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ARTICLE INFO ABSTRACT

Sediment from urban impervious surfaces has the potential to be an important vector for contaminants, parti-
cularly where stormwater culverts and other buried channels draining large impervious areas exit from un-
derground pipes into open channels. To better understand urban sediment sources and their relation to fallout
radionuclides, we collected samples of rainfall, urban sediment (pavement sediment, topsoil), streambank se-
diment, and fluvial sediment (suspended sediment and bed sediment) for ”Be, 210pp_ - and '¥7Cs analysis. The
results indicate that each rainfall event tags pavement sediment with elevated activities of “Be and 2'°Pb, such
that runoff from impervious surfaces in the buried channel part of the stream network contains the highest
activities. Pavement sediment, because it is characteristically a thin veneer, has a small mass to rainwater ratio
resulting in a greater tagging of “Be and 2'°Pb,, activity than does topsoil on a per gram basis. An unmixing
model indicated that suspended-sediment samples collected at the culvert outlet from the buried-channel net-
work are from pavement sediment sources (45 + 25%) with a smaller component of topsoil (22 = 19%), and a
component from streambanks (32 * 35%) that we infer to be older channel material and subsoil eroded from
within the culvert system. Downstream from the culvert, suspended sediment collected from the open-channel
parts of the stream had “Be and 2!°Pb,, activities that were substantially reduced by the contribution of sediment
from streambanks (57 = 15%), with pavement contributions decreasing to 15 (+9%) and topsoil contributing
28 (*7%). The results highlight the utility of “Be, *'°Pb,,, and '*’Cs as tracers of urban sediment sources,
resulting in a unique radionuclide signature for urban watersheds compared to other sediment-source settings.
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1. Introduction been well quantified. The three major sources of urban

sediment—impervious-surface ~ sediment, upland soils, and

Many common urban contaminants, such as metals and polycyclic
aromatic hydrocarbons (PAHs), sorb to sediment and are transported to
streams with runoff (Sartor et al., 1974; Paul and Meyer, 2001; Mahler
et al,, 2005), yet sources of sediment to urban streams have not
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streambanks—are associated with different types and concentrations of
contaminants. Impervious surface sediment can have high concentra-
tions of contaminants from atmospheric deposition (e.g., Hg, PAHSs)
(Callender and Rice, 2000; Van Metre and Mahler, 2003;
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Fig. 1. Map of the Dead Run study area showing pavement sweep sites (Streets A-D, Parking Lot E),runoff samples, soil samples, and bank samples and tributaries

(T1,T2) entering between the sediment collection sites Alexander Culvert (#2) and the Dead Run Gage (#1). [r =

collection, b = bank sample collection]

Boonyatumanond et al., 2007; Eckley and Branfireun, 2008; Thapalia
et al., 2010), and wear of solid materials (e.g. roofing materials, pa-
vement sealants, and galvanized metal) (Van Metre and Mahler, 2003;
Mahler et al., 2005). Upland soils can contain pesticides and other
products used in home and commercial outdoor applications as well as
contaminants associated with urban non-point sources, legacy in-
dustrial sources, and atmospheric deposition (Cannon and Horton
2009; Hatcher and Filippelli 2010; Jorgenson and Young 2010; Watts
et al. 2010, Bain et al., 2012). Streambanks are assumed to have neg-
ligible concentrations of anthropogenic contaminants, except perhaps
in older developed parts of the United States where some streambanks
contain legacy contamination from sediment deposited in the past
(18th-19th centuries) (Southworth et al., 2013; Taylor and Owens,
2009).

It is well documented that urbanization and increased impervious
cover leads to more runoff and higher peak flows (Leopold 1968; Paul
and Meyer, 2001 Walsh et al., 2005). These hydrologic changes in-
crease streampower, leading to channel widening, streambank erosion,
and channel incision (Booth, 1990, 1991; Gellis et al., 2017a; Wolman,
1967). Thus, streambanks in urban environments are expected to con-
tribute a large part of the total sediment load (Devereux et al., 2010;
Gellis et al.,, 2017a; Cashman et al., 2018). In many urban areas,

runoff sample, collection, f = soil sample

however, stream channels are paved over or buried during urbanization
and directed into culverts, pipes, and concrete-lined ditches (Elmore
and Kaushal, 2008; Napieralski and Carvalhaes, 2016). In these buried-
channel parts of the watershed, streambank erosion does not occur and
surface-derived sediment (e.g. soil, impervious surfaces) might be ex-
pected to dominate fluvial sediment (suspended sediment (SS) and bed
sediment).

Radionuclides in atmospheric fallout—fallout radionuclides ”Be,
210pp_ . (excess 2!°Pb, the part not supported by decay of parent
radionuclides in geologic materials), and '*’Cs—are delivered to the
Earth’s surface primarily by rainfall and become a marker of surface-
derived sediment. Eroding streambanks typically contain lower activ-
ities of “Be, 2!°Pb.,, and '®’Cs, because the vertical position of
streambanks leads to little direct contact with rainfall (Matisoff et al.,
2005; Hancock et al., 2014). Differences in “Be, 2°Pb,,, and '*’Cs ac-
tivities between geomorphic features (streambanks and upland sur-
faces) have been used to discriminate sediment sources and estimate
the transport and transit times of sediment (Dominik et al., 1987;
Evrard et al., 2010; Gellis et al., 2017b; Huon et al., 2017; Mabit et al.,
2014; Matisoff et al., 2005; Olley et al., 2013a,b; Slimane et al., 2016;
Froger et al., 2018; Wallbrink et al., 2002). Of these, only Froger et al.
(2018) examined ’Be, 2!°Pb.,, and '*’Cs activities and sediment
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processes in urban settings.

In an analysis of fluvial sediment for wadeable streams in the
Midwest U.S., Gellis et al. (2017b) reported that stream sediment in
watersheds with urban areas had higher activities of ’Be and 2'°Pb,,
than stream sediment in agricultural and undeveloped settings
(Supporting Information (Fig. S1). That study, however, considered
only surface (agricultural) soil and streambank and channel erosion as
endmember sources of stream sediment and did not differentiate sedi-
ment delivered from impervious surfaces in source partitioning. Froger
et al. (2018) reported high “Be and *'°Pb,, activities in sediment col-
lected from paved road surfaces and attributed elevated activities in
suspended sediments in streams as resulting from particles rapidly
transported from urban areas. In these settings, “Be and 2'°Pb,, activ-
ities may be higher in the buried-channel portions of the watershed
with substantial impervious surfaces, in contrast to the open channel
parts of the watershed, where streambank erosion processes become
important. Understanding sediment sources and “Be and 2'°Pb,, dy-
namics in urban settings could provide insight into particle-associated
contaminant sources and transport processes affecting urban streams.

Here we examine sediment sources and transport processes and
associated “Be, 2'°Pb,,, and '*’Cs in an urban watershed. We address
three key questions: How do activities of “Be and '°Pb,, vary in urban
sediments by source type and in response to rain events? What do these
activities tell us about the sources of sediment to urban streams? How
do stream-channel dynamics affect activities of “Be and 210pp_, as se-
diment is transported from urban source areas with buried channels
into open-channel downstream areas?

2. Materials and methods
2.1. Study area

To address the questions described above, we examined ’Be,
210pp_.. and '%7Cs activities for two locations in the Dead Run wa-
tershed, an urban watershed in Baltimore, Maryland (Fig. 1). One lo-
cation was the upper part of the watershed where, except for two gullies
in a small open space between roads, there are no open channels—all
the natural stream channels were buried during urbanization. All sur-
face runoff that enters the buried channel network through numerous
storm drains exits to an open channel at the Alexander Avenue Culvert
(herein called the “Alexander Culvert”)(drainage area = 0.369 km?)
(Fig. 1). About one-half of this area is impervious (roads, rooftops, and
parking lots) and the other half is non-impervious or open space (lawns,
parks, and green space) (Table 1). The second sampling location was
the area that drains from Alexander Culvert to the U.S. Geological

Table 1
Classification of area draining to Alexander Culvert (0.37 km?) and Dead Run
gage (1.63 km?).

Contributing Area (km?) Percentage

Alexander Culvert 0.369

Roads 0.048 13
Driveways 0.010

Residential Rooftops 0.028 7
Commercial Rooftops 0.028

Parking Lots 0.071 19
Total Impervious area 0.185 50
Other (parks, lawns, green space, etc.) 0.184 50
Dead Run Gage 1.630

Roads 0.226 14
Driveways 0.044 3
Residential Rooftops 0.141 9
Commercial Rooftops 0.085

Parking Lots 0.191 12
Total Impervious area 0.687 42
Other (parks, lawns, green space, etc.) 0.947 58
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Survey (USGS) stream gaging site (Dead Run near Catonsville, Mary-
land, USGS station ID 01589312), about 0.7 km downstream from
Alexander Culvert (“Dead Run gage”; 1.63 km? drainage area). The
drainage area at the gage, which includes the Alexander Culvert drai-
nage, is 42% impervious and 58% open space (Table 1). The watershed
drains the Piedmont physiographic province and is underlain by the
Mount Washington Amphibolite subunit of the Baltimore Complex
(Crowley, 1976) and by interbedded gravels, sands, silts, and clays of
the Potomac Group in the upper reaches of the watershed.

Flow exits the Alexander Culvert and continues in an open channel
to the Dead Run gage (Fig. 1). Two tributaries (T1 and T2, Fig. 1) enter
Dead Run between Alexander Culvert and the Dead Run gage; these
tributaries are buried channels in their upper reaches and exit at cul-
verts to open channels. Several small storm drains also enter the
channel from neighborhoods upstream of the gage. During the study,
parts of Dead Run between the Alexander Culvert and tributary T1 were
undergoing restoration to create a stabilized reach with an engineered
riparian zone (Fig. 1; Fig. 2A). Although some disturbance of the
channel may have occurred during the restoration, measures were
taken during the restoration to reduce erosion, including pinning of
erosion-control nets and fabric along the stream. Our results at the Dead
Run gage are unlikely to have been compromised by these activities.
Between the gage and the restoration area and along T1, channels are
incised (Fig. 2B, C) with steep eroding streambanks and bed material
that ranges from gravel and sands to fines.

Dead Run is one of many urban watersheds in Baltimore City and
Baltimore County in a research network operated by the University of
Maryland, Baltimore County (UMBC)—Center for Urban Environmental
Research and Education (CUERE) (https://cuere.umbc.edu). Among the
research objectives of the UMBC-CUERE program in Dead Run are to
understand flow, sediment, and contaminant dynamics in urban set-
tings using high-frequency sampling with in-stream sensors and high
spatial-resolution numerical models (Duncan et al., 2017; Barnes et al.,
2018; Kemper et al., 2019).

2.2. Rainfall, runoff, pavement, soil, streambank, and fluvial sediment

Rainfall, stormwater runoff, pavement sediment (road and parking
lot particulates), soil, streambank material, and fluvial sediment (bed
and SS) were collected during three periods:

1) summer (14 July-17 Aug., 2017); 2) fall (20 Oct.-10 Nov., 2017),
and 3) winter/spring (27 Feb.-14 May, 2018) seasons.

2.2.1. Sample collection

Rainfall (n = 33 samples) was collected in two 9.5-L acid-washed
plastic buckets placed ~ 1.5 m above the ground. Rainfall for the
summer was collected at the USGS office in Catonsville, MD (6 km from
the Dead Run gage), and for the other seasons was collected at a rain
gage at the Dead Run gage. The rain sample was acidified with 10%
hydrochloric acid (HCI) and transferred to 1-L bottles along with three
10% HCI rinses of the collection bucket prior to shipping to the USGS
Sediment Radioisotope Laboratory in Menlo Park, CA, for “Be, '°Pby,
and '*Cs analysis. Runoff samples, as defined here, are stormwater
runoff that occurs on impervious surfaces and contains sediment. Two
types of runoff were sampled: stormwater runoff collected at the
Alexander Culvert (n = 9 samples) and road runoff collected at road
storm drains and parking lot storm drains (n = 8 samples). Both types
of runoff were collected by submerging an 18.9-L bucket into the runoff
(flow).

Pavement sediment samples (n = 85 samples) were collected at the
beginning of each sampling season and after rainfall events at four road
sites chosen to represent the range of road types present in the wa-
tershed (residential and commercial), and from one parking lot in the
Alexander Culvert watershed (Fig. 1). Similar to Collins et al. (2011),
pavement sediment was collected with a hand broom and dustpan from
alongside the curb and upgradient of a storm grate and placed in a
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Fig. 2. (A) Dead Run below Alexander Culvert in restored area (11 April, 2018); (B) Incision along tributary T2 showing upstream view (11 April, 2018); (C) Dead
Run upstream of gage (9 November 2018); (D) Alexander Culvert samplers (29 July, 2017); (E) Dead Run samplers (29 July, 2017). [Photograph by A.C. Gellis, U.S.

Geological Survey]

plastic bag. In order to obtain at least 3 g of fine sediment, the area
swept varied between samples; and although each area was swept
clean, it is likely that some sediment remained behind.

To estimate the mass of material present on pavement in the area
draining to Alexander Culvert, sediment also was sampled 4 times with
a high efficiency vacuum (Envirometrics Model HVS3 High-Volume
Surface Sampler) (n = 39 samples). The vacuum, which is designed for
sampling settled house dust at particle sizes 5 pm or larger, was fitted
with a 12.5-cm-long, 1-cm-wide nozzle. Prior to outdoor sampling,
controlled tests with the vacuum were done in the USGS Baltimore, MD,
laboratory, where known masses of fine material (<63 pm) were va-
cuumed. The HVS3 averaged 98.3% efficiency for the range of masses
tested (Table S1), although wind and unevenness of the pavement
surface may introduce variability when sampling outdoors. For two of
the four vacuuming events, only the pavement sites used in the sweep
samples (not including Street C) (Fig. 1) were vacuumed. For the other
two vacuuming events, sites were selected randomly to cover the spatial
extent of the Alexander Culvert drainage area. Each sample was col-
lected by starting at the midpoint in the road and ending at the curb.

A sediment yield at each vacuum site was determined by dividing
the sediment mass recovered by the area vacuumed, determined as the
width of the nozzle (12.5 cm) multiplied by the road or parking lot
length sampled (m). Yields are reported as a total (unsieved) sediment
yield (g/rnz) and a fine (<63 um) sediment yield (g/mz). We consider
both of these yields as “potential sediment yields,” as the entire mass of
sediment may not be mobilized and transported from the pavement by
any given rain event.

Soil samples were collected at nine sites (Fig. 1) in the Dead Run
watershed. At each site, three to five subsamples were taken using a
plastic spatula from the top 1 cm of surficial soil within 3 m of one
another and composited. Four samples of streambank material were
taken from eroding streambanks between the restored area and the
Dead Run gage (Fig. 1). Prior to sample collection, the exposed surface
of a streambank was scraped off and discarded. Each streambank
sample is a composite of subsamples from 3 to 5 eroding streambanks
collected from the bottom to the top of each streambank using a plastic
hand shovel.

Fluvial sediment consisted of samples of SS and bed material. SS was
collected at Alexander Culvert and the Dead Run gage
(Figs. 1 and 2D,E) using passive samplers (Phillips et al., 2000). After a
rainfall event, water (if present) and sediment were removed from the
passive samplers and transferred to 18.9-L buckets.

Samples of bed material were collected at the Dead Run gage. Bed
material was collected from the surface (< 1cm) of fine-grained channel

deposits using a stainless-steel spatula. Sediment from at least five de-
posits was collected and composited into one sample. A bed sample was
not collected at Alexander Culvert because the channel immediately
below the culvert was a transport reach with a gravel bed devoid of
fines for most of the collection period.

2.2.2. Sample analysis

All samples were transported to the USGS laboratory in Baltimore,
MD, and refrigerated. Sediment for radionuclide analysis—pavement
sediment, soil, bank material, decanted SS samples (following a
minimum of 1 week of refrigeration and settling), and bed materi-
al—were wet-sieved with distilled deionized (DI) water using a 63-um
polyester sieve. The sieved slurry was collected in glass bowls and dried
at 65 °C for 2 or more days. The dried fine sediment (<63 pm) was
removed with a plastic utensil and sent for analysis of fallout radio-
nuclides, organic carbon content, and grain size.

Sediment samples were analyzed for "Be, >'°Pb, #2°Ra, and '*’Cs at
the USGS Sediment Radioisotope Laboratory in Menlo Park, CA, using
high-resolution germanium detector gamma spectrometers following
methods described in Fuller et al. (1999) and Van Metre et al. (2004).
Measured activities of “Be and '*’Cs were corrected for radioactive
decay from the date of sample collection to the date of analysis. Excess
210pp_, was calculated as the difference between the measured total
210pp and 22°Ra, which is determined from the short-lived intermediate
gamma-emitting isotopes 2'*Pb and 2'*Bi. Method detection limits
(MDLs) for “Be and 2!°Pb,, were 0.0067 Bq/g. The sample-specific
detection limit for Be was determined by correcting the MDL for decay
and varied among samples (0.0117 to 0.0317 Bq/g) as a result of dif-
ferent times between sample collection and analysis. The MDL for **”Cs
was 0.0004 Bq/g.

The reported 1-sigma uncertainty in the measured radionuclide
activity (o1) was calculated from the random counting error of samples
and background standard spectra at the 1 standard deviation level.
Uncertainty in measured activity was typically within +10% of the
measured activity for total 210pp and 2%°Ra, +18% for "Be, and *20%
for '*’Cs. Uncertainty in unsupported 2'°Pb was propagated from the
uncertainties in total >!°Pb and *?°Ra activity and averaged *20%.

Acidified rain samples were screened through 63-um polypropylene
mesh into a container along with three 10% HCI rinses of each shipping
bottle and processed following the methods outlined in Conaway et al.
(2013) and Nakano et al. (2008) to concentrate the radionuclides into a
small volume. Briefly, 0.100 ml each of stable Pb and Be inductively
coupled plasma mass spectrometry (ICP-MS) stock standard solutions
(1000 pg/mL) was added to the acidified sample to determine recovery.
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Five mL of 10% (wt/v) solution of ferric chloride was added to facilitate
concentration of radionuclides by sorption of Pb and Be to iron hy-
droxide formed on raising pH. Samples were equilibrated on an orbital
shaker for 48 h. Concentrated ammonium hydroxide was then added to
increase pH to 10 and precipitate iron hydroxide to sorb both the stable
and radioactive isotopes of Pb and Be. The iron hydroxide floc was
recovered by centrifugation after settling and decanting off the over-
lying solution by siphon. The concentrated iron hydroxide was then
dissolved in concentrated HCI and transferred to a tared bottle. Con-
centrations of the added stable Pb and Be yield tracers in rainfall
samples were measured by ICP-MS. Recoveries averaged 95 + 8% and
86 + 6% for stable Pb and Be, respectively. A subsample was trans-
ferred and weighed into a polyethylene vial for radionuclide analysis by
high resolution gamma spectrometry as described for sediment samples.
Activities of 21°Pb and 7Be in rainfall samples were corrected for the
recovery yield of Pb and Be (ratio of measured to added mass of stable
and Pb and Be) and the fraction of redissolved sample analyzed. This
method assumes that the stable Pb and Be attain isotopic equilibrium
with all fallout radionuclides in the sample such that the radioisotopes
are recovered in the same proportion as the yield tracer. The resulting
activity was then divided by volume of rain collected to yield activities
in units of Bq/L. '*’Cs and ??°Ra were below detection limits in rain
samples, indicating negligible contributions of *'°Pb and “Be from
aeolian dust that may have entered the rainfall collector. Additionally,
all '°Pb activity in rainfall is considered unsupported >'°Pb (*!°Pb.,)
because the supported activity defined by ?*°Ra was not detectable.

Runoff samples were split in the laboratory to determine fallout
radionuclide activities in whole water and in isolated particulates. One
split was churned and an aliquot was taken to determine the suspended-
sediment concentration (SSC). The volume of the aliquot was recorded
and the aliquot was pumped through a 0.45-um glass fiber filter. The
filter was dried at 105 °C and weighed. The remaining slurry from this
split was processed for analysis in the same manner as SS from the
passive samplers to record activity in the particulates in Bq/g. A second
split was prepared and analyzed in the same way as rainwater to
measure “total” whole-water “Be and 2'°Pb., activities. It was assumed
that “Be and 2'°Pb are effectively solubilized from the SS at the low pH
of the acidified sample. It also was assumed that isotopic equilibrium is
attained between yield tracers (stable Pb and Be) and “Be and 2!°Pb
both in solution and on sediments. 2!°Pb activity in “total” whole-water
runoff samples is considered unsupported 2!°Pb (?!°Pb,,) because the
supported activity defined by ?°Ra was not detectable. Reported ac-
tivities in the whole-water samples in units of Bq/L were normalized to
SSC to obtain units of Bq/g. Additional analytical methods for sediment
are shown in SI Text I.

2.2.3. Collection and computation of rainfall, turbidity, suspended
sediment, and flow

UMBC operates a rainfall and water-quality network in the
Baltimore Metropolitan region that includes Dead Run. Water-quality
sensors and a rain-gage station are co-located with USGS stream gage
01589312.

The collection and computation methods for rainfall, turbidity,
suspended sediment, and flow are described in SI Text II.

2.3. Potential activity of “Be and #'°Pb,,

We used measured activities of 2'°Pb,, and ”Be in rainfall, potential
sediment yields from pavement, and 2!°Pb,, and "Be activities in pa-
vement sediment measured prior to the rainfall event to estimate the
enrichment of pavement sediment that might occur (potential activity)
in response to a rainfall event. The potential activity of Be and '°Pb,,
in the sweep samples after being tagged by rainfall was determined as:

RAIN,; * RAIN,
(RAINo( * RAINiy RDSEDpre

RDSED sy =
bt SEDyy @
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where RDSED .y is the potential activity of “Be or !°Pby in pavement
sediment for sample period t as a result of precipitation (Bq/g); RAIN,:
is the total rainfall over 1 m? of the ground surface (L/m?); RAIN,, is
the measured activity of 7Be or 21%Pb,, in rainfall (Bq/L); SEDyq is the
median fine sediment yield from vacuuming (g/m? = 1.57 g/m?
(Clifton et al., 2019); and RDSED,,, is the pavement sediment activity
for “Be or >'°Pb,, (Bq/g) prior to the rainfall event and corrected for "Be
decay since the time of the last pavement sediment sweep.

Because of the strong affinity of “Be and *'°Pb,, to fine particulate
matter (Benmansour et al., 2014; Taylor et al., 2012), we assume that
all whole-water runoff samples have an activity per liter (Bq/L) equal to
rainfall, and that some of the "Be and 2'°Pb,, are likely sorbed to
particles and surfaces that are not transported with runoff to the cul-
vert. The calculation therefore provides an upper limit for radionuclide
tagging.

2.4. Sediment sourcing

Pavement sediment can be from a mixture of sources, including
upland soil from lawns and open space, building and construction
material, leaf litter, atmospheric deposition of particles, worn tires, and
pavement erosion (Taylor and Owens, 2009; Sansalone and Cristina,
2004). A two-endmember mixing model using '*’Cs as a tracer was
used to calculate soil and non-soil sources to pavement sediment. One
endmember is soil, with an activity equal to the median of the **’Cs
activity in soil samples (0.0071 Bq/g) (Clifton et al., 2019). The non-
soil endmember is assigned zero activity under the assumption that the
non-soil material is from sources such as construction materials and tire
and asphalt wear that are not expected to have detectable '3’ Cs activity.
The percentage of pavement residue originating from soil was de-
termined as:

S0il% = CSsample/ CSmea * 100 @)

where So0il% is the percentage of the sample that is derived from soil,
CSsample is the 137¢s activity (Bq/g) of the sample, and Cs;,q is the
median of the '*’Cs activities in the soil samples (0.0071 Bq/g).

To determine sources of SS samples collected from Alexander
Culvert and SS and bed sediment at Dead Run, an unmixing model
commonly used in sediment source studies was applied:

Res = zn [Cssi - (Z:,".:l CsiPs) ]2
i=1 Cssi 3)

where Res is the residual sum of squares, Cssi is the concentration of

tracer property i in the target sediment, Csi is the mean concentration of

the tracer property in the source group s, and Ps is the relative con-

tribution from source group s (after Walling, 2005; after Schuller et al.,

2013).

The unmixing model equation assumes that 0 < Ps < 1 and

m

o P5=1 4

The P, that yields the lowest residual sum of squares corresponds to
the final source contributions (pavement, soil, banks) for a given target
sample.

3. Results and discussion
3.1. Rainfall and flow during the study

Rainfall, pavement, and fluvial samples were collected for 17 sam-
pling periods over a range of flows distributed over the three sampling
seasons (Fig. 3; Table 2; SI Table S2). A sample period begins after the
last sample is collected from the previous sampling period (the end of a
rainfall event) and ends when the last sample of the current sampling
period is collected (also a rainfall event). Samples collected during each
sampling period can include pavement sweeps (dry weather) and
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rainfall, runoff, and suspended and bed sediment from one or more
rainfall events. A sampling period had as many as one to five peak
flows, depending on how closely spaced the rainfall events were
(Table 2). The decision to collect samples was based on rainfall and
discharge. The lower sediment tube at Dead Run gage filled at a dis-
charge of about 0.19 m>/s. When it rained, we examined the on-line

Table 2

real time discharge at Dead Run; if it exceeded 0.19 m>/s the decision
was made to retrieve SS samples, if conditions permitted (low flow).
Street sweeps were collected only when conditions were dry. Additional
rainfall event(s) did occur before it was possible to get street sweeps
during some sampling periods, and thus a sampling period may have
had multiple rainfall and SS samples but only one set of sweep samples.

Hydrologic summary of sampled events at Alexander Culvert and Dead Run Gage. * Indicates a stormwater runoff sample(s) was taken at Alexander Culvert and #

indicates a road runoff sample(s) was taken during a given sampling period.

Sampling period Sampling period Sampling period Sampling period Total Rain  Number of flow events in  Highest peak flow Total Suspended
start date start time end date end time (mm) this period at Dead Run during sample period, Sediment Load, (Mg)
gage (m3/s)
Summer 2017
7/14/2017 13:40 7/27/2017 14:35 21.3 4 0.96 1.3
7/27/2017 14:35 8/1/2017 13:30 96.2 4 2.81 3.4
8/1/2017 13:30 8/3/2017 12:30 5.4 1 1.75 0.59
8/3/2017 12:30 8/4/2017 10:30 7.5 1 2.86 2.1
8/4/2017* 10:30 8/10/2017 10:20 25.3 3 1.16 1.1
8/10/2017 10:20 8/17/2017 09:30 51.8 3 2.54 7.0
Fall 2017
10/20/2017 13:00 10/24/2017 13:45 6.3 2 0.46 1.0
10/24/2017%4 13:45 10/31/2017 11:30 37.3 4 1.84 5.1
10/31/2017%% 11:30 11/10/2017 11:46 39.4 2 0.61 4.2
Spring 2018
2/27/2018 12:00 3/6/2018 12:50 16.6 2 0.90 1.2
3/6/2018 12:50 3/19/2018 12:00 13.1 1 0.21 0.19
3/19/2018 12:00 3/26/2018 11:40 snow 5 0.62 0.79
3/26/2018* 11:40 4/4/2018 13:05 12.7 3 1.32 0.52
4/4/2018 13:05 4/18/2018 13:55 53.5 1 14.0 19.9
4/18/2018 13:55 4/26/2018 13:45 32.1 3 1.31 2.7
4/26/2018 13:45 5/2/2018 15:40 8.41 1 0.44 0.22
5/2/2018 15:40 5/14/2018 15:50 28.8 3 3.20 2.9
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Often because of high-flow conditions it was not possible to access the
suspended sampler immediately at the end of the event, and in some of
these cases a second flow event occurred (Table 2) during the same
sampling period and the sampler composited suspended sediment over
more than one closely spaced rainfall event. Rain samples were col-
lected during 16 of the 17 sampling periods and analyzed for radio-
nuclides. Seventeen runoff samples (9 stormwater samples at Alexander
Culvert and 8 stormwater samples from roads) were collected during 4
of the 17 sampling periods (Table 2). Of the 9 runoff samples collected
at Alexander Culvert, 7 were used for whole-water analysis (Bq/L), and
6 were used for dry sediment analysis (Bq/g). Of the 8 runoff samples
collected on roads, 7 were used for whole water analysis (Bq/L) and 5
were used for dry sediment analysis (Bq/g) (Clifton et al., 2019).

To determine if any of the seasons sampled were drier or wetter
than average, rainfall for each sampling season was compared to the
historic rainfall for the same season measured at the National Weather
Service gage at the Baltimore/Washington International Airport
(USW00093721), 16.2 km from the Dead Run gage (Table S3). The
three seasons had rainfall that was 179% (summer), 137% (fall), and
70% (winter/spring) of normal rainfall for that season (Table S3). The
wetter summer and fall seasons could affect the results by supplying
more sediment than might occur during average rainfall conditions or
could cause higher flows that exhaust sediment in channel storage.
Conversely, samples collected during the drier winter/spring season
might reflect lower sediment flux than might occur during average
rainfall conditions.

3.2. Radionuclide activities in source and collected sediment samples

The three types of source material—pavement sediment, upland
soil, and streambanks—have characteristic activities of “Be, 2'°Pby,,
and '*’Cs that reflect differences in initial (pre-rain) activities and the
timing and intensity of radionuclide tagging and dilution (Clifton et al.,
2019). Activities of '*’Cs were higher in soils than in streambank ma-
terial, and similar to, or higher than, those in pavement sediment
(Fig. 4). Fallout of **’Cs for North America largely ceased by the late
1960s (Ritchie and McHenry, 1990), and soil now is a reservoir of le-
gacy '¥Cs from past fallout. Variable '*”Cs activities in pavement se-
diment likely reflect varying contributions of upland soil to the sedi-
ment on the impervious surface. Significant differences in activities of
137Cs (as well as 2'°Pb,, and "Be) among some of the pavement sedi-
ment sites (Mann-Whitney Rank Sum test (p < 0.05)) (Table S4) likely
reflect different source contributions to sediment at a site. The detection
of 137Cs activity in some streambanks indicates that these samples do
not represent older alluvial deposits, which should be devoid of **”Cs,
but may indicate deposition from eroded topsoil that occurred when
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Fig. 5. Comparison of ?!°Pb,, in Midwest topsoil, Dead Run soil, and street
sweeps.

parts of the Dead Run watershed were developed between the 1950s
and 1970s. The median year for homes built in the Dead Run watershed
was 1962 (Barnes et al., 2018), which is one year earlier than the peak
fallout of **”Cs. Thus topsoil mobilized during the build out of the area
would have contained relatively high *3’Cs, which could have been
deposited on the floodplain.

In contrast to 137Cs, 21°Pb,, and “Be are continually deposited on the
land surface by atmospheric fallout, resulting in distinct signatures of
these two radionuclides in the three sediment sources. Activities of
210pp_, and “Be were substantially higher in samples of pavement se-
diment than in samples of upland soil and streambank material
(Fig. 4A,B). The difference between activities in pavement sediment
and streambank material is consistent with the limited exposure of
streambanks to modern atmospheric fallout (Gellis et al., 2017b;
Hancock et al., 2014; Matisoff et al., 2005). The soil activities of 2!°Pb.y
in Dead Run watershed are similar to those reported for agricultural
topsoil in the Midwest (Gellis et al., 2017b) (Fig. 5). The difference
between activities in pavement sediment and upland soil (Fig. 5) re-
flects the difference in the mass of sediment exposed to rain. On pa-
vement, a thin veneer of sediment is exposed to a relatively large vo-
lume of rain whereas for soil, the top several centimeters are exposed.
As a result, on a per gram basis, pavement sediment receives greater
amounts of radionuclides (resulting in higher activities) during a rain
event than does soil.

Activities of 2!°Pb,, and ’Be in pavement sediment are correlated
@ = 0.51; Fig. S2A) because they both are delivered to the Earth’s
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surface by rainfall and both associate with particles (McNeary and
Baskaran, 2003; Matisoff et al., 2005). In contrast, 2!°Pb,, in pavement
sediment is not correlated with activities of >”Cs (Fig. S2B @ = 0.12)
and suggests a fundamental difference between pavement sediment and
soils (Fig. 5). However, *'°Pb,, and **”Cs are strongly correlated in soils
(Wallbrink and Murray, 1996; Huh and Su, 2004; Porto et al., 2010;
Teramage et al., 2013). Porto et al. (2010) suggested that the close
relation of 21°Pb,, and *’Cs activities in soils reflects a similar and
consistent response to erosion and sediment redistribution processes.
Pavement sediment, which is transported away and replenished over
short time scales, does not undergo such processes. We interpret the
lack of correlation between 2'°Pb,, and '*’Cs activities in pavement
sediment as resulting from tagging of pavement sediment by recent
fallout of 2'°Pb,, (and ”Be) but not of %7Cs.

Activities of “Be, 2'°Pb,,, and '*’Cs in runoff, SS, and bed samples
are expected to be bracketed by those in the sediment sources (pave-
ment sediment, soils, and, for Dead Run, streambanks). Activities of
137Cs in fluvial sediments collected at Alexander Culvert and Dead Run
are within the range of source sediment (pavement sediment, upland
soil, and streambank material) (Fig. 4C). Activities of “Be and 2'°Pb,, in
SS at Alexander Culvert, however, are similar to or greater than those in
the assumed source materials (Fig. 4A,B). The explanation for this is
presented in section 3.3.

3.3. Radionuclide activity by event

Activities of 21°Pb,, and “Be are highest in particles in runoff
(Alexander and road runoff), followed by SS at Alexander Culvert and
pavement sediment (Figs. S3A-C). The amount of enrichment of "Be
and 2'°Pb,, in runoff and Alexander Culvert SS relative to the pavement
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samples (Alexander Avenue Culvert runoff and road runoff) to Alexander
Culvert suspended sediment and pavement sediment. Solid gray bars represent
rainfall activity.
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sediment samples can be quite large, as indicated by the ratios of these
activities for the four runoff periods sampled to pavement sediment-
sample activities (Fig. 6). We hypothesize that the difference in activ-
ities provides critical insight into the dynamics of 2!°Pb., and "Be
particle tagging at the scale of an urban watershed and explains why
the fluvial sample 2'°Pb,, and “Be activities are not bracketed by the
source activities.

Rainfall-runoff entrains a relatively small mass of particles in sus-
pension, which comes in contact with a relatively large volume of
precipitation, leading to enrichment in particle-associated radio-
nuclides carried by the rainfall/runoff. The mass of particles that re-
mains on the pavement also is exposed to rainfall, but the ratio of
rainfall volume to pavement sediment mass is smaller, resulting in less
enrichment on a per particle-mass basis. By extension, soil, with its
much greater mass of particles and downward diffusion of rainwater
through infiltration, is even less enriched by a given rainfall event than
are pavement particles (Fig. 5). One of the four rainfall events sampled
(2 August, 2017) included runoff samples collected in Alexander Cul-
vert shortly after the onset of rainfall (Figs. S3Aix-xi; S4); for that event,
7Be activity of sediment in runoff samples decreased through the event
(12.6, 10.4, 8.81, 3.24 Bq/g) (Fig. S3-Ax). A similar pattern was ob-
served for 2!°Pb,, (2.65, 2.41, 1.66, 0.65 Bq/g) (Fig. S3Axi). Delivery of
7Be has been observed to decrease rapidly during a rain event, a process
attributed to scavenging and washout of radionuclides from the atmo-
sphere (Caillet et al., 2001; Ioannidou and Papastefanou, 2006; Gourdin
et al., 2014). Thus, the earlier part of the runoff period would have
higher radionuclide tagging of sediment than later in the event. De-
creasing activities of 7Be and 2'°Pb,, relative to the onset of rainfall
could be related to the washout of those radionuclides during an event
(Fig. S5). However, the composite rainfall samples collected by this
study do not allow for an evaluation of rainfall activities over the course
of the event. Furthermore, fallout radionuclide activity during a storm
can be influenced by other factors, such as cloud height, storm types
and duration, and seasonality (Todd et al. 1989; Kaste et al., 2002;
Karwan et al., 2016).

Another potential explanation for the higher activities in the
Alexander Culvert runoff and SS samples versus other sources is grain
size and organic content differences among the sample types. The ac-
tivity of radionuclides has been shown to increase with decreasing se-
diment size (Taylor et al., 2014; He and Walling, 1996) and increasing
organic content (Navas et al., 2011; Motha et al., 2002). Examination of
grain size (Dso) and organic content (total organic carbon %; TOC)
among sample types does not indicate that the Alexander Culvert SS has
finer grain sizes or higher TOC content (Fig. S6), and thus neither grain
size nor organic content explain the higher activities in the Alexander
Culvert runoff and SS samples relative to sediment sources. Froger et al.
(2018) also did not observe any relation between sediment grain size
and “Be and 2'°Pb., activities for an urban area in France.

3.4. Sediment sources

A two-endmember model using 137¢s (Eq. (2)) determined the
sources of pavement sediment and indicates a soil contribution to the
pavement sediment samples (n = 85) of 26 = 23%. The high varia-
bility within the source contributions reflect the heterogeneity of pa-
vement sediment and is consistent with other studies that have reported
a wide range of soil and/or inorganic sediment on impervious surfaces
(Loganathan et al., 2013; Sartor et al., 1974; Fergusson and Ryan,
1984).

Sediment sources to suspended sediment collected at Alexander
Culvert and suspended and bed sediment collected at Dead Run were
apportioned using an unmixing model (Egs. (3) and (4)) with three
tracers ("Be, *1°Pb,,, '*’Cs) and the results averaged (Table 3; Table
S5). Several metrics (mean, median, 90th percentile) were tested for
each endmember. The pavement sediment endmember was assigned
the median pavement sediment activities for *’Cs (0.0015 Bq/g), and
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Table 3
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Summary of source contributions to fluvial sediment samples using an unmixing model (Egs. (3) and (4)) (SI Table 5). Values are mean percentage and
standard deviation in parenthesis. * The fallout radionuclide (FRN) activity of fluvial sediment draining to the Alexander Culvert is similar to FRN activity at

Dead Run.
Fluvial sediment type Pavement Soil Banks and other FRN free material
Alexander suspended sediment 45(25) 22(19) 32(35)*
Dead Run suspended sediment 15(9) 28(7) 57(15)
Dead Run bed sediment 4(2) 39(11) 57(12)

the median activities from runoff for *'°Pb., (1.638 Bq/g) and "Be
(4.121 Bq/g), assuming that these runoff particles more reasonably
represent activities of pavement sediment that is transported to the
stream. Because pavement sediment is not currently subject to fallout of
137Cs, we believed it adequately reflected '’Cs activities in runoff.
Median radionuclide activities were used for the soil endmembers
(**¥’Cs = 0.0071 Bq/g; >'°Pb., = 0.1070 Bq/g; 'Be = 0.0611 Bq/g)
and values were set to one-half the detection levels for the streambank
(and  other fallout-radionuclide-free material) endmember
(®'°Pb., = 0.0033 Bq/g; "Be = 0.0050 Bq/g; *’Cs = 0.0002 Bq/g).
Low fallout radionuclide activities in some target samples indicate that
a low-activity, or fallout-radionuclide-free, endmember is supplying
sediment in spite of the detection of '*’Cs, and to lesser extent >!°Pb,,,
in bank samples collected for this study.

Large variation in activities of the endmember and target samples
resulted in large variability (>20%) in source proportions for the
Alexander SS samples (Table 3). Target samples should be bracketed by
the source sample activities (within 10% of the minimum and > 10% of
maximum activity) (Gellis and Gorman Sanisaca, 2018). In 4 of 57
target samples, the sample activities of *°Pb., (n=1) and "Be (n = 4)
were outside the range of endmember activities in a direction that
implies a mix of soil and pavement sediment, the two higher activity
sources (Fig. 7). All four target samples were Alexander Culvert SS,
which had relatively high activities of “Be and ?'°Pb,,. One possible
explanation for the activities in these samples is that the soil in sus-
pension in runoff is being tagged by rainfall radionuclides in the runoff,
similar to the tagging of the pavement sediment.

The model results indicate that pavement sediment is the dominant
sediment source in the buried channel part of the watershed at
Alexander Culvert, and that downstream at Dead Run, where the
channel is open, streambank sediment dominates. The unmixing model
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Fig. 7. Mean '*’Cs, 2!°Pb,,, and "Be source endmembers (banks, soil, pave-
ment) plotted with fluvial (target) samples at Alexander Avenue Culvert and
Dead Run gage. [SS = suspended sediment]

results in a mean pavement contribution at Alexander Culvert of
45 + 25% in SS samples, with a contribution from older channel ma-
terial of 32 + 35%, and the remainder coming from soils (22 + 19%)
(Table 3). These relatively large contributions of pavement sediment
are consistent with the ranges of 210pp_, and “Be in pavement sediment,
runoff, and Alexander Culvert samples (Fig. 7) and with the nature of
the contributing watershed.

The Dead Run gage site sampled the open channel portion, thus all
three potential sources are expected. Based on the unmixing model, the
mean fraction of pavement sediment is 15 * 9% in Dead Run SS and
4 = 2% in bed sediment. The decrease in the pavement-sediment
contribution from Alexander Culvert to Dead Run indicates relatively
rapid dilution of the pavement-sediment fraction downstream from
where buried channels emerge into open channels. The dilution is from
streambanks, which contributed 57 + 15% of the Dead Run SS and
57 = 12% of the Dead Run bed sediment.

Counterintuitively, the model results indicate an average of
32 *+ 35% streambank contribution to Alexander Culvert SS, with very
high variability between sampled events. Because the culvert emerges
from buried channels with no exposed streambanks, there should be
only two major sources possible: soil and pavement sediment. We in-
terpret the modeled component of streambank material at the culvert as
older channel material and subsoil eroded from within the culvert
system. In many urban areas, stream channels have been buried in
pipes, culverts, and combined sewer systems (Broadhead and Lerner,
2013; Broadhead et al., 2015; Elmore and Kaushal, 2008). The breakup,
cracking, and wear of these underground pipes and culverts is common
and leads to openings that allow the surrounding soil to enter the pipe
(infiltration) (Tang et al., 2018; Sato and Kuwano, 2015; Ellis, 2001).
The continued erosion of the soil forms a cavity and in some cases leads
to sinkholes (Ali and Choi, 2019; Sato and Kuwano, 2015; Tang et al.,
2018). We hypothesize that the bank source contributions observed in
our model output at Alexander Culvert reflect buried channel sediment
entering the culvert through openings. Further studies that examine
sediment transport and the condition of underground pipes in areas of
buried channels may help to resolve this question, and radionuclide
analyses, such as done here, could indicate culvert systems subject to
underground failures.

Sediment budgets from the literature that quantify sediment sources
in urban watersheds indicate that the contribution from impervious
areas ranges from 4 to 46% (Table S6), covering the range in pavement
sediment contributions to fluvial sediments from the Alexander Culvert
(45%) and Dead Run gage (4 to 15%) (Table 3). Contributions from soil
(22 to 39%) and streambank (and other fallout-radionuclide-free ma-
terial, i.e., older channel deposits) (32 to 57%) sources at Dead Run are
also within the range reported for other urban areas (Table S6).

Because pavement sediment is a vector for metals, PAHs, and other
urban contaminants (Van Metre and Mahler, 2003; Mahler et al., 2005;
Callender and Rice, 2000), its proportion in fluvial sediment is an in-
dicator of the contribution of pavement sediment to sediment con-
tamination. The high percentage of pavement sediment at Alexander
Culvert indicates the potential for contaminant “hot spots” where cul-
verts and buried channels discharge to urban streams. Although the
fraction of pavement sediment decreases rapidly with distance down-
stream, it nonetheless accounts for about one-third or more of
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Fig. 8. Potential tagging of pavement sediment for (A) 7Be and (B) 21%Pbgy compared for Alexander Avenue Culvert SS samples and runoff samples.

suspended sediment in some samples at the Dead Run gage.

3.5. Potential radionuclide tagging of pavement sediment

Based on Eq. (1), the potential activity of “Be and 210pp, . added to
pavement sediment by tagging from rain events is more than sufficient
to account for the sediment activity measured in the runoff and the
Alexander Culvert SS samples (Fig. 8). Activities in runoff samples and
rain samples are also compared using whole-water units of measure-
ment (Bq/L; activity/volume) (Table S7), which avoids the large un-
certainty in the pavement-sediment yields. Activities of !°Pb,, and "Be
in rain are substantially greater than those in whole-water samples of
runoff for the same event (Table S7). Although the rainfall samples
reflect rainfall collected over a longer time than represented by the
runoff and the runoff samples represent a single point in time, the data
are consistent with the hypothesis that a substantial part of the rainfall
load of “Be and 2'°Pb., does not exit the system but is retained within
watershed soils, pavement surface, or other solid surfaces.

3.6. Urban pavement sediment yields

The total potential sediment yield determined from vacuuming
(sand and fines) averaged 55.6 *+ 97.2 g/m” and the fine-sediment
potential yield averaged 5.9 + 11.7 g¢/m? (n = 39). The high varia-
bility and skewness (figs. S7A,B) are consistent with those reported for
other studies (Sartor et al., 1974). The median total sediment yield
15.4 g/m? and fine sediment yield of 1.57 g/m? were used in further
analysis. Parking lot samples had significantly lower total and fine se-
diment yields than road samples (Mann-Whitney Rank Sum test,
p = 0.003) (Figs. S7A, B). Pavement sediment yields determined for
this study are comparable to those reported by Waschbush (2003) and
by Selbig and Bannerman (2007) but are greater than those reported by
Mahler et al. (2005) (Figs. S7-C). Most of the pavement sediment mass
is sand sized (mean percentage of material < 63 pm of 16.1 * 16.9%),
a grain size commonly found in urban environments (Sartor et al.,
1974; Waschbush, 2003; Selbig and Bannerman, 2007; Taylor and
Owens, 2009).

Could pavement sediment constitute a substantial part of stream
sediment in an urban environment? Wolman (1967) presented a con-
ceptual model where sediment yields in an urban environment were
projected to decrease after development, related to the loss of upland
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sediment source areas. Contrary to this expected decline in sediment
yield as urban areas expand, Gellis et al. (2017a), Cashman et al. (2018)
found that sediment yields for Difficult Run, an urban/suburban wa-
tershed in Virginia outside of Washington, D.C., remained high even
after 30 or more years had passed since peak rates of urbanization. Both
studies attributed the high sediment yields to streambank erosion.

To determine the potential sediment load and yield available on
impervious services, the median total and fine yields from the vacuum
samples were extrapolated to the total impervious area of roads and
parking lots in the Dead Run gage (0.42 km?) (Table 1). The results
indicate that about 6.4 and 0.65 Mg of total and fine sediment, re-
spectively, are present on impervious surfaces in the Dead Run wa-
tershed at any given time. The average annual SS load at the Dead Run
gage (2013-2016) is 127 Mg (Kemper et al., 2019). Three events
sampled for percent fines in Dead Run at Catonsville and surrounding
gages (Table S8) indicated that on average 91% of the suspended se-
diment is < 63 pum.

If the same ratio of fines and sand in suspended sediment is applied
to the impervious surface sediment, then 0.71 Mg of sediment is
available for transport, which is a very small percentage (0.6%) of the
total annual suspended-sediment load measured at the Dead Run gage.
However, this relatively small mass represents the potential sediment
available at any one time on roads and parking lots and it is likely that
only a part of this impervious sediment is mobilized in a given flow
event. To estimate the total mass of impervious sediment mobilized in a
given year from all events, we first defined an event as when peak flow
exceeds the 90th percentile of all 5-minute discharges for the 2017 and
2018 study period (0.032 m®/s). Using this definition, 68 flow events
occurred. Sediment delivery in urban watersheds can be high (Russell
et al., 2019), and in watersheds with impervious areas similar to Dead
Run (50%) the sediment delivery ratio is ~50% (Heathcoate, 2009). If
we assume that 50% of the impervious sediment is mobilized and de-
livered to the stream, the estimated total contribution of the 68 events
is 24 Mg, or 19% of the annual sediment load. Our results suggest that
the sediment available for transport from roads and parking lots has the
potential to be an important contributor to the total sediment load in an
urban stream as well as an important contributor of contaminants. We
recognize that values assigned to define an event and to estimate the
percentage of sediment mobilized on impervious surfaces were arbi-
trary. The actual mass available for transport, mobilized from im-
pervious areas, and delivered to the stream would require systematic
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Fig. 9. Conceptual diagram illustrating how fallout radionuclide activities change along the transport cycle of sediment through the urban environment. The different

colors of the sediment indicate changes in radionuclide labelling over time.

event-based monitoring over time, which was beyond the scope of this
study. However, this estimate of pavement sediment determined using
the sediment yield provided by the vacuum cleaner results (19%) is
similar to the pavement sediment contribution results from the un-
mixing model (15%) for Dead Run SS (Table 3), indicating our as-
sumption of 50% mobility in a given event is reasonable.

3.7. Conceptual model

We propose a conceptual model based on the activities of “Be and
210ph, . in rain, runoff samples, pavement sediment, topsoil, and fluvial
samples, that describes how activities of “Be, 2!°Pb,,, !*’Cs in sediment
change as sediment is transported in an urban setting (Fig. 9). Ante-
cedent conditions control the initial Be and *'°Pb,, activity of pave-
ment sediment before a rainfall-runoff event occurs, as reflected by the
activities of the pavement-sediment samples collected prior to rain
events. This initial activity is a function of “Be and *'°Pb,, activity
tagging from previous events, dilution from deposition of other material
with lower activities of those radionuclides during and between events,
and decay of "Be since the last event (decay is negligible for >'°Pby,
over the short period between rainfall events).

We assume that the highest activities of “Be and >'°Pb,, in rainfall
occur early in the rain event (initial runoff) and decrease exponentially
(Ioannidou and Papastefanou, 2006) (Fig. S5). Pavement-sediment
particles transported by initial rainfall-runoff receive the highest
amounts of “Be and 2!°Pb,, because sediment mass is small relative to
rainwater volume. These particles are transported to the stream where
they contribute to the radionuclide activities of SS and, to a lesser de-
gree, bed sediment (Fig. 9). This initial runoff of tagged sediment is
reflected in elevated “Be and 2'°Pb., activities (Figs. S3A-C) and SSC in
the runoff samples (Table S7).

Throughout the runoff period (Fig. 9), pavement sediment continues
to be tagged by rain, a process that is cumulative, but activities in pa-
vement sediment are lower than those in runoff sediment for three
possible reasons: (1) lower rainfall activities of “Be and '°Pb, later in
the event, (2) the relatively greater ratio of residual pavement sediment
mass to rainfall volume compared to that of suspended sediment mass
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in runoff to rainfall volume (i.e., runoff water), and (3) dilution of the
remaining pavement sediment with soil during the event as soil is
eroded and transported to adjacent impervious surfaces. Fallout
radionuclide analysis confirms that pavement sediment contains a
component of soil. The suspended sediment collected at the Alexander
Culvert integrates activities over the storm hydrograph, which includes
the higher activities of 7Be and 2'°Pb,, in the initial runoff and lower
activities of “Be and 2'°Pb,, from later runoff and from topsoil and bank
material (Fig. 9).

The results of this study indicate that the proportion of pavement
sediment in suspended sediment in the buried-channel part of the urban
watershed is substantially higher than in the open-channel reaches. As a
result, concentrations of urban pavement-related contaminants asso-
ciated with suspended sediment also are likely to be higher in buried
channels. The part of an urban watershed that is directly connected to
the stream by stormwater drains and buried channels has been termed
“effective imperviousness” (Booth and Jackson, 1997), and has been
reported to be a better predictor of ecologically relevant geomorphic
indicators (Vietz et al., 2014) and bedload yield (Russell et al., 2018)
than the percentage of total impervious cover over the watershed. Our
results indicate that the better prediction capability may be because
“effective imperviousness” better represents areas of potential con-
taminant transport to the stream than does total impervious area. De-
lineating the part of an urban watershed that contains buried channels
may provide insight into how sediment and contaminants are trans-
ported in urban environments.

4. Summary and conclusion

Our results indicate that material washed from impervious surfaces
(pavement sediment) is an important contributor to urban stream se-
diment, especially in areas with large amounts of impervious surface
and buried channels. Pavement sediment can be a vector for many
common urban contaminants and can be an especially important con-
tributor to receiving streams where networks of buried channels exit
into open channels. Activities of "Be and 2'°Pb, in fluvial sediment
differ between buried and open channels. Fallout of “Be and 2!°Pb,, in
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rainfall and radionuclide tagging of pavement sediment increases the
activities on the sediment, which also contains relic activities from
previous events. We hypothesize that the low ratio of sediment mass to
rainfall volume in entrained sediment results in higher activities in the
runoff sediment than in the pavement sediment, which in turn is—for
the same reason—more highly tagged than soils. As runoff particles
move through buried channels, activities of Be and *'°Pb,, remain
high. With the exception of material entering buried channels through
cracks and breaks, there is limited opportunity for dilution by soils and
streambank erosion. Once the suspended sediment moves into the open-
channel parts of the watershed, 7Be and 2'°Pb., activities are diluted by
contributions of lower-activity sediment from stream beds and
streambanks. These findings support the hypothesis that sediment from
urban impervious surfaces is substantially enriched in *'°Pb,, and "Be
from rainfall but not in '*’Cs, resulting in a unique radionuclide sig-
nature compared to other sediment-source settings. This difference in
source activity provides a tool for identifying the sediment contribution
to streams from heavily developed urban areas and suggests the need to
define source terms by land use in regional stream sediment source and
age studies using fallout radionuclide tracers.
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