities metropolitan 
area were not available, these data can be used to provide 
general indications of the sale of pyrethroids for agricultural 
and nonagricultural (including urban) purposes.

Pyrethroids Used to Control Mosquitoes in the Twin 
Cities

The Metropolitan Mosquito Control District (MMCD) uti-
lized permethrin and resmethrin as part of their mosquito 
control strategy (MMCD 2010) during the time of sample 
collection. The amount of active ingredient that was applied 
on a yearly basis was obtained from the MMCD, and the 
locations of targeted areas during the 2009 application sea-
son were compared to the study pond areas for potential 
overlap.

Results and Discussion

Distribution of Contaminants

A mixture of conventional contaminants and CECs were 
detected in stormwater pond sediments from the Twin Cit-
ies metropolitan area. Summary statistics for contaminants 
with ≥ 20% detections are provided in Table 1, while those 
with more censored data are provided in Table S20.

Metal(loid)s

Thirteen metal(loid)s were detected in all 15 stormwater 
ponds (Table 1). Of this group, copper and zinc exceeded 
their corresponding ambient UTL95-95 values in 60% of 
ponds, followed by cadmium and nickel in 40% of ponds 
(Table  1). Although some metals (e.g., copper, nickel) 
are naturally elevated in portions of northeast Minnesota 
(Crane 2017), this is not the case in the Twin Cities area 
where urban sources of metal(loid)s prevail. In particular, 
vehicles are an important source of heavy metals to urban 
road dust and stormwater runoff (Hwang et al. 2016). Nickel 
is released in large amounts during the combustion of oil 
(Pacyna and Pacyna 2001), and it is a common contami-
nant released from coal combustion and automotive parts 
(Landers et al. 2008). The exceedances of copper, zinc, and 
cadmium were consistent with the composition of urban 
runoff in Maryland where Davis et al. (2001) determined 

building siding was an important source for all three met-
als (as well as lead). In addition, copper from brake pads, 
zinc from tire wear, and atmospheric deposition of cadmium 
and copper (as well as lead) also were important sources of 
metals to urban stormwater in Maryland (Davis et al. 2001). 
Cadmium, zinc, and nickel also are used in brake plating 
and could contribute stormwater-relevant concentrations 
(McKenzie et al. 2009). In 2015, a Memorandum of Under-
standing to reduce the use of copper and other materials 
in motor vehicle brake pads was signed by the U.S. EPA, 
states, and the automotive industry after California and 
Washington passed requirements to reduce the use of cop-
per in brake pads (https​://www.epa.gov/npdes​/coppe​r-free-
brake​-initi​ative​, accessed 10 May 2018). This copper-free 
brake initiative will reduce copper in brake pads to < 5% by 
weight in 2021 and 0.5% by 2025. This voluntary initiative 
will also reduce mercury, lead, cadmium, asbestiform fib-
ers, and chromium-six salts in brake pads. Thus, this action 
will reduce future runoff loads of these metals to stormwater 
ponds across the United States.

The concentrations of the other metal(loid)s included 
in this study were similarly compared to corresponding 
UTL95-95 values, and potential sources of more preva-
lent metals were determined. Smaller exceedances of the 
UTL95-95 values were observed for aluminum (13.3%), 
lead (13.3%), chromium (6.7%), and cobalt (6.7%; Table 1). 
Historical trends of lead in traffic area runoff have shown 
a sharp decrease in recent decades due to the phase-out of 
leaded gasoline (Huber et al. 2016), which is reflected in 
historical sediment cores collected from urban lakes across 
the U.S. (Mahler et al. 2006). However, there continue to 
be other vehicle-related and building sources of lead in the 
environment as previously discussed. Pond samples 02-C, 
06-C, and 12-C had statistical outliers for cobalt, arsenic, 
and chromium, respectively (Table 2). Concentrations of 
arsenic, barium, manganese, mercury, and vanadium were 
all less than the corresponding UTL95-95 values, indicat-
ing these values were within 95% of the population values 
expected to fall with 95% confidence for a set of Minnesota 
lake sediments (Crane 2017). The majority of silver and 
beryllium analyses were not detected in the pond sediments 
(Table 1), and the high exceedances of the UTL95-95 values 
for these metals were due to reporting limits that exceeded 
the corresponding UTL95-95 values. Molybdenum was only 
detected in two ponds, and there were no detections of anti-
mony, selenium, and thallium (Table S20). The metal(loid)s 
were an important component of the mean PEC-Q values, 
which exceeded the corresponding UTL95-95 value in 60% 
of the ponds (Table 1). In addition, the mean PEC-Q value 
of 3.0 in pond 05-C was a statistical outlier (Table 2).

The particle size distribution and organic carbon results 
from split sediment samples (Crane 2014) were compared 
with the chemical parameters detected in all of the composite 

http://www.mda.state.mn.us/chemicals/pesticides/useandsales.aspx
https://www.epa.gov/npdes/copper-free-brake-initiative
https://www.epa.gov/npdes/copper-free-brake-initiative
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Table 1   Summary statistics 
and percentage of samples 
exceeding UTL95-95 values for 
parameters with ≥ 20% detects 
in composite stormwater pond 
sediment samples (n = 15); 
groups of parameters are listed 
in the order of their detection 
frequency

Parameter % Detects Meana SDa % Exceeding 
UTL95-95 
values

Metal(loid) (mg/kg dry wt.)
 Aluminum 100 17,595 7921 13.3
 Arsenic 100 5.5 2.3 0
 Barium 100 148.6 43.0 0
 Cadmium 100 1.5 0.57 40.0
 Chromium 100 42.0 14.7 6.7
 Cobalt 100 8.2 2.8 6.7
 Copper 100 31.6 10.1 60.0
 Lead 100 39.2 25.5 13.3
 Manganese 100 410.6 193.1 0
 Mercury 100 0.059 0.022 0
 Nickel 100 23.3 7.2 40.0
 Vanadium 100 45.3 11.7 0
 Zinc 100 154.3 79.7 60.0
 Silver 46.7 0.99 2.4 86.7
 Beryllium 20.0 0.83 0.075 100

Mean PEC-Qs 100 0.55 0.77 60.0
Chloride (mg/kg dry wt.) 60.0 335.8 270.7
DEHP (mg/kg dry wt.) 60.0 2.5 1.9
PFASs (Carbon #) (ng/g dry wt.)
 PFOSb (C8) 80.0 0.84 0.55
 PFDoAc (C12) 66.7 0.37 0.37
 PFOSAb (C8) 66.7 0.24 0.19
 PFUnAc (C11) 60.0 0.24 0.27
 PFHxSb (C6) 46.7 0.29 0.11
 PFNAc (C9) 46.7 0.17 0.13
 PFOAc (C8) 40.0 0.18 0.17
 PFDAc (C10) 33.3 0.17 0.19
 PFBAc (C4) 26.7 0.16 0.13
 PFPeAc (C5) 26.7 0.11 0.027
 Total PFASs 73.3 3.0 1.6

APs and NPEs (ng/g dry wt.)
 4-NP 100 7611 21,533
 4-NP1EO 66.7 688.5 1296
 4-NP2EO 40.0 158 324.5

Pyrethroids (ng/g dry wt.)
 Total permethrins 33.3 5.8 11.0
 Bifenthrin 20.0 8.4 8.5

PBDEs (pg/g dry wt.)
 BDE-17 + 25 100 122.7 106.7
 BDE-28 + 33 100 51.3 56.3
 BDE-47 100 1727 2024 26.7
 BDE-49 100 309.7 282.7
 BDE-99 100 2014 2555 26.7
 BDE-100 100 481.3 598.3
 BDE-154 100 221.7 248.7
 BDE-209 100 64,365 163,378 40.0
 BDE-8 + 11 93.3 10.2 6.6
 BDE-153 93.3 272.0 304.1
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sediment samples. Of immediate interest are the correla-
tions with the metal(loid)s. Natural log (ln) transforma-
tions were used, where needed, so that all of the parameters 
passed the Shapiro–Wilk normality test (Table S21). The ln 
median size of particles had the greatest number (n = 8) of 
significant (p < 0.05) Pearson correlation coefficients with 
metal(loid)s (Fig. 2; Table S22). These correlations were 
negative, as were the significant (p < 0.05) Pearson corre-
lation coefficients between % sand and five metal(loids). 

The other correlations for this group of parameters were 
positive. TOC had the least number (n = 1, mercury) of sig-
nificant (p < 0.05) Pearson correlation coefficients (Fig. 2; 
Table S22). Aluminum, cobalt, and nickel all had the high-
est number (n = 5) of significant (p < 0.05) Pearson correla-
tion coefficients, while arsenic and lead were not correlated 
to any particle size and organic carbon parameters (Fig. 2; 
Table S22).

SD standard deviation, UTL95-95 the 95% upper tolerance limit with 95% coverage (Crane 2017), PEC-
Qs probable effect concentration quotients, DEHP bis(2-ethylhexyl)phthalate, PFASs per- and polyfluoro-
alkyl substances, PFOS perfluorooctane sulfonate, PFDoA perfluorododecanoate, PFOSA perfluorooctane 
sulfonamide, PFUnA perfluoroundecanoate, PFHxS perfluorohexane sulfonate, PFNA perfluorononanoate, 
PFOA perfluorooctanoate, PFDA perfluorodecanoate, PFBA perfluorobutanoate, PFPeA perfluoropen-
tanoate, APs alkylphenols, NPEs nonylphenol ethoxylates, 4-NP 4-nonylphenol, 4-NP1EO 4-nonylphenol 
monoethoxylate, 4-NP2EO 4-nonylphenol diethoxylate, PBDEs polybrominated diphenyl ethers, BDE 
brominated diphenyl ether, BFRs brominated flame retardants, HBB hexabromobenzene, DBDPE decabro-
modiphenylethane, PBEB pentabromoethylbenzene, BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane
a Mean and SD values were determined by the Kaplan–Meier method for parameters with ≥ 20% detects
b Sulphonic acid compound
c Carboxylic acid compound

Table 1   (continued) Parameter % Detects Meana SDa % Exceeding 
UTL95-95 
values

 BDE-203 93.3 510.3 950.4
 BDE-207 93.3 4409 9921
 BDE-7 86.7 12.6 14.9
 BDE-183 86.7 263.8 328.7
 BDE-12 + 13 80.0 3.3 2.9
 BDE-66 80.0 79.8 92.4
 BDE-85 80.0 96.4 122.6
 BDE-138 + 166 80.0 54.3 60.4
 BDE-155 80.0 21.3 19.0
 BDE-206 80.0 5153 14,904 6.7
 BDE-15 73.3 7.7 10.1
 BDE-51 60.0 23.1 23.6
 BDE-71 60.0 23.9 34.9
 BDE-208 60.0 3216 7787
 BDE-140 53.3 16.2 19.8
 BDE-37 46.7 2.5 3.0
 BDE-79 40.0 3.5 4.5
 BDE-119 + 120 40.0 14.0 19.5
 BDE-32 26.7 0.96 1.1
 BDE-75 26.7 1.7 3.0
 BDE-35 20.0 0.77 1.0
 BDE-190 20.0 48.0 132.9
 Total PBDEs 100 83,510 199,000 26.7

Non-BDE BFRs (pg/g dry wt.)
 HBB (estimated values) 60.0 50,247 100,223
 DBDPE (estimated values) 46.7 688.6 1127
 PBEB (estimated values) 46.7 3.7 6.9
 BTBPE (estimated values) 20.0 384.9 675.3



276	 Archives of Environmental Contamination and Toxicology (2019) 76:265–294

1 3

Table 2   Statistical outliers at 
the 5% significance level for 
100% detected parameters 
(n = 15)

PEC-Qs probable effect concentration quotients, 4-NP 4-nonylphenol, PBDEs polybrominated diphenyl 
ethers, BDE brominated diphenyl ether

Parameter Site ID 
(SWP09-)

Pond name Land use Outlier value

Metal(loid) (mg/kg dry wt.)
 Arsenic 06-C Silver Lake Residential 12.0
 Chromium 12-C 2nd St. Pond Industrial 78.9
 Cobalt 02-C LeVander Pond Residential 15.0

Mean PEC-Qs 05-C Hampshire Pond Industrial 3.0
4-NP (ng/g dry wt.) 12-C 2nd St. Pond Industrial 85,000
PBDEs (pg/g dry wt.)
 BDE-209 08-C Markham Pond Commercial 647,000
 Total PBDEs 08-C Markham Pond Commercial 790,000
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Fig. 2   Heat map of Pearson correlation coefficients for parameters detected in all composite sediment samplesa
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Detailed size fractions of the particle size data (Crane 
2014) also were compared with the metal(loid)s and the 
other chemical parameters detected in all of the composite 
sediment samples. The results of the Shapiro–Wilk normal-
ity tests (using transformed parameters, where needed) and 
Pearson product moment correlations are provided in Tables 
S23 and S24, respectively. Of note is that chromium, which 
did not have significant (p > 0.05) Pearson correlation coeffi-
cients to the general particle size fractions, had a significant 
(p < 0.05) Pearson correlation coefficient to % medium silt 
(5.0–20 µm; Table S24). For ln aluminum, cobalt, and nickel, 
all of these metals had significant (p < 0.05) Pearson correla-
tion coefficients to % medium clay (0.08–0.2 µm), % coarse 
clay (0.2–2 µm), % fine silt (2.0–5.0 µm), and % medium 
silt (Table S24). Vanadium also had significant (p < 0.05) 
correlations to % fine silt and % medium silt (Table S24). 
In addition, barium had a significant (p < 0.05) correlation 
to % medium silt (Table S24). For the detailed particle size 
classes, % medium silt had the greatest number (n = 6) of 
significant correlations with metals (Table S24). Other 
significant (p < 0.05) correlations are noted in Table S24 
for transformed values of % fine sand (100–250 µm) and 
% medium sand (250–500 µm). There were no significant 
(p > 0.05) correlations between the detailed particle size 
fractions and ln arsenic, ln cadmium, copper, lead, manga-
nese, mercury, or zinc (Table S24).

Several significant correlations were observed between 
detected metals (Fig.  2; Table S22). Highly significant 
(p < 0.001) Pearson correlation coefficients were observed 
for nine pairs of metals, including cobalt and nickel 
(r = 0.927), ln aluminum and vanadium (r = 0.907), ln cad-
mium and chromium (r = 0.870), ln aluminum and barium 
(r = 0.844), ln cadmium with nickel (r = 0.837) and copper 
(r = 0.810), barium and vanadium (r = 0.797), chromium and 
nickel (r = 0.776), and ln cadmium and mercury (r = 0.765; 
Fig. 2; Table S22). Similar strong correlations were observed 
in a statewide survey of ambient sediment quality in Min-
nesota lakes for cobalt and nickel (Spearman rho = 0.887), as 
well as between aluminum and vanadium (r = 0.886; Crane 
and Hennes 2016). Cobalt compounds naturally occur in 
copper and nickel minerals (Shedd 2017), which accounts 
for their strong correlations. In addition, cobalt, nickel, and 
iron all have similar chemical and physical properties (Zhou 
and Guo 2015). Chromium, cobalt, and nickel had the larg-
est number of significant (p < 0.05) correlations with eight 
metals each (Table S22). Lead, ln arsenic, manganese, and 
zinc were not significantly (p > 0.05) correlated to any other 
metal(loid)s (Fig. 2; Table S22).

Total PAH data and Equilibrium Partitioning Sediment 
Benchmark (ESB) Toxic Unit values from Crane (2014), 
as well as the other sediment benchmarks presented in 
this paper, were compared to the metal(loid)s and the 
other detected chemical parameters. The results of the 

Shapiro–Wilk normality tests (using transformed param-
eters, where needed) and Pearson product moment correla-
tions are provided in Tables S25 and S26, respectively. Both 
ln ∑PAH12 and ln ∑PAH34 were significantly (p < 0.05) 
correlated to copper and zinc (Table S26), which indicated 
co-occurrence of these common urban stormwater contam-
inants. The ln of ESB Toxic Units was also significantly 
(p < 0.05) correlated to zinc (Table S26). Subsequent sec-
tions will describe significant correlations between certain 
metal(loid)s with 4-NP, BDE congeners, total PBDEs, and 
other sediment benchmarks.

Chloride

Chloride is not often analyzed in sediments due to its aque-
ous solubility. However, it was detected in 60% of pond sedi-
ments with concentrations ranging from 190 to 1100 mg/
kg dry wt. (Table 1; Fig. S1). The highest chloride con-
centration was found at site 04-C (Fig. S1), which receives 
runoff from the parking lots for several retailers, commer-
cial buildings, and a fast food restaurant in Lakeville, MN. 
Elevated chloride levels have also been found in surficial 
wetland sediments from the Twin Cities metropolitan area, 
in Alexandria, MN, and in agricultural areas of Minnesota 
(Crane and Hennes 2016). Deicing salt was the most likely 
source of chloride to these Twin Cities wetlands (Crane and 
Hennes 2016), as well as to the study ponds. Chloride is of 
concern, because it can make surface water and groundwater 
more saline (Snodgrass et al. 2017), resulting in adverse 
ecological effects (Bartlett et  al. 2012; Van Meter and 
Swan 2014) and drinking water impacts (MPCA 2016a). It 
also can cause density stratification in small lakes (MPCA 
2016a). Brand et al. (2010) observed decreased survival of 
gray treefrog embyos (Hyla versicolor), a common species 
to Minnesota, after elevated amounts of chloride leached 
from stormwater pond sediments into the overlying water 
of treatment microcosms. Although the Twin Cities metro-
politan area has a chloride management plan to reduce the 
usage of salt (MPCA 2016a), it does not currently consider 
chloride concentrations in sediment. Lerman and Weiler 
(1970) showed that the amount of chloride accumulated in 
the upper 30 cm of Lake Ontario sediments was on the order 
of 1–2% of the amount of chloride in lake water. High salt 
concentrations were found in sediment porewater from an 
urban stormwater pond located in Ontario, Canada, which 
increased the concentrations of inorganic ligands (chlorides) 
capable of complexing with cadmium (Mayer et al. 2008). 
More work is needed to assess fluxes of chloride to bulk 
sediment and pore water, particularly in waters exceeding 
aquatic life criteria for chloride.
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SVOCs (Phthalates)

Phthalates were included in this study as an indicator of 
plastic pollution. Bis(2-ethylhexyl)phthalate (DEHP) was 
the only phthalate detected in nine of the ponds (i.e., 60%; 
Table 1; Fig. S2). Concentrations of DEHP in the stormwater 
pond sediments were one to two orders of magnitude higher 
than downstream of the Twin Cities in Sturgeon Lake (Lee 
et al. 2005), a backwater lake to Navigation Pool 3 of the 
Mississippi River. DEHP is a common pollutant in urban 
stormwater (Björklund et al. 2009; Zgheib et al. 2012). This 
high production chemical is used to increase the flexibil-
ity or durability of polyvinyl chloride, plastics, paints, cos-
metics, wood varnish, and medical supplies (MDH 2011). 
DEHP also is detected frequently in recycled plastics (Piv-
nenko et al. 2016). Because DEHP is not incorporated into 
the plastic matrix, it slowly leaches into the environment 
(Carlisle et al. 2009). Nonpoint sources of DEHP contrib-
ute to its ubiquitous distribution in the environment (Wang 
et al. 2014). DEHP is of concern, because it is classified 
as a Group B2 probable human carcinogen (USEPA 1988), 
and it is an EDC (Rudel et al. 2003; Sutton et al. 2017). 
The U.S. EPA’s Toxic Release Inventory was assessed for 
point source release data of DEHP in Minnesota (https​://
iaspu​b.epa.gov/triex​plore​r/tri_relea​se.facil​ity, accessed 14 
May 2018). During 1998 to 2005, yearly releases of DEHP 
from one to three businesses in the Twin Cities metropolitan 
area were reported, with most of it deposited in landfills. 
During 2006 to 2015, there were no releases of DEHP. In 
2016, the 3M Cottage Grove plant in Cottage Grove, MN 
(i.e., southeast metro) released 20 kg of DEHP in surface 
water discharges. The minimum and maximum reporting 
limits of five other phthalates and other SVOCs analyzed in 
the stormwater pond sediments are provided in Table S20. 
The reporting limits of the SVOCs tended to be high due to 
the laboratory practice of diluting sample extracts to remove 
interferences.

PFASs

The PFASs displayed a range of detection frequencies 
(Table 1). PFOS was the most frequently detected compound 
(80%), and it also had the highest mean concentration of 
0.84 ng/g dry wt. (Table 1). The highest PFOS concentration 
of 2.25 ng/g dry wt. was observed in pond 07-C (Fig. 3), 
which receives drainage from two strip malls, a fast food 
restaurant, other restaurants, a large retail store, road and 
parking lot runoff, and a residential area. Nine other PFASs 
were detected in four to ten ponds (Table 1; Figs. S3–S5), 
and the Kaplan–Meier mean concentration of total PFASs 
was estimated as 3.0 ng/g dry wt. (Table 1). These results 
mostly supported Zhao et al.’s (2012) findings in fraction-
ated sediments that the concentrations of perfluorosulfonates 

were higher than perfluorocarboxylates (PFCAs) with the 
same chain length. This was especially the case for PFOS 
and perfluorooctane sulfonamide (PFOSA), in addition 
to perfluorohexane sulfonate (PFHxS) and perfluorohex-
anoate (PFHxA; Tables 1 and S20). The chain length also 
can impact the type of partitioning in sediments. Longer-
chain PFASs are more likely to bind to particles through 
hydrophobic interactions, while the sorption of lower-chain 
PFASs may be driven by electrostatic interactions (Zhao 
et al. 2012). Although no PFASs were detected in all of 
the ponds, a Pearson product moment correlation was run 
between detected samples of PFOS, perfluorododecanoate 
(PFDoA), and ln PFOSA with black carbon, ln mean TOC, 
and detailed/general particle size fractions. The only signifi-
cant (p < 0.05) correlation was between PFDoA and ln mean 
TOC (r = 0.858).

Three short-chain PFASs (C4–C7) were not detected in 
any of the pond sediments (Table S20), including perfluoro- 
butane sulfonate (PFBS), perfluoroheptanoate (PFHpA), and 
PFHxA. In particular, the short-chain PFASs containing a 
carboxylic acid group (e.g., PFHpA and PFHxA) are rela-
tively hydrophilic compared to long-chain PFCAs (Yeung 
et al. 2013). For example, PFHpA was detected in approxi-
mately 45% of stormwater runoff samples collected in the 

Fig. 3   Distribution of PFOS (80% detects) in surficial stormwater 
pond sediments

https://iaspub.epa.gov/triexplorer/tri_release.facility
https://iaspub.epa.gov/triexplorer/tri_release.facility
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Minneapolis–St. Paul, MN area after six storm events (Xiao 
et al. 2012a). Ahrens et al. (2009) observed that short-chain 
PFCAs (C ≤ 7) preferentially diffused into pore water, 
whereas long-chain PFCAs (C ≥ 11) were found only in 
sediment cores collected from Tokyo Bay, Japan. PFHxA 
was frequently detected in surficial sediments in Lake 
Huron (Codling et al. 2018a), whereas perfluorobutanoic 
acid (PFBA) and PFHxA dominated surficial sediments in 
Lakes Erie and Ontario (Codling et al. 2018b; Table S27). 
Codling et al. (2018b) attributed this dominance to intersti-
tial water included in the sediment analyses. However, bulk 
sediment analyses provide the concentrations of contami-
nants associated with the solid phase. Porewater measure-
ments would be needed to verify elevated levels of PFBA 
and PFHxA in Codling et al.’s (2018b) study. PFBA and 
perfluoropentanoate (PFPeA; another short-chain PFCA) 
were detected in 27% of the stormwater ponds sampled in 
this study (Table 1; Fig. S5).

The high detection frequency of PFOS, and frequent 
detection of other short and long-chain PFASs, was consist-
ent with local production sources and historical/current uses 
in a variety of consumer goods and commercial products. 
PFOS was used to make Scotchgard™ (a fabric and carpet 
protector; Richardson 2007), to treat fast-food packaging 
(Schaider et al. 2017), and it also was used in old-generation, 
aqueous, film-forming foams for firefighting until PFOS was 
phased out in 2002 (Rotander et al. 2015; Hu et al. 2016). 
PFOA was produced to make the fluoropolymers used in 
non-stick cookware (Teflon®) and other consumer products 
(Oliaei et al. 2006). Local production of eight-carbon PFOS- 
and PFOA-related PFASs occurred at the 3M Chemolite 
plant in the southeast metro (Cottage Grove, MN). The 3M 
Chemolite Plant, now known as the 3M Cottage Grove plant, 
produced these compounds between 1950 and 2002, and 
their wastewater was discharged into Pool 2 of the Missis-
sippi River (Oliaei et al. 2013). After 2002, 3M switched 
to producing four-carbon perfluorinated compounds based 
on PFBS (OECD 2002). This plant also manufactured 
PFBA until 1998 for an industrial customer to make photo-
graphic film (http://multi​media​.3m.com/mws/media​/43790​
3O/frequ​ently​-asked​-quest​ions-about​-pfba.pdf, accessed 
8 May 2018). PFBA is also a breakdown product of other 
PFASs used in stain-resistant fabrics, paper food packag-
ing, and carpets (http://www.healt​h.state​.mn.us/divs/eh/risk/
guida​nce/gw/pfbai​nfo.pdf, accessed 8 May 2018). PFAS-
related contamination from 3M was extensive in the east 
metro region. Historically, 3M disposed of PFAS-contam-
inated wastes and sludges at two dumps in the east metro 
(i.e., Oakdale and Woodbury, MN), at the 3M Chemolite 
plant, and at the Washington County Landfill, MN (Oliaei 
et al. 2013). In 2004, PFASs were found in some drinking 
water supplies in the east metro, for which PFBA was the 
most mobile compound detected in both groundwater and 

drinking water samples (Oliaei et al. 2013). 3M’s wastewater 
treatment plant was the primary source of PFASs to the Mis-
sissippi River (Xiao et al. 2012a), and 3M also disposed of 
wastewater treatment plant sludges at the Pine Bend Land-
fill across the river from the plant (Oliaei et al. 2013). Fish 
consumption advisories for six Twin Cities area lakes and 
part of the Mississippi River were updated in May 2018 for 
PFOS contamination (http://www.healt​h.state​.mn.us/news/
press​rel/2018/fish0​50318​.html, accessed 24 May 2018).

This study marks the first investigation of PFASs 
in stormwater pond sediments in the Twin Cities area. 
The concentrations of PFOS in this study (i.e., < 0.33 to 
2.25 ng/g dry wt.) were comparable to surficial sediment 
(0–5 cm) concentrations in the Mississippi River upstream 
of the 3M Cottage Grove Plant (as far upstream as Min-
neapolis, MN) and some areas further downstream from 
the plant (Monson 2013). Immediately downstream from 
the plant outfall, PFOS concentrations ranged from 6.4 to 
80.2 ng/g dry wt. in the upper 5 cm of sediment (Monson 
2013). Twelve other PFASs were detected in the most con-
taminated samples downstream of 3M, including the only 
detections of PFBS, PFHxA, and PFHpA (Monson 2013). 
These three compounds were not detected in the stormwater 
pond sediments (Table S20). A previous study of the top 
10 cm of sediment in the vicinity of the 3M plant showed a 
PFOS concentration of 1.6 ng/g dry wt. just upstream of the 
plant (similar to this study), 99 ng/g dry wt. immediately 
downstream of 3M’s outfall, and decreasing concentrations 
at three sites downstream (Oliaei et al. 2006). Additional 
PFAS comparisons between this study and three Great Lakes 
surficial sediment studies (Codling et al. 2014, 2018a, b) are 
provided in the ESM (p. S2) and Table S27.

APs and NPEs

The distribution of APs and NPEs in the stormwater pond 
sediments was dominated by 4-NP (Table 1). It was detected 
in all of the ponds within a wide range of concentrations 
(32.2–85,000 ng/g dry wt.; Fig. S6). The highest concen-
tration (statistical outlier; Table 2) was observed in pond 
12-C. The other 4-NP concentrations ranged from 32.2 to 
6300 ng/g dry wt., which was similar to the range of 4-NPs 
detected in surficial sediments above and below wastewa-
ter treatment plants (WWTPs) in Minnesota (Ferrey 2011). 
The Kaplan–Meier means for 4-NP1EO and 4-NP2EO were 
over an order of magnitude lower than the mean value of 
7611 ng/g dry wt. for 4-NP (Table 1). Octylphenol was not 
detected in any of the pond sediments (Table S20), which 
was consistent with Ferrey’s (2011) findings. The preva-
lence of 4-NP is due to the degradation of high production 
NPEs in the environment (Chokwe et al. 2017 and references 
therein). Surfactant usage patterns are predominately NPEs 

http://multimedia.3m.com/mws/media/437903O/frequently-asked-questions-about-pfba.pdf
http://multimedia.3m.com/mws/media/437903O/frequently-asked-questions-about-pfba.pdf
http://www.health.state.mn.us/divs/eh/risk/guidance/gw/pfbainfo.pdf
http://www.health.state.mn.us/divs/eh/risk/guidance/gw/pfbainfo.pdf
http://www.health.state.mn.us/news/pressrel/2018/fish050318.html
http://www.health.state.mn.us/news/pressrel/2018/fish050318.html
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(80–85%) compared with octylphenol ethoxylates (USEPA 
2010). These patterns, in addition to the higher hydrophobic-
ity of NPs, can also explain the absence of octylphenol in 
these samples. The relevant distributions of APs and NPEs 
in sewage sludge, stormwater, and sediments from other 
studies are further described in the ESM (pp. S2-S3).

Potential correlations between 4-NP and other param-
eters detected in all of the composite sediment samples 
were assessed using transformed data, where necessary. 
Ln 4-NP was not significantly (p > 0.05) correlated to 
black carbon, ln mean TOC, summary particle size param-
eters (Fig. 2; Table S22), or detailed particle size classes 
(Table S24). AP compounds and 4-NP also were not corre-
lated with TOC in Swedish stormwater samples (Björklund 
et al. 2009; Kalmykova et al. 2013). Ln 4-NP was signifi-
cantly (p < 0.05) correlated to ln cadmium (r = 0.584), and 
it was highly significantly (p < 0.001) correlated to zinc 
(r = 0.788; Fig. 2; Table S22). Because the 4-NP value for 
pond 12-C was a large statistical outlier, it was removed and 
the Pearson product moment correlation was re-run. Doing 
so did not alter the results, except that the Pearson correla-
tion coefficient with ln cadmium was no longer significant 
(p > 0.05; r = 0.417). Ln 4-NP (all data) also was signifi-
cantly (p < 0.05) correlated to both ln ∑PAH12 (r = 0.723) 
and ln ESB Toxic Units (r = 0.726), as well as being highly 
significantly (p < 0.001) correlated to ln ∑PAH34 (r = 0.76; 
Table S26). It is not known if these significant Pearson cor-
relations were associated with releases from the same types 
of sources. Kalmykova et al. (2013) indicated sources of 
alkylphenol ethoxylates (APEs) in stormwater could be due 

to concrete and plastic materials, lubricants, tire rubber, and 
car care products. Because zinc and PAHs are used in the 
production of automobile tires (Depaolini et al. 2017), which 
abrade onto roads and are transported in stormwater run-
off, this could be a possible reason for the correlation with 
4-NP if it was a degradation product of APEs used in tires. 
Proprietary surfactants also are used in the production of 
some CT-sealants, but the identity of these surfactants and 
whether they include APEs is not public information. Other 
significant correlations with 4-NP will be described in the 
PBDE section.

Pyrethroids and Pyrethrins

The detection of pyrethroids was limited to bifenthrin and 
total permethrins (Table 1) in a subset of commercial and 
industrial stormwater ponds (Table 3; Fig. S7). The mean 
concentration of bifenthrin (8.4 ng/g dry wt.) was slightly 
higher than that of total permethrins (5.8 ng/g dry wt.; 
Table 1), although the detected sample sizes were low (3 
and 5 samples, respectively). Pyrethrins were not detected 
in any of the samples (Table S20). Pyrethrins degrade rap-
idly in sunlight and are not persistent in the environment 
(ATSDR 2003).

The highest bifenthrin (32.7 ng/g dry wt.) and total per-
methrin (41.9 ng/g dry wt.) concentrations were observed 
in sample 05-C from Hampshire Pond, which is located in 
an industrial area of Bloomington, MN (Table 3). The city 
recycled de-icing sands and sealcoat aggregates from city 
streets at an outdoor upland site by this pond from about 

Table 3   Comparison of normalized pyrethroid concentrations to integrated sediment benchmarks, and calculation of pyrethroid toxic units 
(TUs) for two temperature groups

TU toxic unit, TOC total organic carbon, OC organic carbon, SD standard deviation, LC50 median lethal concentration
a Values less than the reporting limit were substituted as zero due to the prominence of bifenthrin in the pyrethroid TU calculation
b TOC data from split sediment samples (Crane 2014), which represented the mean of duplicate TOC values
c TOC-normalized bifenthrin and permethrin concentrations were compared to integrated sediment benchmarks based on H. azteca (Nowell et al. 
2016). Values between the threshold effect benchmark (TEB) and likely effect benchmark (LEB) are shown in bold font. All other normalized 
concentrations were below the TEB values
d The TU calculations used the mean and SD of organic carbon normalized LC50 values for bifenthrin and permethrin, which were based on 
spiked sediment toxicity tests of H. azteca conducted at 23 °C for the overlying water (Table S17)
e The TU calculations used the mean and SD of organic carbon normalized LC50 values for bifenthrin and one organic carbon normalized LC50 
value for permethrin, which were based on spiked sediment toxicity tests of H. azteca conducted at 15 °C and/or 18 °C for the overlying water 
(Table S18)

Site ID 
(SWP09-)

Land use Bifenthrin 
(ng/g dry wt.)a

Total Per-
methrins 
(ng/g dry wt.)

Mean 
TOC (%)b

Bifenthrin 
(µg/g-oc)c

Permethrin 
(µg/g-oc)c

Pyrethroid TUs (± 1 SD; 
23 °C)d

Pyrethroid 
TUs (± 1 SD; 
15/18 °C)e

07-C Commercial < 6.36 7.15 4.06 0 0.18 0.012 (0.0089–0.021) 0.020
09-C Commercial 23.3 21.5 6.78 0.34c 0.32 0.54 (0.38–0.97) 0.70 (0.60–0.85)
05-C Industrial 32.7 41.9 8.54 0.38c 0.49c 0.62 (0.43–1.1) 0.80 (0.69–0.96)
12-C Industrial 16.9 4.14 4.8 0.35c 0.086 0.54 (0.38–0.96) 0.69 (0.59–0.84)
13-C Industrial < 8.18 1.54 2.25 0 0.068 0.0049 (0.0034–0.0082) 0.0079
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1992 to 2010. Pre-wash water was pumped from Hamp-
shire Pond to the screening equipment, and the post-wash 
water ran off into a two-cell sediment basin system that was 
mostly full by 2009. The overflow water from the sediment 
basin would have flowed into Hampshire Pond. This site 
is currently used to compost organic material from mostly 
fall street sweeping operations. Bifenthrin and total per-
methrins that were transported in stormwater runoff or 
aerial drift from lawns or buildings to city streets would be 
likely scenarios by which these pyrethroids could associ-
ate with street materials that were then washed and recy-
cled by Hampshire Pond. In comparison, bifenthrin and 
cypermethrin were measured in street sweepings from San 
Diego, CA by different types of sweepers and concentra-
tions ranged from 94.51 ± 33.66 ng/g dry wt. for bifenthrin 
and 21.64 ± 5.88 ng/g dry wt. for cypermethrin (Weston 
Solutions, Inc. 2010). Thus, the collection and recycling of 
products from streets is a useful way to reduce pyrethroid 
transport to surface waters. However, it would be prudent 
to analyze pyrethroids in compost generated from organic 
material in fall street sweeping operations to assess potential 
contamination of this material.

The analysis of sediment samples for pyrethroid com-
pounds was complicated by interferences from hydrocar-
bon compounds (e.g., PAHs). These interferences resulted 
in higher reporting limits. For bifenthrin, the reporting lim-
its were 7 to 18 times higher than the laboratories typical 
detection limit of 0.6 ng/g dry wt. For total permethrins, 
the reporting limits were 5 to 16 times higher than the typi-
cal detection limit of 0.2 ng/g dry wt. Matrix interferences 
and higher pyrethroid reporting limits also occurred in a 
sediment study of stormwater-impacted urban streams in 
the Seattle, WA metropolitan area (Anderson 2011). Thus, 
stormwater-impacted sediments can present additional ana-
lytical challenges for effective clean-up of the sediment 
matrix. This can be a particular problem in urban areas 
impacted by CT-sealants, which were a major source of 
PAHs to the study ponds (Crane 2014).

Pyrethroids strongly sorb to sediment particles due to 
their low water solubility and high octanol–water parti-
tion coefficients (log Kow; Li et al. 2017). Although there 
were only five detected total permethrin concentrations 
in this study, these data were found to be have significant 
(p < 0.05) Pearson product moment correlations to black car-
bon (r = 0.951), mean TOC (r = 0.935), % silt (r = 0.930), 
% sand (r = − 0.921), % medium silt (r = 0.917), and % fine 
clay (r = 0.915). A larger sample size of detected concen-
trations would be advantageous for assessing correlations 
over a broader range of TOC values, which were limited to 
2.25–8.54%.

Bifenthrin and total permethrins comprised the majority 
(88.4%) of all pyrethroid and pyrethrin compounds sold in 
Minnesota during 2009 when the sediment samples were 

collected (Table S28). Most of the bifenthrin sales during 
this time were for crop chemicals (95.3%), followed by other 
nonagricultural categories (4.7%), such as home, turf and 
ornamental, and garden and lawn applications (Table S28). 
In contrast, most of the permethrin sales were for formulat-
ing products (73.6%) and other nonagricultural categories 
(15.4%), including animal care products (e.g., flea and tick 
control products), structural applications, and products for 
the garden and lawn, home, and turf and ornamental plants 
(Table S28). Although sales data do not provide an indica-
tion of the amount of products used in Minnesota (MDA 
2013), the dominance of permethrin and bifenthrin in the 
nonagricultural sales data (Fig. S8) are consistent with these 
compounds being detected in the study ponds. In addition, 
none of the study ponds were included in areas where pyre-
throids were applied to control mosquitoes in 2009.

Although pyrethroids have been studied in the surficial 
sediments of several states and countries [most notably Cali-
fornia (Amweg et al. 2006; Li et al. 2017)], data for Min-
nesota waterways are limited. Bifenthrin was detected in the 
surficial sediments of five of nine stream sites in Minnesota, 
with the highest concentrations (2.5 and 4.1 ng/g dry wt.) 
in urban streams (Hladik and Kuivila 2012; Rogers et al. 
2016). These concentrations are an order of magnitude lower 
than observed in this study. Resmethrin was also detected 
(3.8 ng/g dry wt.) in an agricultural stream in southern 
Minnesota (Hladik and Kuivila 2012), whereas it was not 
detected in the pond sediments. Bifenthrin has been detected 
more often than permethrin in urban streams from multiple 
states (Anderson 2011; Hladik and Kuivila 2012), as well as 
in mostly urban storm drains in Illinois (Ding et al. 2010). In 
contrast, total permethrins were detected more often in the 
stormwater ponds (33%) than bifenthrin (20%), although this 
finding is based on a smaller sample size (n = 15) and deeper 
sediment core depth (i.e., 0–15 cm) than used in these other 
studies. Both bifenthrin and permethrin exhibit moderate 
to long persistence in sediments under aerobic or anaero-
bic conditions, with greater degradation of bifenthrin under 
anaerobic conditions (Gan et al. 2005). Such anaerobic con-
ditions would be typical for stormwater pond sediments.

PBDEs

Several BDE compounds were frequently detected in the 
sediment samples. Eight congener groups were detected in 
all of the samples, including BDEs-17 + 25, 28 + 33, 47, 49, 
99, 100, 154, and 209 (Table 1). Total PBDEs were calcu-
lated by the Kaplan–Meier method for all sites (Table 1). For 
pond 08-C, the concentrations of BDE-209 and Total PBDEs 
(due to BDE-209) were statistical outliers (Table 2; Fig. S9). 
This pond receives drainage from a large shopping mall and 
other commercial and residential buildings. Summary sta-
tistics for 24 other BDE congeners with ≥ 20% detects are 
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provided in Table 1. The list of eight BDE congeners with 
< 20% detects is provided in Table S20. BDEs-47, 99, and 
209 were the dominant congeners, comprising mean (SD) 
percentages of total PBDEs of 5.2 (2.4), 5.2 (3.2), and 70.3 
(7.9)%, respectively. These congeners also dominated the 
distribution of BDEs in sediments from tributaries flowing 
into Lake Ontario (Kolic et al. 2004), as well as in sediments 
from Lake Superior (Song et al. 2004), Lakes Ontario and 
Erie (Song et al. 2005a), and Lakes Michigan and Huron 
(Song et al. 2005b). BDEs-47 and 99 were the two main 
congeners in the pentaBDE commercial mixture, before it 
was voluntarily withdrawn from the U.S. market in 2004 
(USEPA 2009). BDE-209 was the major component of the 
decaBDE commercial mixture, which was withdrawn from 
the U.S. market at the end of 2013 (USEPA 2012). The 
debromination of decaBDE appears to occur very slowly in 
natural sediments of boreal lakes (Orihel et al. 2016), and 
slow rates of debromination may occur in these stormwater 
pond sediments, too. In comparison to a statewide survey of 
ambient sediment quality in Minnesota (Crane 2017), mean 
concentrations of BDEs-47, 99, 206, 209, and total PBDEs 
in the stormwater pond sediments were 1.8, 1.8, 1.1, 3.3, 
and 2.6 times greater, respectively, than observed statewide. 
This same subgroup of compounds exceeded the UTL95-
95 values (Crane 2017) in 6.7 (for BDE-206) to 40.0% (for 
BDE-209) of pond samples due to urban sources of BDEs 
(Table 1). Some of the commonly detected BDE congeners 
in the stormwater pond sediments (i.e., BDEs-47, 49, 99, and 
100) also corresponded to the most prevalent congeners in 
fish tissue in Minnesota, particularly in predator fish (Crane 
2017). Thus, the distribution of BDE congeners is wide-
spread throughout Minnesota (Crane 2017), with higher con-
centrations observed in urban stormwater pond sediments.

For the non-BDE BFRs included in this study, estimated 
summary statistics are provided in Table 1. The highest 
estimated mean concentration was noted for HBB (50.2 µg/
kg dry wt.; Table 1). PBEB had the lowest estimated mean 
concentration at 3.7 pg/g dry wt. (Table 1). Site 05-C had the 
highest estimated HBB and PBEB concentrations of 387,000 
and 15.1 pg/g dry wt., respectively. At the time of sampling, 
this industrial pond was located by an upland site used to 
store and process seasonal quantities of deicing sands (dur-
ing spring), chip seal rock from residential streets (mostly 
summer), and street sweepings (during fall) from the City of 
Bloomington, MN (Crane 2014). As previously discussed in 
the pyrethroid section, there was the possibility of uninten-
tional releases of overflow water from the aforementioned 
activities into the pond. Comparisons between the four non-
BDE BFRs included in this study and other sediment studies 
are provided in the ESM (p. S3).

The subset of eight detected BDE congener groups and 
Total PBDEs were assessed for correlations with other 
parameters detected in all of the samples. None of these 

compounds were significantly correlated (p > 0.05) to ln 
mean TOC or general and specific particle size fractions 
(Fig. 2; Tables S22 and S24). Natural log transformations 
of BDE-17 + 25 and BDE-49 were the only BDE congeners 
with significant (p < 0.05) Pearson correlation coefficients 
to black carbon (Fig. 2; Table S22). Khairy and Lohmann 
(2017) determined that black carbon is the dominant factor 
in the solid-water partitioning of BDE congeners in the Pas-
saic River, NJ. Ln BDE-17 + 25 and ln BDE-49 also were 
significantly (p < 0.05) correlated to ln cadmium and cop-
per in the stormwater pond sediments (Fig. 2; Table S22). 
Either significant (p < 0.05) or highly significant (p < 0.001) 
Pearson correlation coefficients were observed for natural 
log transformations of all eight BDE congener groups and 
total PBDEs with zinc, ln 4-NP, ln ∑PAH12, ln ∑PAH34, ln 
ESB Toxic Units, as well as between these BDE congener 
groups and Total PBDEs (Fig. 2; Tables S22 and S26). Only 
ln BDE-209 was not significantly (p > 0.05) correlated to 
ln BDE-28 + 33 (Table S22). Similarly, Moon et al. (2007) 
observed that BDE-209 did not correlate to BDE-28 in 
marine sediments from industrialized bays of Korea, prob-
ably due to different sources and environmental behavior. 
Long-chain APs are used in the production of flame retard-
ants (http://www.green​spec.co.uk/build​ing-desig​n/alkyl​
pheno​ls-envir​onmen​t-human​-healt​h/, accessed 17 August 
2018), which could contribute to the significant correlations 
between these parameters. In particular, highly significant 
(p < 0.001) Pearson correlation coefficients ranged from 
0.809 to 0.901 for ln BDE-154 and lower congeners com-
pared to ln 4-NP (Table S22). Zinc had the highest Pearson 
correlation coefficients for ln BDE-28 + 33 (r = 0.77) and ln 
BDE-47 (r = 0.771; Table S22). Metallic compounds, such 
as zinc or antimony oxides, are often added to enhance the 
efficiency of brominated flame retardants through the for-
mation of metal oxohalides on the surface of the material 
(Lassen et al. 2014). The use of zinc oxides in this case 
could contribute to the positive correlations observed in 
Fig. 2 and Table S22 for ln BDE compounds and ln total 
PBDEs. The highly significant (p < 0.001) correlations 
between ln ∑PAH12 and ln ∑PAH34 with seven of the BDE 
congener groups (excluding ln BDE-209) were unexpected, 
but both groups of compounds are ubiquitous in the envi-
ronment and have vehicle-related sources (Li et al. 2003; 
Boonyatumanond et al. 2007; Lagalante et al. 2009; Harrad 
and Mohamed 2011). These correlations were particularly 
strong for ln BDE-28 + 33 when compared to ln ∑PAH12 
(r = 0.897) and ln ∑PAH34 (r = 0.904; Table S26).

Comparisons to Sediment Benchmarks

The sediment chemistry data of eight metal(loid)s, ∑PAH12 
(Crane 2014), and mean PEC-Qs were compared to ranges 
of Level I and Level II SQT values (Crane and Hennes 2007; 

http://www.greenspec.co.uk/building-design/alkylphenols-environment-human-health/
http://www.greenspec.co.uk/building-design/alkylphenols-environment-human-health/
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Crane et al. 2000, 2002). The Level I SQTs are intended to 
identify contaminant concentrations below which harmful 
effects on benthic invertebrates are unlikely to be observed, 
whereas the Level II SQTs are intended to identify contami-
nant concentrations above which harmful effects on benthic 
invertebrates are likely to be observed (Crane and Hennes 
2007; Crane et al. 2000, 2002). Sites were ranked from low 
to high mean PEC-Qs in a heat map comparison to SQT 
values (Fig. 4). Three stormwater ponds (i.e., 05-C, 09-C, 
and 12-C) exceeded the Level II SQTs for mean PEC-Qs 
(0.6) and ∑PAH12 (23.0 mg/kg dry wt.; Figure 4), implying 
harmful effects on benthic organisms were likely in these 
sediment samples. ∑PAH12 was the main contributor of the 
elevated mean PEC-Q values for these samples. The other 
mean PEC-Q values were between the Level I and Level II 
SQT ranges (i.e., > 0.1 to ≤ 0.6; Fig. 4). These sediments 
had moderate sediment quality and could exhibit a higher 
incidence of sediment toxicity than sediment below the 
Level I SQT value. Of the metal(loid)s, cadmium had the 
greatest number of exceedances (14) of the corresponding 
Level I SQT value of 0.99 mg/kg dry wt (Fig. 4). Mercury 
and arsenic were of least concern in the stormwater ponds, 
with nearly all values below the corresponding Level I SQT 
values (Fig. 4). The rest of the metals had a mix of samples 

below and above the corresponding Level I SQT values 
(Fig. 4).

Sediment quality guidelines and benchmarks from other 
jurisdictions were used to provide general comparisons to 
chemicals lacking SQT values. In comparison to the New 
York State Department of Environmental Conservation 
freshwater sediment guidance values for DEHP (NYS-
DEC 2014), the stormwater pond DEHP values were much 
less than their Class A value of < 360 mg/kg dry wt. when 
adjusted for the site-specific TOC values of this study. Class 
A sediments are considered to be of low risk to aquatic life 
in New York (NYSDEC 2014) and are comparable to the 
Level I SQTs in narrative intent (Crane et al. 2000, 2002; 
Crane and Hennes 2007). TOC-normalized bifenthrin and 
permethrin concentrations were compared with integrated 
sediment benchmarks based on H. azteca and Chironomus 
spiked-sediment bioassay data (Nowell et al. 2016). All three 
detected, TOC-normalized bifenthrin samples (i.e., 05-C, 
09-C, and 12-C), as well as the permethrin sample for 05-C, 
exceeded the corresponding threshold effect benchmarks 
(Table 3). However, these concentrations were less than the 
likely effect benchmarks (Table 3). These samples corre-
sponded to the likelihood of intermediate toxicity to benthic 
invertebrates from pyrethroids. This finding is further sup-
ported by the results of mesocosm experiments that showed 

Site ID 
(SWP09-)

Major 
land use Hg As Cr Cu Pb Ni Zn Cd ∑PAH12

Mean 
PEC-Q

06-C Res
15-C Ind
10-C Com
04-C Com
11-C Res
14-C Res
01-C Res
02-C Res
03-C Ind
08-C Com
13-C Ind
07-C Com
12-C Ind
09-C Com
05-C Ind

SQT sediment quality target, Hg mercury, As arsenic, Cr chromium, Cu copper, Pb lead, Ni nickel, Zn zinc, Cd cadmium, PAH polycyclic aromatic 
hydrocarbon, PEC-Q probable effect concentration quotient, Res residential, Ind industrial, Com commercial

Green shading = less than Level I SQT values, where light and medium green colors denote values below and above one-half the Level I SQT 
values, respectively; yellow shading = between Level I and II SQT values, where light and medium yellow colors denote values below and above 
the midpoint between these values, respectively; red shading = greater than Level II SQT values

Fig. 4   Heat map comparisons to SQT values where composite samples are ranked from low to high mean PEC-Qs and the chemical columns are 
ordered left to right from least contaminated to most contaminated parameters
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TOC-normalized bifenthrin concentrations lower than this 
study reduced larval macroinvertebrate abundance, richness, 
and biomass (Rogers et al. 2016).

The TU approach also was used to assess potential toxic-
ity of H. azteca due to pyrethroids. Bifenthrin was the main 
contributor to pyrethroid TUs (Table 3). A similar find-
ing has been observed in other urban studies in the United 
States (Amweg et al. 2006; Holmes et al. 2008; Hintzen 
et al. 2009; Ding et al. 2010; Kuivila et al. 2012; Nowell 
et al. 2013). None of the pyrethroid TUs exceeded 1.0 when 
based on mean LC50’s for two overlying water temperature 
ranges (i.e., 23 °C and 15/18 °C; Table 3). Pyrethroids are 
more toxic to H. azteca at colder temperatures (Holmes 
et al. 2008; Weston and Lydy 2010), as reflected in the 
higher TUs at 15/18 °C (Table 3). When the upper standard 
deviations of the LC50 values were used in the calculations, 
the TU of 05-C was 1.1 at 23 °C and rounded up to 1.0 at 
15/18 °C (Table 3). Under this scenario, the pyrethroid TUs 
also approached 1.0 at 23 °C for 09-C and 12-C (Table 3). 
Amweg et al. (2006) observed that sediment samples from 
urban creeks in California were nontoxic at pyrethroid 
TUs < 1, whereas those with TUs > 2 were consistently toxic. 
Weston et al. (2013) has since shown that some populations 
of nontarget H. azteca in California have developed genetic 
resistance to pyrethroids and a different mode of toxicity 
(i.e., oxidative stress at high concentrations). In their study 

of three laboratory cultures and seven wild populations of H. 
azteca, there was more than 550-fold variation in sensitivity 
to widely used pyrethroid insecticides (Weston et al. 2013). 
Their study has implications for ensuring consistent popula-
tions of H. azteca, which is a complex of several species, are 
used by various toxicity laboratories for generating data for 
regulatory agencies. In regards to this study, all three of the 
stormwater pond samples with the highest TUs (i.e., 05-C, 
09-C, and 12-C) had mean PEC-Qs and ∑PAH12 concentra-
tions greater than the corresponding Level II SQT values. 
Thus, PAHs would be the most likely chemical group to 
contribute to benthic invertebrate toxicity in these samples. 
Because PAH concentrations will likely decrease over time 
due to Minnesota’s ban on CT-sealants, bifenthrin should 
be assessed to determine if concentrations are increasing to 
levels associated with sediment toxicity.

Total NP TEQs were compared with Canadian interim 
sediment quality guidelines (ISQGs; CCME 2002), which 
were adjusted to site-specific mean TOC values. Three sam-
ples exceeded the site-specific ISQG values for ponds 10-C, 
12-C, and 13-C by 1.1, 13.0, and 1.8 times, respectively 
(Table 4). For these stormwater ponds, concentrations of 
NP and its ethoxylates were likely to cause adverse effects 
to benthic organisms, especially in the pond with the highest 
exceedance (i.e., 12-C). However, elevated concentrations 
of ∑PAH12 in these three ponds also could contribute to 

Table 4   Total NP TEQs 
compared to site-specific ISQGs 
derived from CCME (2002)

NP nonylphenol, TEQ toxic equivalents, ISQGs interim sediment quality guidelines (CCME 2002), TOC 
total organic carbon
a TOC data from split sediment samples (Crane 2014), which represented the mean of duplicate TOC values
b The freshwater ISQG value from CCME (2002) was multiplied by the mean TOC value of each composite 
sediment sample to yield a site-specific ISQG value for each stormwater pond
c Concentration values less than the reporting limit were substituted as zero; bold TEQ values indicate 
exceedances of the corresponding site-specific ISQG values
d Used a maximum value of 12% TOC for site 04-C per USEPA Science Advisory Board (1992) guidance

Site ID 
(SWP09-)

Land use Mean TOCa (%) Site-specific ISQGb 
(mg/kg dry wt.)

Total NP TEQsc 
(mg/kg dry wt.)

01-C Residential 1.86 2.6 0.076
02-C Residential 3.42 4.8 0.29
06-C Residential 9.51 13.4 0.032
11-C Residential 2.67 3.8 0.44
14-C Residential 7.15 10.1 0.041
04-C Commercial 21.95d 16.9 0.46
07-C Commercial 4.06 5.7 1.2
08-C Commercial 6.84 9.6 1.8
09-C Commercial 6.78 9.6 6.5
10-C Commercial 1.95 2.7 2.9
03-C Industrial 5.19 7.3 7.2
05-C Industrial 8.54 12.0 5.5
12-C Industrial 4.80 6.8 88.1
13-C Industrial 2.25 3.2 5.9
15-C Industrial 1.78 2.5 0.087
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sediment toxicity, especially in pond 12-C where the Level 
II SQT for ∑PAH12 was exceeded (Fig. 4).

The update of the B[a]P equivalent calculations resulted 
in somewhat higher concentrations compared with those 
used in Crane (2014; Table 5). The percentage of detects was 
increased enough to allow B[a]P equivalents to be calculated 
for four samples that were previously listed as nondetects 
in Crane (2014; i.e., 02-C, 04-C, 06-C, and 14-C). The ln 
B[a]P equivalent values were either significantly (p < 0.05) 
or highly significantly (p < 0.001) correlated to zinc, ln 
4-NP, seven of the BDEs, and ln total PBDEs (Table S26). 
The highest Pearson correlation coefficient (r = 0.931) was 
observed with ln BDE-28 + 33 (Table S26; Fig. S10).

The updated B[a]P equivalents were compared to the 
MPCA’s Soil Reference Values (SRVs), which are soil con-
taminant concentrations above which an unacceptable risk 
to human health is predicted under two different exposure 
scenarios for residential and industrial land uses (MPCA 
2016b, c). Management decisions about upland disposal 
options for stormwater pond sediment are based on these 
comparisons. Ten ponds exceeded the Residential SRV 
value of 2 mg/kg compared to nine ponds in Crane (2014; 
Table 5). The same nine ponds exceeded the Industrial SRV 
of 3 mg/kg in both Crane (2014) and the updated calcula-
tions (Table 5). Three ponds (i.e., 05-C, 09-C, and 12-C) had 

much higher exceedances of the Industrial SRV value than 
the other six ponds (Table 5), and these ponds also exceeded 
the Level II SQT values for both ∑PAH12 and mean PEC-
Qs (Fig. 4). Dredged sediment from ponds exceeding the 
Industrial SRV is treated as hazardous waste, and disposal 
would be restricted to lined landfills or other contained sys-
tems (Stollenwerk et al. 2014). Sample 08-C was the only 
pond with B[a]P equivalents between the Residential and 
Industrial SRV values (Table 5); dredged sediment from 
this pond could be used on properties with an industrial use 
category (Stollenwerk et al. 2014). Five ponds (i.e., 02-C,  
04-C, 06-C, 14-C, and 15-C) had low concentrations of B[a]P 
equivalents below the Residential SRV value (Table 5), 
and excavated sediment from these ponds could be used as 
unregulated fill with no special management (Berger et al. 
2017). However, pond 06-C exceeded the Residential SRV 
value of 9 mg/kg for arsenic, but it was below the Indus-
trial SRV value of 20 mg/kg. Thus, sediment from this pond 
would have more restricted disposal options. None of the 
ponds exceeded the Residential SRV value for copper of 
100 mg/kg. The MPCA recently updated the B[a]P equiva-
lent SRV values with new toxicity data from the Minnesota 
Department of Health, although these draft values have not 
been finalized, yet. Once finalized, the number of ponds 
exceeding the Industrial SRV value will likely be reduced. 
Until that time, the original SRV values will remain in use.

Major Land Use Comparisons

The impact of watershed land uses on the distribution of con-
taminants detected in all 15 stormwater ponds was assessed. 
Nine of the 25 chemical parameters listed in Table 6 had 
significant (p < 0.05) one-way ANOVA results, indicating 
the differences in mean values among major land use cat-
egories (i.e., residential, commercial, and industrial) were 
greater than would be expected by chance. The nine signifi-
cant parameters included zinc, 4-NP, six BDEs (i.e., 28 + 33, 
47, 99, 100, 154, and 209), and total PBDEs (Table 6). All of 
these parameters had either significant (p < 0.05) or highly 
significant (p < 0.001) Pearson correlation coefficients with 
each other (Table S22). Multiple pairwise comparisons 
showed significant (p < 0.05) differences in the mean values 
of all nine parameters for ponds dominated by industrial 
land uses versus residential land uses (Table S29). Similar 
results were observed for ponds dominated by commercial 
land uses versus residential land uses, except for zinc (which 
was not significant; Table S29). For the significant pairwise 
comparisons, mean concentrations were always higher in the 
industrial and commercial pond groups, respectively, com-
pared to those in the residential ponds (Fig. 5). Zinc also 
was higher in stormwater pond sediments from other com-
mercial (Liebens 2001; Crawford et al. 2010) and industrial 
(Egemose et al. 2015; Sharley et al. 2017) areas, as well as 

Table 5   Updated B[a]P equivalents compared to those used in Crane 
(2014)

B[a]P benzo[a]pyrene, ND not detected, MPCA Minnesota Pollution 
Control Agency, SRV Soil Reference Value
a Values exceeded the MPCA’s Residential SRV value of 2  mg/kg 
B[a]P equivalents (MPCA 2016b, c)
b Values exceeded the MPCA’s Industrial SRV value of 3 mg/kg B[a]P 
equivalents (MPCA 2016b, c)

Site ID 
(SWP09-)

Land use B[a]P equivalents 
(mg/kg) used in 
Crane (2014)

Updated B[a]P 
equivalents  
(mg/kg)

02-C Residential ND 0.24
06-C Residential ND 0.46
15-C Industrial 0.29 0.47
14-C Residential ND 0.57
04-C Commercial ND 0.87
08-C Commercial 1.6 2.3a

11-C Residential 3.2a,b 3.9a,b

10-C Commercial 3.7a,b 4.0a,b

03-C Industrial 6.0a,b 6.6a,b

13-C Industrial 5.9a,b 6.8a,b

01-C Residential 6.5a,b 7.1a,b

07-C Commercial 7.7a,b 8.9a,b

12-C Industrial 36.7a,b 38.8a,b

09-C Commercial 51.4a,b 55.4a,b

05-C Industrial 61.4a,b 64.9a,b
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being positively correlated with the extent of development 
(Blaszczak et al. 2018), compared with residential or less 
developed areas.

Although DEHP and PFASs were not detected in all of the 
stormwater pond sediments, their detection frequency varied 
by land use category. DEHP was detected more often in 
the commercial (80%) and industrial (60%) ponds, at higher 
concentrations, compared with the residential ponds (40%). 
However, this difference was not significant (p > 0.05) based 
on a Kruskal–Wallis one-way ANOVA on ranks. A higher 
percentage of 10 PFASs were detected in commercial (66%) 
and industrial (52%) pond sediments than residential (30%) 
ponds (Table S30), for which the difference was significant 

(p < 0.05) between commercial and residential ponds. PFOS, 
perfluorononanoate (PFNA), and PFDoA were detected in 
all five commercial ponds (Table S30). Watershed land uses 
also influenced the distribution of six PFASs in stormwa-
ter runoff from the Twin Cities metropolitan area (Xiao 
et al. 2012b). While the distribution of PFASs in residential 
stormwater runoff was similar to that in rainfall, nonatmos-
pheric sources contributed PFASs in stormwater runoff from 
commercial and industrial areas, particularly for PFOS and 
PFOA (Xiao et al. 2012b).

Table 6   Statistical comparisons 
of detected parameters by major 
land use categories

ANOVA analysis of variance, B[a]P benzo[a]pyrene, PEC-Qs probable effect concentration quotients, 4-NP 
4-nonylphenol, PBDEs polybrominated diphenyl ethers, BDE brominated diphenyl ether
a The power of the ANOVA was below the desired power of 0.80, which indicates one is less likely to detect 
a difference when one actually exists
b Neither the natural log or square root transformations passed the Shapiro–Wilk normality test
*Statistically significant difference (p < 0.05)

Parameter Transformation of data p value

One-way ANOVA Kruskal–Wallis 
one-way ANOVA on 
ranks

Metal(loid)
 Aluminum Not needed 0.103a

 Arsenic Not needed 0.414
 Barium Noneb 0.295
 Cadmium Not needed 0.690
 Chromium Not needed 0.579
 Cobalt Not needed 0.508
 Copper Not needed 0.936
 Lead Natural log 0.582
 Manganese Not needed 0.094a

 Mercury Not needed 0.922
 Nickel Not needed 0.887
 Vanadium Not needed 0.378a

 Zinc Not needed 0.006*
B[a]P equivalents Natural log 0.169a

Mean PEC-Qs Natural log 0.183a

4-NP Natural log 0.011*
PBDEs
 BDE-17 + 25 Not needed 0.162a

 BDE-28 + 33 Natural log 0.013*
 BDE-47 Natural log 0.004*
 BDE-49 Not needed 0.084a

 BDE-99 Natural log 0.002*
 BDE-100 Natural log 0.003*
 BDE-154 Natural log 0.005*
 BDE-209 Natural log 0.019*
 Total PBDEs Natural log 0.012*
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Multivariate Statistical Analyses

PCA analysis of the composite sediment samples was done 
to reduce a subset of contaminants detected in all of the 
samples to the ones that accounted for most of the variance 
in the data set. PAH metrics from Crane (2014) were consid-
ered, as well, including ∑PAH12 and PAH ESB Toxic Units. 
A total of 26 PCA scenarios were run using different suites 
of chemicals and number of principal components. The 

options that passed the normality test, included three prin-
cipal components, utilized a representative set of detected 
parameters, and explained a higher proportion of variance 
were considered further. The best PCA option included 
arsenic, cadmium, chromium, copper, lead, mercury, nickel, 
zinc, 4-NP, BDE-49, BDE-209, B[a]P equivalents, ∑PAH12, 
and ESB Toxic Units (Fig. 6). The scree plot, component 
loading plots, and component score plots from the PCA 
analysis are provided in Figs. S11 and S12. Three principal 
components (PCs) accounted for 75.8% of the variance in 
the data (Fig. 6). The Eigenvectors of the covariance matrix 
in PC1 were highest for BDE-49, B[a]P equivalents, and 
ESB Toxic Units. The Eigenvectors in PC2 were highest for 
mercury, cadmium, and nickel, whereas lead contributed the 
highest value to PC3. BDE-209 was reduced from the first 
three PCs. The unexplained variance ranged from 5.2% for 
cadmium to 88.0% for BDE-209. Arsenic (61.0%) and 4-NP 
(46.9%) had the next highest percentages of unexplained 
variance. No outliers (p > 0.05) were noted from the PCA 
component scores.

The most similar ponds were not always linked by water-
shed land use categories (Figs. 6 and S13). The two most 
contaminated ponds, 05-C and 09-C, were grouped together 
in the HCA analysis and encompassed industrial and com-
mercial land uses, respectively. These two ponds had the 
highest mean PEC-Qs and ∑PAH12 concentrations (Fig. 4), 

Fig. 5   Comparison of contaminant values by watershed land use type 
for (a) zinc, (b) 4-NP, and (c) total PBDEs

Fig. 6   PCA plot of 8 metal(loid)s (i.e., arsenic, cadmium, chromium, 
copper, lead, mercury, nickel, and zinc), 4-NP, BDE-49, BDE-209, 
∑PAH12, PAH ESB Toxic Units, and B[a]P equivalents; symbol 
numbers correspond to the composite stormwater pond sites (SWP09-)
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the highest B[a]P equivalents (Table 5), the highest and third 
highest ESB Toxic Units (Crane 2014), respectively, and ele-
vated concentrations of cadmium, copper, lead, nickel, and 
zinc (Fig. 4). While pond 05-C (Hampshire Pond) appeared 
to be impacted more by runoff from street sweeping piles 
and sorting operations, pond 09-C (Helen St. Pond) received 
drainage from primarily commercial and some residential 
areas in North St. Paul, MN (Crane 2014). Pond 12-C (2nd 
St. Pond) was another highly contaminated pond, which was 
unique from the other ponds (Fig. 6). It was located in a 
former wood treating Superfund site in New Brighton, MN 
that had been remediated (Crane 2014). Besides elevated 
PAH-related parameters and metals, pond 12-C also had the 
highest 4-NP and chromium concentrations of this study 
(Table 2). Three other ponds were grouped singly, including 
the industrial ponds 13-C and 15-C, as well as the residential 
pond 02-C (Fig. 6). The rest of the ponds were grouped into 
two clusters spanning more than one watershed land use 
category (Fig. 6).

Implications for Stormwater Management

The multivariate statistical analyses confirmed that making 
management decisions primarily based on B[a]P equivalents 
was appropriate for the upland disposal of dredged sediment 
from this group of stormwater ponds. In the PCA analysis, 
the Eigenvector for B[a]P equivalents was important for 
the first principal component and 91.4% of the variance for  
B[a]P equivalents was explained by using three principal 
components. The broad mixture of conventional contami-
nants and CECs (e.g., PFASs, pyrethroids, 4-NP, BDEs) 
in the pond sediments with the highest B[a]P equivalents 
(i.e., 05-C, 09-C, and 12-C) would be sequestered with the 
restricted landfill options for these ponds. The other ponds 
with exceedances of Residential and/or Industrial SRV val-
ues for B[a]P equivalents and arsenic would also garner 
restricted sediment disposal, which would reduce releases 
of CECs to the environment. This restriction is especially 
important for pond 08-C, which had the highest BDE-209 
and Total PBDE concentrations in this study (Table 2).

Restrictions and phase-outs of certain chemicals, as well 
as product bans, should result in future reductions of PAHs, 
BDEs, copper, and long-chain PFASs in stormwater pond 
sediments in Minnesota. Van Metre and Mahler (2014) 
determined that the 2006 ban on CT-sealants in Austin, TX 
resulted in reductions of ∑PAH16 by approximately 71% 
and 35% from 2001 to 2014 in two of three sediment cores 
collected from the principal lake receiving Austin’s urban 
runoff. Potential reductions of B[a]P equivalents in either 
lake or stormwater pond sediments in the Twin Cities area 
after the 2014 CT-sealant ban have not been assessed yet, 
because it may be too early to conduct such a study. Parti-
cles will continue to abrade from old CT-sealed driveways 

and parking lots, with subsequent transport by stormwater 
runoff, until replacement sealants are applied that are much 
lower in PAHs. Reductions of some BDE congeners have 
been found in the environment as a result of product phase-
outs and bans. In San Francisco Bay, CA, concentrations 
of BDE-47 in sediment have dropped by over one-third 
from 2002 to 2012, whereas BDE-209 has not shown any 
temporal trend yet (Sutton et al. 2015). Lower brominated 
BDEs have been reduced by 46–74% in fish fillets collected 
from the Great Lakes between 2006/2007 and 2012 (Gandhi 
et al. 2017). In response to the national copper-free brake 
initiative described earlier, copper loads in urban runoff in 
California are expected to decrease 46 to 57% by 2024 (Cali-
fornia Stormwater Quality Association 2016). Similarly, less 
copper from vehicle sources can be expected to be emitted 
into stormwater runoff in Minnesota over time, resulting in 
reduced loadings to stormwater pond sediments. Between 
2009 and 2013, substantial reductions in PFOS concentra-
tions have been observed in pelagic fish fillets from Pool 2 
of the Upper Mississippi River after the voluntary phase-
out of PFOS in 2002 (Newsted et al. 2017). Because sedi-
ments may accumulate in stormwater ponds for over a dec-
ade before removal actions, some ponds will continue to 
contain a legacy of contaminants before implementing pond 
maintenance.

As PAH concentrations, and subsequently B[a]P equiva-
lents, likely decrease in Minnesota stormwater pond sedi-
ments over time, municipalities may be able to consider less 
restrictive disposal options for pond sediment. Changes in 
disposal options also could occur as the result of updates 
to the MPCA’s SRV values for B[a]P equivalents, particu-
larly if the Industrial SRV value becomes less restrictive 
in the future. Municipalities will still face challenges with 
where to place the volume of excavated sediment from ponds 
with unrestricted disposal. In addition, other emerging and 
unmeasured contaminants that would have previously been 
sequestered in a landfill may then be released to the envi-
ronment in future scenarios where the excavated sediment 
is classified as unregulated fill. The MPCA does not have 
human health-based SRV values for several of the CECs 
included in this study, except for a limited number of PFASs. 
The Residential SRV values for PFBA, PFOA, and PFOS 
are all much greater than the concentrations observed in this 
study, implying unrestricted disposal of dredged material 
based on just those contaminants. However, these SRV val-
ues will likely be modified in the future as new toxicity data 
becomes available. Once there is more toxicity data available 
for 4-NP and 4-NP1EO, deriving SRVs would provide a way 
to evaluate the potential impacts to people from exposure 
to these CECs in sediment. The MPCA does not usually 
consider ecological risks in upland disposal of stormwater 
pond sediment.
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Current evaluations of stormwater pond sediments for 
arsenic, copper, and a suite of 17 carcinogenic and 10 non-
carcinogenic PAHs are sufficient for Minnesota municipali-
ties and other MS4 permittees to analyze in their stormwa-
ter pond sediments before excavation and disposal. MPCA 
guidance recommends additional parameters be included in 
areas with site-specific contaminant sources (Berger et al. 
2017). Although pyrethroids are increasing in usage in Min-
nesota, there are analytical challenges with measuring these 
compounds in the complex organic matrices of stormwater 
pond sediments. A future follow-up study may be prudent to 
determine concentrations of CECs and chloride in stormwa-
ter pond sediments from a larger number of ponds. In par-
ticular, APs, NPEs, pyrethroids, PBDE replacement flame 
retardants, short-chain PFASs, bisphenol A, and chloride 
could be included, along with arsenic, copper, and the suite 
of required PAHs. In addition, microplastics have not been 
studied in stormwater ponds to determine prevalence and 
potential for deposition to sediments. Microplastics in fresh-
water (Driedger et al. 2015; McCormick et al. 2014, 2016; 
Baldwin et al. 2016) and soil (de Souza Machado et al. 2018; 
Hurley et al. 2018) are an emerging problem that can affect 
the transport and fate of hydrophobic organic contaminants 
and metals (Alimi et al. 2018; Lee et al. 2019). Because 
there are inconsistent regulations (or lack thereof) across 
the United States and Canada for the disposal of stormwater 
pond sediments (Polta 2004), this study has demonstrated 
there could be releases of a complex mixture of contami-
nants to the environment if the sediment is just land-applied 
without analytical testing.

Other stormwater management techniques, in tandem 
with the use of stormwater ponds or separately, may pro-
vide lower cost options for removing more contaminants 
from stormwater. Adsorption filtration is being studied for 
the removal of dissolved, colloidal, and particulate pollut-
ants from stormwater. Björklund and Li (2018) determined 
in laboratory experiments that pine bark and chitosan-cov-
ered bark quickly removed > 80% of organic compounds 
frequently detected in stormwater, including PAHs, APs, and 
phthalates. The field applicability of this technique needs 
to be tested. Iron-enhanced sand filters have been shown 
to significantly remove 14 of the 48 most detected CECs in 
stormwater samples from the Twin Cities area (Fairbairn 
et al. 2018). In Europe, infiltration basins and constructed 
wetlands were ranked as the best BMPs for endocrine-dis-
rupting chemicals and other priority pollutants in stormwater 
(Scholes et al. 2008). Other stormwater BMPs, such as rain 
gardens and tree trenches, can reduce contaminant inflows to 
stormwater ponds and allow microbial degradation of some 
organic compounds to occur (e.g., lower-ring PAHs: LeFe-
vre et al. 2012).

Conclusions

The stormwater pond sediments from this study included 
a complex mixture of contaminants, which spanned low 
to high levels of concern for aquatic biological effects and 
upland disposal options based on human health risks. Pre-
viously published work from this study showed that CT-
sealants were a major source of PAHs to the study pond 
sediments, and concentrations of B[a]P equivalents were 
influencing management options about how excavated sedi-
ment from these ponds could be disposed. In this component 
of the study, a broad mixture of conventional contaminants 
and CECs were detected in some or all of the surficial pond 
sediments collected in 2009 from the Minneapolis–St. Paul, 
MN metropolitan area. Given the historic production of 
PFOS, PFOA, and other long-chain PFASs by 3M Corpora-
tion in the southeastern Twin Cities area, and use of these 
compounds in consumer products, it was not surprising to 
find detections of these compounds in the 15 stormwater 
ponds. Commercial ponds had significantly more (p < 0.05) 
detections of a group of 10 PFCAs than those with residen-
tial watershed land uses. The detection of bifenthrin and 
permethrin in certain ponds with commercial and/or indus-
trial land uses provided the first data of pyrethroids in Min-
nesota stormwater pond sediments, although the analysis 
of pyrethroids was stymied by matrix interferences in the 
sediment samples. It may be more productive to analyze for 
pyrethroids in depositional areas of stream or lake sediments 
to target sediments with less hydrocarbon interferences, or 
employ other analytical procedures to reduce the impact of 
interferences. Watershed land uses were a factor in the distri-
bution of zinc, 4-NP, six BDE compounds, and total PBDEs, 
with the lowest concentrations in residential ponds. This 
group of compounds also displayed significant (p < 0.05) 
Pearson product moment correlations amongst most of these 
variables, along with total PAH groups and B[a]P equiva-
lents. Any follow-up studies should examine whether these 
relationships still hold after more time has elapsed from 
phase-outs and bans of commercial BDE mixtures, as well as 
the statewide ban on CT-sealants. The updated B[a]P equiva-
lents were an effective chemical proxy for use in making 
management decisions about disposal options for stormwater 
pond sediments in this study. The nine ponds with the high-
est B[a]P equivalents that would prompt restricted disposal 
of excavated sediments also would encapsulate sediments 
with elevated metals, DEHP, chloride, and CECs, such as 
PFASs, PBDEs, bifenthrin, permethrin, 4-NP, and NPEs. 
If PAHs decrease in the future in response to Minnesota’s 
ban on CT-sealants, then additional consideration is needed 
regarding managing CECs in stormwater pond sediments. 
Other jurisdictions can use these results for considering 
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how they manage excavated sediment from their stormwa-
ter ponds, too.
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