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Abstract—The occurrence and potential adverse effects of select semivolatile organic compounds (SVOCs) in streambed sediment
were assessed at 536 sites in 20 major river basins across the United States from 1992 to 1995. Fifty-six SVOCs were detected at
one or more sites, and one or more SVOCs were detected at 71% of sites. The northeastern and Great Lakes regions and large
metropolitan areas have the highest SV OC concentrations. Polycyclic aromatic hydrocarbons (PAHs) were detected most frequently
and at the highest concentrations. Concentrations of PAHs and phthal ates were about 10 times higher at sites influenced by urban
activities than at sites in other land-use areas. Semivolatile organic compounds were significantly (« = 0.05) correlated with land
use and population density, and PAHs also correlated with physical/chemical properties. On the basis of sediment-quality guidelines,
adverse effects are probable at 7.5% and possible at 16.2% of the sites. Most of the potential for adverse effects is due to PAHSs.
The median percentage of urban land use was 8% at sites with possible adverse effects and 16% at sites with probable adverse

effects. Urbanization profoundly affects sediment quality, even though it comprised a small percentage of most drainage basins.

K eywor ds—Sediment Streams

INTRODUCTION

One long-term objective of the U.S. Geological Survey’s
National Water-Quality Assessment (NAWQA) Program is to
assess the quality of sediment in the nation’s streams [1]. Bed
sediment from streams in major river basins across the United
States is being assessed for the occurrence and distribution of
semivolatile organic compounds (SVOCs), organochlorine
pesticides and polychlorinated biphenyls [2], and trace ele-
ments [3]. In general, these are hydrophobic compounds that
preferentially distribute into hydrophobic organic phases, such
as sediment organic carbon and lipidsin animal tissue. Streams
were sampled in drainage basins with different land uses, in-
cluding basins that are relatively unaffected by human activ-
ities, to assess the quality of sediment in a variety of envi-
ronments. Sites with known localized contamination were not
targeted because the emphasisisto characterize concentrations
that occur over large geographic areas. The mgjor river basins
in the United States are organized into three groups such that
most regions of the nation are represented in each group. Dur-
ing a nine-year cycle, the three groups rotate through three-
year phases of intensive data collection. The quality of stream
sediment in a variety of land-use settings will be well repre-
sented when the first cycle of assessments is completed in
2001.

This paper summarizes the occurrence and potential adverse
effects of select SVOCs in the first group of 20 major river
basins (Fig. 1). The 65 selected SVOCs includes 27 polycyclic
aromatic hydrocarbons (PAHS), 11 halogenated compounds, 7
azaarenes, 6 phthalates, 6 phenols, 6 nitrogenated compounds,
1 quinone, and 1 cyclic ketone. By definition, SVOCs have
low to moderate vapor pressures [4]. The SVOCs are opera-
tionally defined as solvent-extractable organic compounds that

* To whom correspondence may be addressed (tjlopes@usgs.gov).
Any use of trade names is for descriptive purposes only and does
not imply endorsement by the U.S. government.

Polycyclic aromatic hydrocarbon

727

Phthal ate Urban

can be determined by gas chromatography/mass spectrometry
[5]. Many of the SVOCs that were analyzed are priority pol-
lutants, which are compounds that received special attention
when the process of setting water-quality standardsand effluent
limits were initiated in the 1970s [6]. Many of the priority
pollutants are toxic compounds that are commonly associated
with industrial activities and processes and are referenced in
the Clean Water Act of 1977. Priority pollutants that are
SVOCs include phthalates used in plastics, phenols used in
disinfectants and in manufacturing chemicals, and PAHs. Poly-
cyclic aromatic hydrocarbons and azaarenes are comprised of
fused benzene rings that form during the incomplete combus-
tion of organic matter, including wood and fossil fuels, such
as gasoline, coal, and fuel oil [7]. Azaarenes are distinguished
from PAHSs by having a nitrogen atom substituted for a carbon
atom in the fused-ring structure. Azaarenes covary strongly
with PAHs in bed-sediment samples [8] because fossil fuel
combustion is the predominant source of PAHs and azaarenes.
However, natural or anthropogenic introduction of uncom-
busted oil and coa and industrial use of PAHs in dye and
plastic industries also could introduce PAHs to sediments
[9,10].

Some PAHSs, phthalates, and phenols are probable human
carcinogens and endocrine disruptors [11]. Endocrine disrup-
tors can alter the hormone chemistry of certain species and
endanger their long-term survival by affecting metabolic, de-
velopmental, and reproductive functions [12]. The primary
routes of human exposure to SVOCs are ingestion of contam-
inated food and inhalation of contaminated air [7,11]. Al-
though concentrations may be low, contaminants often occur
together in the environment [13], and they can have additive
toxic effects. For example, some PAHs and the pesticide chlor-
pyrifos co-occur in dust around homes and have additive ef-
fects on acetylcholinesterase activity [14].

Semivolatile organic compounds may accumulate in sedi-
ment to concentrations that are toxic to benthic organisms

This article is a U.S. government work, and is not subject to copyright in the United States.
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Fig. 1. Location of U.S. Geological Survey’s National Water-Quality Assessment study areas and streambed sediment sites, 1992 to 1995.

[15,16]. To protect ecosystems from sediment contamination,
sediment-quality guidelines (SQGs) have been developed for
many contaminants and for total PAHs [17,18]. The SQGs are
contaminant concentrations based on sediment dry weight or
sediment organic carbon. Bioconcentration factors in fish and
water fleas for most of the 65 SVOCs are between 10 and
1,000 [19]. In contrast, many organochlorine pesticides and
polychlorinated biphenyls are less readily metabolized by or-
ganisms and have bioconcentration factors between 1,000 and
100,000. This explains why SQGs generally are higher for
SV OCsthan for organochlorine pesticides and polychlorinated
biphenyls.

STUDY METHODS
Streambed-sediment samples

Streambed-sediment samples were collected from 536 sites
in the 20 major river basins between August 1992 and Sep-
tember 1995. Replicate samples were collected at 52 of these
sites. All streambed-sediment samples and replicates were col-
lected using consistent methods [20] to determine which con-
stituents are associated with different land uses over a wide
geographic area. The sampling protocol targeted depositional
zones with fine-grained, organic carbon-rich sediment [20].
At each sampling site, 5 to 10 samples were collected from
depositional zones in a 100-m reach of a stream, composited,
and then sieved to <2 mm using a stainless-steel sieve. Only
the surficial 2 to 3 cm of streambed sediment were sampled
in order to characterize concentrations of SVOCs in recently
deposited sediments. Samples were placed in precleaned glass
jars with Teflon®-lined lids, shipped to the laboratory on ice,
and stored frozen until analysis. Some sites were sampled more
than once, in which case the first sample collected at the site
was used in this analysis. The number of sites sasmpled in each
river basin (Fig. 1) ranged from 13 to 55 with a median of

24. The drainage basin upstream from sampled sites had a
median area of 700 km?.

Agriculture was the targeted land use in the first 20 river
basins. Agriculture and forest comprised 80% or more of the
land use in the drainage basin at about 60% of the sites. Urban
and rangeland comprised substantial percentages of the land
use at most other sites. Agriculture, forest, urban, and range-
land comprised about 80% or more of the land use in the
drainage basins at about 90% of the sites.

Chemical analysis

The analytical procedure and method performance are de-
scribed in detail by Furlong et a. [5]. Briefly, streambed-
sediment samples were extracted with dichloromethane in a
Soxhlet apparatus for at least 12 h. The extract was concen-
trated, and SVOCs were then partially isolated from humic-
type compounds and elemental sulfur by an automated gel
permeation chromatography system. Internal standards were
added to the concentrated SVOC extract, and the extract was
analyzed by gas chromatography/mass spectrometry. The mass
spectrometer was operated in full-scan mode with electron-
impact ionization. The mean method detection limit, cal culated
according to the protocol of the U.S. Environmental Protection
Agency’s (U.S. EPA) [21], is 30 pg/kg with a standard de-
viation of 13 pg/kg. When not detected, all SVOCs were cen-
sored at the lowest daily calibration standard of 50 wg/kg for
a target sample of 25 g.

An independent check of method performance was provid-
ed by analysis of Standard Reference Material 1941([SRM],
Gaithersburg, MD, USA), an estuarine sediment with 18 PAH
concentrations certified by the National Institute of Standards
and Technology ([NIST], Gaithersburg, MD, USA). Recov-
eries of PAHs from SRM 1941 ranged from 51 to 120% with
a mean of 83%. The relative standard deviation of recovery
ranged from 20 to 104% with a mean of 53%. The mean and
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standard deviations of recoveries compared well with values
provided by NIST, indicating that the method performs sim-
ilarly to the method used by NIST. The SRM 1941 also is
included in each set of sample analyses as part of laboratory
quality control. Recoveriesfrom SRM during 1992—1995 com-
pared well with values provided by NIST, indicating that the
method performed well throughout the study.

In sediment samples spiked at 800 wg/kg, recoveries of the
65 SVOCs ranged from 18 to 120% with a mean of 79%. At
2,000 pg/kg, spike recoveries ranged from 6.8 to 70% with a
mean of 57%. Polycyclic aromatic hydrocarbons, azaarenes,
phenols, dimethyl phthalate, and diethyl phthalate comprised
most of the compounds that had recoveries greater than 80%
when spiked at 800 pg/kg. Chlorinated compounds, bis(2-
ethylhexyl) phthalate, and di-n-octyl phthal ate comprised most
of the compounds that had recoveries <50%. Detected con-
centrations in environmental samples were not corrected for
recovery.

Five compounds were detected in 30 to 80% and 60 com-
pounds were detected in 0 to 3% of 68 laboratory blank sam-
ples[5]. For this paper, laboratory contamination was corrected
by subtracting the 95th-percentile concentration of laboratory
blank samples analyzed between 1992 and 1995 from the con-
centration detected in environmental samples. Differences <50
wno/kg were censored. The five SVOCs frequently detected in
laboratory blanks and their 95th-percentile concentrations of
laboratory blank samples are phenol (27 wg/kg), diethyl
phthalate (25 pg/kg), di-n-butyl phthalate (54 wg/kg), butyl-
benzyl phthalate (64 pg/kg), and bis(2-ethylhexyl) phthalate
(100 pg/kg).

Replicate samples

Except for naphthalene, sign-rank tests indicated no sig-
nificant difference in SVOC concentrations between replicate
samples. If both replicates had detected concentrations greater
than 50 p.g/kg, then the percentage difference between repli-
cates was calculated by dividing the difference by the average
of the two concentrations and multiplying by 100. The median
difference in naphthalene concentrations was 12% (n = 6).
Median differences were 14% for PAHs (n = 304), 12% for
azaarenes (n = 22), 18% for phthalates (n = 61), and 18%
for phenols (n = 29). Lack of asignificant difference between
replicate samples, except for naphthalene, and the low per-
centage differences indicate that results are reproducible.

Data analysis

Detection frequencies and percentiles of SVOC concentra-
tions were computed at the censoring level of 50 png/kg. Sums
of SVOCs were computed assuming that censored concentra-
tions were equal to zero. In most data analyses, nonparametric
statistics were used because results are not affected by extreme
values or conventions of handling censored values [22]. A
sign-rank test was performed using data from the 52 replicate
samplesto determine whether results of sampling and chemical
analyses are reproducible. Spearman rank correlations were
used to determine relations among SVOC concentrations and
relations between SVOC and sediment organic carbon con-
centrations. The Kruskal—Wallis test was used to compare con-
centrations among river basins and among sites influenced by
a single land use, sites with a mixture of land uses, and point
sources. Forest and reference sites are relatively undisturbed
by human activities. Statistical results were considered sig-
nificant at o = 0.05.
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To evaluate the potential for adverse effects, screening val-
ues were chosen from among the SQGs to distinguish stream
sites where the toxicity of sediments to aquatic organisms is
unlikely, possible, or probable. Survival wasthe most common
end point used to develop SQGs; however, growth, reproduc-
tion, deformities, and luminescence also were measured [18].
Adverse effects are unlikely for concentrations less than the
lower screening value and probable for concentrations greater
than the upper screening values. Adverse effects are possible
for sediment concentrations between the lower and upper
screening values. However, these screening values may be un-
der- or overprotective of aguatic biota, depending on site-spe-
cific conditions, and some of the screening values were de-
veloped for marine sediments. First, consensus-based fresh-
water SQGs [18] were chosen for certain individual PAHs and
total PAHs. Consensus-based SQGs were evaluated using sed-
iment chemistry and toxicity data from freshwater ecosystems
in the United States. More than 75% of sediments were non-
toxic when concentrations were less than the lower screening
value, and more than 75% were toxic when concentrations
were greater than the upper screening value [18]. Second,
screening values for other SV OCs were selected from among
marine SQGs using the same procedure as that of the U.S.
EPA [17]. Briefly, the lower screening value is the lowest of
as many as four values, including the effects range-low, ap-
parent effects threshold—ow, sediment-quality advisory level,
and threshold effects level. The upper screening value is the
second lowest of the effects range—-median, apparent effects
threshold-high, sediment-quality advisory level, and the prob-
able effects level. The SQGs are based on dry sediment weight
except the sediment-quality advisory level, which has units of
rg/g organic carbon. The sediment-quality advisory level was
compared to other SQGs assuming 1% sediment organic car-
bon. Only one SQG is needed for a compound in order to
select a lower screening value, and at least two SQGs are
needed to select an upper screening value. A total of 20 upper
screening values and 35 lower screening val ues were compared
to SVOC concentrations in streambed sediments.

Polycyclic aromatic hydrocarbons usually are present as a
mixture, and their toxicity isadditive [23]. Therefore, proposed
sediment-quality criteria for individual PAHs may underpro-
tect benthic organisms. In recognition of the common co-oc-
currence and additive toxicity of PAHs, the U.S. EPA has
withdrawn proposed sediment-quality criteria for individual
PAHs and may develop sediment-quality criteria for total
PAHs or mixtures of PAHs [23]. In order to devel op sediment-
quality criteria for specific PAH mixtures, it is necessary to
know which PAHs commonly co-occur. Therefore, a non-
parametric cluster analysis [24] was performed using all pos-
itive detections to determine commonly co-occurring PAHs in
streambed sediment. This cluster analysis uses binary data,
such as detection or nondetection of a compound, to group
observations that are similar. The degree of similarity among
the observations is measured by the r2 value. An r2 value of
1.0 indicates a high degree of co-occurrence, and a value of
—1.0 indicates an absence of co-occurrence.

Comparison studies

Resultsfrom NAWQA were compared to three other studies
of sediment quality with a national scope, including the En-
vironmental Monitoring and Assessment Program-Estuaries
(EMAP-E) [25,26], the National Statusand Trends (NST) Pro-
gram [27,28], and the National Sediment Quality Survey
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(NSQS) [17]. The EMAP-E and NST studies focused solely
on estuarine or marine sediments. The U.S. EPA EMAP-E used
arandom sampling design to assess estuarine sediment quality
and was not biased toward contaminated areas. In contrast, the
National Oceanic and Atmospheric Administration’s (NOAA)
NST assessed marine sediments from mostly urban coastal
waterways. The EMAP-E and NST sediment samples were not
sieved, but samples had about 99% sand size (2 mm) and finer,
which is the size fraction that was analyzed in sieved stream-
bed-sediment samples (EMAP-E datawere retrieved from http:
/lwww.epa.gov/emap/ in April 1999; NST data were retrieved
from http://www-orca.nos.noaa.gov/projects/msandt/rawda-
tahtml in April 1999). The NSQS compiled freshwater and
marine sediment data from many monitoring programs and
compared data to SQGs to determine where contamination has
unlikely, possible, and probable adverse effects on aquatic
ecosystems and humans [17]. Adverse effects were probable
or possible at about 75% of the 21,096 sites evaluated [17],
most of which are east of the Mississippi River or in California
and Washington, USA. The high percentage of sites with prob-
able or possible adverse effects refl ects the focus of monitoring
programs on areas of known or suspected contamination,
which is consistent with the objective of the NSQS. However,
because geographic regions and uncontaminated sites are not
evenly represented, the NSQS cannot be used to “‘accurately
make inferences regarding the overall condition of the Nation’s
sediment, or characterize the ‘ percent contamination’ ”’ of the
nation’s sediment [17].

OCCURRENCE OF SVOCs

Of the 65 SVOCs measured, 56 were detected above the
censoring level at one or more sites (Table 1). The PAH fluor-
anthene, detected at 39.8% of sites, was the most frequently
detected SVOC. Thus, median concentrations for all SVOCs
were <50 pg/kg. Detection frequencies for halogenated and
nitrogenated compounds ranged from 0 to 1.2% with maximum
concentrations of <50 to 190 pg/kg. One or more SVOCs
were detected at or above the censoring level at 71% of the
sites. The median number of SVOCs detected in a sample was
2 and the maximum number of detections was 42. The sum
of all SVOCs had a median concentration of 260 wg/kg and
ranged from 0 to 180,000 wg/kg, and PAHs comprised most
of the sum. The median sum of concentrations was 61 p.g/kg
for PAHs and O pg/kg for all other classes of SVOCs.

The Kruskal-Wallis test indicated that the sum of all SYOC
concentrations in the Connecticut, Housatonic, and Thames
River Basins (CONN) and Hudson River Basin (HDSN) (Fig.
1) are similar and higher than the other 18 river basins. Six
river basins—L ower Susquehana River Basin (LSUS), Nevada
Basin and Range (NVBR), Potomac River Basin (POTO),
South Platte Basin (SPLT), White River Basin (WHIT), and
West Lake Michigan Drainage (WMIC)—have similar sums
of SVOCs that are intermediate between the high concentra-
tions in the CONN and HDSN and the other 12 river basins.
High and intermediate SVOC concentrations occur mostly in
the urban and industrial northeastern and Great Lakes regions
and in river basins with large metropolitan areas, such as Den-
ver, Colorado (SPLT), and Las Vegas, Nevada (NVBR).

SVOCs and organic carbon

Organic carbon in streambed sediment had a median con-
centration of 1.6% and ranged from 0.14 to 23%. Marine sed-
iments had slightly lower sediment organic carbon concentra-
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tions. Median and maximum sediment organic carbon con-
centrations were 1.2 and 13.7%, respectively, for NST sites
and 1.0 and 17%, respectively, for EMAP-E sites. Rank cor-
relations were significant and weak (r2 < 0.4) or not significant
between sediment organic carbon and individual SVOCs, the
sum of all SVOCs, and the number of SVOCs detected. Rank
correlations between sediment organic carbon and the sum of
all SVOCs were significant and fair (0.4 < r2 < 0.7) in 6 and
not significant in 14 river basins. River basins with fair cor-
relations were the CONN, HDSN, WHIT, Ozark Plateaus
(OZRK), Red River of the North Basin (REDN), and San
Joaguin—Tulare Basins (SANJ). In comparison, rank correla-
tions between the sum of PAHs and sediment organic carbon
were significant and fair in the Carolinian and Virginian
EMAP-E study areas and for NST sites; the correlation was
significant and weak in the Louisiana EMAP-E study area. It
is difficult to explain generaly lower correlations in streams
compared to marine environments because the grain size and
sediment organic carbon concentrations were similar. Although
organic carbon content has been suggested as a primary var-
iable controlling sedimentary SVOC concentrations [4], it is
not the only factor that can affect sediment SVOC concentra-
tions [29]. In this paper, SVOC concentrations were not nor-
malized for organic carbon because correlations generally were
weak or not significant.

PAHs and azaarenes

The frequency of detection ranged from 0.6 to 39.8% for
the 27 PAHs and from 0.4 to 12.6% for the seven azaarenes
(Table 1). Fluoranthene was the most frequently detected PAH
and also had the highest concentration (26,000 wg/kg) of all
SV OCs. The compound 9H-carbazol e was the most frequently
detected azaarene and had the highest concentration among
the azaarenes (1,400 wg/kg). Most rank correlations among
individual PAHSs, azaarenes, and sum of PAHs were significant
and strong (r2 = 0.7). The strong relations indicate a source
that is common to various areas of the United States, which
is likely the incomplete combustion of organic matter.

Within each class of SVOCs, higher-molecular-weight or-
ganic compounds generally have higher octanol—-water and or-
ganic carbon partition coefficients, have lower water solubil-
ities and Henry’s law constants, and take longer to degrade
than lighter compounds [19]. Among PAHSs, azaarenes, phthal -
ates, and phenols, PAHs are the most hydrophobic and per-
sistent class of compounds [19]. The physical/chemical prop-
erties of PAHs and the widespread use of fossil fuels likely
account for the frequent detection of PAHs in streambed sed-
iment. Percentage detection of PAHs had significant and fair
to strong positive rank correlations with molecular weight, the
aerobic degradation half-life (Fig. 2a), and the organic carbon
(Fig. 2b) and octanol-water partition coefficients. Percentage
detection of PAHs had fair to strong inverse rank correlations
with water solubility and Henry’s law constant (Fig. 2c and
d). These are the expected relations and are evidence that
physical/chemical propertiesareimportant factorsaffecting the
detection of SVOCs.

The substitution of a nitrogen atom in the fused-ring struc-
ture has a large effect on the physical/chemical properties of
azaarenes. For example, quinoline, an azaarene, and naphtha-
lene, a PAH, are the simplest compounds in each class and
differ only by a nitrogen atom in the two fused benzene rings.
However, the solubility of quinoline is about 200 times greater
than the solubility of naphthalene [19]. Their higher solubility
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Table 1. Statistical summary of semivolatile organic compounds in streambed sediment of the United States, 1992—-1995

No. of Percentage

Concentration, in wg/kg dry wt at the
given percentile and maximum value

CAS no.2 Compound name Compound class sites  detection 75th 90th 95th Maximum
206-44-0 Fluoranthene PAHP 498 39.8 170 1,000 2,700 26,000
129-00-0 Pyrene PAH 496 37.9 140 780 2,000 21,000
106-44-5 p-Cresol Phenol 505 37.8 99 430 870 4,800
205-99-2 Benzo[b] fluoranthene PAH 533 36.8 92 460 1,400 12,000
218-00-9 Chrysene PAH 521 35.7 120 570 1,400 16,000
207-08-9 Benzo[K]fluoranthene PAH 532 331 84 400 1,100 10,000
50-32-8 Benzo[a]pyrene PAH 535 329 80 350 1,000 9,900
85-01-8 Phenanthrene PAH 506 30.8 78 500 1,400 15,000
218-00-9 Benz[a]anthracene PAH 518 30.7 79 430 1,100 12,000
117-81-7 Bis(2-Ethylhexyl)phthal ate® Phthalate 536 30.0 98 540 1,000 17,000
193-39-5 Indeno[1,2,3-cd]pyrene PAH 500 27.8 63 370 710 8,400
581-42-0 2,6-Dimethylnaphthalene Alkyl-PAH 490 25.7 50 97 140 930
191-24-2 Benzo[ghi]perylene PAH 526 23.4 <50 200 480 6,700
84-65-1 Anthraquinone Quinone 500 22.2 <50 150 420 2,100
120-12-7 Anthracene PAH 533 22.0 <50 150 520 4,100
53-70-3 Dibenz[a,h]anthracene PAH 524 16.8 <50 130 280 4,400
203-64-5 4,5-Methylenephenanthrene Alkyl-PAH 487 14.4 <50 100 290 2,100
2381-21-7 1-Methylpyrene Alkyl-PAH 482 135 <50 78 200 2,500
117-84-0 Di-n-ocytlphthalate Phthalate 488 13.3 <50 70 110 1,100
208-96-8 Acenaphthylene PAH 535 12.9 <50 77 170 1,500
832-69-9 1-Methylphenanthrene Alkyl-PAH 487 12.9 <50 81 200 3,900
86-74-8 9H-Carbazole Azaarene 494 12.6 <50 81 180 1,400
86-73-7 9H-Fluorene PAH 518 104 <50 53 140 6,700
613-12-7 2-Methylanthracene Alkyl-PAH 497 10.3 <50 54 130 3,600
108-95-2 Phenol® Phenol 536 10.1 <50 50 100 210
83-32-9 Acenaphthene PAH 530 10.0 <50 51 94 1,500
260-94-6 Acridine Azaarene 501 9.8 <50 <50 91 500
132-65-0 Dibenzothiophene Sulfurous-PAH 498 8.4 <50 <50 100 1,300
91-20-3 Naphthalene PAH 496 7.7 <50 <50 78 4,900
229-87-8 Phenanthridine Azaarene 503 7.2 <50 <50 62 380
575-43-9 1,6-Dimethylnaphthalene Alkyl-PAH 492 6.3 <50 <50 56 680
85-68-7 Butylbenzylphthal ate® Phthalate 536 5.6 <50 <50 76 2,240
84-74-2 Di-n-butylphthal ate® Phthalate 536 4.8 <50 <50 <50 260
1730-37-6 1-Methyl-9H-fluorene Alkyl-PAH 503 4.2 <50 <50 <50 590
829-26-5 2,3,6-Trimethylnaphthalene Alkyl-PAH 490 2.8 <50 <50 <50 360
119-91-5 2,2'-Biquinoline Azaarene 487 25 <50 <50 <50 400
119-65-3 Isoquinoline Azaarene 489 2.2 <50 <50 <50 100
939-27-5 2-Ethylnaphthalene Alkyl-PAH 483 1.6 <50 <50 <50 510
120-83-2 1,4-Dichlorobenzene Chloro-aromatic 518 12 <50 <50 <50 140
606-20-2 2,6-Dinitrotoluene Nitro-aromatic 518 1.0 <50 <50 <50 93
108-68-9 3,5-Dimethylphenol Phenol 488 1.0 <50 <50 <50 150
111-91-1 bis(2-Chloroethoxy)methane Chloro-ether 521 0.8 <50 <50 <50 58
95-57-8 2-Chlorophenol Phenol 491 0.8 <50 <50 <50 170
131-11-3 Dimethylphthal ate® Phthalate 521 0.6 <50 <50 <50 120
121-14-2 2,4-Dinitrotoluene Nitro-aromatic 519 0.6 <50 <50 <50 170
95-50-1 1,2-Dichlorobenzene Chloro-aromatic 516 0.6 <50 <50 <50 86
230-17-1 Benzo[c]cinnoline Azaarene 491 0.6 <50 <50 <50 340
573-98-8 1,2-Dimethylnaphthalene Alkyl-PAH 488 0.6 <50 <50 <50 280
156-10-5 N-Nitrosodiphenylamine Nitroso-amine 487 0.6 <50 <50 <50 79
103-33-3 Azobenzene Nitro-aromatic 492 0.4 <50 <50 <50 130
91-22-5 Quinoline Azaarene 487 0.4 <50 <50 <50 83
—d C8-Alkylphenol Phenol 487 0.4 <50 <50 <50 100
101-55-3 4-Bromophenyl-phenylether Bromo-ether 518 0.2 <50 <50 <50 130
120-82-1 1,2,4-Trichlorobenzene Chloro-aromatic 517 0.2 <50 <50 <50 68
82-68-8 Pentachloronitrobenzene Chloro-aromatic 516 0.2 <50 <50 <50 180
59-50-7 4-Chloro-3-methylphenol Phenol 489 0.2 <50 <50 <50 190
1827-21-4 Pentachloroanisole Chloro-aromatic 534 0 <50 <50 <50 <50
118-74-1 Hexachlorobenzene Chloro-aromatic 534 0 <50 <50 <50 <50
7005-72-3 4-Chlorophenyl-phenylether Chloro-ether 518 0 <50 <50 <50 <50
84-66-2 Diethylphthalate Phthalate 517 0 <50 <50 <50 <50
91-58-7 2-Chloronaphthalene Chloro-aromatic 516 0 <50 <50 <50 <50
541-73-1 1,3-Dichlorobenzene Chloro-aromatic 516 0 <50 <50 <50 <50
78-79-1 |sophorone Cyclic ketone 488 0 <50 <50 <50 <50
98-95-3 Nitrobenzene Nitro-aromatic 487 0 <50 <50 <50 <50
621-64-7 N-nitrosodi-n-propylamine Nitroso-amine 487 0 <50 <50 <50 <50

aCAS = Chemical Abstract Services.
5PAH = polycyclic aromatic hydrocarbon.
¢ Corrected for lab contamination.

d— = CAS number does not exist.
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Fig. 2. Relations between physical/chemical propertiesand percentage
detection of polycyclic aromatic hydrocarbons (PAHS).

could explain why azaarenes were detected less frequently in
streambed sediment than PAHSs. Polycyclic aromatic hydro-
carbonswere the only SVOCsthat significantly correlated with
physical/chemical properties, which could be because most
other classes of SVOCs had only six or seven compounds to
calculate correlations, and the 11 hal ogenated compoundswere
detected at <2% of the sites.

The spatial distribution of PAHs (Fig. 3A) and azaarenes is
similar to that of the sum of al SVOCs with highest concen-
trations in the northeastern and Great Lakes regions and large
metropolitan areas. The median sum of PAHs was highest in
the CONN (6,100 pg/kg) and HDSN (3,200 pg/kg) and <50
ro/kg in eight river basins in the southeastern, central, and
western regions of the United States. The highest sum of PAHs
(170,000 pg/kg) was measured near Milwaukee, Wisconsin, in
the WMIC. The median sum of azaarenes was highest in the
POTO (120 p.g/kg) and CONN (55 pg/kg) and <50 pg/kg in
al other river basins. The highest sum of azaarenes (2,300 p.g/
kg) was measured near Albany, New York, in the HDSN.

The Kruskal-Wallis test indicated that sites influenced by
urban land use had significantly higher PAH concentrations,
by about a factor of 10, than other land uses except point
sources (Fig. 4). Thisis consistent with NST data, which found
PAH concentrations in urban waterways that are intermediate
between the urban stream sites and all NAWQA and EMAP-
E sites (Fig. 5). The sum of PAHs in streambed sediment also
had significant and fair correlations with urban-related factors
such as population density in the drainage basin and within
certain radii of the sites (Table 2). The PAH concentrations
begin to increase when urban land use is about 1 to 3% of the
drainage basin and population density is about 10 to 20 people/
km? (Fig. 6). Concentrations increase the most between about
3 and 20% urban land use and about 20 and 200 people/km?
and increase little with greater percentages of urban land use
or population density. Rank correlations between the sum of
PAHSs and population density in the drainage basin and within
aradius of 5 and 10 km of the sample site are similar. Cor-
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relations decrease with radii greater than 10 km around sample
sites, indicating that local activities in and near the drainage
basin affect sediment quality. The high PAH concentrations,
significant correlations with urban-related factors, and low per-
centage of urban land use that resultsin contaminated sediment
indicate that urban areas profoundly affect sediment quality.
Approximately two-thirds of all metropolitan areas are in the
eastern third of the country [30]. The large density of industry
and urbanization likely explains the high PAH concentrations
in the northeastern and Great Lakes regions.

Phthalates

Blank corrected concentrations of five of the six phthalates
were detected above the censoring level at one or more sites.
Bis(2-ethylhexyl) phthalate was the most frequently detected
phthalate (30.0%) and had the highest concentration (17,000
rag/kg). Most correlations among phthalates and between the
sums of phthal ates and PAHs were significant and fair to strong.

Similar to PAHSs, the sums of phthalates were highest in
the northeastern and Great Lakes regions and in large met-
ropolitan areas (Fig. 3B). The median sum of phthalates was
<50 pg/kg in 15 river basins, and the highest concentration
(20,000 p.g/kg) was measured near Yonkers, New York, in the
HDSN. Phthalate concentrations also were about 10 times
higher at sites influenced by urban land use and point sources
compared to other land uses (Fig. 4), and concentrations had
significant and fair correlations with the percentage of urban
land use and population density (Table 2). The similar spatial
distribution and correlations between the phthalates and PAHs
may result from these compounds being ubiquitous contami-
nants associated with urban activities[7,9] and because similar
processes transport and accumulate phthalates and PAHs in
streambed sediment. Phthalates are used in plastics, which are
used primarily in urban areas.

Phenols

The most frequently detected phenols were p-cresol
(37.8%) and phenol (10.1%). All other phenolic compounds
were detected at <1% of sites. The p-cresol and phenol had
maximum concentrations of 210 and 4,800 wg/kg, respectively.
Concentrations of p-cresol and phenol were significantly cor-
related and concentrations significantly correlated with the sum
of PAHs and phthalates (Table 2). All correlations were weak.

In contrast to PAHs and phthalates, no spatial relation was
apparent for the sum of phenols (Fig. 3C). The median sum of
phenols was <50 p.g/kg in 14 river basins, and the highest sum
of phenols (4,900 pg/kg) was measured near Milwaukee, Wis-
consin. The Kruskal-Wallis test indicated that sums of phenols
were significantly different only between urban land use and
mixed, agriculture, and forest/reference land uses (Fig. 4). The
only significant correlation between the sum of phenols and
land use and population density was a weak inverse correlation
with the percentage of agriculture. The lack of a spatial relation
and little difference in concentrations among land uses may
reflect widespread use and/or natural sources of phenols. Phe-
nols are extensively used in industrial, agricultural, and sanitary
applications [31] and occur in vehicle exhaust, coal, petroleum,
wood, and runoff from reference areas [32].

POTENTIAL ADVERSE EFFECTS

Screening values indicated that adverse effects of SVOCs
on aquatic biota are probable at 7.5% of sites (Table 3). Sites
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with probable adverse effects are in nine river basins: CONN,
HDSN, LSUS, POTO, SPLT, WHIT, WMIC, Georgia—Florida
Coastal Plain (GAFL), and the Willamette Basin (WILL). Ad-
verse effects are possible at 16.2% of sites; one or more of
these sites are in each of the river basins except Central Ne-
braska Basins (CNBR), Rio Grande Valley (RIOG), and Upper

Snake River Basin (USNK). A median of six SVOCs exceeded
the upper screening value at siteswith probabl e adverse effects,
and a median of two SVOCs exceeded the lower screening
value at sites with possible adverse effects. Adverse effects
are unlikely at 76.3% of sites. However, two upper and six
lower screening values are less than the censoring level used
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in this study, so the percentage of sites with probable or pos-
sible adverse effects could be underestimated. The NSQS
found that adverse effects were probable at 26% of sites, pos-
sible at 49% of sites, and unlikely at 25% of sites. The NSQS
distinguished sites using screening values for pesticides and
trace elements in addition to SV OCs. Including screening val-
ues for these contaminants would likely increase the percent-
age of NAWQA sites where adverse effects are probable or
possible.

A rank-sum test indicated that sites with either probable or
possible adverse effects have significantly greater urban land
use than other sites. Sites with probable adverse effects have
amedian of 16% urban land use and sites with possible adverse
effects have a median of 8% urban land use. In comparison,
sites with unlikely adverse effects have a median of 2% urban
land use. The low percentage of urban land use that resultsin
probable or possible adverse effects is consistent with NSQS
findings. The NSQS found that the percentage of sediment
contaminated with PAHs increased sharply when urban land
use comprised 5% or more of a drainage basin [17].

Polycyclic aromatic hydrocarbons and bis(2-ethylhexyl)
phthal ate accounted for most exceedences of screening values.
Probable adverse effects were mostly due to six PAHs—
benz[a]anthracene, chrysene, dibenz[a,h]anthracene, fluoran-
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Fig. 5. Comparison of the sum of polycyclic aromatic hydrocarbons
(PAHS) in bed sediment among three national studies. National Water-
Quality Assessment (NAWQA) data are streambed sediment. Envi-
ronmental Monitoring and Assessment Program—Estuaries (EMAP-E)
data and National Status and Trends (NST) program are marine sed-
iments. The PAHs were summed at a censoring level of 50 pg/kg for
equal comparison among studies. Only values <15,000 pg/kg are
shown for easier comparison.

thene, phenanthrene, and pyrene (Table 3). Six other PAHS,
total PAHs, and bis(2-ethylhexyl) phthalate exceeded upper
screening values at 17 or few sites. Exceedences of the upper
screening value for individual PAHs is about twice that for
total PAHs. This difference indicates that an SQC only for
total PAHs may underprotect aquatic biota. Cluster analysis
using PAH detections determined that 19 PAH mixtures with
two to nine compounds had r? values of 0.7 or greater (Ap-
pendix). Eight of these mixtures have one or more of the six

Table 2. Rank correlations among semivolatile organic compounds
(SVOCs) in streambed sediment, percentage of land use, and
population density?

Sum of all Sum of Sum of Sum of

Variable SVOCs PAHs® phthalates phenols
Sum of PAHs 0.89 — — —
Sum of phthalates 0.68 0.62 — —

Sum of phenols  0.51 0.27 0.26

Land use in drainage basin

Urban 0.48 0.52 0.42 0.08A
Agriculture -0.18 -0.18 -0.17 -0.11
Rangeland and pasture -0.13 -0.17 —0.09 —0.06A
Forest 0.04A 0.04A 0.02A 0.03A
Population density in drainage basin and within radius of sample site
Drainage basin 0.49 0.54 0.44 0.04A
5-km radius 0.50 0.56 0.42 0.07A
10-km radius 0.49 0.56 0.42 0.05A
25-km radius 0.45 0.51 0.41 0.02A
50-km radius 0.42 0.50 0.39 —0.05A
100-km radius 0.37 0.46 0.32 —0.08A

aValues sharing the same uppercase letter not significant at o = 0.05.
b PAHs = polycyclic aromatic hydrocarbons.
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PAHs that most commonly exceeded their upper screening
value. Studies of the toxicity of PAH mixtures may want to
focus on these commonly co-occurring PAHS.

p-Cresol exceeded the lower screening value at 31 sites,
and phenol did not exceed the lower screening value at any
site. Sites with possible adverse effects due to p-cresol are in
CONN, GAFL, HDSN, NVBR, OZRK, POTO, REDN, RIOG,
USNK, WILL, WMIC, Apalachicola—Chatahoochee-Flint
River Basin (ACFB), and the Central Columbia Plateau
(CCPT). Goodbred et a. [33] found a significant parametric,
inverse correlation between the sum of phenols and 11-keto-
testosterone in male carp at a subset of the streambed sites
from this study. p-Cresol did not exceed the lower screening
value at this subset of sites, indicating that SQGs may not
identify sites with possible endocrine disruption. Bis-phenol
A is the only phenolic compound identified as an endocrine
disruptor [11] and was not measured in streambed-sediment
samples. Some phthalates and PAHs are endocrine disruptors;
however, correlations between biomarkersin carp and the sum
of PAHs and sum of phthalates were not significant.

SUMMARY

The occurrence and potential adverse effects of select
SVOCs in streambed sediment were assessed at 536 sites in
20 major river basins across the United States from 1992 to
1995. Fifty-six SVOCs were detected at one or more sites, and
one or more SV OCs were detected at 71% of sites. The north-
eastern and Great L akes regions, which have large populations,
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Table 3. Exceedence of sediment-quality screening values

Lower screening Upper screening

value value
Compound name wra’kg na na’kg n
Polycyclic aromatic hydrocarbons
Acenaphthene” 6.71 53 500 3
Acenaphthylene® 5.87 69 640 4
Anthracene® 57.2 106 845 14
Benzo[a]anthracene® 108 108 1,050 28
Benzo[b]fluoranthene” 3,600 5 —d —
Benzo[K]fluoranthene® 3,600 5 —_ -
Benzo[a]pyrene® 150 101 1,450 17
Benzo[ghi]perylene® 720 15 —_ -
Chrysene® 166 111 1,290 31
Dibenz[a,h]anthracene® 33.0 101 260 26
Fluoranthene® 423 78 2,230 27
Fluorene® 77.4 40 536 3
Indeno[1,2,3-cd] pyrene® 690 25 —_ —
Naphthal ene 176 9 561 1
Phenanthrene* 204 82 1,170 31
Pyrene® 195 104 1,520 33
Total PAHs® 1,610 105 22,800 14
Phthalates
bis(2-Ethylhexyl)phthal ate® 182 101 2,650 6
Butylbenzylphthal ate 900 1 11,000f 0
Di-n-butylphthal ate® 1,400 0 11,000 0
Diethylphthal ate? 200 0 630 0
Dimethylphthal ate 160 0 —_ -
Di-n-octylphthal ate 6,200 0 — -
Phenols
p-Cresol® 670 31 —_ -
Phenol® 420 0 — -
Pentachl orophenol® 360 4 —_ -
Halo- and nitroso-compounds

4-Bromophenyl-phenylether® 1,300 0 —_ -
1,2-Dichlorobenzene® 50 3 3401 0
1,3-Dichlorobenzene® 1,700 0 — -
1,4-Dichlorobenzene® 110 2 350 0
Hexachlorobenzene® 22 0 — -
Hexachlorobutadiene® 11 0 —_ —
Hexachloroethane® 1,000f 0 — -
N-Nitrosodi phenylamine® 28 7 —_ —
1,2,4-Trichlorobenzene® 51 1 9,200f

Total N out of 536 — 127 — 40

an = number of sites.

b Marine sediment-quality guidelines [17].

¢ Freshwater sediment-quality guidelines [18].

d— = does not exist or apply.

e Lower screening value is freshwater, and upper screening value is
marine, sediment-quality guideline.

f Screening value assuming 1% organic carbon.

and large metropolitan areas, such as Las Vegas, Nevada, and
Denver, Colorado, have the highest SVOC concentrations.
Polycyclic aromatic hydrocarbons were detected most fre-
quently and at the highest concentrations, and their detection
frequencies significantly correlated with physical/chemical
properties. Concentrations of PAHs and phthal ates were about
10 times higher at sites influenced by urban activities than at
sites in agricultural, rangeland/pasture, and relatively undis-
turbed areas. Semivolatile organic compounds were positively
correlated with the percentage of urban land use and population
density in the drainage basin. Polycyclic aromatic hydrocarbon
concentrations begin to increase when urban land use is about
1 to 3% of the drainage basin and population density is about
10 to 20 people/km?. Correlations between the sum of PAHs
and population density decrease with distances greater than 10
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km around sample sites, indicating that urban activities near
sample sites affect sediment quality.

Adverse effects to aquatic organisms are probable at 7.5%
and possible at 16.2% of the sites. Most of the potential for
adverse effects is due to PAHs. The median percentage of
urban land use was 8% at sites with possible adverse effects
and 16% at sites with probable adverse effects. Urbanization
profoundly affects sediment quality, even though it comprised
a small percentage of most drainage basins.
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APPENDI X

Commonly co-occurring polycyclic aromatic hydrocarbons
(PAHS) in streambed sediment in the United States

ra PAHs

1.00  Benzo[b]fluoranthene; benzo[k]fluoranthene

1.00 Fluoranthene pyrene®

1.00 Benzo[a]anthracene,” chrysene®

0.99  Anthracene, phenanthrene®

0.98  Benzo[b]fluoranthene, benzo[Kk]fluoranthene, ben-
zo[a]pyrene

0.97  1-Methylphenanthrene, 4,5-methylphenanthrene

0.96 1-Methylpyrene, 2-methylanthracene

0.95 Benzo[ghi]perylene, dibenzo[a,h]anthracene”

0.93  Benzo[a]anthracene,” benzo[b]fluoranthene, ben-
zo[K]fluoranthene, benzo[a]pyrene, chrysene®

0.92 1,6-Dimethylnaphthalene, 2,3,6-trimethylnaphthalene

0.90 9H-Fluorene, acenaphthene

0.88  Anthracene, fluoranthene,” phenanthrene,® pyrene®

0.86  Dibenzothiophene, 1-methylphenanthrene, 4,5-methyl-
phenanthrene

0.84  9H-Fluorene, acenaphthene, acenaphthylene

0.82  1,2-Dimethylnaphthalene, 2-ethylnaphthalene

0.80 Benzo[ghi]perylene, dibenzo[a,h]anthracene,’ in-
deno[1,2,3-cd]pyrene

0.77  1-Methyl-9H-fluorene, naphthalene

0.75  Dibenzothiophene, 2-methylanthracene, 1-methylphenan-
threne, 4,5-methylphenanthrene, 1-methylpyrene

0.72  Anthracene, benzo[a]anthracene,” benzo[b]fluoranthene,
benzo[K]fluoranthene, benzo[a]pyrene, chrysene,’ fluor-
anthene,” phenanthrene,® pyrene®

ar2 = correlation coefficient.
5 PAHs that most commonly exceeded their upper screening value.
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