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Characterization of Stormwater Runoff from Bridges in
North Carolina and the Effects of Bridge Deck Runoff

on Receiving Streams

By Chad R. Wagner, Sharon A. Fitzgerald, Roy D. Sherrell, Douglas A. Harned, Erik L. Staub, Brian H. Pointer,

and Loren L. Wehmeyer

Abstract

In 2008, the North Carolina General Assembly passed
House Bill 2436 that required the North Carolina Department
of Transportation (NCDOT) to study the water-quality effects
of bridges on receiving streams. In response, the NCDOT and
the U.S. Geological Survey (USGS) collaborated on a study
to provide information necessary to address the requirements
of the Bill. To better understand the effects of stormwater
runoff from bridges on receiving streams, the following tasks
were performed: (1) characterize stormwater runoff quality
and quantity from a representative selection of bridges in
North Carolina; (2) measure stream water quality upstream
from selected bridges to compare bridge deck stormwater
concentrations and loads to stream constituent concentrations
and loads; and (3) determine if the chemistry of bed sediments
upstream and downstream from selected bridges differs
substantially based on presence or absence of a best manage-
ment practice for bridge runoff.

The USGS measured bridge deck runoff from 15 bridges,
stream water-quality data at 4 bridge deck runoff sites, and
streambed sediment chemistry at 30 bridges across North
Carolina. The bridges selected for study had differing sizes,
differing ecoregions and land-use characteristics, and a range
of annual average daily traffic (AADT). Runoff from both
concrete and asphalt deck bridges was sampled. Composite
samples of bridge deck runoff were collected for 12 to 15
storms at each bridge. Additionally, routine (monthly) samples
of base-flow streamwater and at least seven samples of
streamwater during storms were collected over a 12-month
period at four sites. Samples were analyzed for a wide range
of constituents, including dissolved and total recoverable
metals and nutrients, major ions, total suspended solids,
suspended-sediment concentration, oil and grease, petroleum
hydrocarbons, and semivolatile organic compounds (SVOCs).
Parameters of concern (POCs) were defined as analytes with
at least one exceedance of a water-quality threshold or were
otherwise known to have potentially deleterious effects on
receiving streams. The 28 POCs included metals, nutrients,

pH, suspended solids concentration, polycyclic aromatic
hydrocarbons, and other organic compounds. Results and
discussion were limited to these POCs for water samples.

Bridge deck runoff concentrations were generally shown
to be statistically higher for bridges located in urban areas
than those in rural areas. There was no strong relation between
concentrations and AADT, which could be explained by the
relatively low traffic volumes at the study sites. When sites with
larger ranges of AADT have been studied, especially sites with
volumes substantially above and below about 30,000 vehicles,
runoff concentrations tended to roughly scale with AADT. The
selection process for monitoring sites included an analysis of the
AADT frequency distributions in North Carolina; only about
1 percent of bridges in North Carolina have AADT volumes
in excess of 30,000 vehicles. Because of the small percentage of
bridges in North Carolina with AADT volumes in excess of
30,000 and the extremely limited number of those bridges with
runoff collection systems, only two bridge sites with an AADT
volume greater than 30,000 (Mallard Creek and Mango Creek)
were included in the study. Concentrations of most constituents
in bridge deck runoff samples were generally statistically higher
in winter compared to all other seasons, pointing to reduced
volatilization at lower temperatures and higher total suspended
solids concentrations in the winter (likely from deicing
treatments) as potential explanations. The runoff samples from
the Coastal Plain bridges generally had statistically lower
concentrations than samples from the bridges in the Blue
Ridge and Piedmont ecoregions.

Results of the statistical testing and comparisons of the
bridge deck runoff and stream concentrations indicate that
the bridge deck runoff concentrations were only statistically
higher than the corresponding stream (routine and storm)
concentrations for 36 percent of the comparisons. Thus,
with the exception of concentrations of dissolved copper
and zinc, total recoverable nickel, and polycyclic aromatic
hydrocarbons, which were consistently higher in bridge deck
runoff, the bridge deck runoff concentrations at all sites were
similar to those measured in the receiving streams at the four
stream sampling sites. Comparisons of bridge deck and stream
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loads indicate that all the bridge deck runoff loads were lower
(and generally orders of magnitude lower) than the stream
loads for all POCs. The inverse was true for total yields (load
per unit drainage area) of the POCs. The bridge deck runoff
yields were generally higher than the yields from the four
stream sites for all of the POCs. The bridge deck runoft yields
can be used to estimate loads at other bridges with similar
characteristics and to provide planning-level estimates of the
contributing total load from all highways in a watershed. The
effect of bridge deck runoff loads on receiving waters should
also be evaluated in light of the bioassays, which only showed
potential ecological effects for one bridge deck runoff sample
(collected in the winter), and benthic macroinvertebrate survey
results, which revealed no significant difference upstream and
downstream from the study bridge sites.

The rate at which bridge deck runoff mixes with, and
is diluted by, the receiving stream was determined by using
empirical relations and measured flow conditions at the four
gaged stream sites for various steady-state hydraulic condi-
tions. The dilution curves indicated that although in a few
cases the maximum concentrations of some constituents in the
bridge deck runoff plume exceeded water-quality thresholds
by up to 4 times the threshold, levels were reduced to the
ambient stream concentration rapidly (generally within 50 feet
downstream from the injection point), and in some cases, were
actually lower than the stream concentration.

The analysis of the bed sediment quality revealed no
obvious patterns in downstream increases in inorganic analytes
and total organic carbon at the sampled bridge sites. There
was no consistent downstream enrichment of bed sediment
with SVOCs, even at the bituminous (asphalt) bridges nor
were there any obvious patterns related to urban versus rural
bridges or with traffic volume. Possible explanations of these
bed sediment results are as follows: (1) bridge decks are not
contributing measurable quantities of these analytes to bed
sediments; (2) these analytes were efficiently transported
downstream, or contaminated bed sediments were scoured
from the immediate bridge vicinity during high-flow events;
(3) the contributing watershed effects on the bed sediment
overwhelm any signature that the relatively small bridge deck
area contributes; or most likely (4) a combination of all three
of the possible explanations.

Although this study did not show bridge deck runoff to
consistently be a primary source of pollutants to receiving
streams, there is an indication that under certain conditions
(that is, runoff following deicing treatments into stream
base-flow conditions) bridge deck runoff can be a significant
environmental stressor. The data, analysis, and relations
associated with this study can be used by the NCDOT to
(1) predict the constituent load from a bridge; (2) provide gen-
eral information regarding the potential effects a bridge may
have on its receiving stream or that all highways may have
within a watershed; and (3) provide information needed to
select the most efficient best management practice at a bridge
construction, replacement, or other highway project site.

Introduction

Roadway runoff generated from within transportation
rights-of-way is one of several pollutant source categories that
may contribute to surface-water impairment (U.S. Environ-
mental Protection Agency, 2009). The proximity and direct
connection between bridge runoff and streams have facilitated
most regulatory agencies throughout the United States to
implement stormwater management criteria for bridges. It is
commonly recommended that instead of directly discharging
bridge deck runoff to receiving streams, the runoff should be
directed to the vegetated right-of-way prior to discharge, with
the assumption that such a configuration is better for surface-
water quality (Dupuis, 2002). While extensive information
exists on roadway runoff as a whole, few studies have focused
on bridge deck runoff. Roadway runoff water-quality data are
generally used as an approximation for the pollutant profile of
bridge deck runoff (Dupuis, 2002).

On July 1, 2008, the North Carolina General Assembly
passed House Bill 2436, Session Law 2008-107, Stormwater
Runoff from Bridges Section 25.18 (North Carolina General
Assembly, 2008). This Bill requires that the North Carolina
Department of Transportation (NCDOT) select 50 bridges
to study the effects of stormwater runoff from bridges over
waterways and report the results to the Joint Legislative
Transportation Oversight Committee. The following overarch-
ing goals were established to meet the requirements of the law:

* Characterize bridge deck runoff quality and quantity
using scientifically accepted methods and identify
stormwater constituents that are present at levels that
may raise concern about receiving stream impairment.

 Estimate the effects of bridge deck runoff on surface-
water bodies by evaluating water-quality chemistry and
effects on aquatic life.

» Conduct a pilot study of at least 50 sites to evalu-
ate stormwater treatment controls for their ability to
provide necessary hydrologic control and stormwater
treatment for target parameters in bridge deck runoff.

» Determine the cost of implementing effective treat-
ments for existing and new bridges over waterways in
North Carolina.

The U.S. Geological Survey (USGS), in collaboration
with the NCDOT, conducted a study to characterize bridge
deck runoff quality and quantity using scientifically accepted
methods and identify parameters of concern (POCs; goal 1).
The primary focus of the study was to examine bridge deck
runoff on receiving streams in North Carolina.



Study Approach

In the development of the study approach, the USGS
conducted a literature search to identify previous studies
of bridge deck and highway stormwater runoff and of
investigations of highway runoff treatment practices. Several
studies relevant to the requirements of North Carolina House
Bill 2436 were identified, including those by Irwin and Losey
(1978), Van Hassel and others (1980), Wanielista and others
(1980), McKenzie and Irwin (1983), Yousef and others (1984),
Harned (1987), Zellhoefer (1989), Driscoll and others (1990),
Stoker (1996), Marsalek and others (1997), Jongedyk (1999),
Dupuis (2002), Smith (2002), Granato (2003), Kayhanian
and others (2003; 2007), and Malina and others (2005).
Additionally, the North Carolina Division of Water Quality
conducted stormwater sampling at Bonner Bridge on the Outer
Banks of North Carolina in 2007. These studies described
various strategies for sampling highway and bridge deck
runoff, provided information on the types of constituents that
might be detected in highway runoff, and helped guide the
approach used for this study. Common constituents found in
roadway stormwater runoff include metals, inorganic salts,

Table 1.

[Modified from Dupuis (2002) and URS Corporation (2010)]
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polycyclic aromatic hydrocarbons (PAHs), suspended solids,
and materials that are a result of wear and tear on a vehicle,
such as oil and grease, rust, and rubber particles (Jongedyk,
1999; Dupuis, 2002). Each of these constituents is generally
linked to automotive sources, roadway materials, and roadway
maintenance activities. Table 1 provides a list of common
highway runoff pollutants and their primary sources.

Data from the study are planned to be integrated into
the Highway-Runoft Database (Granato and Cazenas, 2009),
which serves as a preprocessor for the recently developed
Stochastic Empirical Loading and Dilution Model—SELDM
(Granato, 2007). The integration of these data with a techni-
cally sound highway-runoff model can be used to guide,
substantiate, and support highway planning, design, and
maintenance decisions on a local, State, and national level.
The findings of this study will also provide information that
can be used by Departments of Transportation when develop-
ing strategies to meet total maximum daily load (TMDL)
requirements and aid in determining the potential effects of
bridge deck and highway runoff on receiving streams and the
potential effectiveness of various best management practices.

Common highway runoff pollutants and their primary sources.

Constituent

Sources

Metal plating, bearing and bushing wear, moving engine parts, brake lining wear, fungicides and

Diesel fuel and gasoline (exhaust), lubricating oil, metal plating, bushing wear, brake lining wear,

Spills, motor lubricants, antifreeze and hydraulic fluids, leachate from asphalt surfaces

Aluminum Tire wear, leachate from recycled asphalt surfaces and patches
Bromide Exhaust
Cadmium Tire wear, insecticides
Chloride Deicing salts
Chromium Metal plating, moving engine parts, brake lining wear
Copper
insecticides
Cyanide Anti-cake compound used to keep deicing salt granular
Iron Rust (automobile body and bridge structure), moving engine parts
Lead Bearing and tire wear, oil and grease
Manganese Moving engine parts
Nickel
asphalt paving
Nitrogen Atmosphere, fertilizer application, diesel fuel and gasoline (exhaust)
Particulates Pavement wear, vehicles, atmosphere, maintenance
Petroleum
Phosphorus Atmosphere, fertilizer application

Polychlorinated biphenyls (PCBs)
Sodium, calcium

Sulfate

Deicing salts, grease

Zinc

Roadway beds, fuel, deicing salts

Background atmospheric deposition, PCB catalyst in synthetic tires

Tire wear, motor oil, grease, metal plating
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Purpose and Scope

The purposes of this report are to characterize stormwater
runoff from selected bridges across North Carolina and assess
the water quality and effects of runoff on the receiving streams
at the bridge sites. Concentrations and loadings of numerous
water-quality constituents were determined in flow-weighted
composite samples of stormwater collected from typical
highway-drainage conveyance structures at 15 bridges across
North Carolina. Specifically, this report (1) documents differ-
ences in chemistry of bed sediments upstream and downstream
from selected bridges; (2) presents a comparison of bridge
deck stormwater concentrations and loads to stream constitu-
ent concentrations and loads; and (3) estimates the distance
required for the bridge deck runoff to become uniformly
mixed across the receiving stream, and thus estimates the zone
in which effects of bridge runoff are most pronounced.

Stormwater characterization was done at 15 bridges
that represented the Blue Ridge, Piedmont, and Coastal
Plain ecoregions of North Carolina. The bridges had runoff
collection systems and varied in size and average daily traffic
(ADT) volume. The surface types of the bridge decks were
concrete and asphalt (bituminous). At least 12 runoff events
were sampled at each bridge for a wide range of constituents,
including dissolved and total recoverable metals and nutrients,
oil and grease, and semivolatile organic compounds (SVOCs).
Both dissolved and total recoverable concentrations of metals
and nutrients were measured. Bottom sediment quality was
measured at 30 sites—about one-half of which were the
bridge deck runoff monitoring sites and about one-half were
at bridges in which runoff discharged from scuppers directly
into the stream. Bed sediment samples, collected from both
the upstream and downstream reaches from each bridge, were
analyzed for total nutrients and metals and total recoverable
SVOCs. Streams at four bridge deck runoff sites were sampled
intensively to estimate annual loadings of suspended sediment,
nutrients, metals, and SVOCs. Stream concentrations and
loads were compared to bridge deck runoff concentrations and
loadings at these sites to understand the relative contribution
of bridge deck runoff to total stream quality.

Methods of Evaluation and
Characterization of Bridge
Deck Runoff

The following sections outline how the study was
designed and what factors guided the selection of the study
sites. In addition, a brief overview of the methods used to
collect, analyze, and quality assure the hydraulic and water-
quality data is presented.

Study Design and Site Descriptions

All monitoring sites selected for the study were
instrumented to measure bridge deck runoff quantity and
quality and precipitation. A subset of these monitoring sites
was colocated with USGS streamflow-gaging stations, which
were instrumented and operated to provide water-quality data
and continuous discharge records for the receiving streams.
Streambed sediment was also sampled for chemical analysis at
the monitoring sites.

Bridge Deck Runoff and Precipitation Sites

Bridge deck runoff sampling was conducted at 15 bridge
sites (fig. 1; table 2) across North Carolina. The 15 sites were
carefully selected to represent the ecological and topographic
variability of the State. For the purpose of the study, the four
U.S. Environmental Protection Agency (USEPA) level III
ecoregions (Griffith and others, 2002) in North Carolina were
collapsed into three major ecoregions (Blue Ridge, Piedmont,
and Coastal Plain) by combining the Middle Atlantic Coastal
Plain and Southeastern Plains into the Coastal Plain ecoregion.
The study sites were also carefully selected to represent a
range of bridge characteristics, such as drainage area and land
use of the contributing watershed upstream from the bridge,
annual average daily traffic (AADT), bridge type, bridge deck
area, and bridge deck material. All the bridge sites selected
for bridge deck runoff monitoring had an existing collection
system so that all bridge runoff flows through a single pipe,
thereby facilitating sampling (fig. 2). Discharge from the
collection system flows across a grass swale, through a pond
or riprap-lined bank before entering the stream.

The bridge deck runoff was sampled from the collection
system discharge pipe using ISCO 6712 series automatic
samplers (autosamplers) with a single 20-liter (L) Teflon-lined
bottle to collect a flow-weighted composite sample for
each storm runoff event. Although rare, samples sometimes
remained in the autosamplers for up to 36 hours prior to
filtration and preservation, and thus, partitioning between the
dissolved and particulate phases may have changed. While the
total recoverable concentrations likely were representative of
ambient conditions, the dissolved concentrations of nutrients
and metals may not reflect ambient conditions at the time of
collection. Thus the study results were discussed with this
issue in mind. An integrated acoustic Doppler velocity meter
and pressure sensor was used to continuously measure water
depth and discharge (calculated from velocity and depth) in
the collection system pipe. The autosamplers were equipped
with two-way cell phone telemetry, which allowed (1) data
to be downloaded to the USGS National Water Information
System (NWIS) nightly and (2) samplers to be queried and
controlled remotely. A tipping bucket rain gage was also
installed at each bridge deck site. A 1- to 2-inch (in.) plate with
small weep holes was installed at the outlet of the collection
pipes to increase flow depth (the velocity meters required
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Figure 1.

Figure 2. Discharge pipe sampling configuration at the
Black River site.

a depth of at least 1 in. to measure flow) and agitate the flow.
This approach has been shown (Smith, 2002) to result in more
representative samples than sampling in an unmodified pipe.
Three factors controlled the bridge deck runoff sample collec-
tion and analysis. First, a minimum of about 5 L of water was
required to run all the chemical analyses. Second, a water depth
of about 1 in. is required in the collection system discharge pipe
in order to collect a representative sample and measure velocity.
Third, samples were collected over a range of antecedent rainfall
(time since last storm) conditions because this affected runoff

Locations where bridge deck and streamwater samples were collected in North Carolina

quality. These factors were used to determine whether runoff
from any given event could be collected and (or) submitted for
chemical analysis.

The NCDOT conducted a traffic survey study during the
study to obtain up-to-date traffic volumes for the 15 bridge
deck sites that were studied (table 2). Traffic volumes are
a useful characteristic in analyzing the sources of chemical
contaminants. As indicated in previous studies, high traffic
routes have greater incidence of pollutants in runoff than
low traffic routes (Van Hassel and others, 1980; Driscoll and
others, 1990; Kayhanian and others, 2003). The NCDOT
traffic survey study was conducted from May 2009 through
March 2010 by the NCDOT Traffic Survey Group. Traffic
surveys were generally conducted on a quarterly basis to
capture seasonal differences in traffic patterns; however, due
to site-specific constraints, this schedule was not met at all of
the sites. In order to collect traffic volume data for the project,
each bridge site was equipped with portable (short-term),
automated traffic counting devices, using one of two data-
collection methods—radar devices or pneumatic road tubes.
Traffic volumes at each site were collected on a continuous
basis in hourly increments over a 7-day survey period. At all
sites, the available quarterly traffic volumes were averaged
over the 7-day survey period to yield quarterly ADT volumes.
These quarterly ADT volumes were used to compute an
AADT volume, which was used in the study because quarterly
counts at all 15 sites indicate consistent traffic volumes over
the monitoring period. Additional details related to the traffic
volume survey can be found in a publication by the URS
Corporation (2010).
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8 Stormwater Runoff from Bridges in North Carolina and the Effects of Bridge Deck Runoff on Receiving Streams

Stream Sites

Stream water-quality sampling was conducted at four of
the 15 bridge deck sites (table 3) that are colocated with USGS
streamflow gages. These four stream sites were sampled
monthly for 1 year to characterize stream concentrations and
flux upstream from the bridges. About eight additional stream
samples were collected during high-flow conditions using
automated samplers. The four stream sites represent a gradient
of watershed size ranging from 4.2 square miles (mi?) for
Swannanoa River in the Blue Ridge to 676 mi” for Black River
in the Coastal Plain.

Table 3. Watershed characteristics of stream monitoring sites.

Bed Sediment Sites

Bed sediment was sampled upstream and downstream
from 30 bridges in the Blue Ridge, Piedmont, and
Coastal Plain ecoregions during summer 2009 to yield 60
environmental samples (table 4; fig. 3). For each upstream
and downstream section (generally 5 to 10 stream widths),
a composite sample of surficial bed sediment (0-0.8 in. or
2 centimeters (cm)) consisting of approximately equal masses
from 5 to 10 depositional zones within each section was
collected. Samples were first collected from the downstream
section before the upstream section was sampled. For the
coastal streams (Smith Creek and Town Creek) when flow
was reversed, the upstream sample was collected prior to the
downstream sample. Because flow direction is tidally affected,
samples at these streams were not expected to show any
upstream-downstream difference.

[NCDWQ stream classification: C, aquatic Life, secondary recreation, freshwater; WS-II, water supply-undeveloped; HQW, high quality waters; NSW, nutrient
sensitive waters; CA, water supply critical area; Sw, swamp waters; ORW, outstanding resource waters. Route name: SR, secondary road; I, Interstate; NC,
North Carolina route; US, U.S. Highway. Other acronym: USGS, U.S. Geological Survey; NCDWQ, North Carolina Division of Water Quality]

Drain- Percent
Ma age Percent of wa
P . USGS . NCDWQ stream Lati- Longi- g of water:
no. Station name . Ecoregion P County area . tershed
. station no. classification tude tude shedin . .
(fig. 1) (square impervi-
. forest
mile) ous
2 Swannanoa River 03448800 Blue Ridge C Buncombe  35.619  —82.308 4.2 75 3.1
near Black Moun-
tain, NC
7 Little River at SR 0208521324  Piedmont WS-II; HQW, Durham 36.142 —78.919 78.2 59.2 0.6
1461 near Orange NSW, CA
Factory, NC
8 Mountain Creek 0208524088  Piedmont WS-II; HQW, Durham 36.152 -78.902 7.4 53.1 1.3
at SR 1616 near NSW, CA
Bahama, NC
13 Black River near 02106500 Coastal Plain C; Sw, ORW Sampson 34.755 —78.289 676 26.1 1.4

Tomahawk, NC

! North Carolina Department of Environment and Natural Resources (2007).
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Figure 3. Locations where bed sediment samples were collected in North Carolina.

Measurement of Precipitation and Discharge

Precipitation

Rainfall data were measured using an ISCO 674 tipping
bucket rain gage at a resolution of 0.01 in. per tip. Typically,
the rain gages were attached directly to the autosampler, which
recorded the rainfall data at 1-minute intervals. The data were
transmitted on a daily basis via cell phone modem into the
USGS NWIS database.

Installation of the rain gages followed the guidance
in USGS Office of Surface Water Technical Memorandum
No. 2006.01, Collection, Quality Assurance, and Presentation
of Precipitation Data (U.S. Geological Survey, 2006a). At 2 of
the 15 bridge deck sites (Town Creek and Smith Creek), a site
with proper exposure to the sky could not be located adjacent
to the autosampler location. In these instances the tipping
bucket rain gages were installed close to the site, within
600 feet (ft), and attached to a Sutron 8200 data-collection
platform (DCP). The DCP collected and stored rainfall data
at 15-minute intervals. These data were transmitted via
satellite telemetry to the USGS NWIS database. Precipitation
data were also processed in accordance with USGS Office
of Surface Water Technical Memorandum No. 2006.01
(U.S. Geological Survey, 2006a).

Discharge

The techniques and instrumentation used to measure
and process the continuous discharge record in the collection
system discharge pipes and at the stream monitoring sites are
presented in subsequent sections. Discharge was required to
(1) trigger the autosamplers to collect flow-weighted bridge
deck runoff samples and (2) compute constituent loads in
both the bridge deck runoff and the receiving streams from
analyzed chemical concentrations.

Bridge Deck

Bridge deck runoff samples were collected during storms
using automated samplers. Stage and velocity were measured
at 1-minute intervals in the collection system discharge pipe
by using a pressure transducer and an area velocity sensor. The
area velocity sensor contains a pair of ultrasonic transducers;
one transmits ultrasonic sound waves as the second receives
reflected waves. These data were used for computation of flow
within the collection system. Data were collected at 1-minute
intervals for each of the following five characteristics: (1) pre-
cipitation, (2) stage in pipe, (3) velocity in pipe, (4) discharge
from pipe, and (5) sample event.
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Discharge was computed using the index-velocity method
(U.S. Geological Survey, 2008). In the index-velocity method,
two ratings (or relations) were used—a stage-area rating and
an index-velocity rating. In this case, the stage-area rating was
based on the cross-sectional area of the circular pipe in which
the water-level measurements were taken. The velocity meters
require at least 1 in. of depth to measure velocity; therefore,
small sharp-crested weirs, about 2 in. tall, were installed at the
outlet of each pipe to back water up and facilitate measure-
ment of velocity. The stage-area ratings were adjusted to
account for the backwater or ineffective flow behind the weirs
in the pipes by subtracting the pipe area corresponding to the
height of the weirs for each pipe. The index-velocity rating for
these sites assumes that the velocity within the pipe is a direct
measure of the average cross-sectional area velocity within the
pipe and includes a conversion factor, so that when the veloc-
ity (feet per second) is multiplied by the associated area for a
given gage height (in feet), the resulting discharge is recorded
in gallons per minute rather than cubic feet per second.
Recorded bridge deck runoff discharge data were entered into
the USGS NWIS database and processed and reviewed using
standard USGS methods (Rantz and others, 1982; Turnipseed
and Sauer, 2010a and 2010b).

Stream (Routine and Storm)

Stream discharge was measured and recorded and a
stage-discharge rating curve was developed for each stream
site during this investigation according to standard USGS
methods (Rantz and others, 1982; Mueller and Wagner, 2009;
Turnipseed and Sauer, 2010a,b). All four sites were equipped
with DCPs that record river stage at 15-minute intervals.
Instantaneous streamflow was calculated from the established
rating curve at the time that stream-stage records were trans-
mitted to the USGS NWIS. Gage height and discharge have
been collected by the USGS at Black River near Tomahawk
(02106500) since 1996, Little River near Orange Factory
(0208521324) since 1987, and Mountain Creek near Bahama
(0208524090) since 1994. The streamflow-gaging station at
Swannanoa at Black Mountain (03448800) was established on
March 19, 2009, specifically for this project.

Field Sampling and Preliminary Laboratory
Processing

Water and suspended-sediment samples were collected
from both bridge deck runoff and receiving streams during
the study. The subsequent sections provide details on field
sampling and processing protocols that were used to collect
the samples.

Bridge Deck Runoff

Bridge deck runoff was sampled using autosamplers with
either a single 20-L Teflon-lined bottle or four 5-L glass bottles

to collect a flow-weighted composite sample for every storm
event. Each autosampler was housed inside an aluminum box
anchored to a concrete pad near the outlet of each monitored
collection system discharge pipe. Teflon tubing was run from
the autosampler to the collection system discharge pipe with
one end attached to the peristaltic pump of the autosampler,
and the other end fixed to the lowest point of the drainage
pipe downstream from the flow sensor, upstream from the
weir (fig. 2). Before a storm event, the autosamplers were
programmed to composite a number of aliquots of a certain
volume on a flow-weighted basis. For example, 100 aliquots
of 120 milliliters (mL) would be collected from every 50 gal-
lons (gal) that flowed through the drainage pipe, assuming that
the expected event would produce about 5,000 gal of runoff.
These three factors were determined from forecasts of amount
and duration of rainfall to occur during each event.

Ideally, runoff samples were retrieved from the auto-sam-
pler within 24 hours of the last automated water sample for
the runoff event. In rare situations, runoff samples remained
in the autosampler for up to 36 hours before being retrieved.
The sample bottles were removed from the autosampler
using gloves, sealed in plastic bags, and placed on ice. The
sampling tubing was cleaned onsite by back flushing at least
0.5 gal of a 0.1- to 0.2-percent solution of a non-phosphate
detergent (Liquinox) through the system, followed by at least
2 gal of deionized water or until no bubbles were seen coming
from the intake tubing. After the tubing had been cleaned, a
new bottle would be installed in the autosampler for the next
sampling event.

After each field sampling event, samples were placed on
ice and transported to a laboratory for processing. Established
protocols for processing samples for chemical analyses were
followed (U.S. Geological Survey, variously dated; 2010b).
First, total organic carbon and dissolved organic carbon
(more correctly, filterable organic carbon at 0.45 micron
(um)) samples were collected from the Teflon bottle before
transfer to the Teflon churn to prevent contamination from the
methanol rinse. Samples were then collected in the following
order: total (raw, unfiltered) nutrients, dissolved (filtered)
nutrients, SVOCs, suspended-sediment concentration, total
suspended solids, major ions and other inorganic constituents,
total recoverable (unfiltered) metals including metalloids, and
dissolved (filtered) metals including metalloids. Hereafter,
filterable analytes will be referred to as dissolved to follow
convention and to facilitate comparison with the literature.
Additionally, the term metals will be used to include
metalloids for brevity. Total suspended solids and suspended-
sediment concentration samples were then collected. The
final samples collected were for analysis of oil and grease and
total petroleum hydrocarbons. For these samples, the bottle
was placed at the water surface so as to preferentially collect
water at the air-water interface—an area where hydrophilic
compounds were expected to concentrate. Water temperature,
specific conductance, and pH were determined at the USGS
North Carolina Water Science Center laboratory during
sample processing by instruments calibrated that morning.
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The samples were preserved in the laboratory and shipped on
ice overnight to the USGS National Water Quality Laboratory
(NWQL) in Denver, Colorado. Concentrations of oil and
grease and total petroleum hydrocarbons were analyzed in the
Test America Denver Laboratory in Arvada, Colorado. Total
suspended solids, suspended-sediment concentration, and
particle-size information were determined in water samples at
the USGS Kentucky Water Science Center sediment labora-
tory in Louisville.

Samples were also collected at four bridge deck runoff
sites (Smith Creek, Mango Creek, Mallard Creek, and Swan-
nanoa River) between September 2009 and April 2010 (inclu-
sive) and analyzed at the NWQL for platinum, palladium, and
rubidium (both total recoverable and dissolved phases). These
three platinum-series metals are present in catalytic converters.

A contractor for the NCDOT conducted bioassays using
stormwater samples collected from 14 of the 15 bridge deck
monitoring sites (table 4) and three of the stream sites (Swan-
nanoa, Little, and Black Rivers). In this study, time-variable
chronic bioassays were conducted to measure the effects of
bridge deck runoff and streamwater samples on living organ-
isms relative to a control water sample. The test procedures
are adapted from the State of North Carolina freshwater
time-variable bioassays using Ceriodaphnia dubia described
by Dupuis (2002). Separate 1-L aliquots were extracted
from the samples collected by the USGS and delivered to
the NCDOT contractor laboratory for bioassay analysis. A
combined total of 25 bridge deck runoff samples at all sites,
except Flat Creek, were submitted for bioassay analysis.
Bioassay subsamples were collected from the churn after the
sediment sample was collected. A combined total of 22 bio-
assay samples were also collected at the Swannanoa River,
Little River, and Black River stream sites. Both base-flow
and storm stream samples were collected for each of the three
river sites. All bioassay samples were processed and analyzed
by a contract laboratory for the North Carolina Department of
Environment and Natural Resources Division of Water Quality
located in Asheville, North Carolina. Results of the bioassay
tests were reported directly to the NCDOT and are discussed
in a publication by URS Corporation (2010).

Stream (Routine and Storm)

Streamwater samples were collected from receiving
streams at four bridge sites, a subset of the bridge deck runoff
monitoring sites. Samples were collected upstream from each
bridge during storm and base-flow conditions to be analyzed
for chemical constituents and concentrations. Stream storm
samples were collected by an autosampler located at the site
over the entire duration of the storm hydrograph and processed
in the same manner as composite samplers of bridge deck
runoff.

When flow was sufficient, routine stream samples were
collected upstream from the bridge using the integrated
equal-width interval (EWI) sampling technique from a

bridge or by wading the stream, which involves collecting
an isokinetic width- and depth-integrated sample composited
in a splitter and processed and preserved according to USGS
standard operating procedures (Edwards and Glysson, 1999;
U.S. Geological Survey, 2006b). When flow conditions did not
permit EWI sampling, grab samples were collected at equal-
width intervals. EWI samples were collected using a DH-81
(Federal Interagency Sedimentation Project, 2001) or other
suitable water-quality sampler with a Teflon nozzle and bottle.
Sediment samples were collected using a DH-48 (Federal
Interagency Sedimentation Project 1965a) when wading and
a DH-59 (Federal Interagency Sedimentation Project, 1965b)
from a bridge at each of the quarter points of the stream.
When wading, samples to be analyzed for total organic
carbon and SVOCs were collected at the midpoint of the
stream by opening the bottle underwater at the midpoint of the
water column and resealing the bottle before breaking the sur-
face. The samples to be analyzed for oil and grease and total
petroleum hydrocarbons were collected by filling the bottle at
the surface of the stream at the midpoint of the stream. When
sampling from a bridge, samples of total organic carbon,
SVOC, oil and grease, and total petroleum hydrocarbon were
collected out of the Teflon churn in the same manner as for the
composite samples of streamwater and bridge deck runoff.
Water temperature, specific conductance, pH, dissolved
oxygen, and barometric pressure were determined in the
field at the time of sample collection. Field instruments were
calibrated before each sampling period, and the results were
documented along with the sample date and time. Alkalinity
was measured as soon as possible after sample processing for
routine stream samples via incremental equivalence titration
(U.S. Geological Survey, variously dated).

Bed Sediments

The sampling protocol was based on the USGS National
Water Quality Assessment (NAWQA) Program guidelines
(Shelton and Capel, 1994). One notable difference, though,
was that the samples for SVOCs were determined on the
less than 63-pum (maximum particle diameter) fraction of
bed sediment in the present study as opposed to the less than
2-millimeter (maximum particle diameter) fraction used for
the NAWQA Program. The likely effect was to lower the
detection limit for the NCDOT sampling because of the larger
total surface area normalized to mass associated with smaller
particles. Teflon tubes were used to scoop off the upper
2 cm of bed sediment, which was then transferred directly to
cleaned, baked 1-L wide mouth glass jars with Teflon-lined
lids for environmental samples and replicate samples. For the
field split and matrix spike samples, two jars were collected
in the field and then combined and thoroughly mixed in the
laboratory prior to splitting and then sieving (see next section).
Samples were kept on ice or refrigerated during temporary
storage and shipment to the USGS Sediment Partitioning
Research Laboratory in Atlanta, Georgia.
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Laboratory Analyses

A summary of the broad range of constituent groups that
were measured in the bridge deck runoff, receiving streams,
and bed sediment is presented in subsequent sections. These
constituents were measured in at least 20 percent of the
218 highway runoff studies summarized in the National High-
way Runoff Data and Methodology Synthesis (Granato, 2003)
and include physical properties, solids, nutrients, major ions,
metals, polynuclear aromatic hydrocarbons, and plasticizers.

Water Quality (Bridge Deck Runoff and Stream)

Analytes were measured in water and bed sediment
samples during the study. A list of the measured analytes and
associated analytical information is given in table 5 (p. 90).
Stormwater constituents that were determined in the study to
be “parameters of concern” by URS (2010) are highlighted
in bold. Analytes determined in the blanks as well as SVOC
surrogates added at the laboratory for quality assurance and
control purposes also are presented in table 5. All analytes
were determined throughout the duration of the study except
for the three platinum series metals (platinum, palladium,
and rubidium), which were only determined at four sites
(Smith Creek, Mango Creek, Mallard Creek, and Swannanoa
River) between September 2009 and April 2010 (inclusive) as
mentioned above.

Bed Sediment Chemistry

In the USGS Sediment Partitioning Research Laboratory,
sediment samples were homogenized, rough-split into two
subsamples, and then wet-sieved (63 micron) under pressure
using either a stainless steel sieve for SVOCs or a nylon/
polyethylene mesh for metals (includes metalloids), nutrients,
total carbon, and total organic carbon. The weight percent of
material less than 63 um in maximum diameter was calculated
for all samples. For split and matrix spike subsamples, a
final splitting of the two sieved subsamples was done. A few
grams of this wet-sieved sediment were retained at the USGS
Georgia Water Science Center for metal, nutrient, and carbon
analyses. About 50 to 100 grams of wet-sieved sediment was
shipped on ice in 500-mL baked jars with Teflon-lined lids to
the NWQL for SVOC analysis.

Sediment samples analyzed at the USGS Sediment Parti-
tioning Research Laboratory were dried at 105 degrees Celsius
(°C) to constant weight and analyzed for silver, copper, lead,
zinc, cadmium, chromium, cobalt, nickel, barium, vanadium,
lithium, beryllium, molybdenum, strontium, arsenic, antimony,
selenium, mercury, iron, manganese, aluminum, sodium,
potassium, calcium, magnesium, and titanium as well as
phosphorus, total carbon, total organic carbon, nitrogen, and
sulfur (table 5). All analyses yielded total concentrations
(that is, greater than 95 percent of the element present in
the sample). For all analytes other than antimony, selenium,

and mercury, 500-milligram (mg) aliquots, if possible, were
digested with a combination of hydrofluoric acid/perchloric
acid/aqua regia (nitric acid and hydrochloric acid in a 1:3 vol-
ume ratio) in Teflon beakers at 200 °C; the resulting salts
were solubilized using 50 mL of 2-percent hydrochloric acid.
Silver, cadmium, and lead were determined by flame atomic
absorption spectrometry (AAS) using mixed salt standards
and background correction. All the other constituents were
determined by inductively coupled plasma—atomic emission
spectroscopy (ICP—AES) using a lutetium internal standard
and inter-element correction factors. Aliquots from the same
digestion were used for antimony and selenium; selenium
was determined on the digestate by hydride generation AES,
whereas arsenic and antimony were determined by hydride
generation [CP-AES. Mercury was analyzed using separate
500-mg aliquots, if possible, digested with LeFort aqua regia
at 140 °C; quantification was by cold vapor, employing an
AAS as the detector. Total carbon and nitrogen were deter-
mined by passing the combustion products of separate
250-mg to 500-mg sample aliquots through a gas
chromatograph, with a thermal conductivity detector in a
carbon-nitrogen-sulfur (CNS) analyzer. Total organic carbon
also was determined by combustion, but in a carbon-sulfur
(CS) analyzer that quantifies the evolved carbon dioxide
with an infrared detector after pretreatment with 10-percent
hydrochloric acid (volume/volume) to remove carbonates.
Sediment samples sent to the NWQL were analyzed for
38 SVOC:s (table 5). Solvent extraction was done under pressure
using water/isopropyl alcohol mixtures, and target analytes
were isolated on disposable solid-phase extraction cartridges
containing divinylbenzene-vinylpyrrolidone copolymer resin.
The cartridges were dried using nitrogen gas, and sorbed
compounds were eluted with dichloromethane/diethyl ether
(80:20 volume ratio). Extracts were dewatered and cleaned up
by passing through a solid-phase extraction cartridge containing
sodium sulfate/Florisil and then exchanged into ethyl acetate
and reduced in volume to 0.5 mL. After addition of internal
standards, samples were analyzed by capillary-column gas
chromatography with mass spectrometry detection.

Quality Assurance and Quality Control Design

As the Nation’s principal earth-science information
agency, the USGS has developed a worldwide reputation for
collecting accurate data and producing factual and impartial
interpretive reports. To ensure continued confidence in its
products, all scientific work is conducted in accordance with
documented quality assurance and quality control (QA/QC)
policies and procedures.

The USGS Quality Assurance Plan for Water-Resources
Activities in North Carolina (U.S. Geological Survey, 2010a)
provides a framework for defining the precision and accuracy
of collected data. The plan is supported by a series of quality-
assurance policy statements that describe responsibilities for
specific functional elements including project planning and
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implementation, equipment calibration and maintenance, data
collection, data processing and storage, data analysis and
interpretation, synthesis, reports preparation and processing,
and training. Activities of the USGS North Carolina Water
Science Center are systematically conducted under a hierarchy
of supervision and management that is designed to ensure
conformance with Agency goals of quality assurance.

Each component of data collection included QA/QC
procedures, as described in subsequent sections. All methods
used by the USGS to collect and review scientific data are
fully documented, and project data and records are archived in
accordance with guidelines jointly approved by the USGS and
the National Archives and Records Administration.

Precipitation

The rain gages were checked for calibration twice during
the data-collection period (March 2009 to April 2010). These
calibration checks were done in accordance with USGS
Office of Surface Water Technical Memorandum No. 2006.01.
On average there were 10 visits to each site to check for
obstructions and general cleanliness of the rain gage. The
tipping mechanism was checked after inspection and cleaned,
if required, to ensure accurate measurements. If obstructions
to the bucket funnel or impedance to the tipping mechanisms
were found, the data were closely scrutinized and removed,
as needed, from the USGS NWIS database. Periods of frozen
precipitation and subsequent days of associated melt were
removed from the dataset. All data were worked, checked, and
reviewed in accordance with USGS Office of Surface Water
Technical Memorandum No. 2006.01 to ensure proper QA/QC
guidelines were followed for each site.

Discharge

The QA/QC procedures used to measure continuous
discharge for computation of constituent loads and control
automated sample collection from bridge deck runoff are
summarized in subsequent sections. Protocols used to
QA/QC discharge measurements in both the collection system
discharge pipes and the receiving streams are presented.

Bridge Deck

Gage heights measured by the ISCO pressure transducer/
velocity meters were checked in the field by physically
measuring the depth of flowing water in the pipe at the
downstream end of the pressure transducer/velocity meters,
which corresponds to the location of the pressure transducer
on the meter. These measurements were taken when site visits
corresponded with stormwater runoff. If a difference between
the physical and meter measurement of gage height was
found, the pressure transducer was reset to match the physical
measurement. All gage height verification measurements
during runoff events showed that the pressure transducer was
within 0.01 ft of the physical measurement.

Bridge deck runoff data were combined with measured
chemical concentrations to compute loads from the bridge
decks. Each ISCO velocity/stage meter was calibrated by
the manufacturer in accordance with their standards to the
following accuracies:

» Velocity: -5 to 5 feet per second (ft/s; 0.1 ft/s)
* Velocity: 5 to 20 ft/s (+2 percent of reading)
 Stage: 0.033 to 5 ft (+0.008 ft/ft)

» Stage: 5to 10 ft (0.012 ft/ft)

The stage/velocity meters were also tested at the USGS
Hydrological Instrumentation Facility (HIF) for accuracy in
measuring velocity and stage. HIF testing confirmed the stated
accuracies for velocity and stage, yet noted some temperature
dependent variations in stage measurements.

Volumetric measurements of bridge deck runoff were
taken at selected sites, when possible, and compared with
discharge reported from the velocity/stage meters (table 6).
For the sites that had more than 30-percent variance between
computed and measured runoff, a theoretical storm runoff
volume calculated using the bridge deck drainage area, total
precipitation. and a 0.95 runoff coefficient was used in the
load computations.

Stream (Routine and Storm)

The USGS operated and maintained continuous record
streamflow-gaging stations at the four stream monitoring
sites during this study (table 3). Stage and streamflow data
were collected, processed, and analyzed in accordance with
the quality-assurance plan for surface-water activities of
the USGS North Carolina Water Science Center (Rantz and
others, 1982; Mueller and Wagner, 2009; U.S. Geological
Survey, 2010b). Final results were entered into the USGS
NWIS database. Data for project streamflow-gaging sites are
available online at http://waterdata.usgs.gov/nc/nwis/.

Water Quality (Bridge Deck and Stream)

The bias, precision, and representativeness of sampling
water from the bridge decks and streams entailed several
field- and laboratory-based procedures, which are discussed
in detail here. Beyond these, various blind sample programs
are conducted by non-NWQL programs within the USGS to
monitor the accuracy of reported analyte (organic, inorganic,
and sediment) concentrations as well as for analytes typi-
cally determined in the field (pH, specific conductance, and
alkalinity). In addition, formal procedures are used to evaluate
non-NWQL laboratories wherein the accuracy of reported
results for standard reference materials is examined. Finally,
the NWQL maintains long-term records of analytical perfor-
mance that are useful for evaluating project data analyzed in a
given time period. All these programs are briefly described in
table 7.
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Table 6. Comparison of bridge deck runoff measured volumetrically with discharge reported from
velocity/stage meters.

[gal, gallon; gal/min, gallon per minute]
Site name and _ Volume Coll_ection Vt_)lumetric Al:_?:::epdler
measurement no. Date Time collected !lme dlschafge discharge
(gal) (minutes) (gal/min) (gal/min)
Boylston - 1 4/8/2010 16:27 3.83 0.15 25.5 28.4
Boylston - 2 4/8/2010 16:28 2.38 0.08 28.5 28.6
Big Ivy - 1 4/8/2010 14:17 4.29 0.50 8.6 19.2
Big Ivy -2 4/8/2010 14:23 6.67 0.50 133 29.4
Big Ivy - 3 4/8/2010 14:31 3.83 0.25 153 25.4
Dillingham - 2 4/8/2010 14:57 2.77 0.17 16.6 74.0
Flat Creek - 1 4/8/2010 15:29 1.45 0.25 5.8 7.4
Flat Creek - 3 4/8/2010 15:35 1.72 0.33 5.2 6.9
Little River - 1 2/22/2010 12:00 3.06 0.20 15.3 28.6
Little River - 2 2/22/2010 12:05 3.01 0.20 15.1 22.8
Swift Creek - 1 2/5/2010 13:58 2.14 0.17 12.8 12.8
Swift Creek - 2 2/5/2010 15:00 2.51 0.11 23.2 46.2
Middle Creek - 1 2/5/2010 14:23 2.25 0.15 15.0 16.0
Middle Creek - 2 2/5/2010 14:28 2.18 0.15 14.1 16.4
Field Among the uncensored detections of total recoverable

Bias, precision, and representativeness of measured ana-
lyte concentrations affected by field sampling and handling of
bridge deck and streamwaters were assessed through various
types of sample blanks and replicates, respectively (table 8).
Forty-eight blanks of three different types were used to assess
potential analyte contamination from the ambient environment
including during transport in vehicles (vehicle blanks) and
exposure to ambient air (ambient blanks), processing through
supplies and equipment (equipment blanks), and contact with
samplers (field blanks). Uncensored detections in all blank
samples occurred in 1.4 percent of analyses of all analytes
and 2.0 percent of analyses for POCs. Sixteen of the 48
blanks had at least one detection among the total recoverable
POC:s although three of these had only estimated (E-coded)
detections (table 9). There were 23 detections and 28 qualified
detections for 15 total recoverable POCs, but there were
no detections for the remaining 7 total recoverable POCs
(arsenic, hexachlorobenzene, pentachlorophenol, benzo[«]
anthracene, bis(2-chloroethyl)ether, n-nitrosodimethylamine,
and n-nitroso-di-n-propylamine). Last, only two detections for
metals (aluminum and mercury) exceeded the water-quality
threshold, whereas detections for several SVOCs exceeded the
thresholds (table 9) for those compounds.

metal and nutrient values, manganese was found most
frequently, occurring in seven blanks. Aluminum and iron
were next most frequently detected, each in five blanks. Both
aluminum and iron had sporadically high detections in a few
autosampler field blanks associated with bridge decks. Often
these three metals, or two of the three, occurred in the same
blank suggesting a common source. Among the environmental
bridge deck runoff samples (discussed later), about 5 percent
of the aluminum values, about 91 percent of the iron values,
and about 87 percent of the manganese values were greater
than the largest concentrations measured in any blank. Thus,
the potential contamination was probably sporadic and likely
did not bias the environmental data to any great extent.
Staying within the uncensored detections, three POCs (total
nitrogen, total phosphorus, and nickel) were detected only
once each. Mercury was detected twice, and there were no
detections of any SVOCs. That said, there was a relatively
high censored value of bis(2-ethylhexyl)phthalate (E4.2 micro-
grams per liter (ug/L) in an autosampler blank from a bridge
deck. This plasticizer has been detected a few times in blind
blanks submitted by others during the NCDOT study period at
levels similar to that in the field blank (data not shown). Thus,
the single censored detection may not reflect anything specific
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Table 7. Selected quality-assurance programs for water chemistry analyses operated by the U.S. Geological Survey Branch of
Quality Systems and the National Water Quality Laboratory (NWQL).

Program

Description

Matrix

Blind Blank Program (BBP)

Inorganic Blind Sample Program (IBSP)

Organic Blind Sample Program (OBSP)

Sediment Laboratory Quality Assurance
(SLQA)

National Field Quality Assurance Program
(NFQA)

Laboratory Evaluation Program (LEP)

NWQL quality-control data

The BBP submits double-blind blank samples to the NWQL to
help determine method detection limits and monitor analytical
performance. Samples are prepared weekly for every possible
analytical line. The same bottles and preservatives are used by
U.S. Geological Survey field personnel. Data are collected and
analyzed for trends, cycles, and biases. Online charts are posted
once a week so analysts and supervisors can assure quality data.

The purpose of the IBSP is to monitor and evaluate the quality
of laboratory analytical results through the use of double-blind
quality-control samples.

The OBSP assesses the operational performance of organic ana-
lytical methods used for determining water-quality constituents
for the NWQL by means of blind submissions of quality-
assurance samples.

Two single-blind SLQA studies are conducted annually. Partici-
pating laboratories are asked to determine suspended-sediment
concentration, sediment mass, separation of fine- and sand-
size material, and particle-size distribution using the standard
techniques with which they analyze environmental samples.
Results are used to assess variability in environmental data and
to improve laboratory performance.

The NFQA was created in 1979 to provide quality-assurance
reference samples to field personnel, who make water-quality
field measurements. The program monitors the proficiency of
alkalinity, pH, and specific conductance measurements deter-
mined by water-quality field analysts.

Analytical laboratories that provide chemical, radiochemical,
and biological analyses to the U.S. Geological Survey, Water
Resources Discipline, must be evaluated relative to the objec-
tives of a project requiring analyses and approved for use for
that specific project.

Charts, tables, histograms, and tests for normal distributions
(analytes and surrogates); program for creating quality-control
charts, with extra options to assist in troubleshooting; box plots
and tables of statistics for all compounds in schedules; retrieve
quality-control set data associated with specified environmental
samples.

Water

Water

Water

Water, sediment

Water

Water, sediment

Blank, environ-
mental water,
and sediment
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Table 8. Bridge deck and stream field quality-assurance and quality-control (QA/QC) samples.

[Blanks analyzed for a subset of all analytes. EWI, equal-width increment; SVOCs, semivolatile organic compounds]

QA/QC sample type Number Description and purpose
Blanks

Ambient:

* Vehicle 2 Blank water exposed to collection and processing equipment in the vehicle and
processed as an environmental sample to assess contamination from the ambi-
ent atmosphere.

* Autosampler 5 Blank water exposed in uncapped bottles in the autosampler for 7 to 10 days to
assess contamination from the ambient atmosphere.

Equipment 3 Blank water exposed to collection and processing equipment in the laboratory
and processed as an environmental sample to assess contamination and to verity
cleaning procedures.

Field:

* Decks (autosampler) 32 Blank water passed through the autosampler line and bottle in the field and
processed as an environmental sample to assess contamination from sampling,
processing, and analysis.

» Streams (autosampler) 5 Same as above.

* Streams (EWI) 1 Blank water exposed to the sampler and processed in the field as an environmen-
tal sample to assess contamination from sampling, processing, and analysis.

Replicate sets

Field:

» Decks (autosampler) 5 Split replicates — two samples taken sequentially from the churn to assess pro-
cessing and analytical precision combined.

* Streams (EWI) 4 Sequential replicates — two samples collected sequentially from the stream to
assess sampling, processing, and analytical precision combined.

+ Streams — autosampler (point sam- 5 Two stream samples taken during normal flow (non-storm) periods to assess the
pler) versus EWI (cross-sectional representativeness (accuracy) of the point sampler of the entire stream width.
composite sample)

Spike sets (SVOCs only)
Matrix spike (stream) 6 Known concentrations of target SVOCs added to paired environmental replicates

to assess the analytical recovery efficiency within the sample matrices.

to the equipment cleaning procedure in the present study.
More importantly, this compound was detected in only 2 of the
48 blanks. This sporadic pattern supported the suggestion that
the environmental dataset was largely unbiased.

The four dissolved metal POCs (cadmium, copper, lead,
and zinc) were detected in only 1 of 10 blanks—a field blank
collected July 15, 2009 (table 10). The cadmium and zinc
values were E-coded because they were below the reporting
level. The lead value was about five times above the reporting
level and the copper value was extremely high (26 pg/L),
well above most of the study data both for dissolved and total
recoverable copper (results discussed later). This high copper
value was well above the water-quality threshold, and the
lead value was about one-half of that threshold. Additionally,

the dissolved concentration of five metals exceeded the total
recoverable concentration in that particular blank sample
(table 11). This sample was probably compromised in some
way, and there remains no evidence for any systematic bias in
the measured concentrations of these dissolved metals.

While positive bias in the form of contamination has been
discussed, negative bias was also a potential issue. That is,
was there a failure to identify POCs for some reason? In the
case of five analytes, the reporting level was greater than the
threshold level (table 12.) Additionally, three analytes were
permanently E-coded due to low and (or) variable recoveries.
Thus, for these few analytes, it is not possible in principle to
rule them out as POCs.
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Table 10. Detections of parameters of concern among dissolved analytes in blanks.

[Concentrations shown in micrograms per liter. <, less than; E, estimated]

Cadmium Copper Lead Zinc
Reporting limit 0.02 1 0.03 2
Water-quality threshold! 0.07 1.6 0.33 25
Vehicle
05/05/09 <0.02 <1 <0.06 <2
Equipment
07/01/09 <0.02 <1 <0.06 <2
07/01/09 <0.02 <1 <0.06 <2
07/14/09 <0.02 <1 <0.06 <2
Ambient
07/14/09 <0.02 <1 <0.06 <2
12/09/09 <0.02 <1 <0.030 <2.8
Field - I1SCO (Bridge decks)
03/17/09 <0.02 <1 <0.06 <2
07/15/09 E0.012 26 0.152 El1.2
09/02/09 <0.02 <1 <0.06 <2
Field — 1SCO (In-stream)
09/15/09 <0.02 <1 <0.06 <2

1'U.S. Environmental Protection Agency freshwater criteria continuous concentration

(U.S. Environmental Protection Agency, 2009).

Table 11.

Concentrations of selected dissolved and total

recoverable analytes in the field blank from July 15, 2009.

[Concentrations shown in micrograms per liter. E, estimated; <, less than]

Dissolved
. Total
Dissolved greater
Analyte . recoverable
concentration . than total
concentration
recoverahble?
Aluminum E3.6 <6 -
Cadmium E0.01 <0.06 -
Chromium 0.47 <0.40 Yes
Copper 26 <4.0 Yes
Iron 24 <14 Yes
Lead 0.15 <0.10 Yes
Manganese 0.3 0.4 No
Mercury <0.010 <0.010 -
Nickel 1.2 <0.20 Yes
Zinc El1.2 <2.0 -
Arsenic <0.06 <0.20 -
Selenium <0.06 <0.12 -
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Table 12. Analytes that were potentially omitted from the parameters of concern list and the reasons why.

[Concentrations shown in micrograms per liter. >, greater than]

Analyte Reporting level Threshold level’ Reason(s)

Water, Dissolved

Arsenic 0.04 0.018 Reporting level > threshold level

Water, Recoverable
1,2-Diphenylhydrazine 0.3 0.036 Reporting level > threshold level
2,4-Dinitrotoluene 0.56 0.11 Reporting level > threshold level
3,3'-Dichlorobenzidine 0.42 0.021 Reporting level > threshold level; Permanent E-coding
Benzidine 10 0.000086 Reporting level > threshold level; Permanent E-coding
2,4-Dinitrophenol 1.4 69 Permanent E-coding

''U.S. Environmental Protection Agency, human health water + organism (U.S. Environmental Protection Agency, 2009).
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Figure 4. Average relative percent difference of parameters of concern in water replicates
and in autosampler/equal-width interval method comparison water samples.

Precision and representativeness of sampling and analysis Second, five sets of stream autosampler/EWI (a cross
taken together for the POCs were assessed with 14 sets of field  section) pairs were used to assess the representativeness of the
replicates (fig. 4) of two types. First, nine field replicate pairs point sampling done by the autosamplers when compared to

(five stream and four bridge deck) were collected to assess concurrent samples collected using the EWI technique. These
the overall precision of the entire collection, handling, and autosampler/EWI comparisons were done during non-storm
analysis approach. The average relative percent difference conditions and thus may have been the worst case. As was the
(RPD, in percent) of the percent absolute differences for these  case for the field replicates, the autosampler collected a fairly
field replicates was usually below about 20 percent with only representative sample of the entire stream during base flow.
phosphorus, two SVOCs (benzo[b]fluoranthene and chrysene), Finally, bias of SVOC concentrations was assessed by
and total suspended solids having more variability. Gener- spiking a pair of replicate samples from three of the stream
ally, this precision was quite good considering all the steps sites (Mountain Creek, Little River, and Town Creek) and

involved from collection to analysis. calculating analytical recoveries against an unspiked sample
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with comparison to 77 reagent spikes analyzed at the NWQL
during the relevant period from March 3, 2009, to May 27,
2010 (table 13). Of the SVOCs included as POCs, median
recoveries in sample matrices ranged from 26 to 66 percent
although this could not be determined for five compounds.
Compared to the recoveries in sample matrices, median recov-
eries in reagent spikes for the POCs were higher as expected
due to the absence of interferents. Still, the range of recoveries
generally encompassed the median recoveries in the sample
matrix spikes. Of the five compounds that were permanently
E-coded, dibenzo[a,h]anthracene and indeno[1,2,3-cd]pyrene
partially co-elute with each other. These two compounds were
included as POCs because the maximum concentration still
exceeded the threshold considering the co-elution factor (about
20 percent as a maximum). Of the non-POC compounds where
the matrix spike recovery could be determined, the median
recoveries ranged from 22 to 89 percent (table 13). As for the
POCs, the median recoveries in reagent spikes were somewhat
higher compared to those in the sample matrix spikes. Finally,
recoveries of several compounds in sample matrix spikes
could not be determined though the median recoveries in
reagent spikes ranged from 33 to 93 percent. This directly
demonstrated the difficulty of being able to quantify analyte
recoveries in complex matrices compared to pure reagent.

Relatively low sample matrix spike recoveries might indicate
a negative bias in measured concentrations in environmental
samples, but that is not necessarily the case and measured
concentrations should not be corrected based on such.

Laboratory

In general, for the metals, nutrients, and carbons among
the POCs, analytical bias and precision were assessed with
analytical blanks, standard solutions, and analytical replicates
(see references in table 5). For SVOCs, quality-control
samples in a typical analytical run included internal standards
and surrogate standards added to all samples, target compound
calibration standards, target compound reagent spikes, and a
detector performance evaluation solution (Fishman, 1993).
Some of these results are maintained and made available by
the NWQL for use in assessing long-term method perfor-
mance. Finally, recovery of several surrogate compounds
added to all samples was used to monitor overall performance
of the method. These compounds are similar to the target
analytes, but should not be used to correct the recovery of
target analytes.

Table 13. Spike recoveries for semivolatile organic compounds in water matrix samples and reagent.

[A total of 77 reagent spikes from March 3, 2009, to May 27, 2010. ---, no data]

Recovery, in percent

Compound Matrix spikes Reagent spikes
Median Minimum Maximum Median Minimum Maximum
Parameters of concern
Benzo[a]anthracene 34 33 35 76 37 104
Benzo[a]pyrene 34 26 48 68 34 102
Benzo[b]fluoranthene 33 29 52 74 41 104
Benzo[k]fluoranthene 39 25 51 73 38 102
Bis(2-chloroethyl)ether --- --- --- 84 40 123
Bis(2-ethylhexyl)phthalate 36 -7 40 55 25 139
Chrysene 44 35 63 80 41 106
Dibenzol[a, h]anthracene --- --- --- 51 19 86
Hexachlorobenzene 46 42 49 74 36 119
Indeno[1,2,3-cd]pyrene 26 20 40 57 24 90
n-Nitrosodimethylamine - - - 57 23 146
n-Nitrosodi-n-propylamine - - - 84 35 127
Pentachlorophenol - - - 80 22 141
Phenanthrene 66 60 80 82 39 106
Permanent E-coding
Dibenzo[a, h]anthracene - - - 51 19 86
Indeno[1,2,3-cd]pyrene 26 20 40 57 24 90
2,4-Dinitrophenol - - - 52 0 132
Benzidine --- --- --- 0 0 0
3,3'-Dichlorobenzidine - - - 23 0 93
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Table 13. Spike recoveries for semivolatile organic compounds in water matrix samples and reagent.—Continued

[A total of 77 reagent spikes from March 3, 2009, to May 27, 2010. ---, no data]

Recovery, in percent

Compound Matrix spikes Reagent spikes
Median Minimum Maximum Median Minimum Maximum
All other (sorted on median matrix)
Benzo[ghi]perylene 22 18 37 56 18 92
n-Nitrosodiphenylamine 28 23 33 75 18 109
Phenol 35 3 49 55 27 93
Pyrene 55 50 75 86 41 111
4Bromophenyl phenyl ether 56 53 59 78 38 116
Anthracene 57 54 60 77 34 104
4-Nitrophenol 57 17 93 54 17 112
Fluoranthene 57 53 76 87 42 110
Acenaphthene 61 57 65 75 34 103
Diethyl phthalate 62 62 62 89 33 127
2,4,6-Trichlorophenol 62 61 63 79 31 115
9H-Fluorene 67 64 71 83 39 110
Naphthalene 70 61 84 77 36 101
2-Nitrophenol 81 13 85 76 28 109
Di-n-butyl phthalate 89 64 90 101 43 171
Other (sorted on median reagent)
Hexachlorocyclopentadiene - - - 33 6 90
Di-n-octyl phthalate - - - 47 21 130
Hexachlorobutadiene - - - 48 21 87
Hexachloroethane - - - 51 22 96
1,3-Dichlorobenzene -—- - -—- 63 26 94
4,6-Dinitro-2-methylphenol (DNOC) - - - 63 10 118
1,4-Dichlorobenzene -—- -—- -—- 65 27 93
1,2,4-Trichlorobenzene -—- - -—- 66 30 91
2,4-Dimethylphenol - - - 66 5 119
1,2-Dichlorobenzene -—- -—- -—- 68 29 96
Acenaphthylene - - - 74 34 100
2,4-Dichlorophenol - - - 77 28 112
2-Chlorophenol - - - 78 31 111
2-Chloronaphthalene - - - 79 36 99
4-Chloro-3-methylphenol - - - 79 27 118
4Chlorophenyl phenyl ether - - - 80 39 107
1,2-Diphenylhydrazine - - - 80 36 127
2,6-Dinitrotoluene - - - 83 35 118
Bis(2-chloroisopropyl)ether - - - 83 35 115
Dimethyl phthalate - - - 83 31 117
Bis(2-chloroethoxy)methane - - - 84 40 111
Isophorone - - - 85 37 114
Nitrobenzene - - - 86 37 107
2.,4-Dinitrotoluene - -—- - 86 34 119
Butyl benzyl phthalate - - - 93 41 168

23
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Bed Sediment

Field

Nine field QA/QC samples representing 15 percent of the
total samples collected were used to assess overall sampling
precision and bias. All QA/QC samples were collected from
three sites, one in each ecoregion. These sites were Boylston
Creek (bridge 440008, downstream reach), Middle Creek
(bridge 910273, upstream reach), and Smith Creek (bridge
640131, downstream reach). Sites were chosen on the basis
of abundant fine-grained sediment and likeliness of SVOC
presence. At each of the three QA/QC sites, in addition to the
environmental sample, a replicate sample and a bulk sample
to be split were collected. These field QA/QC samples were
defined and interpreted as follows:

* Replicate sample — A second sample collected sequen-
tially in the vicinity of the environmental sample used
to assess representativeness and repeatability of the
sediment sampling, handling, and analysis procedures
for all target analytes. Replicates reflected the overall
maximum variability of the sampling.

* Split sample — Two subsamples taken from one
homogenized bulk sample (after sieving) used to assess
representativeness and repeatability of the sediment
handling and analysis procedures apart from vari-
ability of the field sampling proper. Therefore splits,
in conjunction with replicates, were used to assess the
spatial variability of target analyte concentrations at the
sampling site. For SVOCs only, one split was analyzed
directly and one was spiked with target compounds
(see next item).

* Matrix spike — For SVOCs only, consisted of one of the
two split samples and was used to assess recovery effi-
ciency and analytical interferences within the specific
sample matrices.

Laboratory

Analytical blanks, duplicates, and “known” concentration
materials including standard reference materials accounted
for about 30 to 40 percent of each analytical run for metals,
nutrients, and carbons. Overall precision was determined from
the average relative percent difference of the percent absolute
differences between pairs for the following:

* Environmental and field replicates
* Field splits

 Analytical replicates

These data pairs are nested within each other in that the
analytical precision is reflected completely within the preci-
sion of the field splits, which in turn, is reflected completely
within the precision of the environmental and field replicates.
Average absolute differences for each set of data pairs were

less than about 15 percent for almost all analytes (fig. 5).
Therefore the overall variability was largely determined by
the analytical variability. Thus the sampling approach and
methods yielded representative samples of each reach and the
sampling handling did not add measurable variability. Aside
from the less than 63-micron fraction, the few large average
relative percent differences were associated with analytes
present in relatively small concentrations (molybdenum,
mercury, cadmium, and antimony) and thus were not likely to
be significant. The differences in absolute concentration were
relatively small.

Bias was determined from 19 analyses of 10 unique
standard reference materials and other “knowns” selected
from a collection of more than 60 materials for best match
to expected target analyte concentrations in the samples. The
average relative standard deviations of the percent absolute
difference for each pair between the observed and “known”
concentrations were less than about 15 percent for all but five
analytes, including cadmium, molybdenum, tin, mercury, and
total carbon (fig. 6). As was the case for precision, these five
analytes were present in relatively small concentrations and
were associated with relatively small absolute concentrations
differences.

For SVOCs, quality-control samples in a typical analyti-
cal run included a detector calibration solution, an instrument
blanking solution (pure solvent), two instrument detection
level solutions, three continuing calibration verification
solutions, a reagent set spike, a set blank solution, and a set
quality-control reference material sample (Zaugg and others,
2006). Together, these accounted for about 43 percent of the
typical analytical run. Some of these results are maintained
and made available by the NWQL for use in assessing
long-term method performance. Finally, recovery of several
surrogate compounds added to all samples was calculated to
monitor overall performance of the method. These compounds
are similar to the target analytes, but should not be used to
correct the recovery of target analytes.

Precision and bias of SVOC analysis in bed sediments
were determined from field replicates and laboratory spikes,
respectively. The average relative standard deviation of the
percent absolute difference in pairs of SVOCs between the
environmental and field replicates was about 20 percent. This
precision was calculated from only 16 concentration pairs
(including E-coded values) for only 14 SVOCs because many
of the target analytes were below their respective reporting
limits. The median recoveries for SVOCs that were present in
at least one set of upstream-downstream sample pairs (results
discussed later) ranged from 43 to 70 percent (table 14). Other
SVOCs not present in pairs had generally similar recoveries
to those present in pairs. Finally, three compounds were
permanently E-coded including the two previously mentioned
compounds (dibenzo[a,s]anthracene and indeno[1,2,3-cd]
pyrene) for partial co-elution with each other and the com-
pound 1,2,4-trichlorobenzene for relatively high variability
coupled with relatively low recoveries.
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Figure 5. Average relative percent differences of the percent absolute difference between pairs of inorganic analytes,

total organic carbon, and the percent less than the 63-micron fraction in field replicates, field splits, and analytical

replicates in bed sediment samples.

Standard Reference Materials
1

100

jJuaalad ul ‘sadualayip Juadiad anie|as abelany

Analyte

Figure 6. Average relative percent differences of the percent absolute difference between pairs of inorganic

”

u

analytes and total organic carbon in bed sediment standard reference materials with “known” concentrations.



26 Stormwater Runoff from Bridges in North Carolina and the Effects of Bridge Deck Runoff on Receiving Streams

Table 14. Spike recoveries for semivolatile organic compounds in bed sediment samples.

Recovery, in percent

Compound (sorted)
Spike 1 Spike 2 Spike 3 Median
Presence in upstream-downstream pairs (sorted by prevalence)
Perylene 46 42 54 46
Fluoranthene 59 62 63 62
Pyrene 58 65 61 61
2,6-Dimethylnaphthalene 57 61 55 57
Benzo(b)fluoranthene 50 44 58 50
Bis(2-ethylhexyl)phthalate 54 33 129 54
Anthraquinone! 69 70 72 70
Phenanthrene 58 61 57 58
Benzo(a)pyrene 49 41 57 49
Benzo(e)pyrene 49 42 56 49
Chrysene 56 52 60 56
Carbazole? 61 69 63 63
Benz(a)anthracene 57 49 61 57
Benzo(k)fluoranthene 50 39 58 50
Anthracene 57 60 58 58
Benzo(g,h,i)perylene 43 23 43 43
4H-Cyclo[def]phenanthrene? 58 58 59 58
Indeno(1,2,3-cd)pyrene 44 23 47 44
1,6-Dimethylnapthalene 59 60 57 59
Acenaphthylene 48 50 49 49
1-Methylphenanthrene 58 60 58 58
9H-Fluorene 56 60 57 57
Naphthalene 47 50 44 47
Other (sorted on median)
Diethylphthalate 38 39 36 38
Pentachloronitrobenzene 50 38 51 50
Hexachlorobenzene 53 39 56 53
Pentachloroanisol 53 44 57 53
Acenaphthene 53 55 54 54
1-Methyl-9H-fluorene 56 54 59 56
Dibenzothiophene 58 57 59 58
1,2-Dimethylnaphthalene 58 59 58 58
2-Ethylnaphthalene 58 59 56 58
Phenanthridine 55 61 59 59
2,3,6-Trimethylnaphthalene 60 58 59 59
1-Methylpyrene 60 58 63 60
2-Methylanthracene 66 64 65 65
Permanent E-coding
1,2,4-Trichlorobenzene 39 43 36 39
Indeno(1,2,3-cd)pyrene 44 23 47 44
Dibenzo(a,h)anthracene 46 28 50 46

! Occasionally shown as 9,10-Anthraquinone.
2 Occasionally shown as 9H-Carbazol.

3 Occasionally shown as 4,5-Methylenephenanthrene.
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Bridge Deck Runoff Event Load and Annual
Stream Load Computations

Bridge deck runoff loads of the POCs for each sampled
storm event were computed by multiplying the concentrations
and total measured discharges from the bridges. The bridge
deck runoff event loads for all bridge deck runoff sites are
presented in table A1 of the appendix.

Stream loads of the POCs at the four gaged stream sites
were computed using continuous records of streamflow and
measured (routine and storm) stream concentrations and
represent loads upstream from the bridges. Annual stream
POC loads were not computed for total recoverable mercury,
total suspended solids, and SVOCs (with the exception of
PAHs at the Swannanoa River site) because there were less
than eight noncensored data points for these constituents
at each site. Annual stream load estimates were calculated
using the statistical program LOADEST (Runkel and others,
2004). The specific software used was S-LOADEST, which is
a “USGS plug-in” version of LOADEST in S-PLUS (ver-
sion 6.1), a PC-based statistical software package. Documenta-
tion is contained in the publicly available USGS library for
S-PLUS for Windows, release 2.1 (Slack and others, 2003).
S-LOADEST software can be downloaded from the USGS
Web page at http://water.usgs.gov/software/loadest. html. The
load estimates were obtained using the best combination of
seven variables in a log-linear regression model selected with
ranking by the Akaike information criterion (Akaike, 1974;
Cohn and others, 1989; Gilroy and others, 1990; Cohn and
others, 1992). The full seven-variable model is:

InL=a ,+a hQ+a(nQy+at+a, t'+asin(2mt)+
acos2mt)te )

where
In  is natural logarithm function;
L is load, in tons;
a,a,a,a,aa,aare coefﬁcient§ of the regrc?ssion model;
is instantaneous discharge at time of
sampling, in cubic feet per second;
t  istime, in decimal years;
sin is sine function;
b =3.14169;
cos is cosine function; and
e is model error term.

The discharge terms (alln Q and a, (/7 Qy) in the model
address variability in concentration resulting from discharge
variability. The time terms (a, t and a, t*) adjust for variability
resulting from a linear time trend in concentration, and
the sine and cosine terms adjust for seasonal variability in
concentration. Bias generated in the estimated load when the
load is transformed from log to linear units was corrected
using the minimum variance unbiased estimator correction
(Bradu and Mundlak, 1970). Censored data were statistically
adjusted using the adjusted maximum likelihood estimator
(Cohn and others, 1989).

Water Quality and Effect of Stormwater
Bridge Runoff on Receiving Streams

Section 25.18 of Session Law 2008-107, House Bill 2436
enacted by the North Carolina General Assembly (2008),
requires that a study be conducted to examine effective and
implementable stormwater control measures (SCMs) for
bridge deck runoff in North Carolina. Before the NCDOT can
develop a statewide selection plan for implementing SCMs to
address water-quality concerns, the relative impact of bridge
deck runoff on receiving streams in North Carolina must be
first understood. While water chemistry evaluations provide
important context relative to established water-quality thresh-
olds and some indication of important constituents to consider
for further investigation, the impact of bridge deck runoff on
receiving streams cannot be fully addressed without evaluat-
ing water chemistry and bioassessment results (bioassays
and macroinvertebrate surveys) in tandem. The subsequent
sections focus on water chemistry collected and analyzed by
the USGS and bioassay and macroinvertebrate survey results
are documented by the URS Corporation (2010).

Parameters of Concern

Despite substantial roadway stormwater characterization
data available in the literature, a standard method does not
exist for evaluating roadway stormwater concentrations in
the context of impairment to receiving streams. The North
Carolina Department of Environment and Natural Resources
(2003) previously used USEPA’s National Ambient Water
Quality Criteria for freshwaters to evaluate stream data during
storm flows, but no standards or regulatory guidance exist for
stormwater concentrations. In the current absence of guidance,
the NCDOT and the URS Corporation developed a methodol-
ogy for focusing stormwater data analysis on constituents
present at levels that could be related to adverse environmental
effects (URS Corporation, 2010). The methodology used
in this study involves consideration of available surface-
water-quality data from North Carolina, USEPA, and other
resources to select thresholds for environmental significance
for stormwater runoff. This approach allows the analysis to be
limited to constituents present at levels that may raise concern
about receiving stream impairment, rather than attempting
to analyze data obtained from the entire suite of 112 water-
quality constituents (URS Corporation, 2010).

The use of surface-water-quality standards to assess
the effects of runoff from highways on receiving streams
was originally proposed by Dupuis (2002). However, using
surface-water-quality data in this context has the following
limitations as outlined by Burton and Pitt (2002):

* Surface-water standards and criteria based on biologi-
cal effects may not be applicable to conditions at every
site.


http://water.usgs.gov/software/loadest.html
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 Thresholds often do not account for antagonistic or
synergistic effects that alter pollutant bioavailability.

» Abundant surface-water-quality criteria are designed
for single acute and chronic average exposures that do
not consider pulsed exposures for short time periods.

 Previous studies have shown stream degradation identi-
fied through biosurveys when measured water-quality
constituents have met criteria.

Therefore, while exceedance of these thresholds may indicate
a stormwater effect, it does not definitively do so, nor does

the lack of an exceedance definitively exonerate bridge deck
runoff of contributing to receiving stream impairment. These
thresholds are instead intended to be used in concert with each
other to support a weight-of-evidence analysis (URS Corpora-
tion, 2010).

For the purpose of consistency with URS (2010), which
documents the methodology used to focus the data analysis
on stormwater constituents that could be related to adverse
environmental effects, the use of the POC terminology is used
in this report. POCs were defined as any monitored analyte
whose maximum measured concentration exceeded the
most stringent threshold from available local and nationally
recognized surface-water-quality criteria or environmental
datasets. If the maximum measured concentration in either the
bridge deck runoff or stream was lower than the most stringent
threshold, regardless of stream classification or target receptor,
that particular constituent was not identified as a POC in a
site-specific comparison of stormwater runoff and thresholds
(URS Corporation, 2010).

Given that chemical analysis for more than 100 analytes
was conducted for the study, the benefit of the POC determina-
tion was to eliminate analytes that did not pose a substantial
risk of receiving stream impairment and focus the data
analysis and interpretation and load computations on those
analytes that were most likely to have an adverse effect. It
should be noted that a single occurrence of a concentration
above the most stringent water-quality threshold at any site
would trigger that analyte to be considered a POC. Some
POCs were barely over the threshold, including dissolved
lead, total recoverable nickel, and phenanthrene, whereas other
POC:s far exceeded the threshold (herein defined as at least
three orders of magnitude, including total recoverable alu-
minum, several PAHs, and total suspended solids (table 15).
Additional details regarding (1) the various resources used to
compile surface-water-quality thresholds, (2) the thresholds
used to establish the POCs, and (3) how the USEPA hardness-
dependant equations for dissolved metals and biotic ligand
model for dissolved copper were used are provided by the
URS Corporation (2010).

Precipitation Data for Sampled Events

At least 12 storm events with total precipitation
depths greater than 0.10 in. were sampled at each of the
15 bridge deck sites. A summary of the date, duration, mean
temperature, and selected pertinent precipitation properties
for all sampled events at each site is presented in table A2 in
the appendix. Samples were collected during storms where
precipitation ranged from 0.10 to 5.3 in., with an average of
0.70 in. and a standard deviation of 0.70 in. Any differences
between the precipitation during sampling and total precipita-
tion for an event represent situations where a maximum
sample volume had been reached prior to the conclusion
of precipitation. This was a common situation because the
sampling program in each autosampler had to be configured to
sample over an estimated runoff volume prior to the arrival of
the storm based on precipitation forecasts, which at times were
not accurate. If more precipitation or runoff occurred than the
general range of amounts forecasted or estimated based on
bridge deck drainage area, respectively, the autosampler bottle
would fill to the maximum volume allowable for processing
in the churn splitter (14 L) prior to the end of the storm. The
maximum precipitation intensity was calculated by averaging
the precipitation intensity over the maximum 10-minute period
during each storm. Antecedent dry days represent the time
prior to each storm event since at least 0.10 in. of precipitation
was measured, which is an indication of the amount of time
for constituents to accumulate on the bridge deck. The dura-
tion of precipitation is a quantification of the actual time over
the sampled storm that precipitation was actually measured,
whereas the entire wet-weather period represents the duration
of the entire sampled storm, including the periods where no
precipitation was measured. A discrete wet-weather period
for this study was considered finished once no precipitation
occurred over 6 consecutive hours.

Bridge Deck Runoff

Subsequent sections summarize measured bridge deck
runoff quantity and quality at all 15 sites. The information will
provide the framework for comparing bridge deck runoff con-
centrations and loads between bridge sites and to the measured
stream water-quality data and developing predictive equations
for parameter loadings from bridges in North Carolina.
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Table 15. Identification of parameters of concern (POCs) by comparison of maximum concentration in bridge deck runoff to selected
water-quality thresholds.

[Source is URS Corporation (2010). Concentrations shown in milligrams per liter, except where noted. EMC, event mean concentration; USEPA, U.S. Environmental
Protection Agency; NCDENR, North Carolina Department of Environment and Natural Resources; TCEQ, Texas Commission on Environmental Quality; NCSWQS,
North Carolina Surface Water Quality Standard; NA, not applicable]

Maximum Sit_e of Dat_e of
Parameter of concern (POC) EMC maximum maximum Threshold Reference
EMC EMC
Metals
Aluminum, total recoverable 22,400 Big Ivy Creek 03/11/10 and 04/08/10 87 USEPA (2009)°
Arsenic, total recoverable 5.1 Mallard Creek 02/13/10 0.018 USEPA (2009)°
Cadmium, dissolved 2.33 Mallard Creek 02/13/10 0.07% USEPA (2009)°
Copper, dissolved 46.1 Mallard Creek 02/13/10 1.6° USEPA (2009)°
Iron, total recoverable 46,900 Swannanoa River 03/27/09 300 USEPA (2009)°
Lead, dissolved 0.66 Black River 04/11/09 0.33% USEPA (2009)°
Swift Creek 07/13/09
Manganese, total recoverable 786 Big Ivy Creek 04/08/10 50 USEPA (2009)°
Mercury, total recoverable 0.039 Mallard Creek 09/16/09 0.012 NCDENR (2010)f
Nickel, total recoverable 76.4 Smith Creek 03/29/10 25 NCDENR (2010)"
Zinc, dissolved 411 Mallard Creek 02/13/10 252 USEPA (2009)°
Semivolatile organic compounds
Benzo[a]anthracene 53 Perry Creek 02/05/10 0.0038 USEPA (2009)°
Benzo[a]pyrene 6.83 Perry Creek 02/05/10 0.0038 USEPA (2009)°
Benzo[b]fluoranthene 13.1 Perry Creek 02/05/10 0.0038 USEPA (2009)°
Benzo[k]fluoranthene 6.81 Perry Creek 02/05/10 0.0038 USEPA (2009)°
Bis(2-chloroethyl)ether 0.23 Middle Creek 05/17/09 0.03 USEPA (2009)°
Bis(2-ethylhexyl)phthalate 26.2 Smith Creek 05/26/09 1.2 USEPA (2009)°
Chrysene 11 Perry Creek 02/05/10 0.0038 USEPA (2009)°
Dibenzo[a, h]anthracene 0.328 Perry Creek 05/04/09 0.0038 USEPA (2009)°
Hexachlorobenzene 0.019 Black River 03/28/10 0.00028 USEPA (2009)¢
Indeno[1,2,3-cd]pyrene 4.32 Perry Creek 02/05/10 0.0038 USEPA (2009)°
n-Nitrosodimethylamine 0.062 Mango Creek 04/21/10 0.00069 USEPA (2009)°
n-Nitrosodi-n-propylamine 0.384 Perry Creek 05/24/09 0.005 USEPA (2009)°
Pentachlorophenol 0.957 Smith Creek 07/16/09 0.27 USEPA (2009)°
Phenanthrene 6.03 Perry Creek 02/05/10 4.6 TCEQ (2000)8
Other analytes
pH (acidic), standard units 35 Black River 04/11/09 5 USEPA (2009)°
pH (basic), standard units 9.5 Mango Creek 03/27/09 9 USEPA (2009),°
NCDENR (2010)°
Nitrogen, total, mg/L 4.3 Flat Creek 07/27/09 NASC None
Phosphorus, total, mg/L 8.28 Big Ivy Creek 09/16/09 NAS None
Suspended solids, total, mg/L 1,210 Big Ivy Creek 04/08/10 104 NCDENR (2010)f

 Thresholds for dissolved cadmium, lead, and zinc were calculated using hardness-dependent equation after USEPA (2009) by the URS Corporation (project
consultant). The 25th percentile hardness value from the pooled data from all the bridge deck monitoring sites was used for the calculations.

® The threshold for dissolved copper was calculated using a biotic ligand model (USEPA, 2007a; 2007b) by the URS Corporation.

¢ Thresholds for total nitrogen and total phosphorus do not exist beyond those for specific watersheds. Nutrients were included because of their known potential
contribution to eutrophication and depressed dissolved oxygen levels in water bodies.

4 The total suspended solids threshold is the “worst case” of a National Pollutant Discharge Elimination System discharge into a trout stream (NCDENR, 2007).

¢ USEPA Freshwater Criteria Continuous Concentration for aluminum, cadmium, copper, lead, zinc, and pH (basic). USEPA Human Health Water + Organism
for arsenic, iron, manganese, pH (acidic and basic), and all semivolatile organic compounds (except for phenanthrene). USEPA Freshwater Criteria Maximum
Concentration for zinc.

fNCSWQS Freshwater Aquatic Life for mercury and pH (basic). NCSWQS Water Supply for nickel. NCSWQS High Quality Waters/Trout Waters for total
suspended solids.

£ TCEQ Saltwater Chronic for phenanthrene.
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Discha rge As previously mentioned, there were situations where
actual precipitation for a storm exceeded the upper range of
Bridge deck runoff was measured at the 15 sites for forecasted amounts. Prior to the onset of a storm, the sampling
each of the sampled events as shown in figure 7. The sites are  program in each autosampler had to be configured to sample
ordered on the horizontal axis by increasing size of the drain- over an estimated runoff volume based on precipitation
age area contributing to bridge deck runoff. The contributing  forecasts. When precipitation exceeded the upper range of
deck drainage area for each site was provided by the NCDOT.  forecasts or if the bridge deck drainage pipe received water
In general, the median runoff volume for the sampled storms from an area larger than the contributing drainage areas
increases with increasing bridge deck drainage area. indicated by NCDOT, the autosampler bottle would fill to the
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maximum volume allowable for processing in the churn split-
ter prior to the end of the storm. In these situations, the first
flush from the bridge decks would be sampled, but the tail end
of the runoff hydrograph would not be sampled. The resulting
concentrations for these situations tend to be higher than for
those storms with runoff that was fully sampled because they
were less diluted with the relatively cleaner runoff that occurs
toward the end of the hydrograph. The relative portion of

the total runoff volume over which samples were collected
for each sampled event is illustrated for all sites (fig. 8). The
median portion of total measured runoff volume over which
samples were collected is greater than 80 percent for 10 of the
15 sites. The median portion of total measured runoff volume

over which samples were collected at the Little River runoff
site is substantially lower than all other sites, which can be
attributed to an apparent error in the contributing drainage area
used for programming the autosampler. Near the conclusion
of the study, visual inspections conducted at the site during

a precipitation event revealed that runoff from areas outside
the specified contributing drainage area was actually draining
into the discharge pipe. A detailed summary of the measured
precipitation, runoff volume, and start and end times for
runoff samples collected at the bridge deck sites is presented
in table A3 of the appendix. The daily discharge data for the
entire study period at the bridge deck runoff sites are presented
in table A4 of the appendix.
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Water Quality

A detailed summary of the analytical results for the
inorganic POCs in all runoff samples collected at the bridge
deck sites is presented in table AS of the appendix. Bridge
deck runoff from the 15 sites can be characterized on the basis
of the major cations and anions as quite variable among the
sites and between seasons (fig. 9). First, considering all the
sites and seasons together, there was a large range in calcium
and sodium + potassium though all samples were low in
magnesium. Carbonate + bicarbonate dominated the anions,
and some samples had high relative concentrations of chloride/
fluoride/nitrite + nitrate. Most samples were low in sulfate. As
a general statement, these waters were largely of the calcium
carbonate + bicarbonate type with some waters high in sodium
chloride that likely were associated with road salting. Second,
considering the seasonal patterns, the winter samples as a
group appeared somewhat different as might be expected.
These samples tended to have relatively high percentages of
sodium + potassium and chloride/fluoride/nitrite + nitrate and
relatively low percentages of calcium. The sodium chloride
type water was very evident in the winter samples and was
absent in samples from the other seasons.

Table 16.
bridge deck samples.

[PAH, polycyclic aromatic hydrocarbon]

The 14 SVOCs identified as POCs in bridge deck runoff
were detected in 42 percent of the analyses for SVOCs
(table 16). This SVOC suite was dominated by pyrogenic
PAHs both in terms of number of compounds and number of
detections. Six PAHs including phenanthrene, indeno[1,2,3-
cd|pyrene, benzo[b]fluoranthene, benzo[a]pyrene, chrysene,
and benzo[k]fluoranthene were most frequently detected and
together accounted for 74 percent of all SVOC detections.
About another 11 percent of the detections were associated
with benzo[a]anthracene and dibenzo[a,/,] anthracene. Thus,
about 85 percent of the detections were pyrogenic PAHs.
A total of 10 percent of the detections were associated with
bis(2-ethylhexyl) phthalate (a plasticizer), and 4 percent of the
detections were associated with pentachlorophenol (a wood
preservative). The remaining four SVOCs were only rarely
detected. The frequency of detection (number of detections
divided by the number of analyses times 100) ranged from
6.1 percent for the most commonly detected compound
(phenanthrene) to 0.04 percent for the two less commonly
detected compounds (the two nitrosoamines). A detailed
summary of the analytical results for organic POCs in all
runoff samples collected at the bridge deck sites is presented
in table A5 of the appendix.

Detections of semivolatile organic compounds (SVOCs) as parameters of concern (POCs) and relative abundances in

. Number of Percentage Frequency of
Analyte Chemical class detections of tot_al detection
detections

Phenanthrene PAH (pyrogenic) 167 14 6.1
Indeno[1,2,3-cd]pyrene PAH (pyrogenic) 154 13 5.6
Benzo[b]fluoranthene PAH (pyrogenic) 149 13 54
Benzo[a]pyrene PAH (pyrogenic) 143 12 5.2
Chrysene PAH (pyrogenic) 135 12 4.9
Benzo[k]fluoranthene PAH (pyrogenic) 116 10 4.2
Bis(2-ethylhexyl)phthalate Phthalate 110 10 4.0
Benzo[a]anthracene PAH (pyrogenic) 89 7.7 32
Pentachlorophenol Phenol 46 4.0 1.7
Dibenzo|[a,h]anthracene PAH (pyrogenic) 37 32 1.3
Hexachlorobenzene Chloroaromatic 4 0.3 0.1
Bis(2-chloroethyl)ether Chloro ether 2 0.2 0.1
n-Nitrosodimethylamine Nitrosoamine 1 0.1 0.04
n-Nitrosodi-n-propylamine Nitrosoamine 1 0.1 0.04
Total detections of SVOCs as POCs 1,154

Total analyses of SVOCs as POCs 2,744

Percent detections of total analyses of SVOCs as POCs 42
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Figure 9. Seasonal Piper diagrams of general water types of runoff from bridge decks.
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Constituent Concentrations Associated with the Dissolved
and Particulate Phases

Knowing the distribution of a POC between the dissolved
and particulate fractions in runoff from bridge decks can
suggest efficient mitigation strategies to avoid input to surface-
water bodies. Bridge sweepings might be expected to remove
most of a POC that was associated largely with particles. In
this case, determining only the total recoverable concentra-
tions might be sufficient if it is known to be dominated by the
particulate phase and where the dissolved phase is thought
to be minor. For POCs largely associated with the dissolved
phase, intercepting and diverting runoff might suffice to
protect surface-water bodies. In this case, the total recoverable
concentration would approximate the “dissolved” concentra-
tion and the added time and expense of filtering samples could
be obviated. In both examples, knowing the dominant phase
can determine both the type of analysis required and the best,
most economical remediation practice.

Among the metal and nutrient POCs, aluminum, iron,
lead, and possibly total phosphorus were present largely
associated with the particulate phase (fig. 10). The first two
POCs are major components of common minerals, and lead
is relatively insoluble in oxic waters due to formation of
cerussite (PbCO,) and (or) any of the PbSO, minerals (Hem,
1970). Total phosphorus might be largely adsorbed on iron
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oxides. The remainder of the metal and nutrient POCs either
exhibited large ranges in dissolved particulate partitioning
(total nitrogen, manganese, cadmium, copper, zinc, nickel,
and arsenic), or there were too few data points (such as for
mercury) to make much of a conclusion (fig. 11). If these
phase distributions were accurate and representative of the
bridge deck runoff, then solid-phase removal approaches,
including sweeping, might only be able to minimize
aluminum, iron, lead, and possibly total phosphorus inputs.
The remainder of the POCs, because the dissolved fraction
can be high and variable, would have to be addressed in some
other way. It should be noted, however, that these observed
phase distributions might not reflect actual distributions in the
sample prior to storage, filtering, and preservation.

As previously mentioned, post-collection changes in
partitioning between the dissolved and particulate phases
prior to filtration and preservation needed to be considered,
especially for the dissolved POCs (cadmium, copper, lead, and
zinc). For cadmium, the maximum exceedance concentration
was 2.33 nug/L, which was three orders of magnitude above
the water-quality threshold concentration of 0.07 pug/L (see
table 15). The maximum exceedance concentrations for copper
and zinc (46.1 and 411 pg/L, respectively) were one order
of magnitude above their threshold concentrations (1.6 and
25 pg/L, respectively). Finally, the maximum exceedance
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concentration for lead (0.66 ng/L) was double that of the
threshold concentration (0.33 pg/L). The concentrations for
cadmium, copper, and zinc all occurred in one winter sample
(February 13, 2009) from the Mallard Creek bridge deck. In
contrast, the lead exceedance occurred at two bridge decks,
Black River in spring (April 11, 2009) and Swift Creek in
summer (July 13, 2009), respectively. At the relatively low
ambient winter temperature in February, biotic and abiotic
reactions that alter phase partitioning might be minimal. Thus,
the inclusion of dissolved cadmium, copper, and zinc as POCs
might be less concerning than inclusion of lead. Additional
studies are needed to quantify any such sampling artifacts.

Summary and Statistical Analysis of Constituent
Concentrations

To evaluate if any statistically significant relation among
concentrations of POCs in bridge deck runoff samples and
areal sources exist, incidence over the year, and roadway
setting or surface type, the concentration data for the metal
and nutrient POCs were grouped by ecoregion, season,
official NCDOT roadway classification (rural or urban),
and wearing surface (concrete or asphalt) for statistical
comparison testing. The nonparametric Mann-Whitney test
(Mann and Whitney, 1947) was used to determine whether
the independent populations were statistically different at
the 95-percent confidence level (p-value less than 0.05) for
POCs with less than 5 percent of the data that were censored
(estimated to be less than the long-term method detection limit
or LT-MDL. For POCs with greater than 5 percent of the data
being censored (mercury, cadmium, lead, and total suspended
solids), the nonparametric Gehan test (Gehan, 1965) was
used to determine whether the independent populations
were statistically different at the 95-percent confidence level
(p-value less than 0.05). For concentrations of POCs that were
not detected or were estimated to be less than the LT-MDL
(censored data), concentrations were set equal to one-half of
the respective LT-MDL. This approach is appropriate for rank-
based nonparametric methods for singly censored data (Helsel,
2005). The Kruskal-Wallis statistical test (Kruskal and Wallis,
1952) was used to determine whether data groups with three
or more independent populations (seasons and ecoregions)
were statistically different. If the Kruskal-Wallis test indicated
that the populations were statistically different, a subsequent
Tukey-Kramer multiple comparison test (Tukey, 1977) was
used to determine which populations were different. Statistical
analyses for the PAH and phthalate compounds determined to
be POCs were not performed because these compounds either
were detected in less than eight samples at a site or all of the
concentrations were estimated to be less than the LT-MDL.

With the exception of arsenic, the Coastal Plain samples
had statistically lower concentrations than samples from
the Blue Ridge and there were no statistical differences in
concentrations for cadmium, copper, lead, total nitrogen, total
phosphorus, pH, and zinc. The Coastal Plain sites had statisti-
cally lower concentrations than samples from the Piedmont

ecoregion except for arsenic and there were no statistical
differences in concentrations for aluminum, manganese, iron,
nickel, total nitrogen, total phosphorus, pH, and zinc. The
Blue Ridge samples had statistically higher concentrations
than the Piedmont samples except for copper and there

were no statistical differences in concentrations for arsenic,
cadmium, manganese, mercury, nickel, total phosphorus, pH,
total suspended solids, and zinc. In the case of the metals, this
may have reflected differences in soil mineralogy between
these ecoregions. A summary of the median concentrations
for bridge deck runoff grouped by ecoregion is presented in
table 17.

In terms of seasons, POC concentrations were statistically
higher in winter compared to summer and fall, except for
dissolved cadmium, copper, lead, zinc, and total recoverable
mercury (which were not statistically different), pointing
to reduced volatilization at lower temperatures and higher
total suspended solids concentrations in the winter (likely
from deicing treatments) as potential explanations. With the
exception of pH and total suspended solids (both higher in
the winter), the winter and spring POC concentrations were
not statistically different. Similar results have been found by
Smith and Granato (2010). A summary of the median concen-
trations for samples collected in each season is presented in
table 17.

Statistical testing revealed no significant difference
between rural and urban populations of concentrations for
total nitrogen (p-value = 0.849), total phosphorus (p-value =
0.233), arsenic (p-value = 0.613), zinc (p-value = 0.964), and
mercury (p-value = 0.519). The urban concentrations were
statistically higher than the rural concentrations for aluminum
(p-value = 0.003), lead (p-value = 0.049), manganese
(p-value = 0.007), total suspended solids (p-value = 0.01), and
cadmium, copper, iron, and nickel (all with p-values less than
0.001; figs. 12 and 13). Although the statistical testing did not
indicate that the urban sites contributed statistically significant
higher concentrations for all metals, they were detected more
often in samples collected from urban sites than rural sites.
Visual inspection of the box plots in figure 14 indicates that
substantially higher levels of the PAHs were measured at the
urban sites compared to the rural sites.

The analysis of POCs and bridge surface type (concrete
and asphalt) revealed that runoff concentrations of constitu-
ents, except for lead and zinc, were statistically higher in
samples from concrete bridges than asphalt bridges; there
were no statistical differences in concentrations for arsenic,
cadmium, mercury, and total nitrogen (table 18). When
interpreting these results of the surface-type analysis, it should
be noted that all six of the asphalt bridges were classified as
rural, and the nine concrete bridges were classified as rural
(three bridges) and urban (six bridges). Therefore, results may
be more reflective of the bridge classification, as presented in
the analysis above, than the bridge-surface type. The analysis
of surface type would be greatly enhanced if urban bridges
with an asphalt surface type would have been included in the
study.
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Median concentrations for bridge deck runoff samples grouped by ecoregion and season.

[Concentrations shown in micrograms per liter, except for total phosphorus and total nitrogen, which are in milligrams per liter, and pH, which are in standard

units]

Bridge deck runoff samples’

Parameter of concern Ecoregion Season

Blue Ridge Piedmont  Coastal Plain Spring Summer Fall Winter
pH 6.9 6.8 6.9 6.8 6.6 6.8 7.2
Total phosphorus 0.22 0.17 0.16 0.25 0.16 0.15 0.25
Total nitrogen 0.89 1.1 0.68 0.99 0.97 0.67 1.10
Total recoverable aluminum 1,580 1,090 321 1,580 885 414 2,220
Total recoverable arsenic 0.95 0.97 1.45 1.2 0.89 0.87 1.4
Dissolved cadmium 0.02 0.03 0.02 0.02 0.03 0.02 0.02
Dissolved copper 2.11 3.69 1.84 3.16 2.61 2.41 2.02
Total recoverable iron 2,730 1,620 442 2,600 1,230 643 3,420
Dissolved lead 0.06 0.11 0.05 0.11 0.07 0.07 0.08
Total recoverable manganese 63.7 68.6 20.4 75 47 27 107
Total recoverable mercury 0.007 0.007 0.004 0.007 0.007 0.005 0.007
Total recoverable nickel 3.19 2.93 1.42 3.61 2.13 1.67 4.53
Dissolved zinc 14.3 17.35 12 17.0 20.7 13.6 11.5
Total suspended solids 57 50.5 8 51 37 22 74

! Concentrations less than the reporting limit were replaced with the long-term method detection limit for the purpose of median calculations. For param-

eters with greater than 5-percent censored data, medians were computed using the rank method as described by Bonn (2008).

Among the concentrations of metals, there was no strong
relation to AADT, except for cadmium, copper, and nickel
(fig. 14). Additionally, there was no overarching pattern
difference between total recoverable and dissolved metals in
this group. Finally, there was no obvious relation to AADT
for total nitrogen, total phosphorus, pH, and total suspended
solids. A potential explanation for the lack of a strong relation
between AADT and POC concentrations is that the range
was too small to overcome the inherent variability of the
measurements. Malina and others (2005) also found that a
strong relation between concentration and AADT did not
exist. When larger ranges of AADT were studied, especially
those sites substantially above and below about 30,000,
concentrations tended to roughly scale with AADT (Driscoll
and others, 1990; Smith and Granato, 2010). The selection
process for monitoring sites included an analysis of the AADT
frequency distributions in North Carolina, and only about
1 percent of bridges in North Carolina have AADT volumes
in excess of 30,000 vehicles. The small percentage of bridges
in North Carolina with AADT volumes in excess of 30,000
and extremely limited number of those bridges with runoff
collection systems only allowed for two bridge sites with an
AADT volume greater than 30,000 vehicles (Mallard Creek
and Mango Creek; table 2) to be included in the current study.

The remaining 13 sites had lower AADT values that ranged
from 400 to 26,000 vehicles.

As might be expected, the median concentrations of the
summed PAHs were generally higher at the urban sites (larger
AADT volumes) than at the rural sites (fig. 14). The highest
concentrations for most PAHs occurred at the urban Perry
Creek bridge site, and the lowest concentrations generally
occurred at the urban Mango Creek site. The concentrations
at the Mango Creek bridge site were more typical of the
rural sites, which could be due to dilution related to the large
sampled runoff volumes associated with the bridge. The urban
Smith Creek bridge site had the highest observed phthalate
concentrations. The laboratory results for all analytes are
presented for all runoff samples at each bridge deck site in
table A5 of the appendix.

Beyond those generalities, the Big Ivy Creek site had
somewhat elevated concentrations of many POCs where
concentrations of aluminum, iron, manganese, nickel, total
suspended solids, total phosphorus, and all SVOCs were
higher compared to all of the other rural sites. The area around
the Big Ivy Creek site experienced multiple disturbances
before and during the period of this study. A building
completely burned within 100 ft of the bridge deck surface
some time before the beginning of the study. Paint chips and
charred debris from this building were often noticed in the
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Figure 12. Concentrations of metals in rural and urban bridge deck runoff samples.
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Figure 13. Concentrations of nutrients and total suspended solids in rural and urban bridge deck runoff samples.

Table 18. Summary of statistical comparisons of bridge deck runoff concentrations
from concrete and asphalt bridges.

[The null hypothesis was that medians of each distribution were the same. Concentrations are shown in
micrograms per liter, except for total phosphorus, total nitrogen, and total suspended solids, which are in
milligrams per liter. <, less than]

Median concentration

Parameter of concern p-value
Concrete Asphalt
Total recoverable aluminum 1,385 557 <0.001
Total recoverable arsenic 1.09 1.04 0.322
Dissolved cadmium 0.026 0.023 0.571
Dissolved copper 2.84 2.23 0.003
Total recoverable iron 2,395 824.5 <0.001
Dissolved lead 0.081 0.11 0.021
Total recoverable manganese 70.1 37.95 <0.001
Total recoverable mercury 0.008 0.009 0.151
Total recoverable nickel 3.39 1.895 <0.001
Dissolved zinc 13.5 16.95 <0.001
Total phosphorus 0.198 0.168 0.048
Total nitrogen 0.92 1.05 0.236

Total suspended solids 65.5 46 <0.001




40 Stormwater Runoff from Bridges in North Carolina and the Effects of Bridge Deck Runoff on Receiving Streams

5 13 12 13 12 14 13 13 15 12 13 4 13 12 13 12 14 13 12 13 15 12
A Rural Urban B Rural Urban
o—— First sample after resurfacing [ °
54f 2 828
2 “ st
g : s s o
» 1S
g g
5° : £ .
= E
£ c 2}
= A =
= = First sample
52 2 after resurfacing
s 4 a
= ° o
= =9t
i) 1 é g ° A
é EL ° o g o °
0 oL = = B - L = 5|T é E [
13 12 13 12 14 13 13 15 12 13 13 12 13 12 14 13 12 13 15 12
10,000 ¢ . 1
£ Rural Urban E Rural Urban
s000 f € ] b
C ] 0+
2 1000 | " . 9t
2 E A 3
2 500 ¢ 4 1 “ B
< N A ] = -
k=) i 2 A R b s 8 3
E I T . 1 = s g J
é 100 N A E E 7t %
P ow - . &
E - ? g - 6 ? A °
= =S A
2 E 5f
£ E 3
= 5 F ]
L i 4+
) °
1 3
S & & N ¥ ¥ N N Y OY Oy SOy F &S N ¥ YN N Y OY Oy SN Ny
< J & 2 ) ) 2 2 ) 2 ) J ) ) ) ) < & Q ) ) 2 < ) < 2 & ) 2 )
S’S’ f § g}zz: S‘z, Q,’g, g}m g}m q’,\% é}% g’& § Q,)g, Q}tz: 5’3’ S’S’ f § Q,,g: ()3. Q}w Q,’g: Q,’g: Q,)g, é,’gx g,’g: § g}m g’,\% é),g.
T P & ST & Py e F & 8 S S R S S N o & & 8
I IS TETAE TS gHEYE TIT ST T S g8
S LI NN IS S & S ¥ LN S S &
53 N @ ) NI &
< & N &

In-stream site and sample type

EXPLANATION

13 Number of values
o  Upper detached
A Upper outside

95th percentile

75th percentile

Interquartile

50th percentile range

25th percentile

5th percentile
e  Lower detached

Figure 14A-D. Concentrations of (A)total nitrogen, (B)total phosphorus, (C)total suspended solids, and (D) pH in bridge deck runoff samples
arranged in order of increasing annual average daily traffic. Censored data were plotted using a value of one-half of the respective long-term
method detection limit.
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half of the respective long-term method detection limit.

storm drainage pipe where the autosampler was collecting
runoff. Additionally, pipes were installed uphill from the
bridge deck at the Big Ivy Creek site over the course of the
study. Critically, sediment from this operation washed onto the
bridge deck and was found in the storm drainage pipe. Thus,
these types of relatively short-term site disturbances seem to
have a measurable effect on measured analyte concentration in
bridge deck runoff.

The AADT for the bridge deck sites was also normalized
to the relative amount of pavement exposed to the vehicles by
dividing the AADT by bridge width to determine if the number
of lanes on a bridge had an effect on runoff concentrations for a
given traffic volume. This analysis did not produce results that
were any different than grouping the bridge deck sites by AADT
alone or by roadway classification (rural and urban).

Summary of Bridge Deck Event Loads and
Development of Predictive Equations for Runoff
Loads

Bridge deck runoff loads of the POCs for sampled storm
events were computed by multiplying the concentrations and
total measured discharges from the bridges. A summary of the
minimum and maximum event loads at the bridge deck sites
is presented in table 19. Results indicate that the loads were
generally highest for total nitrogen, total suspended solids, and
metals, whereas loads of SVOCs were orders of magnitude
lower. The bridge deck runoff loads varied considerably
among events and study sites depending on rainfall and bridge
characteristics.
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Table 19. Summary of minimum and maximum storm event bridge deck runoff
loads of parameters of concern measured at the bridge deck sites.

[Loads shown in pounds. X, summation]

Parameters of concern Minimum Maximum
event load event load

Total phosphorus 1.0E-4 7.0E-1

Total nitrogen 8.1E-4 5.9E-1

Total recoverable aluminum 2.3E-4 5.5E+0

Total recoverable arsenic 0 1.4E-3

Dissolved cadmium 0 7.2E-5

Dissolved copper 0 3.1E-3

Total recoverable iron 2.3E-4 2.6E+1

Dissolved lead 0 1.6E-4

Total recoverable manganese 1.2E-5 4.0E-1

Total recoverable mercury 0 5.2E-6

Total recoverable nickel 1.6E-6 1.7E-2

Dissolved zinc 0 2.5E-2

Benzo[a]anthracene 0 1.8E-3

Benzo[a]pyrene 0 2.4E-3

Benzo[b]fluoranthene 0 4.5E-3

Benzo[k]fluoranthene 0 2.4E-3

Bis(2-ethylhexyl)phthalate 0 7.4E-3

Chrysene 0 3.8E-3

Indeno[1,2,3-cd]pyrene 0 1.5E-3

Phenanthrene 0 2.1E-3

Bis(2-chloroethyl)ether 0 1.1E-5

Dibenzol[a,h]anthracene 0 5.4E-5

Hexachlorobenzene 0 6.5E-7

n-Nitrosodimethylamine 0 4.8E-6

n-Nitrosodi-n-propylamine 0 1.6E-5

Pentachlorophenol 0 9.4E-5

Phenanthrene 0 2.1E-3

X Polycyclic aromatic hydrocarbons 0 1.9E-2

Total suspended solids 0 9.5E+1

The bridge deck runoff event loads were used as the procedure selects the one-variable regression with the highest

dependent variables in a multiple linear regression analysis R? (coefficient of determination), the two-variable equation
to develop predictive equations for bridge deck loads. The with the highest R, the three-variable equation with the
multiple linear regression analysis included the development highest R?, and so forth. The Mallows Cp statistic (Mallows,
of a calibration dataset with independent variables (rainfall 1973) was used to determine how many variables to include in
characteristics, antecedent dry days, AADT, bridge drainage the regression along with judgment about the physical sense of
area, bridge deck area, mean air temperature, and bridge deck  the equation, review of the relative statistical significance of
runoff) and the dependent variable of bridge deck constituent each variable, regression-residuals plots, and predicted versus
load. The calibration dataset was used to develop a bridge observed constituent-load plots. The independent variables
deck runoff load prediction equation for the POCs (table 20). included in the predictive multiple-regression equations

The MAXR (SAS Institute, 1999) procedure was used in the selected though this review varied (table 20); however, the
selection of the constituent regression equations. The MAXR bridge drainage area, bridge deck area, mean temperature,
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and log AADT were frequently included, and log total runoff
was always included in the selected models. The individual
constituent loads were log-transformed to develop the equa-
tions presented in table 20. These models explained at least
68 percent of the variance in constituent loads, with R? values
ranging from 0.68 to 0.92.

Regression equations were also developed from the
calibration dataset with the total runoff variables excluded
to provide models that could be used to predict bridge deck
loads from only ancillary variables and rainfall characteristics
(useful for sites that do not have measured runoff volume).
The independent variables used in these non-flow predictive
multiple-regression equations also varied (table 21); however,
mean temperature, log total precipitation, and log bridge drain-
age area were frequently included. The individual constituent
loads were also log-transformed to develop the equations
presented in table 21. The R? values for these equations were
lower than those for the regression equations incorporating
total runoff volume, ranging from 0.12 to 0.70. However, all
but one model (pentachlorophenol) explained at least 50 per-
cent of the variance in the constituent loads.

The total study period load was derived for each POC
using the associated multiple linear regression equations
presented in tables 20 and 21. A period of record prediction
dataset was developed for the study sites that included
ancillary variables and the most complete set of bridge deck
discharge data available for each site. The prediction dataset
included storm events with at least 0.10 in. of rainfall. The
equations, including bridge deck discharge, were used to
predict constituent loads for the storm periods with flow data,
and the non-flow equations were used to predict constituent
loads for storm periods when flow was not measured. These
loads were then summed for the entire period of record to
predict the total period loads (discussed in the next section that
compares bridge deck runoff and stream routine and storm
constituent concentrations and loads). Because the regression
equations produce a log-transformed load prediction, the
final reported loads need to be transformed into linear units.
The bias generated in the estimated load when the load is
transformed from log to linear units was corrected using
the minimum variance Duan’s Smearing unbiased estimator
correction (Duan, 1983; Gilroy and others, 1990).

Stream (Routine and Storms)

The subsequent sections summarize streamflow and
water-quality analyses at the four stream monitoring sites,
which were monitored during both routine (base-flow) and
storm conditions. The information will complete the frame-
work necessary to put the bridge deck runoff concentrations
and loads in context of the water-quality potential effects on
receiving streams in North Carolina.

Discharge

As previously mentioned, discharge was recorded at
the four in-stream sites at 15-minute intervals throughout the
study period. A summary of the recorded streamflow for the
water-quality samples collected at the stream sites is shown in
figure 15. Streamflows were generally an order of magnitude
higher during storm sampling than during routine sampling
events at three of the four sites. The magnitude of the dif-
ference was not as pronounced at the Swannanoa River site,
which had the smallest drainage area. The sites are arranged
on the x-axis by order of decreasing drainage area. Streamflow
and start and end times for all stream water-quality samples
are presented in table A6 of the appendix. The discharge
value associated with the stream samples is the average of
the 15-minute values corresponding to the period when the
samples were collected either manually or by the autosampler.
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Water Quality

As might be expected, the routine (base-flow) water
type in terms of major cations and anions at the four stream
sites was balanced and less variable than that for the bridge
deck runoff (fig. 16). Cations plotted near the center of the
triangular diagram were present in roughly equal concentra-
tions. Anions had a wide range in carbonate + bicarbonate
and chloride/fluoride/nitrite + nitrate and a smaller range in
sulfate. The water type thus could be described generally as
mixed with somewhat lower sodium + potassium. The storm
sample water types were more tightly grouped and extensively
overlapped by the routine sample types. The main difference
was the presence of two outliers (both at the Swannanoa site),
which were enriched in sodium + potassium and chloride/
fluoride/nitrite + nitrate that likely represented road salting in
winter as for the deck runoff. Additionally, though the cation
suites were generally similar among the three ecoregions, the
anion suites changed from chloride/fluoride/nitrite + nitrate
dominated to carbonate + bicarbonate moving eastward from

In contrast to deck runoff, total recoverable nutrient and
metal POCs were relatively well correlated with suspended-
sediment concentration (table 22). This result was consistent
with dominance of a mineral source for recoverable aluminum,
iron, and manganese. Additionally, the relatively high correla-
tion between suspended-sediment concentration and nickel
and arsenic was consistent with these POCs being predomi-
nantly sorbed to particles once in the stream. Concentrations
of inorganic POCs in all water-quality samples collected at
stream sites is presented in table A7 of the appendix.

Table 22. Correlation of total nutrient and total recoverable
metal parameters of concern to suspended-sediment
concentrations in stream samples.

[R? is regressional correlation coefficient]

Parameter of concern R2
0.860

Total phosphorus

the Blue Ridge Mountains to the Coastal Plain. Ammonia plus organic nitrogen 0.723
Aluminum 0.817
Iron 0.797
Manganese 0.790
Nickel 0.665
Arsenic 0.593
EXPLANATION
Data collections
Routine + Swannanoa River Storm
4 Little River
Mountain Creek %\@

2
Calcium

Chloride, fluoride, nitrite + nitrate
Percent

Figure 16.

Black River

Chloride, fluoride, nitrite + nitrate
Percent

Calcium

Piper diagrams of general water types during routine (non-storm) and storm sampling events at stream sampling sites.
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Only 9 of the 14 SVOC:s identified as parameters of
concern in bridge deck runoff samples (table 16), were
detected in streamwater samples (table 23). Similar to the
bridge deck runoff results, stream detections were dominated
by pyrogenic PAHs. Overall, there were considerably less

detections of SVOCs identified as POCs in the streams during

both routine and storm conditions than in bridge deck runoff.
The SVOCs were detected in only 2 percent of the routine
stream samples and were dominated by pyrogenic PAHs as

was the case for deck runoff. The SVOCs were detected more

frequently in storm samples than in routine samples though

Table 23.

[PAH, polycyclic aromatic hydrocarbon]

the suite of compounds was similar. Concentrations of SVOCs
identified as POCs in all water-quality samples collected at the
stream sites are presented in table A7 of the appendix.

The POC concentrations for all samples collected at
the stream sites were grouped by season to determine if a

significant relation between concentrations and season existed

(table 24). Unlike the results for the bridge decks, values did
not vary much between seasons nor was there a season(s) with
consistently higher or lower concentrations than other seasons.

appear to have a strong seasonal component.

Detections of semivolatile organic compounds (SVOCs) as parameters of concern (POCs) in stream samples.

Therefore, the source of these POCs to the streams did not

Routine samples

Storm samples

Parameter of concern Chemical class Number of Percentof Frequency Number of Percentof Frequency
detections lotal_l of . detections lotal_l of .
detections  detection detections  detection

Phenanthrene PAH (pyrogenic) 2 20 0.3 12 19 2.6
Benzo[b]fluoranthene PAH (pyrogenic) 1 10 0.2 9 15 1.9
Chrysene PAH (pyrogenic) 1 10 0.2 9 15 1.9
Benzo[a]pyrene PAH (pyrogenic) 1 10 0.2 8 13 1.7
Benzo[k]fluoranthene PAH (pyrogenic) 1 10 0.2 8 13 1.7
Indenol[1,2,3-cd]pyrene PAH (pyrogenic) 1 10 0.2 7 11 1.5
Benzo[a]anthracene PAH (pyrogenic) 1 10 0.2 4 6.5 0.9
Pentachlorophenol Phenol 1 10 0.2 3 4.8 0.6
Bis(2-ethylhexyl)phthalate Phthalate 1 10 0.2 2 32 0.4
Hexachlorobenzene Chloroaromatic 0 0 0 0 0 0
Bis(2-chloroethyl)ether Chloro ether 0 0 0 0 0 0
Dibenzo|a, h]anthracene PAH (pyrogenic) 0 0 0 0 0 0
n-Nitrosodimethylamine Nitrosoamine 0 0 0 0 0 0
n-Nitrosodi-n-propylamine Nitrosoamine 0 0 0 0 0 0
Total detections of POCs for

SVOCs 10 62
Total analyses of POCs for

SVOCs 602 462
Percent detections of POC

analyses for SVOCs 2 13
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Table 24. Median concentrations for stream samples grouped by season.

[Concentrations shown in micrograms per liter, except for total phosphorus and total nitrogen which are
in milligrams per liter. ---, no statistics computed—Iless than eight laboratory detections]

Stream samples’

Parameter of concern

Spring Summer Fall Winter
pH (units) 6.8 6.8 6.6 6.3
Total phosphorus 0.07 0.07 0.07 0.05
Total nitrogen 0.85 0.84 0.78 0.92
Total recoverable aluminum 352 222 251 236
Total recoverable arsenic 0.53 0.75 0.51 0.41
Dissolved cadmium 0.02 0.01 0.01 0.01
Dissolved copper 0.58 0.84 0.65 0.85
Total recoverable iron 1,510 1,370 870 620
Dissolved lead 0.14 0.16 0.15 0.12
Total recoverable manganese 182 103 114 81
Total recoverable mercury - - - -
Total recoverable nickel 0.51 0.54 0.59 0.56
Dissolved zinc 2.61 1.90 2.12 3.28

Total suspended solids - - - —

! Concentrations less than the reporting limit were replaced with the long-term method detection
limit for the purpose of median calculations. For parameters with greater than 5-percent censored data,
medians were computed using the rank method as described in Bonn (2008).

Concentrations of total nitrogen were generally higher Many stream metal concentrations (zinc, nickel, copper, lead,
in storm samples at all four sites, and total phosphorus cadmium, arsenic, mercury, manganese, iron, and aluminum)
concentrations were higher in storm samples at three of the were elevated during storms at most sites (fig. 17E—N). This
four sites (fig. 174,B), likely reflecting increased input of group included most of the dissolved and some of the total
particle-associated nitrogen and phosphorus during storms. recoverable analytes. Finally, no box plots were shown for
This result was consistent with stormwater input having had SVOCs as POCs because detections were extremely infre-

a lower dissolved inorganic nitrogen content. Other POCs, quent in the stream samples. Laboratory results for all analytes
including total suspended solids and pH, showed no obvious are presented for water-quality samples collected at the stream

pattern between base-flow and storm conditions (fig. 17C,D). sites in table A7 of the appendix.
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Figure 177M-N. Concentrations of (M)total recoverable iron and (N)total recoverable aluminum for stream routine, bridge deck runoff, and
stream storm samples for the four stream sampling sites.

compa risons of Bridge Deck Stormwater Runoff provide reasonable potential for bridge effects to be observed,
and Stream Water Quality and therefore, conservative comparisons can be made.

The effects of bridge deck runoff are evaluated herein by Distribution of Concentrations from Bridge
(1) comparing constituent concentrations, loads, and yields Deck Runoff

(load per acre of drainage area) in the bridge deck stormwater
from the 15 monitored bridges and receiving streams at the

rorea ot IVHIE The distribution of concentrations from the bridge deck
four stream monitoring sites and (2) estimating the rate of

o ! : runoff at the four stream monitoring sites was compared to
dilution of bridge deck runoff downstream from the discharge 1,0 corresponding distributions of stream routine and storm

point for the four stream monitoring sites to identify the zone sample concentrations using the nonparametric Mann-Whitney
of maximum effect and the relative reduction of concentration o (Mann and Whitney, 1947) and a 95-percent confidence
due to dilutiqn. The fqur stream sites cannot represent all the level. Results of the statistical testing (table 25) and com-
sFream (or bridge) sethgs in North Carolina. Hov.vever, t.he parisons of the bridge deck runoff and stream concentrations
sites do represent unlmpal.red freshwater streams in relatwe;ly (fig. 17) indicate that the bridge deck runoff concentrations
non-urbanized watersheds in the three major ecoregions, which .o only statistically higher than the corresponding stream
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Table 25. Summary of p-values derived from statistical comparisons between bridge deck runoff concentrations and stream
routine and storm samples at the stream monitoring sites.

[The null hypothesis was that medians of each distribution were the same. Only five storm samples were collected from Black River (statistical analyses
still made for reference if all values are detections). <, less than; TR, total recoverable; ---, no statistics—less than eight laboratory detections]

p-values for comparison with bridge deck runoff samples'?

Parameter of Stream sample .
concern type Stream monitoring sites
Swannanoa River Mountain Creek Little River Black River

Total nitrogen

Routine <0.001 <0.001 0.667 0.293

Storm 0.928 0.364 0.254 0.656
Total phosphorus

Routine <0.001 <0.001 0.049 0.021

Storm 0.27 0.664 0.129 0.043
TR aluminum

Routine <0.001 <0.001 0.003 0.365

Storm 0.81 0.72 0.58 0.961
TR arsenic

Routine -—- <0.001 0.07 0.001

Storm 0.42 0.62 0.42 0.007
Dissolved cadmium

Routine <0.001 - --- -

Storm <0.001 - --- -
Dissolved copper

Routine - - 0.002 -

Storm <0.001 0.004 0.075 0.115
TR iron

Routine <0.001 0.950 0.580 0.030

Storm 0.53 0.014 0.020 0.127
Dissolved lead

Routine <0.001 <0.001 0.009 1.0

Storm 0.128 1.0 <0.001 0.657
TR manganese

Routine 0.189 <0.001 0.356 0.491

Storm 0.056 <0.001 0.006 0.657
TR mercury

Routine --- - - -—-

Storm -—- 0.174 - -—-
TR nickel

Routine <0.001 <0.001 0.001 0.06

Storm 0.222 <0.001 0.242 0.218
Dissolved zinc

Routine <0.001 --- - <0.001

Storm 0.002 -—- - 0.001
Total suspended solids

Routine --- - - ---

Storm 0.550 0.012 - ---

! Red shaded cell indicates bridge deck runoff median concentration is statistically higher than the corresponding median stream concentration at the
95% confidence level.

2 Blue shaded cell indicates median stream concentration is statistically higher than the corresponding bridge deck runoff median concentration at the
95% confidence level.
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(routine and storm) concentrations for 36 percent of the
comparisons. PAHs were not included in the analyses because
of an insufficient number of detections in the stream samples.
The bridge deck runoff concentrations of the POCs, except for
three metals, were similar to those measured in the receiving
streams at the four stream sampling sites. Dissolved copper
and zinc and total recoverable nickel concentrations were
consistently higher in bridge deck runoff.

To further evaluate the potential effects of bridge deck
runoff on receiving streams, median concentrations of POCs
in the bridge deck runoff at the 15 sites were compared to the
median stream concentrations in table 26. The median bridge
deck runoff concentrations of the POCs at the 15 bridge deck
runoff sites were similar to those measured in the receiving
streams at the 4 stream sampling sites. The exceptions were
dissolved copper and zinc, total recoverable nickel, and PAHs
(which were not plotted because of an insufficient number of
detections in the stream samples). However, even for copper,
zinc, and nickel, there are instances where the maximum
median stream concentration exceeded the median concentra-
tion at some of the bridge deck runoff sites.

Annual Loads and Yields of Bridge Deck Runoff

The computed sampling period loads and yields from the
15 bridge deck runoff sites were compared to the computed
stream loads and yields at the 4 stream sampling sites. The
periods for comparison of bridge deck runoff and stream loads
is April 1, 2009, to March 31, 2010, for the Swannanoa River
and Black River sites and May 1, 2009, through March 31,
2010, for the Mountain Creek and Little River sites. The
period over which the bridge deck runoff total loads are
computed for all other sites is given in table 27. With few
exceptions, median bridge deck runoff loads of all POCs were
lower (and generally orders of magnitude lower) than the
stream loads at the monitoring sites (table 27). These results
are not surprising, given the similarity between the concentra-
tions (fig. 17; tables 25 and 26) coupled with large differences
in contributing drainage areas. The inverse was true for total
yields of the POCs in pounds per acre of drainage area. The
bridge deck runoff yields were generally higher than the yields
from the four stream sites for most of the POCs (table 27). The
bridge deck runoff yields data can be used to estimate loads at
other bridges with similar characteristics and to estimate the
contributing total load from all highways in a watershed. The
effect of bridge deck runoff loads on receiving waters should
also be evaluated in light of the bioassays, which only showed
potential ecological effects for one bridge deck runoff sample
(collected in the winter), and benthic macroinvertebrate survey
results, which revealed no significant difference upstream and
downstream from the study bridge sites. The full bioassay and
benthic macroinvertebrate survey results are presented in URS
Corporation, 2010.
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Mixing Calculations of Bridge Deck Stormwater
and Stream Constituents

The rate at which bridge deck runoff mixes with and
is diluted by the receiving stream was determined by using
empirical relations and measured flow conditions at the four
stream sites for eight steady-state hydraulic conditions. The
eight stream samples were selected to include at least one
sample each season, if possible, and across a range of stream
discharges and water levels (fig. 18). The empirical mixing
calculations (Fischer and others, 1979) provide an estimate
of the distance required for the runoff to become uniformly
mixed across the stream, and thus, an estimate of the zone in
which effects of bridge runoff are most pronounced. From
these calculations, plots of dilution as a function of distance
downstream from the bridge and stream concentration and
discharge were developed. These plots provide the basis
to quantify the differences between maximum constituent
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concentrations in the bridge deck runoff and concentrations
at the point of uniform mixing in the receiving stream,
which help to illustrate the magnitude and spatial extent of
the stormwater effects.

Mixing of bridge deck runoff with the stream occurs
through the additive process of diffusion (random movement
of particles in the stream) and advection (transport by the
mean motion of the stream). At some distance, L, down-
stream from the hypothetical bridge deck runoff injection
point, vertical and transverse diffusion and turbulence
mix the bridge deck runoff with the streamflow below a
threshold criteria and it is assumed to be completely mixed.
The computation of dilution curves involves estimating the
shape of the bridge deck runoff plume downstream to L. In
this study, the threshold was set at 5 percent, meaning the
concentration at any point in the river cross section was
within 5 percent of its mean value at L downstream from the
injection point.
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Figure 18. Stream sites discharge hydrographs with stream sampling periods used to generate dilution curves.
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The approximation of L for turbulent mixing in the
transverse direction of a natural stream when the bridge deck
runoff is injected from the side of the channel is given by
equation 2:

L=04*%0*W/¢_, )
X

where

<

is the average velocity, in feet per second,
approximated by the stream discharge, O,
divided by the cross-sectional area of the
stream (A4);
w is the channel width, in feet; and
g, is the transverse mixing coefficient,
approximated as 0.6 **u* (coefficient is
0.6 for a wide slow meandering stream
with a range from 0.4 to 0.8 for nearly
straight or slowly meandering rivers and
higher for sharply curving channels),
where 4 is the average flow depth, in feet,
and u* is the shear friction, in feet per
second, and is approximated by \(g*h*S),
where g is the gravitational constant
(31.174 feet per second squared (ft/s?)),
and S is the dimensionless channel bottom
slope (Fischer and others, 1979).
Therefore, L can be computed with measurements of
stream width (w), discharge (Q), cross-sectional area (4),
average flow depth (%), channel bottom slope (S), and the
gravitational constant (g). Stream discharge and stage are
reported at each site by a USGS streamflow gage, and as part
of maintaining the streamflow gages, river cross sections are
periodically surveyed. The gravitational constant does not
change. Therefore, to determine L for each site, w, 4, 4, and
S must be computed and incorporated with adjustments made
due to local conditions that enhance or retard dilution. The
mixing lengths presented here are conservative and do not
fully consider the stream conditions and characteristics (for
example, local bathymetry variations, debris, and so forth)
that would enhance mixing. A summary of the L values and
corresponding stream conditions at all sites for each of the
eight analyzed steady-state hydraulic conditions is presented
in table 28.
At the stream sampling sites, stream width was estimated
from recent cross-sectional surveys (September 12, 2008,
for 02106500 Black River near Tomahawk, NC; January 25,
2009, for 0208524090 Mountain Creek at SR 1617 near
Bahama, NC; January 28, 2010, for 0208521324 Little River
at SR 1461 near Orange Factory, NC; November 10, 2009, for
03448800 Swannanoa River near Black Mountain, NC) and
the stage and gage datum provided at the streamflow gages.
Mean channel depth was computed by approximating the
interval of the cross-sectional area based on the channel shape
and water level. The channel bottom slope was computed
uniquely for each site based on available topographic data
(North Carolina Division of Emergency Management,

Floodplain Mapping Program, 2002), surveyed channel
bottom elevations at the streamflow-gaging stations, and
channel lengths determined from the 1:24,000-scale National
Hydrography Dataset.

The Black River downstream from the Black River near
Tomahawk, NC (USGS streamflow-gaging station 02106500)
includes several features (tributaries and sharp bends) that
likely increase lateral mixing faster than predicted by the
equations (fig. 19). Three tributaries enter the Black River
at 5,000 ft downstream from the bridge. A large bend with
an embayment feature at a distance of 10,500 ft downstream
from the streamflow gage likely would complete the mixing
of any remaining unmixed plume; therefore, L was capped at
10,500 ft for this analysis.

The USGS streamflow-gaging station (0208521324)
Little River at SR 1461 near Orange Factory, NC, is about
3,300 ft upstream from the Durham County water-supply
reservoir on the Little River (fig. 20). The mixing down-
stream of the Little River streamflow-gaging station can
be approximated as being complete as soon as it enters the
reservoir because the stream velocity decreases to nearly zero
in the reservoir, which induces strong lateral mixing forces.
Therefore, L for the site was capped at 3,300 ft.

The computation of L on Mountain Creek was made
using USGS streamflow-gaging station 0208524090, Moun-
tain Creek at SR 1617 near Bahama, NC, because discharge
measurements and all associated channel characteristics are
available at the site; however, water-quality samples were
collected upstream at USGS streamflow-gaging station
0208524088, Mountain Creek at SR 1616 near Bahama, NC
(fig. 21). The channel characteristics are similar between the
two sites, which are located within 3,500 ft of each other and
have a drainage area difference of only 0.5 mi®. Therefore,
the L computed using the available hydraulic data from
streamflow-gaging station 0208524090 was applied to gaging
station 0208524088 where all water-quality data were col-
lected. For sampled events, the mixing length does not include
any tributaries or sharp bends, so no local adjustments were
applied to L.

For the Swannanoa River at [-40 near Black Mountain,
NC (USGS streamflow-gaging station 03448800), the channel
is straight for 1 mi upstream from the streamflow gage, so
the transverse mixing coefficient was defined as 0.4 *4*u*,
whereas the transverse mixing coefficient for all other sites
was defined as 0.6 *1*u* (Fischer and others, 1979). Because
the channel is straight and no tributaries join the channel
within the distance L downstream from the bridge for any of
the events sampled (fig. 22), no local adjustments to L were
made for this site.

If the concentration of a constituent in the bridge
deck runoff exceeds a water-quality threshold, it is useful
to estimate if the constituent level is above this threshold
once discharged into the stream and, if so, the distance
downstream from the bridge that the threshold is exceeded.
To make this determination, the width of the plume from a
side injection is estimated as b = 2n (2 *¢ *[x/u]), where b
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Table 28. Summary of the bridge deck runoff sample dates, corresponding stream conditions, and the adjusted mixing lengths computed
for each mixing scenario.

[USGS, U.S. Geological Survey; As, total recoverable arsenic; Cu, dissolved copper; Ni, total recoverable nickel; Zn, dissolved zinc; N, total nitrogen; P, total phos-

phorus; ---, inadequate length of flow record to compute percentiles]
In-stream Station name and Mixing Mixing Mixing Mixing Mixing Mixing Mixing Mixing
USGS sta- L . . . . . . . .
tion no data description  scenario1 scenario2 scenario3 scenario4 scenario5 scenario6 scenario7 scenario 8
02106500 Black River near Tomahawk, NC

Bridge deck runoff  6/29/2009  7/15/2009  8/4/2009 11/13/2009  11/18/2009 12/11/2009 1/12/2010  1/27/2010
sample date

In-stream Base-flow  Base-flow  Storm Storm Storm Storm Base-flow  Storm
conditions

In-stream 96.0 24.9 313 1,310 1,920 1,888 780 2,710
discharge in cubic
feet per second

Streamflow 9.2 1.0 34.0 81.8 91.4 91.1 65.4 97.0
percentile

Adjusted mixing 6,027 2,383 10,500 8,741 9,419 8,623 9,739 10,119
length (L) in feet!

In-stream ambient 1.0, 0.54, 1.0, 1.3, 1.8,1.4, 0.56,0.89, 0.44,0.50, 0.45,1.2, 0.55,0.25, 0.45,3.0,
concentrations for ~ 0.73,2.5,  0.72, 1.9, 1.33,3.9, 0.80,4.4, 0.63,3.9, 0.63,5.2, 0.80, 3.8, 0.61, 4.6,
As, Cu, Ni, Zn, 1200, 179 740, 196 1600, 2400, 150 890, 60 1600, 80 2400, 30 2100, 70
N, P in micro- 332
grams per liter

0208524090 Mountain Creek at SR 1617 near Bahama, NC

Bridge deck runoff  6/10/2009  7/16/2009  7/17/2009  10/28/2009  1/5/2010 1/17/2010  2/5/2010 3/29/2010
sample date

In-stream Storm Base-flow  Storm Storm Base-flow  Storm Storm Storm
conditions

In-stream 7.95 0.50 27.6 6.44 0.70 33.7 277 77.2
discharge in cubic
feet per second

Streamflow 82.3 28.0 96.0 78.0 32.6 97.0 99.8 99.0
percentile

Adjusted mixing 214 40 626 178 44 573 1,231 728
length (L) in feet

In-stream ambient  0.71, 1.6,  0.70, 1.4, 1.2, 1.6, 0.57,0.93, 0.28,0.25, 0.87, 1.5, 0.87, 1.0, 1.1,2.5,
concentrations for  0.46, 1.6, 0.18, 1.0, 0.65,1.0, 0.57,1.4, 0.21, 1.4, 0.67, 2.1, 0.67, 1.7, 0.89, 1.8,
As, Cu, Ni, Zn, 1000, 120 860, 35 1300, 710, 94 880,27 1500,215  1100,222 1700, 300
N, P in micro- 240

grams per liter
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Table 28. Summary of the bridge deck runoff sample dates, corresponding stream conditions, and the adjusted mixing lengths computed
for each mixing scenario.—Continued

[USGS, U.S. Geological Survey; As, total recoverable arsenic; Cu, dissolved copper; Ni, total recoverable nickel; Zn, dissolved zinc; N, total nitrogen; P, total phos-

phorus; ---, inadequate length of flow record to compute percentiles]
In-stream Station name and Mixing Mixing Mixing Mixing Mixing Mixing Mixing Mixing
USGS sta- L . . . . . . . .
tion no data description  scenario1 scenario2 scenario3 scenario4 scenario5 scenario6 scenario7  scenario8
0208521324 Little River at SR 1461 near Orange Factory, NC

Bridge deck runoff  6/5/2009 7/16/2009  7/18/2009  8/1/2009 10/28/2009 2/5/2010 11/11/2009  3/10/2010
sample date

In-stream Storm Base-flow  Storm Storm Storm Storm Storm Base-flow
conditions

In-stream 285 6.30 120 165 5.85 2,814 1,260 41.8
discharge in cubic
feet per second

Streamflow 94.0 25.6 87.4 91.0 24.6 99.8 99.4 64.6
percentile

Adjusted mixing 3,300 644 3,300 3,300 699 3,300 3,300 1,931
length (L) in feet?

In-stream ambient 1.2, 2.0, 0.59, 1.1, 1.1, 1.5, 0.96, 1.3, 0.37,0.52, 0.87,2.0, 1.8,1.2, 0.22, 0.25,
concentrations for 1.2, 1.7, 0.24, 1.0, 0.90,1.9, 0.90, 1.0, 0.27, 1.4, 2.4,0.59, 22,14, 0.33, 1.4,
As, Cu, Ni, Zn, 1600, 259 530, 37 1000, 1200,226 330,29 2200, 585  1400,453 520,20
N, P in micro- 200
grams per liter

03448800 Swannanoa River near Black Mountain, NC

Bridge deck runoff  5/26/2009  7/22/2009  8/21/2009  9/9/2009 11/10/2009 2/18/2010  2/22/2010  3/21/2010
sample date

In-stream Base-flow  Storm Storm Storm Base-flow  Storm Storm Storm
conditions

In-stream 50.6 3.26 3.39 12.9 21.7 11.3 19.5 54.7
discharge in cubic
feet per second

Streamflow --- --- --- --- --- --- --- ---
percentile

Adjusted mixing 546 201 203 293 427 240 295 469
length (L) in feet

In-stream ambient  0.89, 1.6,  0.15,0.25, 0.17,0.84, 1.1,0.97, 0.39,1.4, 0.13,0.25, 0.55,0.89, 1.0,1.3,64,
concentrations for 4.5, 4.8, 0.62,3.2, 0.60,3.5, 6.1,1.3, 1.4,5.9, 0.40, 5.8, 2.9,16.1, 6.4, 1500,
As, Cu, Ni, Zn, 1400,294 350, 22 370, 20 1500, 407 740,91 430, 10 920, 130 480

N, P in micro-
grams per liter

! Mixing lengths were capped at 10,500 feet because of location in-stream conditions.

2 Mixing lengths were capped at 3,300 feet because of the influence of the Litte River reservoir.
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Figure 19. Plan view of Black River channel configuration and location of streamflow-gaging and sampling site
near Tomahawk, North Carolina.
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Figure 20. Plan view of Little River channel configuration and location of streamflow-gaging and sampling site at
Secondary Road 1461 near Orange Factory, North Carolina.
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Figure 21. Plan view of Mountain Creek channel configuration and location of streamflow-gaging and sampling sites near
Bahama, North Carolina.
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Figure 22. Plan view of Swannanoa River channel configuration and location of streamflow-gaging and sampling site at
Interstate 40 at Black Mountain, North Carolina.
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Figure 23. An example of a computed bridge deck runoff plume migration from a right-bank
injection point at U.S. Geological Survey streamflow-gaging station 03448800 Swannanoa
River at Interstate 40 at Black Mountain, North Carolina.

is the stream width, # is a scaling factor that calibrates the
equation for b such that b equals the measured stream width
at L downstream, and x is the distance downstream from the
injection. With no local turbulence, such as sharp bends or
tributaries, the spread of the plume is idealized to be parabolic
as illustrated in figure 23.

The maximum concentration of the bridge deck runoff
plume, C , downstream from the bridge deck runoff injection
point is defined as (Q,,*C, + Q*C)/(Q,, +0), where O, is
the maximum 10-minute average discharge of bridge deck
runoff, O is the mean stream discharge over the storm hydro-
graph or base-flow discharge within the plume width, C, is
the constituent concentration of the bridge deck runoff for the
associated storm, and C is the residual constituent concentra-
tion in the stream for the associated storm. If Q >> O, . the
bridge deck runoff plume is quickly diluted. However, high
concentrations of constituents from bridge deck runoff during
low streamflow will not dilute as quickly. Dilution curves,
based on the previously defined empirical mixing equations
from Fischer and others (1979), were developed for selected
POCs by injecting sampled bridge deck runoff concentrations
into the receiving streams from one of the stream banks
under both base-flow and storm conditions and computing
C .. values at downstream distance intervals of 10 ft. The

dilution curves for selected POCs (total recoverable arsenic,
dissolved copper, total recoverable nickel, dissolved zinc, total
nitrogen, and total phosphorus) at each site for eight different
streamflow conditions are illustrated in figures 24 to 27. The
dilution curves are truncated at the L distance for each stream
condition or the point at which the maximum concentration
asymptotically approaches the ambient stream concentration,
whichever comes first. The dilution curves, based on the
previously defined empirical mixing equations from Fischer
and others (1979), were developed by injecting sampled
bridge deck runoff concentrations into the receiving streams
from one of the stream banks under both base-flow and storm
conditions.

The dilution curves indicate that the maximum concentra-
tion of the runoff plume from the bridge deck, although in
many cases appreciably exceed some water-quality thresholds,
is reduced rapidly (generally within 50 ft downstream of the
injection point) to the ambient stream concentration and in
some cases is actually lower than the stream concentration.
For many of the mixing scenarios, the maximum stream
concentration does not drop below the associated POC water-
quality threshold. This occurred when the ambient stream
concentrations exceeded the POC water-quality thresholds
before bridge deck runoff was injected.
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Bed Sediment Characteristics Upstream and
Downstream from Bridges

Bed sediment was analyzed for 31 major ions and trace
metals and 38 SVOC:s (table 5) at 30 bridges (fig. 3; table 4).
The overall hypothesis of the bed sediment sampling was that
analyte concentrations in downstream reaches would exceed
those in upstream reaches at the 16 bridges where deck runoff
entered the stream by means of scuppers (orifices in the decks
allowing deck drainage) or simply off the edges (Cataloochee
bridge). Because bed sediment quality criteria are somewhat
less defined compared to those for water, all analytes were
considered, not just those previously identified as POCs. A
control group consisted of the 14 bridges mentioned earlier
with collection systems (best management practices) designed
to divert deck runoff from entering the stream. At these sites,
downstream concentrations would not be expected to be
greater than those upstream. A second much smaller control
group consisted of two bridges with direct deck runoff into
tidally influenced streams at the location of the bridge crossing
(Smith Creek, bridge 640002 and Town Creek, bridge 90074).
The flow direction at these sites reverses with tides, and
upstream and downstream concentration differences were not
expected despite the direct input of bridge deck runoff to the
streams. Within that overarching comparison between sites
with scuppers versus collection systems, it was postulated
that any relative downstream increases might show a relation
between deck surface material (bitumen versus concrete)
and certain analytes, specifically some PAHs of the SVOC
suite, which are known to be present in bituminous materials.
Additionally, any downstream increases present at the scup-
pered sites might be expected to scale with traffic volume.
Finally, the Cataloochee bridge is wooden, has no runoff
collection system and no scuppers, and is located in a remote,
relatively pristine area.

While sampling of the deck runoff captured the near
instantaneous analyte masses entering the stream during
storms, streambed sediments integrated the inputs over weeks
to months by their nature and as a general rule. Additionally,
bed sediments retain only the hydrophobic and (or) lipophilic
analytes and those that tend to sorb at sediment surfaces.
Analytes were determined on the fraction of sediment
particles smaller than 63 microns in maximum diameter (silt
or smaller). This minimized grain-size artifacts on measured
concentrations of analytes that were largely sorbed to sediment
surfaces including SVOCs and metals associated with surficial
oxyhydroxide and organic sediment coatings (copper, lead,
zine, cadmium, nickel, selenium, and mercury). Last, total
concentrations were determined for all analytes. As such,
this included the mineral matrices of the sediment. Thus
aluminum, and to a lesser extent iron and manganese, had a
high “background” signal that might mask any signal from the
deck runoff.

Bridge decks can accumulate both organic and inorganic
analytes from several sources including atmospheric deposi-
tion, vehicles (wear of tire, engine, bushing, brake lining,

paint; leakage of fuel, oil, antifreeze, hydraulic fluids; and
exhaust particles), deck pavement wear, and random losses of
transported materials (Sansalone and Buchberger, 1997; Lopes
and Dionne, 1998; Dupuis, 2002). Differences in downstream
and upstream sediment concentrations were calculated for the
entire analytical suite (previously indicated), although focus
was placed on the subset that was known to be both associated
with bridges or highways and to have demonstrated toxicity to
aquatic life.

Downstream minus upstream concentration differences
for inorganic analytes and total organic carbon for bridges
with scuppers appeared as scattered as these differences for
the bridges with best management practices and those with
scuppers and reverse flow (fig. 28). The overall picture from
the 30 sites is that there is no clear, consistent, predictable
downstream increase in the concentration of these or any of
the analytes in bed sediment. Additionally, the precision of the
individual measurements (about 15 percent) and the precision
associated with calculating the concentration difference (about
21 percent, square root of the sum of the squares) made any
connection even more tenuous. A summary of all inorganic
analyte concentrations, total organic carbon, and the less than
63-micron fraction in all bed sediment samples collected is
presented in table A8 of the appendix.

For SVOCs, 28 of the 30 bridge sites (excluding Dilling-
ham Creek, bridge 100145 and Cataloochee) had at least one
upstream-downstream analyte pair wherein the compound was
detected in both the upstream and downstream samples from
the site. There were 183 upstream-downstream pairs, which
was 16 percent of all possible pairs (38 analytes times 30 sites)
(table 29). About one-third of all pairs were accounted for by
just three compounds (perylene, fluoranthene, and pyrene).
Perylene is considered a diagenetic PAH whereas fluoranthene
and pyrene are both largely pyrogenic (Page and others,

1999). Other relatively abundant concentration pairs included
2,6-dimethylnaphthalene, benzo[b]fluoranthene, bis(2-ethly-
hexyl)phthalate, 9,10-anthraquinone, phenanthrene, benzo[a]
pyrene, benzo[e]pyrene, chrysene, carbazole, benzo[a]
anthracene, and benzo[a]fluoranthene. These are a mixed bag
of compound classes dominated by pyrogenic PAHs.

The hypothesis for SVOCs in bed sediments was that the
scuppered bridges with bituminous decks would have the best
chance of having a downstream enrichment both with respect
to the upstream reach at those sites and also with respect to the
concentrations (both upstream and downstream) at the bridges
with collection systems. Overall, there were no obvious
patterns in downstream concentration increases at the scup-
pered sites (fig. 29). This was especially true considering the
precision of both the chemical analyses and that for calculating
the concentration differences mentioned above. Furthermore,
there was no obvious difference between bitumen and concrete
bridge decks when considering the precision. Additionally,
while acenaphthene, 9H-fluorene, and 9,10-anthraquinone
concentrations were somewhat increased downstream from
bituminous scuppered bridges, those three points represented
a total of two bridges (Black River, bridge 810058 and
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Figure 28. Downstream minus upstream concentration differences for (A) all data, and (B) data focusing near the zero line for all
inorganic analytes and total organic carbon in bed sediment at scuppered bridge sites, bridge sites with best management practices,
and scuppered sites with reverse flow.



Water Quality and Effect of Stormwater Bridge Runoff on Receiving Streams 77

A Bridge sites with best management practices
],000 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
(]
800 - b
()
600 - b
400 |- b
)
200 |- [ b
-
5 8 8
2 )
2
E 0
=) e
g ° o .
S
g -200 "] .
c
{=2
o
=
S 400 [ E
(%]
£ (]
o
=2
E _600 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
£
g B
= 50 T T T T T T T T : T T T T T T T T T T T T T T T T T T T T T T T T T
©
=
c
<}
(5]
IS 40 | () 4
o
£
©
=
g wr ° . |
(=8
=}
w
=}
= 2+ ) o ) ) E
£
©
2
‘g 10 ] e o e 0 i
=
8 o oo 8 °
= - 0
0
()
o °
-10 e @ 0 o (] 4
=20 - [ E
()
=30 - o ) -
40 F 4
_50 1 1 1 1 1 1 1 1 = 1 1 1 1 ¢ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
S & D0 S % O A < D v S £ L 5
PSS S PSS S S 8888888858855 85§888588¢
SSINFFSSTSETESSESFEISLS SSFISFFS55588853
S SSOFTETFTIISES T S 8F8 £ 873588588852
T & SV ITI SFETES SSF P SKITLSERNSLLT 3
§ S T IS EF TS P CE §858
QL S QK
N S T8
3
9
I
Concentration, in milligrams per kilogram Concentration, in weight percent

Figure 28 (Continued). Downstream minus upstream concentration differences for (A) all data, and (B) data focusing near the zero
line for all inorganic analytes and total organic carbon in bed sediment at scuppered bridge sites, bridge sites with best management
practices, and scuppered sites with reverse flow.
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Table 29.
compounds in bed sediment.

[PAH, polycyclic aromatic hydrocarbon]

Relative abundances of upstream-downstream pairs of semivolatile organic

Relative
Analyte Class '::i: al::;':f::':e
(percent)

Perylene PAH (diagenetic) 22 12.0
Fluoranthene PAH (pyrogenic) 21 11.5
Pyrene PAH (pyrogenic) 19 10.4
2,6-Dimethylnaphthalene Alkyl-PAH 11 6.0
Benzo[b]fluoranthene PAH (pyrogenic) 11 6.0
Bis(2-ethylhexyl)phthalate Phthalate 11 6.0
Anthraquinone Quinone 10 5.5
Phenanthrene PAH (pyrogenic) 10 5.5
Benzo[a]pyrene PAH (pyrogenic) 9 4.9
Benzo[e]pyrene PAH (pyrogenic) 9 4.9
Chrysene PAH (pyrogenic) 9 4.9
Carbazole Azaarene 7 3.8
Benzo[a]anthracene PAH (pyrogenic) 7 3.8
Benzo[k]fluoranthene PAH (pyrogenic) 6 33
Anthracene PAH (pyrogenic) 4 2.2
Benzo[ghi]perylene PAH (pyrogenic) 4 2.2
4H-Cyclopenta[def]phenanthrene PAH (petrogenic) 3 1.6
Indeno[1,2,3-cd]pyrene PAH (pyrogenic) 3 1.6
1,6-Dimethylnaphthalene Alkyl-PAH 2 1.1
Acenaphthene PAH (pyrogenic) 2 1.1
1-Methylphenanthrene Alkyl-PAH 1 0.5
9H-Fluorene PAH (petrogenic) 1 0.5
Naphthalene PAH (petrogenic) 1 0.5
TOTAL 183

Pair of detections (percent) 16

1
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Boylston Creek, bridge 870106) out of nine in the category
(scuppered, bitumen). Thus, any conclusion about the bridge
decks being a major source of those compounds in those bed
sediments was tenuous at best. Finally, there were no obvious
patterns related to urban versus rural bridges nor were there
relations with AADT (data not shown). A summary of all
SVOC concentrations in all bed sediment samples collected is
presented in table A8 of the appendix.

Summary and Conclusions

Roadway runoff, defined as any runoff that is gener-
ated from within transportation rights-of-way, has been
identified as one of several pollutant source categories that
may contribute to surface-water impairment. The proximity
and direct connection between bridge runoff and streams
have facilitated most regulatory agencies throughout the
United States to implement stormwater management criteria
for bridges. On July 1, 2008, the North Carolina General
Assembly passed House Bill 2436, Session Law 2008-107,
Stormwater Runoff from Bridges Section 25.18.(a,b,c). This
bill requires the NCDOT to select 50 bridges for study of the
effects of stormwater runoff from bridges over waterways
and report the results to the Joint Legislative Transportation
Oversight Committee. The NCDOT collaborated with the
USGS to address one of the main goals of the bill, which was
to characterize bridge deck runoff quality and quantity using
scientifically accepted methods.

The investigation measured bridge deck runoff from
15 bridges across North Carolina, which represented a range
of ecoregion, land-use, and climatic conditions, a range of
AADT, and a range in size. Runoff from both concrete deck
and asphalt (bituminous) deck bridges was sampled. At least

12 runoff events were sampled at each bridge during the study.

Streams at four bridge deck runoff sites were sampled inten-
sively to estimate annual loadings and yields. Samples were
analyzed for a wide range of constituents, including metals,
nutrients, major ions, oil and grease, total phosphorus, total

suspended solids, suspended solids concentration, and SVOC:s.

Both dissolved and total recoverable concentrations of metals
and nutrients were measured. Streambed sediment quality was
measured from both the upstream and downstream reaches of
30 bridges, 14 of which were the bridge deck runoff monitor-
ing sites and 16 were at bridges in which runoff discharged
from scuppers directly into the stream. Bed sediment was
analyzed for total nutrients and metals and total recoverable
SVOCs.

For the purposes of this study to evaluate water quality
associated with bridge deck runoff, POCs were first defined
by the URS Corporation as any monitored analyte whose
maximum measured concentration exceeds the most stringent
threshold from available local and nationally recognized
surface-water-quality criteria or environmental datasets.
Additionally, a few analytes were designated as POCs despite
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the lack of published thresholds because they are known to
negatively affect aquatic habitats. Given that chemical analysis
for 112 analytes was conducted for the study, the benefit of the
POC determination was to eliminate analytes that do not pose
a substantial risk of receiving stream impairment and focus
the data analysis and interpretation and load computations on
those analytes that were most likely to have an adverse effect.
A total of 29 POCs were identified in the study using the
criteria established by the URS Corporation to be consistent
with their approach, which the USGS neither endorses nor
refutes. There were 10 metals, 14 SVOCs, pH, total nitrogen,
total phosphorus, and total suspended solids.

Bias, precision, and representativeness were assessed
for all sample types in the field with replicates, splits, and
blanks and in the laboratory with replicates, blanks, standards,
performance solutions, and comparisons to known material
concentrations. For water samples from bridge decks and
stream samples, POCs were found in only 2 percent of all
the analyses of the 48 blanks and generally at low levels that
likely did not compromise data analysis. Replicates analyses
of POCs generally had average relative percent difference
values of less than about 20 percent, and spikes revealed
reasonable recoveries for most SVOCs. For bed sediment
samples, analyses of inorganic analytes in field replicates,
splits, and analytical replicates all had average relative percent
difference values less than about 15 percent, and the precision
was largely associated with the analytical step. Thus, sampling
and handling generally did not introduce variability. Analyte
concentrations measured in known concentration materials
were generally within about 15 percent of the target value.
Replicate analyses of SVOC concentrations generally were
less than about 20 percent (average relative percent differ-
ence), and there was a reasonable recovery of most SVOCs
given this type of analysis.

To evaluate if any statistically significant relation (at the
95-percent confidence interval) exists between concentrations
of POCs in bridge deck runoff samples and areal sources,
incidence over the year, roadway setting, or surface type,
the concentration data for the metal and nutrient POCs were
grouped by ecoregion, season, official NCDOT roadway clas-
sification (rural or urban), and wearing surface (concrete or
asphalt) for statistical comparison testing. Statistical analyses
for the PAH and phthalate compounds determined to be POCs
were not performed because they either were detected in less
than eight of the samples or all of the concentrations were
estimated to be less than the long-term method detection limit.

With the exception of arsenic, the Coastal Plain samples
had statistically lower concentrations than samples from
the Blue Ridge and there were no statistical differences in
concentrations for cadmium, copper, lead, total nitrogen, total
phosphorus, pH, and zinc. The Coastal Plain sites had statisti-
cally lower concentrations than samples from the Piedmont
ecoregion except for arsenic and there were no statistical
differences in concentrations for aluminum, manganese, iron,
nickel, total nitrogen, total phosphorus, pH, and zinc. The Blue
Ridge samples had statistically higher concentrations than
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the Piedmont samples except for copper and there were no
statistical differences in concentrations for arsenic, cadmium,
manganese, mercury, nickel, total phosphorus, pH, total
suspended solids, and zinc. In the case of the metals, this may
have reflected differences in soil mineralogy between these
ecoregions.

In terms of seasons, POC concentrations were statistically
higher in winter compared to summer and fall, except for
dissolved cadmium, copper, lead, zinc, and total recoverable
mercury (which were not statistically different), pointing
to reduced volatilization at lower temperatures and higher
total suspended solids concentrations in the winter (likely
from deicing treatments) as potential explanations. With the
exception of pH and total suspended solids (both higher in the
winter), the winter and spring POC concentrations were not
statistically different.

Statistical testing revealed statistically higher concentra-
tions in runoff from urban bridges than rural bridges for
aluminum, cadmium, copper, iron, lead, manganese, nickel,
and total suspended solids. There were no significant differ-
ences between rural and urban bridges for total nitrogen, total
phosphorus, arsenic, zinc, and mercury. Although the statisti-
cal testing did not indicate that the urban sites contributed
statistically significant higher concentrations for all metals,
they were detected more often in samples collected from urban
sites than rural sites. Visual inspection of the rural and urban
data indicates that appreciably higher levels of all SVOCs
were measured at the urban sites compared to the rural sites.

The analysis of POCs and bridge surface type (concrete
and asphalt) revealed that the runoff concentrations, except for
lead and zinc, were statistically higher from concrete bridges
than asphalt bridges, and there were no statistical differences
in concentrations for arsenic, cadmium, mercury, and total
nitrogen. When interpreting these results of the surface type
analysis, it should be noted that all six of the asphalt bridges
were classified as rural, and the concrete bridges consisted of
three rural and six urban classified bridges. Therefore, results
may be more reflective of the bridge classification than the
bridge surface type. The analysis of surface type would have
been greatly enhanced if urban bridges with an asphalt surface
type had been included in the study.

There was no strong relation between POC concentra-
tions and AADT or AADT normalized by bridge width. A
potential explanation for the lack of a strong relation between
AADT and POC concentrations is that few, if any, of the
AADTs in the study were high enough to see a relation with
POC concentrations. An AADT of about 30,000 vehicles tends
to separate sites with relatively low and high concentrations
of many analytes. The selection process for monitoring sites
included an analysis of the AADT frequency distributions in
North Carolina and only about 1 percent of bridges in North
Carolina have AADT volumes in excess of 30,000 vehicles.
Because of the small percentage of bridges in North Carolina
with AADT volumes in excess of 30,000 vehicles and the
extremely limited number of those bridges with runoff col-
lection systems, only two bridge sites with an AADT volume

greater than 30,000 (Mallard Creek and Mango Creek) were
included in the study. The remaining sites had lower AADT
values that ranged from 400 to 26,000 vehicles.

The POC concentrations for all samples collected at
the stream sites were grouped by season to determine if a
significant relation between concentrations and season existed.
Unlike results for the bridge decks, the values did not vary
much between seasons. Thus, the source of these POCs to the
streams did not appear to have a strong seasonal component.
Many of the metal and nutrient (both total nitrogen and total
phosphorus) concentrations were elevated during storms at
most stream sites. There were considerably less detections of
SVOCs as POCs in the streams during both routine and storm
conditions compared to the bridge deck runoff samples. The
SVOCs were detected in only 2 percent of the routine stream
samples and were dominated by pyrogenic PAHs as was
the case for deck runoff. There was a sixfold increase in the
number of SVOC detections during storm conditions com-
pared to that for base-flow conditions though the compound
suites were similar.

The effects of bridge deck runoff were evaluated by
(1) comparing constituent concentrations, loads, and yields in
the bridge deck stormwater from the 15 monitoring bridges
and receiving streams at the four stream monitoring sites
and (2) estimating rate of dilution of bridge deck runoff
downstream from the discharge point for the four stream
monitoring sites to identify the zone of maximum effect and
the relative reduction of concentration due to dilution. Results
of the statistical testing and comparisons of the bridge deck
runoff and stream concentrations indicate that the bridge deck
runoff concentrations were only statistically higher than the
corresponding stream (routine and storm) concentrations for
36 percent of the comparisons. The PAHs were not included
in the statistical analysis because of an insufficient number of
detections in the stream samples. Thus, with the exceptions
of dissolved copper and zinc and total recoverable nickel
concentrations, which were consistently higher in bridge deck
runoff, the bridge deck runoff concentrations of the POCs
at all sites were similar to those measured in the receiving
streams at the four stream sampling sites. However, even for
dissolved copper and zinc and total recoverable nickel, there
are instances where the maximum median stream concentra-
tion exceeded the median concentration for some of the bridge
deck runoff sites.

The comparisons of the bridge deck and stream loads
indicate that all the bridge deck runoff loads were lower (and
generally orders of magnitude lower) than the stream loads for
all POCs. Given the similarity between the concentrations, it
is not surprising that the comparison of the bridge deck and
stream sampling period loads indicates that the bridge deck
runoff loads are typically orders of magnitude lower than the
stream loads at all sites. The inverse was true for total yields
for each of the POCs in pounds per acre of drainage area.

The bridge deck runoff yields were generally higher than the
yields from the four stream sites for all the POCs. The bridge
deck runoff yields data can be used to estimate loads at other



bridges with similar characteristics and provide planning-level
estimates of the contributing total load from all highways in a
watershed. The effect of bridge deck runoff loads on receiving
waters should also be evaluated in light of the bioassays,
which only showed potential ecological effects for one bridge
deck runoff sample (collected in the winter), and benthic
macroinvertebrate survey results, which revealed no signifi-
cant difference upstream and downstream from the study
bridge sites. The full bioassay and benthic macroinvertebrate
survey results are presented in URS Corporation, 2010.

The rate at which bridge deck runoff mixes with and
is diluted by the receiving streams was determined by using
empirical relations and measured flow conditions at the four
gaged stream sites for eight different steady-state hydraulic
conditions. The eight samples were selected to include
at least one sample per season, if possible, and across a
range of stream discharges. Empirical mixing calculations
provide an estimate of the distance required for the runoff
to become uniformly mixed across the stream, and thus, an
estimate of the zone in which effects of bridge runoff are
most pronounced. From these calculations, plots of dilution
as a function of distance downstream from the bridge and
stream concentration and discharge were developed. These
plots provide the basis to quantify the differences between
maximum constituent concentrations in the bridge deck runoff
and concentrations at the point of direct runoft into the stream
and of uniform mixing in the receiving stream, which help to
illustrate the magnitude and spatial extent of the stormwater
effects. The dilution curves were computed by injecting bridge
deck runoff concentrations for a subsample of the POCs (total
recoverable arsenic, nickel, total nitrogen, total phosphorus
and dissolved copper and zinc) into the receiving streams
at each stream site for eight different streamflow conditions
(base-flow and storm conditions). The dilution curves indicate
that the maximum concentration of the runoff plume from
the bridge deck, although in many cases appreciably exceeds
some water-quality thresholds, is reduced rapidly (generally
within 50 ft downstream from the injection point) to the
ambient stream concentration and in some cases is actually
lower than the stream concentration.

The analysis of the bed sediment quality revealed no
obvious downstream increases in inorganic analytes and total
organic carbon at the sampled upstream and downstream
bridge reaches. Analytes determined in bed sediments were
not limited to the POCs, which were identified by exceedance
of thresholds for water samples. For SVOCs, downstream
minus upstream differences could only be calculated for
16 percent of the possible pairs. Just three compounds
(perylene, fluoranthene, and pyrene) accounted for one-third
of all the upstream-downstream pairs. Perylene is considered
largely diagenetic and the other two are pyrogenic. There was
no overall pattern of downstream enrichment of bed sediment
with any SVOCs even at the bituminous bridges. Lastly, there
were no obvious patterns related to urban versus rural bridges
nor was there any relation with AADT. Possible explanations
of these results include (1) bridge decks are not contributing
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measurable quantities of these analytes to bed sediments,

(2) these analytes were efficiently transported downstream or
contaminated bed sediment were scoured from the immediate
bridge vicinity during high-flow events, (3) the contributing
watershed effects on the bed sediment overwhelm any
signature that the relatively small bridge deck area contributes
or most likely, (4) a combination of all three of the previous
possible explanations.

Although this study did not show bridge deck runoff to
consistently be a primary source of pollutants to receiving
streams, there is an indication that under certain conditions
(that is, runoff following deicing treatments into stream
base-flow conditions) bridge deck runoff can be a substantial
environmental stressor. The data, analysis, and relations
associated with this study can be used by the NCDOT to
(1) predict the constituent load from a bridge, (2) provide
general information regarding the potential effects a bridge
may have on its receiving stream or that all highways may
have within a watershed, and (3) provide information needed
to select the most efficient best management practices at a
bridge construction, replacement, or other highway project
site.
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Table 5. Analytes measured in water and bed sediment samples.

[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,
less than; pwm, micron. Dashes indicate no data or not detected]

Method CAS Reporting level
Analyte . . 1 - Reference
instrumentation number Value Unit Type
Water — dissolved
Alkalinity Fixed endpoint titration 471-34-1 8 mg/L Irl Fishman and Friedman (1989)
Aluminum ICP-MS 7429-90-5 5.6 ng/L Irl Garbarino and Struzeski (1998)
Arsenic cICP-MS 7440-38-2 0.04 ng/L Irl Garbarino and others (2006)
Bromide? Ion Chromatography 24959-67-9 0.02 mg/L irl Fishman and Friedman (1989)
Cadmium ICP-MS 7440-43-9 0.04 ng/L Irl Garbarino and Struzeski
(1998)
Calcium? ICP-AES 7440-70-2 0.04 mg/L Irl Fishman (1993)
Carbon, organic Infrared Spectrometry - 0.4(0.66)3 mg/L Irl Brenton and Arnett (1993)
Chloride? Ion Chromatography 16887-00-6 0.12 mg/L Irl Fishman and Friedman (1989)
Chromium cICP-MS 7440-47-3 0.42 ng/L Irl Garbarino and others (2006)
Copper cICP-MS 7440-50-8 1.4 pg/L Irl Garbarino and others (2006)
Dissolved solids, total? Gravimetry - 10 mg/L mrl Fishman and Friedman (1989)
Iron ICP-AES 7439-89-6 9.2 ng/L Irl Fishman (1993)
Lead ICP-MS 7439-92-1 0.03 pg/L Irl Garbarino and Struzeski
(1998)
Magnesium’ ICP-AES 7439-95-4 0.02 mg/L Irl Fishman (1993)
Manganese ICP-MS 7439-96-5 0.26 ng/L Irl Garbarino and Struzeski (1998)
Mercury CV-AFS 7439-97-6 0.01 ng/L Irl Garbarino and Damrau (2001)
Nickel cICP-MS 7440-02-0 0.36 ng/L Irl Garbarino and others (2006)
Nitrogen, NH; as N Spectrophotometry 7664-41-7 0.02 mg/L Irl Fishman (1993)
Nitrogen, NO, + NO3 as N2 Spectrophotometry - 0.04 mg/L Irl Fishman (1993)
Oxygen Clark cell 7782-44-7 0.0 mg/L - U.S. Geological Survey
(variously dated)
Palladium ICP-MS 7440-05-3 1.0 ng/L mrl Garbarino and Struzeski (1998)
Phosphorus, 0-PO, Spectrophotometry 14265-44-2 0.01 mg/L Irl Fishman (1993)
Platinum ICP-MS 7440-06-3 1.0 ng/L mrl Garbarino and Struzeski (1998)
Potassium? ICP-AES 7440-09-7 0.06 mg/L Irl Fishman and Friedman (1989)
Rhodium ICP-MS 7440-17-1 1.0 ng/L mrl Garbarino and Struzeski (1998)
Selenium cICP-MS 7782-49-2 0.04 ng/L Irl Garbarino and others (2006)
Sodium? ICP-AES 7440-23-5 0.1 mg/L Irl Fishman (1993)
Sulfate Ion Chromatography 14808-79-8 0.18 mg/L Irl Fishman and Friedman (1989)
Zinc cICP-MS 7440-66-6 2.8 ng/L Irl Garbarino and others (2006)
Water —total recoverable and other
Aluminum? ICP-MS 7429-90-5 34 ng/L Irl Garbarino and Struzeski
(1998)
Arsenic? cICP-MS 7440-38-2 0.18 pg/L Irl Garbarino and others (2006)
Cadmium? ICP-MS 7440-43-9 0.02 ug/L Irl Garbarino and Struzeski (1998)
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[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,

less than; wm, micron. Dashes indicate no data or not detected]

Method CAS Reporting level
Analyte . . 1 - Reference
instrumentation number Value Unit Type
Water — total recoverable and other (Continued)
Carbon, organic? Infrared Spectrometry - 0.6 mg/L irl Clesceri and others (1998)
Chromium? cICP-MS 7440-47-3 0.12 ug/L Irl Garbarino and others (2006)
Copperz cICP-MS 7440-50-8 1 ng/L Irl Garbarino and others (2006)
Iron? ICP-AES 7439-89-6 6 pg/L Irl Fishman (1993)
Lead? ICP-MS 7439-92-1 0.06 ng/L Irl Garbarino and Struzeski (1998)
Manganesez ICP-MS 7439-96-5 0.8 ng/L Irl Garbarino and Struzeski
(1998)
Mercury2 CV-AFS 7439-97-6 0.01 pg/L Irl Garbarino and Damrau, 2001
Nickel? cICP-MS 7440-02-0 0.12 pg/L Irl Garbarino and others (2006)
Nitrogen, NH, + Organic N? Spectrophotometry 17778-88-0 0.1 mg/L Irl Patton and Truitt, 2000
Nitrogen, total ¥ (Organic N, NHy Noz’ -— 0.14 mg/L Irl -
NO,)
Oil+grease Gravimetry (HEM) - 5 mg/L mrl U.S. Environmental
Protection (1999)
Palladium ICP-MS 7440-05-3 1.0 ng/L mrl Garbarino and Struzeski (1998)
Petroleum hydrocarbons Gravimetry (SGT-HEM) --- 5 mg/L mrl U.S. Environmental
Protection (1999)
pH Glass electrode - - - - U.S. Geological Survey
(variously dated)
Phosphorus, total® Spectrophotometry 7723-14-0 0.01 mg/L Irl O’Dell (1993)
Platinum ICP-MS 7440-06-3 1.0 ng/L mrl Garbarino and Struzeski (1998)
Suspended solids, total Gravimetry - 15 mg/L mrl Fishman and Friedman (1989)
Rhodium ICP-MS 7440-17-1 1.0 ng/L mrl Garbarino and Struzeski (1998)
Selenium? cICP-MS 7782-49-2 0.1 ng/L Irl Garbarino and others (2006)
Specific conductance? Wheatstone bridge - 5 uS/cm mrl Fishman and Friedman (1989)
Suspended sediment Gravimetry - 1 mg/L mrl Guy (1969)
Suspended sediment Gravimetry --- 1 Percent mrl Guy (1969)
(percent <62.5 um)
Zinc? cICP-MS 7440-66-6 2 ng/L irl Garbarino and others (2006)
Water — total recoverable semivolatile organic compounds?
1,2,4-Trichlorobenzene GC-MS 120-82-1 0.26 ng/L Irl Fishman (1993)
1,2-Dichlorobenzene GC-MS 95-50-1 0.2 ng/L Irl Fishman (1993)
1,2-Diphenylhydrazine GC-MS 122-66-7 0.3 ng/L Irl Fishman (1993)
1,3-Dichlorobenzene GC-MS 541-73-1 0.22 ng/L Irl Fishman (1993)
1,4-Dichlorobenzene GC-MS 106-46-7 0.22 ng/L Irl Fishman (1993)
2,4,6-Trichlorophenol GC-MS 88-06-2 0.34 ng/L Irl Fishman (1993)
2,4-Dichlorophenol GC-MS 120-83-2 0.36 ng/L Irl Fishman (1993)
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Table 5. Analytes measured in water and bed sediment samples.—Continued

[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,
less than; pwm, micron. Dashes indicate no data or not detected]

Method CAS Reporting level
Analyte . . 1 - Reference
instrumentation number Value Unit Type
Water — total recoverable semivolatile organic compounds? (Continued)
2,4-Dimethylphenol GC-MS 105-67-9 0.8 ng/L Irl Fishman (1993)
2,4-Dinitrophenol GC-MS 51-28-5 1.4 ng/L Irl Fishman (1993)
2,4-Dinitrotoluene GC-MS 121-14-2 0.56 ng/L Irl Fishman (1993)
2,6-Dinitrotoluene GC-MS 606-20-2 0.4 ng/L Irl Fishman (1993)
2-Chloronaphthalene GC-MS 91-58-7 0.16 ng/L Irl Fishman (1993)
2-Chlorophenol GC-MS 95-57-8 0.26 ng/L Irl Fishman (1993)
2-Nitrophenol GC-MS 88-75-5 0.4 ng/L Irl Fishman (1993)
3,3'-Dichlorobenzidine GC-MS 91-94-1 0.42 ng/L Irl Fishman (1993)
4,6-Dinitro-2-methylphenol GC-MS 534-52-1 0.76 ng/L Irl Fishman (1993)
4-Bromophenylphenylether GC-MS 101-55-3 0.24 ng/L Irl Fishman (1993)
4-Chloro-3-methylphenol GC-MS 59-50-7 0.55 ng/L Irl Fishman (1993)
4-Chlorophenyl phenyl ether GC-MS 7005-72-3 0.34 ng/L Irl Fishman (1993)
4-Nitrophenol GC-MS 100-02-7 0.51 ng/L Irl Fishman (1993)
Acenaphthene GC-MS 83-32-9 0.28 ng/L Irl Fishman (1993)
Acenaphthylene GC-MS 208-96-8 0.3 ng/L Irl Fishman (1993)
Anthracene GC-MS 120-12-7 0.39 ng/L Irl Fishman (1993)
Benz[a]anthracene GC-MS 56-55-3 0.26 pg/L Irl Fishman (1993)
Benzidine GC-MS 92-87-5 10 ng/L irl Fishman (1993)
Benzo[a]pyrene GC-MS 50-32-8 0.33 ng/L Irl Fishman (1993)
Benzo[b]fluoranthene GC-MS 205-99-2 0.3 pg/L Irl Fishman (1993)
Benzo[ghi]perylene GC-MS 191-24-2 0.38 ng/L Irl Fishman (1993)
Benzo|k]fluoranthene GC-MS 207-08-9 0.3 pg/L Irl Fishman (1993)
Bis(2-Chloroethoxy)methane GC-MS 111-91-1 0.24 ng/L Irl Fishman (1993)
Bis(2-Chloroethyl)ether GC-MS 111-44-4 0.3 pg/L Irl Fishman (1993)
Bis(2-chloroisopropyl)ether GC-MS 108-60-1 0.14 ng/L Irl Fishman (1993)
Bis(2-Ethylhexyl)phthalate GC-MS 117-81-7 2 pg/L irl Fishman (1993)
Butylbenzyl phthalate GC-MS 85-68-7 1.8 ng/L irl Fishman (1993)
Chrysene GC-MS 218-01-9 0.33 pg/L Irl Fishman (1993)
Di-n-butyl phthalate GC-MS 84-74-2 2 ng/L irl Fishman (1993)
Di-n-octyl phthalate GC-MS 117-84-0 0.6 ng/L Irl Fishman (1993)
Dibenz[a,h]anthracene GC-MS 53-70-3 0.42 ng/L Irl Fishman (1993)
Diethyl phthalate GC-MS 84-66-2 0.61 pg/L Irl Fishman (1993)
Dimethyl phthalate GC-MS 131-11-3 0.36 ng/L Irl Fishman (1993)
Fluoranthene GC-MS 206-44-0 0.3 ng/L Irl Fishman (1993)
Fluorene GC-MS 86-73-7 0.33 ng/L Irl Fishman (1993)
Hexachlorobenzene GC-MS 118-74-1 0.3 pg/L Irl Fishman (1993)

Hexachlorobutadiene GC-MS 87-68-3 0.24 ng/L Irl Fishman (1993)
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Table 5. Analytes measured in water and bed sediment samples.—Continued

[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,
less than; wm, micron. Dashes indicate no data or not detected]

Analyte

Method
instrumentation

CAS
number’

Reporting level

Value

Unit

Type

Reference

Water — total recoverable semivolatile organic compounds? (Continued)

Hexachlorocyclopentadiene GC-MS 77-47-4 0.5 ng/L Irl Fishman (1993)
Hexachloroethane GC-MS 67-72-1 0.24 ng/L Irl Fishman (1993)
Indeno[1,2,3-cd]pyrene GC-MS 193-39-5 0.38 ng/L Irl Fishman (1993)
Isophorone GC-MS 78-59-1 0.26 ng/L Irl Fishman (1993)
n-Nitrosodi-n-propylamine GC-MS 621-64-7 0.4 pg/L Irl Fishman (1993)
n-Nitrosodimethylamine GC-MS 62-75-9 0.24 pg/L Irl Fishman (1993)
n-Nitrosodiphenylamine GC-MS 86-30-6 0.28 ng/L Irl Fishman (1993)
Naphthalene GC-MS 91-20-3 0.22 ng/L Irl Fishman (1993)
Nitrobenzene GC-MS 98-95-3 0.26 ng/L Irl Fishman (1993)
Pentachlorophenol GC-MS 87-86-5 0.6 pg/L Irl Fishman (1993)
Phenanthrene GC-MS 85-01-8 0.32 pg/L Irl Fishman (1993)
Phenol GC-MS 108-95-2 0.28 ng/L Irl Fishman (1993)
Pyrene GC-MS 129-00-0 0.35 ng/L Irl Fishman (1993)
2,4,6-Tribromophenol (surrogate)* GC-MS 118-79-6 - Percent - Fishman (1993)
2-Fluorobiphenyl (surrogate)4 GC-MS 321-60-8 - Percent - Fishman (1993)
Nitrobenzene-d5 (surrogate)4 GC-MS 4165-60-0 - Percent - Fishman (1993)
Phenol-d5 (surrogate)* GC-MS 4165-62-2 - Percent -—- Fishman (1993)
Terphenyl-d14 (surrogate)* GC-MS 1718-51-0 --- Percent Fishman (1993)
Bed sediment — total
Aluminum ICP-AES 7429-90-5 0.1 Wt % Irl Horowitz and others (2001)
Antimony Hydride generation/ICP-AES  7440-36-0 0.1 mg/kg Irl Horowitz and others (2001)
Arsenic Hydride generation/ICP-AES 7440-38-2 0.1 mg/kg Irl Horowitz and others (2001)
Barium ICP-AES 7440-39-3 1 mg/kg Irl Horowitz and others (2001)
Beryllium ICP-AES 7440-41-7 0.1 mg/kg Irl Horowitz and others (2001)
Cadmium Flame AAS 7440-43-9 0.1 mg/kg Irl Horowitz and others (2001)
Calcium ICP-AES 7440-70-2 0.1 Wt % Irl Horowitz and others (2001)
Carbon, total CNS analyzer/TCD 7440-44-0 0.1 Wt % Irl Horowitz and others (2001)
Carbon, total organic CS analyzer/Infrared Detection - 0.1 Wt % Irl Horowitz and others (2001)
Chromium ICP-AES 7440-47-3 1 mg/kg Irl Horowitz and others (2001)
Cobalt ICP-AES 7440-48-4 1 mg/kg Irl Horowitz and others (2001)
Copper ICP-AES 7440-50-8 1 mg/kg Irl Horowitz and others (2001)
Tron ICP-AES 7439-89-6 0.1 Wt % Irl Horowitz and others (2001)
Lead Flame AAS 7439-92-1 1 mg/kg Irl Horowitz and others (2001)
Lithium ICP-AES 7439-93-2 1 mg/kg Irl Horowitz and others (2001)
Magnesium ICP-AES 7439-95-4 0.1 Wt % Irl Horowitz and others (2001)
Manganese ICP-AES 7439-96-5 10 mg/kg Irl Horowitz and others (2001)
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Table 5. Analytes measured in water and bed sediment samples.—Continued

[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,
less than; pwm, micron. Dashes indicate no data or not detected]

Method CAS Reporting level
Analyte . . 1 - Reference
instrumentation number Value Unit Type
Bed sediment — total (Continued)
Mercury CV-AAS 7439-97-6 0.01 mg/kg Irl Horowitz and others (2001)
Molybdenum ICP-AES 7439-98-7 1 mg/kg Irl Horowitz and others (2001)
Nickel ICP-AES 7440-02-0 1 mg/kg Irl Horowitz and others (2001)
Nitrogen CNS analyzer/TCD 7727-37-9 0.01 Wt % Irl Horowitz and others (2001)
Phosphorus ICP-AES 7723-14-0 1 mg/kg Irl Horowitz and others (2001)
Potassium ICP-AES 7440-09-7 0.1 Wt % Irl Horowitz and others (2001)
Selenium Hydride generation/AAS 7782-49-2 0.1 mg/kg Irl Horowitz and others (2001)
Silver Flame AAS 7440-22-4 0.05 mg/kg Irl Horowitz and others (2001)
Sodium ICP-AES 7440-23-5 0.1 Wt % Irl Horowitz and others (2001)
Strontium ICP-AES 7440-24-6 1 mg/kg Irl Horowitz and others (2001)
Sulfur ICP-AES 7704-34-9 0.1 Wt % Irl Horowitz and others (2001)
Thallium ICP-AES 7440-28-0 50 mg/kg Irl Horowitz and others (2001)
Tin ICP-AES 7440-31-5 0.1 mg/kg Irl Horowitz and others (2001)
Titanium ICP-AES 7440-32-6 0.01 Wt % Irl Horowitz and others (2001)
Uranium ICP-AES 7440-61-1 50 mg/kg Irl Horowitz and others (2001)
Vanadium ICP-AES 7440-62-2 1 mg/kg Irl Horowitz and others (2001)
Zinc ICP-AES 7440-66-6 1 mg/kg Irl Horowitz and others (2001)
Bed sediments — semivolative organic compounds
1,2,4-Trichlorobenzene GC-MS 120-82-1 50 neg/kg irl Zaugg and others (2006)
1,2-Dimethylnaphthalene GC-MS 573-98-8 50 ne/kg irl Zaugg and others (2006)
1,6-Dimethylnaphthalene GC-MS 575-43-9 50 ng/kg irl Zaugg and others (2006)
1-Methyl-9H-fluorene GC-MS 1730-37-6 50 neg/kg irl Zaugg and others (2006)
1-Methylphenanthrene GC-MS 832-69-9 50 neg/kg irl Zaugg and others (2006)
1-Methylpyrene GC-MS 2381-21-7 50 ng/kg irl Zaugg and others (2006)
2,3,6-Trimethylnaphthalene GC-MS 829-26-5 50 ne/kg irl Zaugg and others (2006)
2,6-Dimethylnaphthalene GC-MS 581-42-0 50 ng/kg irl Zaugg and others (2006)
2-Ethylnaphthalene GC-MS 939-27-5 50 ne/kg irl Zaugg and others (2006)
2-Methylanthracene GC-MS 613-12-7 50 ng/kg irl Zaugg and others (2006)
4H-Cyclopenta[def]phenanthrene ~ GC-MS 203-64-5 50 neg/kg irl Zaugg and others (2006)
Acenaphthene GC-MS 83-32-9 50 ng/kg irl Zaugg and others (2006)
Acenaphthylene GC-MS 208-96-8 50 neg/kg irl Zaugg and others (2006)
Anthracene GC-MS 120-12-7 50 neg/kg irl Zaugg and others (2006)
Anthraquinone GC-MS 84-65-1 50 neg/kg irl Zaugg and others (2006)
Benz[a]anthracene GC-MS 56-55-3 50 ng/kg irl Zaugg and others (2006)
Benzo[a]pyrene GC-MS 50-32-8 50 ng/kg irl Zaugg and others (2006)
Benzo[b]fluoranthene GC-MS 205-99-2 50 ngkg irl Zaugg and others (2006)
Benzo[e]pyrene GC-MS 192-97-2 50 neg/kg irl Zaugg and others (2006)
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Table 5. Analytes measured in water and bed sediment samples.—Continued

[Parameters of concern are highlighted in bold. Method of instrumentation: ICP-MS, inductively coupled plasma—mass spectrometry;
cICP-MS, collision/reaction cellinductively coupled plasma—mass spectrometry; ICP-AES, inductively coupled plasma—atomic emission
spectrometry; CV-AFS, cold vapor—atomic fluorescence spectrometry; HEM, n-hexane extractable material; SGT-HEM, silica gel treated—
n-hexane extractable material (non-polar fraction); GC—MS, gas chromatography—mass spectrometry; AAS, atomic absorption spectrometry;
CV-AAS, cold vapor—atomic absorption spectrometry; CNS/TCD, carbon-nitrogen-sulfur analyzer with thermal conductivity detection; CS,
carbon-sulfur analyzer. Report level unit: mg/L, milligram per liter; pg/L, microgram per liter; uS/cm, microsiemens per centimeter; Wt %,
weight percent; mg/kg, milligram per kilogram; pg/kg, microgram per kilogram. Reporting level type: Irl, laboratory reporting limit; irl, interim
reporting level; mrl, minimum reporting limit. Other abbreviations: X, summation; N, nitrogen, NH,, ammonia; NO,, nitrite; NO,, nitrate; <,
less than; wm, micron. Dashes indicate no data or not detected]

Method CAS Reporting level
Analyte . . 1 - Reference
instrumentation number Value Unit Type
Bed sediments — semivolative organic compounds (Continued)
Benzo[ghi]perylene GC-MS 191-24-2 50 neg/kg irl Zaugg and others (2006)
Benzo[k]fluoranthene GC-MS 207-08-9 50 ne/kg irl Zaugg and others (2006)
Bis(2-Ethylhexyl)phthalate GC-MS 117-81-7 50 neg/kg irl Zaugg and others (2006)
Carbazole GC-MS 86-74-8 50 neg/kg irl Zaugg and others (2006)
Chrysene GC-MS 218-01-9 50 ng/kg irl Zaugg and others (2006)
Dibenz[a,h]anthracene GC-MS 53-70-3 50 neg/kg irl Zaugg and others (2006)
Dibenzothiophene GC-MS 132-65-0 50 neg/kg irl Zaugg and others (2006)
Diethyl phthalate GC-MS 84-66-2 50 ng/kg irl Zaugg and others (2006)
Fluoranthene GC-MS 206-44-0 50 ne/kg irl Zaugg and others (2006)
Fluorene GC-MS 86-73-7 50 neg/kg irl Zaugg and others (2006)
Hexachlorobenzene GC-MS 118-74-1 50 ne/kg irl Zaugg and others (2006)
Indeno[1,2,3-cd]pyrene GC-MS 193-39-5 50 ng/kg irl Zaugg and others (2006)
Naphthalene GC-MS 91-20-3 50 ne/kg irl Zaugg and others (2006)
Pentachloroanisole GC-MS 1825-21-4 50 ng/kg irl Zaugg and others (2006)
Pentachloronitrobenzene GC-MS 82-68-8 50 ng/kg irl Zaugg and others (2006)
Perylene GC-MS 198-55-0 50 ng/kg irl Zaugg and others (2006)
Phenanthrene GC-MS 85-01-8 50 neg/kg irl Zaugg and others (2006)
Phenanthridine GC-MS 229-87-8 50 neg/kg irl Zaugg and others (2006)
Pyrene GC-MS 129-00-0 50 neg/kg irl Zaugg and others (2006)
2-Fluorobiphenyl (surrogate)4 GC-MS 321-60-8 --- Percent - Zaugg and others (2006)
Nitrobenzene-d5 (surrogate)* GC-MS 4165-60-0 - Percent --- Zaugg and others (2006)
Terphenyl-d14 (surrogate)* GC-MS 1718-51-0 - Percent - Zaugg and others (2006)

! The Chemical Abstract Service (CAS) Registry Number is a unique identifier assigned to each chemical and to some mixtures of chemicals by the CAS, a
division of the American Chemical Society.

2 Analyzed in the blanks.
3 The reporting limit changed approximately half way through the project.

4 Used for quality control only.






Manuscript approved on September 30, 2011.

Prepared by:
USGS Science Publishing Network
Raleigh Publishing Service Center
3916 Sunset Ridge Road
Raleigh, NC 27607

For additional information regarding this publication, contact:
Chad R. Wagner, Hydrologist
USGS North Carolina Water Science Center
3916 Sunset Ridge Road
Raleigh, NC 276007
phone: 919-571-4000
e-mail: cwagner@usgs.gov

Or visit the North Carolina Water Science Center Web site at:
http:;//nc.water.usgs.gov

A PDF version of this publication is available online at
http://pubs.usgs.gov/sir/2011/5180/



m —.—mmm Wagner and others—Characterization of Stormwater Runoff from Bridges in North Carolina and the Effects of Bridge Deck Runoff on Receiving Streams—Scientific Investigations Report 2011-5180




	Acknowledgments

	Contents

	Figures

	Figure 1. Locations where bridge deck and streamwater samples were collected in North Carolina
	Figure 2. Discharge pipe sampling configuration at the  Black River site.
	Figure 3. Locations where bed sediment samples were collected in North Carolina.
	Figure 4. Average relative percent difference of parameters of concern in water replicates and in au
	Figure 5. Average relative percent differences of the percent absolute difference between pairs of i
	Figure 6. Average relative percent differences of the percent absolute difference between pairs of i
	Figure 7. Summary of bridge deck runoff measured during water-quality sampling events. Sites are lis
	Figure 8. Percent runoff sampled at the bridge deck sites. 
	Figure 9. Seasonal Piper diagrams of general water types of runoff from bridge decks.
	Figure 10. Percent dissolved fraction of total recoverable (A) aluminum, (B) lead, (C) iron, and (D)
	Figure 11. Percent dissolved fraction of (A) total nitrogen and total recoverable (B) manganese, (C)
	Figure 12. Concentrations of metals in rural and urban bridge deck runoff samples.
	Figure 13. Concentrations of nutrients and total suspended solids in rural and urban bridge deck run
	Figure 14A-D. Concentrations of (A) total nitrogen, (B) total phosphorus, (C) total suspended solids
	Figure 14E-H. Concentrations of (E) dissolved zinc, (F) total recoverable nickel, (G) dissolved copp
	Figure 14I-L. Concentrations of (I) dissolved cadmium, (J) total recoverable arsenic, (K) total reco
	Figure 14M-O. Concentrations of (M) total recoverable iron, (N) total recoverable aluminum, and (O) 
	Figure 15. Summary of average measured stream discharge during routine and storm water-quality sampl
	Figure 16. Piper diagrams of general water types during routine (non-storm) and storm sampling event
	Figure 17A-D. Concentrations of (A) total nitrogen, (B) total phosphorus, (C) total suspended solids
	Figure 17E-H. Concentrations of (E) dissolved zinc, (F) total recoverable nickel, (G) dissolved copp
	Figure 17I-L. Concentrations of (I) dissolved cadmium, (J) total recoverable arsenic, (K) total reco
	Figure 17M-N. Concentrations of (M) total recoverable iron and (N) total recoverable aluminum for st
	Figure 18. Stream sites discharge hydrographs with stream sampling periods used to generate dilution
	Figure 19. Plan view of Black River channel configuration and location of streamflow-gaging and samp
	Figure 20. Plan view of Little River channel configuration and location of streamflow-gaging and sam
	Figure 21. Plan view of Mountain Creek channel configuration and location of streamflow-gaging and s
	Figure 22. Plan view of Swannanoa River channel configuration and location of streamflow-gaging and 
	Figure 23. An example of a computed bridge deck runoff plume migration from a right-bank injection p
	Figure 24. Dilution curves for bridge deck runoff plumes at Black River near Tomahawk, North Carolin
	Figure 25. Dilution curves for bridge deck runoff plumes at Little River at Secondary Roard 1461 nea
	Figure 26. Dilution curves for bridge deck runoff plumes at Mountain Creek at Secondary Road 1617 ne
	Figure 27. Dilution curves for bridge deck runoff plumes at Swannanoa River at Interstate 40 near Bl
	Figure 28. Downstream minus upstream concentration differences for (A) all data, and (B) data focusi
	Figure 29. Downstream minus upstream concentration differences for (A) all data, and (B) data focusi

	Tables

	Table 1. Common highway runoff pollutants and their primary sources. 
	Table 2. Characteristics of bridge deck runoff study sites.
	Table 3. Watershed characteristics of stream monitoring sites. 
	Table 4. Summary of sample types at each study site.
	Table 5. Analytes measured in water and bed sediment samples.

	Table 6. Comparison of bridge deck runoff measured volumetrically with discharge reported from veloc
	Table 7. Selected quality-assurance programs for water chemistry analyses operated by the U.S. Geolo
	Table 8. Bridge deck and stream field quality-assurance and quality-control (QA/QC) samples. 
	Table 9. Detections of parameters of concern among total recoverable analytes in blanks. 
	Table 10. Detections of parameters of concern among dissolved analytes in blanks. 
	Table 11. Concentrations of selected dissolved and total recoverable analytes in the field blank fro
	Table 12. Analytes that were potentially omitted from the parameters of concern list and the reasons
	Table 13. Spike recoveries for semivolatile organic compounds in water matrix samples and reagent.-
	Table 14. Spike recoveries for semivolatile organic compounds in bed sediment samples.
	Table 15. Identification of parameters of concern (POCs) by comparison of maximum concentration in b
	Table 16. Detections of semivolatile organic compounds (SVOCs) as parameters of concern (POCs) and r
	Table 17. Median concentrations for bridge deck runoff samples grouped by ecoregion and season.   
	Table 18. Summary of statistical comparisons of bridge deck runoff concentrations from concrete and 
	Table 19. Summary of minimum and maximum storm event bridge deck runoff loads of parameters of conce
	Table 20. Summary of significant variables and regression coefficients used to develop the predictiv
	Table 21. Summary of significant variables and regression coefficients used to develop the predictiv
	Table 22. Correlation of total nutrient and total recoverable metal parameters of concern to suspend
	Table 23. Detections of semivolatile organic compounds (SVOCs) as parameters of concern (POCs) in st
	Table 24. Median concentrations for stream samples grouped by season.   
	Table 25. Summary of p-values derived from statistical comparisons between bridge deck runoff concen
	Table 26. Comparison of stream and bridge deck runoff parameters of concern concentrations. 
	Table 27. Comparison of stream and bridge deck runoff parameters of concern annual loads and yields.
	Table 28. Summary of the bridge deck runoff sample dates, corresponding stream conditions, and the a
	Table 29. Relative abundances of upstream-downstream pairs of semivolatile organic compounds in bed 

	Appendix Tables

	Conversion Factors

	Acronyms


	Abstract
	Introduction
	Study Approach 
	Purpose and Scope 

	Methods of Evaluation and Characterization of Bridge  Deck Runoff 
	Study Design and Site Descriptions 
	Bridge Deck Runoff and Precipitation Sites 
	Stream Sites 
	Bed Sediment Sites 

	Measurement of Precipitation and Discharge 
	Precipitation
	Discharge
	Bridge Deck 
	Stream (Routine and Storm) 


	Field Sampling and Preliminary Laboratory Processing 
	Bridge Deck Runoff 
	Stream (Routine and Storm)  
	Bed Sediments  

	Laboratory Analyses 
	Water Quality (Bridge Deck Runoff and Stream) 
	Bed Sediment Chemistry 

	Quality Assurance and Quality Control Design 
	Precipitation
	Discharge
	Bridge Deck 
	Stream (Routine and Storm) 

	Water Quality (Bridge Deck and Stream) 
	Field
	Laboratory

	Bed Sediment 
	Field
	Laboratory


	Bridge Deck Runoff Event Load and Annual Stream Load Computations 

	Water Quality and Effect of Stormwater Bridge Runoff on Receiving Streams 
	Parameters of Concern 
	Precipitation Data for Sampled Events 
	Bridge Deck Runoff 
	Discharge
	Water Quality 
	Constituent Concentrations Associated with the Dissolved and Particulate Phases

	Summary and Statistical Analysis of Constituent Concentrations 

	Summary of Bridge Deck Event Loads and Development of Predictive Equations for Runoff Loads 

	Stream (Routine and Storms) 
	Discharge
	Water Quality 

	Comparisons of Bridge Deck Stormwater Runoff and Stream Water Quality 
	Distribution of Concentrations from Bridge  Deck Runoff  
	Annual Loads and Yields of Bridge Deck Runoff 
	Mixing Calculations of Bridge Deck Stormwater and Stream Constituents 

	Bed Sediment Characteristics Upstream and Downstream from Bridges 

	Summary and Conclusions 
	References Cited 



