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Abstract

This paper summarizes the results of several stormwater research projects that investigated particulate pollutant strengths for dif-
ferent particle size ranges. This paper builds on the previous paper simultaneously published describing particle size distributions
of stormwater particulates (Pitt et al. 2016). The pollutant strength information presented in this paper, along with the particle
size distribution in the other paper, is critical when understanding the routing of stormwater particulates through urban systems
and especially when calculating the expected performance of stormwater controls. The pollutant concentrations commonly have
a bimodal distribution, with higher values for small particles (due to large surface areas) and sometimes for large particles (such
as for polycyclic aromatic hydrocarbons, PAHs, that are strongly associated with large organic debris). In most cases, the majority
of the stormwater pollutant masses at outfalls are associated with small and moderate-sized particulates (usually from ~10 pm to
200 um) which are effectively transported through drainage systems. Stormwater controls that focus on larger particles (such as
>300 um) that are more abundant at source areas may have less effective benefits on discharged stormwater quality as they only
contribute small fractions of the total particulate mass after being poorly transported through most drainage systems. Treatability
tests show that effective removal of particulate-bound stormwater pollutants requires the control of the small particles, usually
down to ~10 um in size. Pre-treatment stormwater controls that focus on larger particles reduce maintenance issues and provide
other benefits, but need to be supplemented with additional controls that are effective in the removal of small particles, usually

in a treatment train arrangement.

1 Introduction

Knowing the distribution of pollutants associated with different
sized stormwater particles allows more accurate determinations
of their sources, transport, and control. Urban stormwater quality
models can use this information when routing stormwater
particulate-bound pollutants from their source areas and then
through the drainage system and stormwater controls. The dis-
charged particle size distributions and associated pollutants can
then be used in receiving water models to calculate their fates
and effects.

Pollutant strengths are the contaminant concentrations
associated with the particulate matter in the stormwater. As
such, these values can be used to help identify sources of these
contaminants, based on their similar values to particulates found
within the watershed (fingerprinting). Particulate strengths are
determined by calculating the pollutant concentration only asso-
ciated with the particulates (measured as total suspended solids,
TSS, or suspended sediment concentration, SSC, depending on
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how the sample was collected and analyzed) in the runoff water.
They are calculated by the following equation:

total conc.- filterable conc.

M

particulate solids conc.

As an example, if the total copper concentration in the
stormwater was 50 pg/L, the filterable (dissolved) copper concen-
tration was 10 pg/L, and the TSS concentration was 150 mg/L, the
particulate strength for this sample would be:

(50 pg Cu/L - 10 pg Cu/L) + (150 mg/L)
= 0.26 pg Cu/mg solids
=260 ug Cu/g particulate solids
=260 mg Cu/kg particulate solids
(also = 260 ppm, the usual units for soil analyses).

This value is therefore the pollutant concentration associat-
ed with the particulate matter in the runoff sample. These values
are very useful when identifying erosion and other sources of the
particulate-bound pollutants in the runoff, in contrast to the pg/L
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concentration values that are affected by dilution and site hy-
drology. As an example, the particulate strength data presented
in this paper for outfall samples can be compared to typical
particulate strength data for watershed soils and source area dust
and dirt along with dry atmospheric deposition material. Pitt,
Bannerman et al. (2005a; 2005b) and Pitt, Williamson et al. (2005)
previously summarized particulate strength (and sheetflow qual-
ity) for many urban sources, showing how these values vary in
urban areas based on land use and site activities.

2 Pollutant Strengths by Particle Size

As for all constituents and characteristics, the total particulate
strength of stormwater particulates is determined by the amount
of each component in the final mixture, along with the character-
istics of each particle size range. This particle size range infor-
mation is also very useful when predicting the performance and
design of stormwater controls. Particle size distributions (PSDs) of
stormwater particulates were discussed in the companion paper
published along with this paper (Pitt et al. 2016). The following
are brief summaries of data from several research projects carried
out by the stormwater research laboratories at the University of
Alabama (Department of Civil, Construction and Environmental
Engineering), and associates, that have examined stormwater
particulate characteristics by particle size.

An example of sample collection and processing is demon-
strated by a recent study in Tuscaloosa, Alabama. In a stormwater
treatability study at an urban parking lot, Cai (2015) collected
composite samples in high density polyethylene bottles from
the influent and effluent locations of the treatment controls.
After each targeted storm event, the samples were brought to
the laboratory as soon as possible and either cooled in a sample
refrigerator orimmediately processed. Composite samples were
split evenly into ten 1 L bottles using a USGS/Dekaport Teflon
cone splitter. Nylon screening material with 1 180 um openings
was placed on top of the cone splitter to capture larger particles
and debris to prevent clogging of the cone splitter and to capture
and analyze this large material. The different steps involved in the
sample processing and water quality analyses were as shown in
Figure 1. Suspended solids concentrations (SSC) were analyzed
in accordance with ASTM D 3977-97B. One of the influent sample
splits for each event was screened through three different sieves
and one filter for analyses of pollutant associations with different
particle size ranges. The measured total volume of each subsam-
ple was used for the SSC and PSD analyses. Particle size distribu-
tions were determined in a multi-step procedure using screening
(>1 180 pm), sieving (250 um to 1 180 um) and filtering (0.45
pm to 3 um), followed with Coulter Counter analyses (3 um to
250 um). Metals were analyzed in accordance with the EPA 200.7
method. After dividing the samples into particle size ranges, each
sample fraction was analyzed for various constituents and prop-
erties.
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Filtered by 1,180 pm
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105 pm
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Figure 1 Flowchart showing steps of sample processing and
water quality analyses (Cai 2015).

2.1 Specific Gravity of Stormwater Particles

Bulk density of stormwater particulates was determined by ana-
lyzing collected sediment from stormwater control devices (Cai
2015). This material was air dried and then sieved into separate
particle size ranges. Dried and separated sediment were then
placed in a graduated cylinder to a known volume, with moder-
ate compaction. The material was then weighed in the cylinder
and after subtracting the tare weight of the cylinder, the bulk
density can be calculated. The specific gravity can then be calcu-
lated after the void ratio is determined. The void ratio was deter-
mined by slowly pouring clean water (having a very small amount
of detergent to act as a wetting agent) into the cylinder until the
sediment sample is saturated. The amount of water added equals
the void volume of the sample. This process allows bulk density
and specific gravity to be determined for different size ranges. In
order to determine the specific gravity of small size particles in
the stormwater, the Coulter Counter volume values and particle
counts are used for the particle sizes of interest. These are verified
from the gravimetric solids analyses of the stormwater samples.
In a stormwater treatability study at an urban parking lot,
Cai (2015) collected composite samples at the influent and efflu-
ent for an upflow treatment system at a parking lot in Tuscaloosa,
Alabama. This was a complete mass balance analysis, so captured
sediment was also evaluated. Table 1 shows the average specific



gravity and volatile solids of the captured material for different
size ranges.

Table 1 Specific gravity and volatile solids for different size
fractions in the sediment of a stormwater control device
(Cai 2015).

Sieve size range (um) Average Specific Gravity (g/cc)  Average Volatile Solids (%)

Large Organic Material 0.84 81.2
>2800 0.66 709
1400-2 800 1.15 57.8
710-1400 143 427
355-710 2.56 26.1
180-355 2.76 19.4
75-180 297 206
45-75 330 257
<45 (Pan) 3.46 26.0

Specific gravity decreases as the volatile solids content in-
creases; larger particle sizes have lower specific gravity and great-
er volatile solids as they contain larger amounts of light-weight
organic debris. Figure 2 is a plot of the specific gravity values for
the influent and effluent stormwater for this site for 30 monitored
events.
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Figure 2 Changes in specific gravity with sedimentation and

media filtration treatment (Cai 2015).

This figure shows the preferential removal of higher specif-
ic gravity materials that result in a shift to a lower overall specific
gravity of particulates in the effluent water (and greater migration
distance in receiving water after discharge before sedimentation).
The median specific gravity in the influent is 3.2 g/cc, while it
dropped to 1.5 g/cc for the treated effluent. The probability plots
show a wide range of specific gravities (about 1.3 g/cc to 6 g/cc
for the 5th percentile to the 95th percentiles).

2.2 Chemical Oxygen Demand and Nutrients

Figure 3 shows the results of total phosphorus for fourteen urban
residential and commercial area sheetflow samples analyzed by
Morquecho (2005). The general trend is a decrease in overall con-
centration as finer and finer particles are removed. After about
10 um, it appears that no more particulate-bound phosphorus

was being removed and that the remaining phosphorus concen-
tration is all in dissolved forms.
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Figure 3 Total phosphorus by particle size for all samples
(Morquecho 2005).

Figure 4 shows the total phosphorus pollutant strengths
for different particle size ranges for Morquecho's (2005) residen-
tial and commercial area samples. As shown, the smaller particles
have somewhat elevated concentrations (due to large surface
areas per mass with pollutant sorption onto surfaces). Large par-
ticles have the greatest pollutant strengths for nutrients as they
are predominately comprised of large organic material. At some
industrial sites, larger particles may be of metallic material instead
of soil or organic material, with a less distinct nutrient increase
with the large particle sizes.
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Figure 4 Total phosphorus strength by particle size, all
samples combined (Morquecho 2005).

Figure 5 shows the accumulative contributions of differ-
ent particle size ranges, while Figure 6 shows the particulate
strengths for parking lot stormwater samples collected by Cai
(2015). The largest size range has the largest strengths compared
to other particle sizes, likely due to the organic content of this size
range. Control down to ~10 um would remove almost all of the
particulate phosphorus. The filterable phosphorus concentrations
are as high as 100 pg/L, requiring additional treatment targeting



these filterable forms to reduce the phosphorus levels to typically
acceptable levels.

Figures 7 and 8 show similar data for total nitrogen, also
obtained by Cai (2015) at a parking lot site. Again, the large par-
ticles have high total nitrogen, likely due to their large organic
content. However, as for total phosphorus, removal of particles
down to ~10 um is needed for high nitrogen removals, although
there is more variability for nitrogen.

Figures 9 and 10 are plots showing the chemical oxygen
demand (COD) particulate strengths for different particle sizes
for source residential and commercial area sheetflow samples
evaluated by Morquecho (2005). The fines have substantially
larger COD values compared to the larger particles, but their
range of concentrations for the small size is large. On average, the
unfiltered roof runoff samples had a lower concentration of COD
compared to the inlet samples.

Cai (2015) examined COD particulate strengths for parking
lot samples, as shown in Figures 11 and 12. As for the other samples,
larger particles had greater COD particulate strengths. Removal of
all particulates down to ~10 pum or 20 um would remove almost all
of the particulate bound COD. The filterable COD may still be sub-
stantial, indicating large amounts of dissolved organic material.
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Figure 5 Cumulative concentration of total phosphorous by
particle size (Cai 2015).
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Figure 6 Total phosphorous particulate strengths by particle
size (Cai 2015).
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Figure 7 Total nitrogen particulate strengths by particle size

(Cai 2015).
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Figure 10 Chemical oxygen demand loading by particle size,
all residential and commercial area samples combined
(Morquecho 2005).
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Figure 11 Cumulative concentration of COD by particle size

(Cai 2015).
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Figure 12 COD particulate strengths by particle size (Cai
2015).

2.3 Heavy Metals

Several stormwater monitoring projects over the years have
examined heavy metal pollutant strengths associated with differ-

ent sized stormwater particulates.

Indirect indications of pollutant strengths by particle
size are available from stormwater control monitoring projects.
Examinations of sedimentation based controls can directly
relate to particle settling characteristics, for example. Randall et
al. (1982) recognized the strong correlation between pollutant
removal effectiveness in wet detention ponds and pollutant
associations with suspended solids. High lead removals were
related to lead’s affinity for suspended solids, while much small-
er removals of BOD, (5 d biochemical oxygen demand) and
phosphorus were usually obtained because of their significant

filterable fractions.

Dally et al. (1983) monitored heavy metal forms in runoff
entering and leaving a wet detention pond serving a bus main-
tenance area. They found that metals entering the monitored
pond were generally in particulate (>0.2 um) forms and the
effluent was mostly in filterable (<0.2 um) forms. The observed
total metal removals by the pond were generally favourable,
but the filterable metal outflows were much greater than the
filterable metal inflows, an indication of biological or chemical
transformations. This effect was most pronounced for cadmium
and lead. Very little changes in zinc were found, probably
because most of the zinc entering the pond was already in
filterable forms. These metal transformations may be more pro-
nounced in wet detention ponds than in natural waters because
of potentially more favourable (for metal dissolution) pH and
ORP (oxidation-reduction potential) conditions in wet pond
sediments. Other studies have found similar transformations in
the forms and availability of nutrients in wet detention ponds,
usually depending on the extent of algal growth and algal re-

moval operations.

The pollutant strengths of stormwater particulates were
calculated for each pollutant and plotted on a probability
chart for the Monroe St. (Madison, Wisconsin) pond data from
House et al. (1993). An example is shown in Figure 13 for zinc.
All pollutants had higher outlet than inlet particulate pollutant
strength values due to preferential removal of large particles in
the detention pond, leaving relatively more small particles in
the discharge water, further indicating that the small particles
in stormwater have higher pollutant strengths than the large

particles.



29 — =
. % IS
S : a] N
%0 +—— g@ - |
5 70 v 5 g
o P : Piid
[ = i
S 50 e
X
30 —
SRE:
{3 £
RN A
o
o i
1 A
1e+1 1e+2 1e+3 1e+4 1e+6
O Inlet Particulant Zinc/Suspended Solids
4 Qutlet (mg/Kg)

Figure 13 Particulate pollutant strengths for zinc (data from
House et al. 1993).

Projects have also separated stormwater particulates
by size range and chemically analyzed each range separately.
Vignoles and Herremans (1995) examined heavy metal associ-
ations with different particles sizes in stormwater samples from
Toulouse, France. They found that the majority of the heavy metal
loadings in stormwater were associated with particles <10 pm in
size, as shown in Table 2.

Table 2 Percentages of suspended solids and distribution
of heavy metal loadings associated with various
stormwater particulate sizes in Toulouse, France
(percentage associated with size class, concentration in
mg/kg).

50pm- 40pm- 32pm- 20pm- 10 pm-
>100 pm <10 pm
100pym _ 50pym _ 40pym  32pym _ 20pm

Suspended solids 15% 1% 6% 9% 10% 14% 35%

Cadmium 18(13)  11(1)  6(1) 5(6) 5(5 9(6)  46(14)
Cobalt 9(18)  5(16)  4(25)  6(20) 6(18) 10(22) 60(53)
Chromium 521 425 2060  6(50)  3(23)  9(39) 71(134)
Copper 7(42)  8(62)  3(57)  4(46)  4(42) 11(81) 63(171)
Manganese 8(86)  4(59)  3(70)  3(53)  4(54)  7(85) 71(320)
Nickel 8(31) 527 431 561 5@27)  10(39) 63(99)
Lead 4(104)  4(129) 2(181) 4(163) 5(158)  8(247) 73(822)
Zinc 5(272)  6(419) 3(469) 5(398) 5(331) 16(801) 60(1232)

Source: Vignoles and Herremans (1995)

Morquecho (2005) collected Tuscaloosa, Alabama urban
area sheetflow and outfall samples for analyses of discrete
particle size ranges. Table 3 lists the percentage reduction in
pollutants after removing larger particles than shown. These
are for residential and commercial sheetflow and outfall sam-
ples and indicate a smaller particulate bound portion of these

contaminants than for some of the other land use samples. Total
solids and turbidity were reduced >50% by removal of all particu-
lates >0.45 um. The other pollutants, especially the heavy metals,
were reduced much less, even after filtration down to 0.45 um.
Previously, other Tuscaloosa, Alabama projects found much more
zing, lead and total phosphorus were reduced by reduction in
particle size (Johnson et al. 2003).

Table 3 Average percent reduction in pollutants after
controlling for particle size indicated (Morquecho

2005).
250um 45um 10um 2um 0.45um
Total solids 6% 31% 43% 44% 42%
Suspended solids 23 64 88 93 100
Turbidity 30 4 65 69 83
oD 10 23 34 32 33
Total phosphorus 13 25 38 38 37
Zinc 5 14 20 26 22
Copper 6 14 25 27 38
Cadmium 5 10 9 14 15
Lead 6 16 22 35 30

These heavy metal filterable fractions were much greater
compared to those seen at the inlet to the Monroe Street wet
detention pond (House et al. 1993), also serving a residential and
commercial area in Madison, Wisconsin. In the Wisconsin study,
87% copper, 96% lead and 66% zinc were associated with the
particulate fraction.

Tables 4 through 6 below summarize the pollutant
strengths for each size range for inlet, roof, and storm drain outlet
samples, respectively (Morquecho 2005). The normal trend is an
increase in pollutant strengths with a decrease in particle size. For
the inlet samples, most values tend to increase with a decrease
in particle size. There is some variability, but the highest values
are seen for the smaller (<10 pm) particle sizes. The same general
trend is seen for the roof runoff and storm drain outlet samples.

Typical soil values for copper, lead and zinc are generally
around 100 mg/kg (Lindsay 1979). The values reported by Mor-
quecho (2005) are much higher, especially for the roof runoff
samples. The roof runoff samples included at least two samples
from a coated aluminum roof (Tuscaloosa courthouse). Heavy
metals can also be influenced by the drainage gutters and
downspouts. In comparison, these values are higher than those
seen by Pitt and McLean (1986) in Toronto where they found
copper values of ~30 mg/kg to 200 mg/kg in most residential and
commercial areas (particulates <125 um), and from 100 mg/kg
to >1 000 mg/kg at industrial sites. Lead values for these sam-
ples were surprisingly high given the decreased use of leaded
gasoline. Vignoles and Herremans (1995) found lead particulate
strength values of ~800 mg/kg for particulates <10 um. Previous
work in the late 1970s found values of lead of ~3 500 mg/kg for
street dirt samples (Pitt 1979). Storm drain outlet particulate
strength values of lead and cadmium were higher than inlets,
but zinc and copper values were similar, indicating the capture of



Table4 Summary table showing average pollutant associations for different particle sizes for combined (2001 and 2004/2005) inlet

samples; N=13, rounded to two significant figures (Morquecho 2005).

Total phosphorus Copper Lead Cadmium

mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v
>250 um 8400 1.28 640000 0.91 2300000 1.83 180000 1.80 270000 1.16 24000 1.24
106 pm—250 pm 2400 0.95 140 000 0.99 680000 130 180000 147 38000 1.03 22000 1.29
45 im-106 pm 1900 134 720000 0.85 2000000 1.28 220000 1.04 130000 130 14000 0.93
10 pm—45 ym 4400 0.69 1100000 173 2600000 1.01 270000 0.51 400 000 1.60 140000 na
2um-10pm 150000 0.54 2500000 0.51 1700000 135 220000 0.67 1000000 1.25 150000 0.54
1um-2 ym 98000 2.19 1300000 na 31000000 1.87 5900000 2.03 3100000 1.52 210000 1.09
0.45 pm—1pm 66 000 1.02 7700000 0.97 2000000 0.56 600 000 1.10 2100 000 1.46 77000 0.75

Note: na = too few detectable observations for calculation.

Table 5 Summary table showing average pollutant associations for different particle sizes for roof runoff samples; N=5, rounded to

two significant figures (Morquecho 2005).

Total phosphorus Copper Lead Cadmium

mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v
>250 ym 4400 0.77 300000 091 2800000 1.15 150000 0.28 630000 0.35 13000 1.24
106 pm—250 pm 1400 na 510000 0.95 580000 1.38 6200 na 53000 0.83 1900 na
45 pm-106 ym 1400 1.30 520000 0.43 na na 1900 000 na 200 000 1.22 na na
10 pm—45 ym 3000 0.56 840 1.18 5589000 1.41 310000 na 150 000 1.40 4600 na
2um-10pm na na 370000 na 2000000 0.40 na na 120000 na 5400 1.03
1pm=2 pm 5200 na 630000 0.50 na na na na 390000 na 22000 0.68
0.45 pm—1pm 6800 1.69 1212 0.85 45000000 1.12 4900000 na 5100000 0.70 87000 1.13

Note: na = too few detectable observations for calculation.

Table 6 Summary table showing average pollutant associations for different particle sizes for storm drain outlet samples; N=10,

rounded to two significant figures (Morquecho 2005).

Total phosphorus D Zinc Copper Lead Cadmium

mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v mg/kg SS v
>250 ym 5900 1.00 1100000 1.49 800000 0.55 120 000 0.55 140 000 0.57 9400 0.35
106 pm—250 pm 1900 1.45 780000 133 52000 0.68 20000 0.52 30000 0.54 8300 1.29
45 ym-106 ym 2300 0.77 540000 1.57 na na 21000 0.90 200000 1.24 na na
10 pm—45 pm 3400 0.73 720000 0.49 990000 na 130000 1.06 150 000 1.22 9100 0.67
2um=10 pm 2800 0.69 340000 na 1700000 0.71 150 000 0.69 75000 1.10 500000 1.4
1um=-2pm 8000 0.78 670000 na 540000 1.17 320000 1.08 600 000 1.24 440000 133
0.45 pm—1pm 8200 0.88 1400 000 na 1600 000 1.05 430000 091 430000 0.71 110000 0.80

Note: na = too few detectable observations for calculation.

large particulates in the drainage system before discharge. These
results further emphasize the need for stormwater control practi-
ces to capture very small particles.

Figures 14 through 17 below show the cumulative concen-
trations of pollutants for different particle size ranges, as reported
by Cai (2015) for a parking lot site in Tuscaloosa, Alabama. The
overall total concentrations would decrease with the preferential
removal of large particulate. Small portions of the contaminants
are found in the smallest particles, of sizes <5 um. The majority of
the pollutant concentrations (and mass) are associated with the

10 pm to 100 um particle size range. Pre-treatment sedimentation
controls removing only the largest particles (>100 um for example)
would only result in small reductions of the resulting effluent water
concentrations (about 20% removal). More effective treatment con-
trols that can remove smaller particles would result in much better
effluent quality (down to ~5 um, beyond which little additional
benefit is likely by sedimentation processes for these data).

Cai (2015) also calculated the pollutant strengths for the
different particle size ranges for metals in the parking area runoff,
as shown in Figures 18 through 23 below.
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Figure 20 Aluminum particulate strengths by particle size
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Figure 21 Cadmium particulate strengths by particle size
(Cai 2015).
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Figure 22 Iron particulate strengths by particle size (Cai
2015).
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Figure 23  Zinc particulate strengths by particle size (Cai
2015).

At this parking area site (mostly asphalt, with landscaping
and roof runoff contributions), the particulate strengths tended
to increase as the particle sizes increase. These results were
similar to the results observed by Sansalone and Buchberger
(1997a; 1997b). In general, metals tend to preferentially adsorb
to smaller particle sizes due to larger surface areas. In this
specific case, the higher particulate strengths associated with
larger particle size ranges may be related to the nature of the
runoff particulates from the site due to large organic material
from the adjacent landscaped areas.

2.4 Polycyclic Aromatic Hydrocarbons

Bathi (2008) investigated Tuscaloosa, Alabama urban area
stream sediment polycyclic aromatic hydrocarbon (PAH)
values for different size ranges. PAHs can occur in soluble and
particulate associated forms; however, previous studies have
shown that particulate associated PAHs are most abundant

in stormwater (Pitt et al. 1999; Mahler et al. 2005; Hwang and
Foster 2006). Bathi also conducted fugacity based modeling to
calculate the phase portioning of individual PAHs in an aquatic
environment under equilibrium conditions for comparison to
observed field values. The model results showed similar trends
as observed with large associations of PAHs with sediments
compared to the liquid or air portions, especially for high
molecular weight PAHs.

Variations in organic content of the particulate matter in
the water has been reported to affect the particulate PAH associ-
ations (Zhou et al. 1998). Recent investigations have also found
high PAH concentrations associated with large organic material
trapped in stormwater floatable control devices (Rushton 2006).
The composition of the sediment (organic matter and other
litter, vs inert material) affects the association of PAHs with the
sediment.

Sediment samples were collected from three different
creeks in and around Tuscaloosa and Northport, Alabama (Cribb’s
Mill Creek, Carroll’s Creek and Hunter Creek). All the samples were
collected in pre-cleaned and autoclaved glass sample bottles



using a manual dipper sampler made from polypropylene. The
collected sediment samples were dried in aluminum trays at

104 °C to remove moisture and were then sieved using a mech-
anical shaker and a set of sieves. All of the chemical analyses were
conducted on the material retained by the sieves having open-
ings of 45 um, 90 um, 180 pm, 355 pm, 710 um, 1 400 um and

2 800 um. In addition, the largest size fraction was separated into
inert and organic fractions, with the large organic material (most-
ly leaves) manually separated for separate analyses. All the size
fractionated sediment particles were analyzed for PAH concen-
trations using thermal desorption GC/MS (gas chromatography/
mass spectrometry).

The observed PAH concentrations for the different sedi-
ment particle sizes and associated standard deviations are
shown in Table 7. Figures 24 through 29 below are box and
whisker plots of PAH concentrations associated with the differ-
ent sediment fractions. As expected, there were large variations
in the measured PAH concentrations. The PAH concentrations
were therefore tested for their normality for each site and size
range using probability plots and Anderson-Darling statistical
tests. Most of the PAH concentration groups were found to be
normally distributed.

The PAH concentrations were found to be strongly associ-
ated with particulate matter. The variations in key characteristics
of the sediment affect these associations. The fugacity level 1
partitioning calculations were performed for the PAHs in a hypo-
thetical environmental system. This modeling approach indicated
that except for the low molecular weight PAHs (naphthalene,
fluorene, phenanthrene and anthracene), all the other studied
PAHs were predominantly portioned with the sediment phase.
The model predictions also indicated that the PAHs with Log K,

(concentration in octanol/concentration in water) or Log K (soil
organic carbon-water partitioning coefficient ) values >~4.5 were
mostly partitioned with the sediment phase, compared to other
phases. The high molecular weight PAHs had a greater portion as-
sociated with the particulates than did the low molecular weight
PAHs.

Bathi (2008) found that overall, all characteristics studied
showed similar trends, with the smaller and larger particles found
to have relatively higher values compared to the intermediate
sized particles. Cluster analyses of the PAH concentrations for the
different particle sizes showed that for most cases examined, the
LOM (light organic matter) fraction was found to be a statistically
separate sample category (having much higher concentrations)
from all other sizes.
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Figure 24  Size fractionation of naphthalene in urban creek
sediments (Bathi 2008).

Table 7 Observed PAHs concentrations and associated standard deviations for urban creek sediment by size fractions (Bathi 2008).

Mean Concentration (ug/kg) (Standard Deviation)

PAH <45ym 45 pm- 90 pm-— 180 pm— 355 pm— 710 pm— 1400 pm— >2800 ym >2 800 ym
90 um 180 um 355 um 710 um 1400 ym 2800 um (w/o LOM) LOM

Naphthalene 255 (275) 177(156) 163 (224) 94 (87) 124(131) 790 (2 046) 891(2014) 124 (74) 2637(2107)
Fluorene 257 (295) 189 (134) 225(187) 125 (135) 139 (140) 196 (144) 293 (173) 216 (161) 1771(945)
Phenanthrene 264 (278) 205 (211) 140 (158) 92(92) 110(85) 130 (136) 197 (230) 188 (164) 2007 (1422)
Anthracene 354(397) 288 (273) 261(253) 152 (150 182(182) 366 (314) 491(614) 218(152) 2255(1089)
Fluoranthene 650 (868) 624 (753) 345(372) 202 (242 247 (336) 259 (237) 237(197) 191(173) 1520(902)
Pyrene 653 (738) 519 (548) 412 (577) 175 (174 240 (405) 207 (153) 192(122) 172(129) 2054 (954)
Benzo(a) anthracene 501 (595) 408 (537) 258 (286) 169 (171 224(229) 167 (134) 271(252) 278 (371) 2164 (1045)
Chrysene 591(618) 602 (689) 363 (363) 202 (199 273 (268) 190 (125) 296 (242) 171(130) 1810(852)
Benzo(b) fluoranthene 597 (522) 517(598) 358(389) 402 (671 227 (150) 316(262) 375(369) 329(375) 2179 (1425)
Benzo(a)pyrene 1474 (2210) 1524 (3079) 662 (459) 434 (513 351(210) 502 (533) 1119(2086) 392(255) 2330(1866)
Indeno(1,2,3-cd) pyrene 787 (544) 657 (538) 942 (794) 258 (187 332(189) 576 (774) 706 (917) 357 (424) 1774(933)
Dibenz(a,h) anthracene 1267 (1864) 787 (1022) 675 (545) 276 (234 355 (226) 687 (511) 835 (1254) 286 (191) 1492 (775)
Benzo(g,h,i) perylene 706 (686) 465 (451) 591(691) 199 (226 174 (116) 551(567) 396 (299) 348 (229) 2236(1728)
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Figure 29  Size fractionation of indeno(1,2,3-cd)pyrene in
urban creek sediments (Bathi 2008).

Figure 26  Size fractionation of anthracene in urban creek
sediments (Bathi 2008).

3 Conclusions

Dibenz(a,h)anthracene Several research efforts were reviewed and summarized in

70001 % this paper concerning the particle associations of stormwater
6) zzzz pollutants. Knowing the distribution of pollutants associated
E] ® ® with different sized stormwater particles allows more accurate
E 40007 % determinations of their sources, transport and control. Pollutants
g 3000+ * in stormwater runoff can to be separated into particulate-bound
& 2000+ « or filtered (filterable or dissolved) forms. Pollutant strengths are
S 10001 Q Q é Q the contaminant concentrations associated with the particulate
04 = B = matter in the stormwater. The following are brief comments con-
Lu‘; V%,@' Qd@s @f;;; é{ﬁ' Q'”@Q‘ Qﬂ@s ﬁ'@@‘ &q&‘; cerning these characteristics of stormwater particulates.
N e S
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In most cases, stormwater particulates have specific gravities
Figure 27  Size fractionation of dibenz(a,h)anthracene in in the range of 1.5 to 2.5, depending on the mixture of organic
urban creek sediments (Bathi 2008). and inert material in the particle. This corresponds to a relatively
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narrow range of settling rates for a specific particle size. New-
ton (laminar) and Stokes (turbulent) settling equations can be
used to calculate reasonable settling rates for these particulates,
as long as suitable characteristics are known. However, the
specific gravities of the separate particle size ranges can vary

by a larger amount. Specific gravity decreases as the organic
content increases; larger particle sizes have lower specific gravity
and greater organic material. With sedimentation treatment,
preferential removal of higher specific gravity materials results in
a shift to lower overall specific gravity of particulates in the efflu-
ent water for similar size classes. Scour of deposited sediment is
dependent on the particle characteristics, including compaction
of the material, compared to the shear stress (tractive force) of
the flowing water.

3.2 COD and Nutrients

In residential and commercial areas, the smaller stormwater
particles have the greatest concentrations of COD and nutrients
(due to large surface areas per mass with pollutant sorption

onto surfaces). Large particles have somewhat greater pollutant
strengths for nutrients as they contain more organic material
than other particle sizes. At industrial sites, larger particles may be
of metallic material instead of soil and organic material, with less
of an increase in nutrients for the larger particles.

At residential and commercial areas, removal of all particu-
lates down to ~10 pum in the stormwater would remove almost all
of the particulate associated phosphorus. However, the filterable
phosphorus concentrations can still be high, requiring additional
treatment targeting these filterable forms to reduce the phos-
phorus levels to typically acceptable levels.

3.3 Heavy Metals

Heavy metals are mostly associated with particulates in storm-
water, except for zinc which can have large portions associat-
ed with the filterable fraction of the stormwater. Residential
and commercial areas may have greater filterable fractions of
metals in the stormwater than industrial sites which may have
greater fractions associated with particulates. The normal trend
is increases in pollutant strengths of metals with decreases in
particle size. However, at industrial sites, large metallic portions
may be associated with larger particles sizes due to the nature
of the source material. The majority of the pollutant concen-
trations (and mass) were associated with the 10 um to 100 um
particle size range.

Residential and commercial stormwater filterable heavy
metals (zinc, cadmium and lead) are mostly bound to organic
complexes or as colloids that are difficult to remove by ion
exchange, but may be removed by sorption processes. Copper
was mostly in ionic forms that can be readily removed by ion ex-
change (depending on the ionic strength).

Pre-treatment sedimentation controls removing only the
largest particles (>100 pm for example) would only result in small
reductions of the resulting effluent water concentrations. More
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effective treatment controls that can remove smaller particles
would result in much better effluent quality (down to ~5 pm,
beyond which little additional benefit is likely by sedimentation
processes).

3.4 PAHs

Because of their low volatility (low Henry’s Law constant), high
octonal-water partition coefficients (K ,) and high soil organic
coefficients (K ), many of the stormwater PAHs are preferen-
tially adsorbed to particulate matter. The smaller and larger
particles can have relatively higher PAH particulate strength
values compared to the intermediate sized particles, depending
on the organic content of the material. PAHs can be effectively
controlled concurrent with high-levels of stormwater particulate
control.

3.5 Overview and New Research Directions

Much information has been collected concerning stormwater
quality over the years. However, most of these data are only for
total constituent forms, with relatively little data differentiating
filterable and particulate forms. The National Stormwater Quality
Database (NSQD), as described in earlier papers in this journal
(Maestre 2005; Maestre and Pitt 2006), contains both particulate
and filterable forms of many stormwater constituents for up to

9 000 events from throughout the United States (but with much
fewer data for filterable forms than for total forms).

Modeling of constituent transport and control effective-
ness, and especially the designs of stormwater controls, requires
much more information than just total concentration forms. At a
minimum, knowledge of the filterable fractions of the constitu-
ents of interest enables calculations of the movement and trap-
ping of the particulate-bound constituents. Much more robust
calculations are possible by knowing constituent characteristics
for different particle size groups, as summarized in this paper.
Much better evaluations of the controllability of the pollutants,
and selection of controls, is possible with this information. Clark
and Pitt (2012) describe how different stormwater treatment
technologies relate to the stormwater characteristics affecting
treatability.

The following are the recommended levels of stormwater
characteristics that should be incorporated into monitoring pro-
grams, depending on the use of the data:

1. Total constituent concentrations are obviously the
most common level of effort used in stormwater
monitoring efforts. This is usually conducted to meet
regulatory requirements which seldom require any
further portioning of the constituent characteristics;

2. At a minimum, filtered forms of the constituents
of concern should be conducted in order to better
understand treatability of the specific constituents,
and to better support basic modeling efforts;

3. Information on concentrations associated with
different particle size classes, as summarized in this



paper, is rare. Extra costs are associated with pro-
cessing the samples and for the additional analyses.
Sampling and processing of samples for size fraction
data are described by Pitt, et al. (2016). This informa-
tion should be part of any stormwater monitoring
program associated with large scale applications

of stormwater controls, and associated modeling.
The extra costs and efforts needed to obtain this
information are small compared to the value of this
information by enabling more accurate and confi-
dent stormwater management strategies. As noted
in this paper, while there are some general trends
associated with concentration patterns with particle
size classes, these data should not be taken as being
universally applicable. Site specific data will enable
more robust solutions. Some models can use this
level of information, while others may need to be
extended to accommodate numerous particle size
categories to best utilize this information; and

4. An additional set of stormwater characterization

information relates to characteristics of filtered forms
of the constituents. While some constituents are
strongly related to particulates, others have import-
ant fractions in the filtered stormwater. In addition,
some numeric discharge limits may not be met

only by removing the particulate-bound material,
necessitating the control of filtered pollutant forms.
Morquecho (2005) demonstrated analytical schemes
that enabled filtered stormwater to be effectively
evaluated for treatability (ionic forms, chemical
complexes, or colloids). Sorption and ion-exchange
treatment of filtered stormwater (such as by
chemical addition or biofilter media treatment), for
example, are highly related to the form of the filtered
pollutants.

Future research and development concerning stormwater
characteristics and modeling using this information should
include these higher levels of characterization. Model and other
decision support enhancements are also needed to best use this
information, especially as stormwater quality control require-
ments become more complex.
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