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ABSTRACT

Continuous discharge from a combined sewer overflow
(CSO) into a tidal wetland creek in the New York City
urban area was analyzed to assess the extent of water
quality degradation during both dry and wet weather. A
combination of fecal indicator bacteria (FIB), total
suspended solids, and dissolved metals were used to
infer the presence of sewage and fecal pollution from
the CSO discharge and to constrain the spatial and
temporal impact on water quality and dry season creek
flows. Upstream of the CSO, creek flow was dominated
by groundwater input, and FIB levels were very low or
undetected, indicating the absence of contamination.
Low-volume loading was detected in dry weather, in
contrast to the expected impact when a CSO is
operating as designed (flowing only following wet
weather). In wet weather, a “first flush” peak was
detected for some contaminants, followed by diluted
contaminant concentrations due to increased flow
volume but resulting in greater total loading that
affected a larger area. The correlation of bacteriological
and metal indicators in paired spatial and temporal
samples revealed a positive relationship between the
concentration of some metals (e.g. Na, Fe) and FIB.
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Variable patterns of peak metal concentration in the
creek, with respect to precipitation and FIB level, also
suggest changes in contaminant source and the
influence of tidal backwater.

Keywords: CSO, metals, Enterococci, sewage, storm-
water, urban

1. INTRODUCTION

In major metropolitan areas in the United States [1] and
worldwide [2,3], millions of people are served by
wastewater treatment systems with combined sewer
overflows (CSO). These combined sewer systems
normally collect only sanitary sewage in dry weather,
but storm events add to the volume of this wastewater,
such that either the delivery system or wastewater
treatment plants (WWTPs) can often no longer
accommodate the total combined stormwater and
sewage. In this case, excess sewage and stormwater
overflowing from designated outfalls impair adjacent
water bodies [1,4]. Nearby coastal communities are then
faced with CSO-derived human health and environ-
mental threats depending on how the contamination
spreads and degrades. CSO discharges have often been
described, however, few have reported data on resultant
pollution dynamics in tidally-affected receiving waters
[5,6], specifically wetlands, or from malfunctioning
CSOs that include both dry and wet weather discharge.
For this reason, dry season CSO impacts are of
particular interest.

Receiving water quality varies daily and seasonally
depending on the amount and frequency of precipitation
and flow through CSO systems functioning as designed
[7]. Changing ratios of stormwater and sewage, and
accumulation of sediment within the CSO system often
cause a "first flush" spike in contaminant contribution
after the onset of rain [8]. Under dry weather conditions,
properly functioning CSOs do not discharge sewage
pollution, and unanticipated discharge is rarely observ-
able, because CSO sites are not often instrumented for
routine monitoring. If CSOs are malfunctioning in dry
weather and also discharging in wet weather, patterns of
contamination could be quite complex [4,9-10], and
further confounded by hydrodynamics of the tides [11].
Therefore, in estuaries with high population density,
humans may be exposed to variable concentrations of
chemical and microbiological contaminants threatening
to their health [1,12-14].

In this study, we examine a site where a mal-
functioning CSO discharges, during both dry and wet
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weather, into a tidal wetland at the head of an
embayment of Long Island Sound in the New York City
area. The objectives of this work are: 1) to determine if
dry, as well as wet weather, discharge from this CSO
contained evidence of sewage pollution; 2) to determine
the spatial distribution of contamination from the CSO
discharge and how it changed following storm events;
and 3) to evaluate the correlation between bacteriolo-
gical and metal indicators of pollution. We hypothesized
that: sewage pollution would be confirmed in the CSO
discharge under both dry and wet weather conditions; an
increase in spatial distribution of surface water
contamination would follow precipitation and, follow-
ing the first flush, contaminant concentration would be
diluted by stormwater in wet weather compared to dry
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weather; and finally, that bacteriological and metal
indicators of contamination would be positively
correlated.

2. MATERIALS AND METHODS
2.1. Hydrologic Setting

The study area is located near the southeastern end of a
groundwater-fed, vegetated tidal wetland in Alley Pond
Park, at the head of Little Neck Bay, an estuary
discharging into Long Island Sound, in the New York
City metropolitan area (Figure 1).
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Figure 1 Site map showing
study location, sampling sites

and creek (dashed). Note that
sites 5-6 are at the same location
symbol at this scale. The USGS
streamgaging station (not
shown) is located on a
downstream tributary to the tidal
creek 200m west of the area of
the sampling sites. Note that
Sites 8 and 9 are deliberately
located on a creek branch
instead of downstream from the
CSO discharge (see text).
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A muddy-bottomed creek originates from a flowing
(artesian) well at Site 1, flows past Sites 2 and 3, and
discharges over a V-notch weir (Site 4) into a pool (Site
6) surrounding the CSO outfall (Site 5). The concrete
outfall structure, from which flow emerges vertically, is
in the center of the creekbed. Just downstream at Site 7,
the stream channel is joined by a minor branch from the
east, on which Sites 8 and 9 are located. These sites
were specifically chosen because they are not directly
downstream of the CSO and were expected to provide a
strong contrast in water quality to the in-stream sites.
Site 8 is a bubbling spring whose discharge flows past
Site 9. Downstream at Site 10, the stream develops into
a tidal channel as it flows northwest past a U.S.
Geological Survey (USGS)-gaged tributary (not shown)
to Little Neck Bay (Figure 1).

2.2. Hydrologic Methods

Elevation benchmarks are not available in the
wetland, however leveling measurements were
conducted relative to the top of the concrete CSO
structure in the vicinity of Sites 4-10. Near continuous
(15 min) water level data was obtained using pressure
transducers installed in 2.54 cm diameter PVC
standpipes perforated above and below the streambed at
Site 7. These data were corrected using barometric data
from the nearby weather station at Queens College (7
km to the west), jointly operated with the USGS.
Instantaneous discharge was determined at Site 10 using
areally-weighted velocity measured with a Global Water
AT-210 flowmeter (globalw.com). Data were obtained
from the real-time National Oceanographic and
Atmospheric Administration (NOAA) Kings Point tidal
gage, Queens College weather station, and USGS Alley
Creek websites for use with Alley Creek water quality
and hydrologic monitoring data.

Spatial Water Quality Sampling. Samples were
collected synoptically at Sites 1-10 on April 15, 2011 in
dry weather baseflow conditions, and on April 20
following a minor rain event (1.0 mm) the previous day.
Prior to use, high density polyethylene (HDPE) sample
bottles were acid-washed, triple-rinsed with deionized
water (DI) and air dried, then triple-rinsed with the
sample prior to collection. Samples for metals analysis
were filtered using syringes equipped with 0.45 um
PTFE filters. The samples were then acidified (pH<2)
with concentrated nitric acid (HNO;) < 0.1 % of the
total volume. Unfiltered, unacidified samples were
collected for microbial analysis and Total Suspended
Solids (TSS).

www.aes.northeastern.edu, ISSN 1939-262

Storm Water Quality Sampling. An autosampler
(Teledyne Isco Model 3700 Full Size, isco.com) was
placed at Site 10, selected based on a narrow stream
width that facilitated mixing. On August 21-22 before
11.5 mm of rain fell overnight, the autosampler was
manually triggered and programmed to collect 24
samples in 1L HDPE bottles at variable intervals of time
ranging from 20 minutes in the middle to 1 hour
intervals at the beginning and end of collection, with
prior automatic rinsing of the intake tube. The bottles
were transported to the laboratory the next morning
where they were subsampled for immediate microbial
analysis, and subsequent TSS and metals analysis. At
the time of autosampler sample retrieval, two other 1L
samples were manually collected from Site 4 and Site 5
upstream of the autosampler site.

Laboratory Analytical Methods. All water samples
were analyzed for major cations (Ca, K, Mg, Na) and
trace metals (Al, Ba, Cd, Cr, Cu, Fe, Mn, Pb, Zn) by
inductively-coupled plasma optical emission spectro-
scopy (ICP-OES) using a Perkin Elmer Optima 5300DV
instrument. Mixed metal standards were prepared and
analyzed at wavelengths to minimize spectral
interferences with other constituent metals. For major
cations, samples were diluted by a factor of 10-100
using 2% HNO; to ensure that elemental concentrations
were within the linear dynamic range of the instrument.
Trace metal samples were analyzed without dilution.
Only metals above detection are reported.

For microbial and total suspended solids analyses,
water samples were stored in a dark cooler, on ice,
during collection and transport to the laboratory.
Samples for microbial enumeration were processed as
quickly as possible upon arrival in the laboratory and,
including those collected via the autosampler, within 18
hours of collection. Ideally samples would be processed
within 6 hours of collection, but storm event sampling
via an autosampler did not allow such rapid processing
for some samples in this study. However, negligible
decay of pathogens has been measured in similar water
samples within the first 24 hours following collection
when samples are stored in the dark and on ice [15].

Immediately before sample processing, each bottle
was gently mixed to resuspend particles. The
concentration of the fecal indicator bacterium (FIB),
Enterococcus, was measured in unfiltered water
samples using the IDEXX Enterolert system
(www.Idexx.com) with standard dilution (10 mL
sample, in 90 mL sterile water), incubation (24 hours at
41°C), and the Most Probable Number (MPN)
enumeration procedures described by Suter et al.[16].
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For determination of Total Suspended Solids, 500 mL
of water from each sample was filtered, using vacuum,
through a pre-combusted and preweighed glass fiber
filter. The filter was transferred to a preweighed tin,
dried for 24 hours at 105°C and then reweighed. The
difference in filter weight over the volume of water
filtered was calculated as the total suspended solid
concentration in the sample (mg/L).

Statistical Analyses. Statistical analyses were
conducted using the CoStat package (CoHort Software,
cohort.com). Descriptive data for the April sampling
under dry and wet conditions were tabulated, and
polynomial regressions were plotted for analytes as a
function of log-normally transformed Enterococci
values - only significant coefficient values of multiple
determination are considered. Correlation matrices of
Pearson product moment coefficient r values were
compiled for dry and wet weather at all sites, and
August single-site storm event data. For the temporal,
storm-event dataset, regression coefficients of multiple
determination and non-parametric Spearman Rank
Correlation r values were obtained and tabulated
between various combinations of parameters such as
stream stage, TSS and Enterococci vs selected analytes.

3. RESULTS
3.1. Hydrology

Flow from the concrete CSO structure (Site 5) was
estimated as less than 0.008 m*/s under dry conditions,
discharging upward from the center of the creekbed to
create an irregularly-shaped pool (Site 6) approximately
15 m in diameter and 0.6 m deep. However, the
abundance of stormwater debris (plastic bags/garbage)
and sediments ranging from clay to cobble-size in the
surrounding area suggests large discharges during wet
weather, when the pool attains water depths of 1.4 to 1.7
m measured at the weir (Site 4). Observations of flow
velocity and direction were made under varying tidal
and weather conditions as context for the collected
creek water quality samples. While dry-weather
discharge at Site 10, the most downstream site, was
measured at 0.036 m’/s at low tide, backwater effects of
high tide reduce downstream creek velocity to zero and
sometimes cause reverse flow at flood tide, backing up
water from the creek and CSO discharge in the pool at
Site 6. However, specific conductance data (not shown)
provides no evidence of brackish water intrusion from
Little Neck Bay into the studied creek segment.
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3.2. Confirmation of Sewage Discharge and Spatial
Water Quality Patterns: Chemistry and Bacteria

April spatial sampling results (Table 1) demonstrate
contamination of Alley Creek from a malfunctioning
CSO (Site 5) observed to flow continuously during both
dry and wet weather. Water samples collected directly
from the CSO discharge into the creek (Site 5)
contained levels of Enterococci as high as 8,700
MPN/100 mL (Table 1) even during dry weather,
confirming fecal pollution from the malfunctioning
CSO. At the time of collection, the applicable EPA
Enterococci guideline for primary contact recreation
was 61 or fewer Enterococci cells per 100 mL of water
[17] and the CSO discharge into the creek at Site 5
exceeded that EPA guideline by more than two orders
of magnitude.

The fecal indicator bacteria Enterococci, as well as
major cations (Na), and trace metals (Ba, Fe, Mn, Zn,
Cu, Cr), vary both spatially along the tidal creek and in
response to minor precipitation (Table 1, Figures 2,3
and 4ab). In both dry and wet conditions, upstream of
the CSO (Sites 1-4) where the creek flow is dominated
by groundwater input, Enterococci levels are low
(MPN/100mL of 10 or less) and acceptable in
comparison to the EPA guideline [17] for primary
contact recreation. The peak Enterococci concentrations
from the spatial survey occurred at Site 5, where the
CSO discharged into the creek (Table 1; Figure 2ab).
Compared to the source at Site 5, there is a significant
decrease (by 18x in dry weather and 1.7x in wet
weather) in concentrations of Enterococci downstream
(Sites 6,7,10). In contrast, Sites 8 and 9 on a side
branch, representing the non-CSO impacted part of the
creek, have relatively low concentrations following both
dry and wet weather.

The concentrations of Na and Fe (Figure 2ab) peak
at or near the CSO outflow (Sites 5,6) in both dry and
wet weather, but the concentrations are lower in wet
weather, especially for Fe. Mn shows a similar pattern
in dry weather, but reaches a minimum at the CSO in
wet weather (Figure 3ab). Ba concentrations at the
upstream sites (Sites 1-4) do not vary significantly
between dry and wet weather (Figure 4ab), but
concentrations in wet weather are considerably lower
beginning at the CSO (Site 5,6) and extending
downstream (Site 10). Ba concentrations at the spring
site (Site 8) and just downstream (Site 9) were largely
unaffected by wet vs. dry weather, consistent with the
low levels of fecal indicator bacteria.

www.aes.northeastern.edu, ISSN 1939-2621
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Table 1 Water quality data from all sites - Dry and Wet conditions in April 2011

pH(-) Na(mg/L) Ba Entero. Fe (ug/L) Mn Zn (ug/L) Cu Cr
(ng/L) (MPN/ (ng/L) (ng/L) (ng/L)
100mL)

Dry/* Dry/Wet Dry/Wet Dry/Wet Dry/Wet Dry/Wet Dry/Wet Dry/Wet Dry/Wet

1 7.09 13.1/12.7 19.2/19.3  0/0 -/- -/- 41.4/38.9  0.7/0.7 7.1/7.1
2 7.21 44.9/45.9 25.2/25 0/0 46.5/1.5 15/10.8 244/312 -/- 3.8/3.4
3 7.46 44.3/46.2 26.2/25.2  10/0 376/44.5 31.2/29.7 41.7/122.6 0.7/0.7 4.1/0.7
4 7.53 44.6/42.3  26.9/26 0/10 295.6/52.4  33.1/37 102/89.4 0.8/ - 2.6/0.3

5 7.38 153.2/118.6  41.1/12.1 8664/5172 876.3/56.5 125/4.7 54.5/29.6  4.3/1.7 1.1/0.6
6 7.46 104.7/116.8 33.6/12.6 3873/3609 518.5/82.4 71.2/11.6 58/43.6 2.8/1.1 1.0/0.1
7 7.33 87.9/104.7  35.3/16.7 1418/2465 501.9/95.4 67.1/23.9 51.8/449 1.5/2.0 1.7/0.2
8 6.94 8.7/8.3 16.5/15.5 0/0 -/- -/0.2 54.6/39.9  3.1/0.9 1.5/1.2
9 7.00 45.2/54.8 34.5/38.8 0/10 144.3/20.7 20.2/27.2 34.3/32.8  0.3/0.3 0/0.4

10 7.45 70.0/104 35.9/16.8 482/2987 426.4/87.9 58.4/18.1 39.6/29.8  0.1/0.6 0.8/0.3

*not collected in wet conditions
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Figure 2 Selected metal ion concentrations (Na, Fe) compared to Enterococci at Alley Creek field sites: a) shows
dry conditions and b) shows wet conditions. Sites 8 and 9 represent water quality unaffected by CSO contamination.
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Figure 3 Selected metal ion concentrations (Zn, Mn) compared to Enterococci at Alley Creek field sites: a) shows
dry conditions and b) shows wet conditions. Sites 8 and 9 represent water quality unaffected by CSO contamination.
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Figure 4 Selected metal ion concentrations (Ba, Cu) compared to Enterococci at Alley Creek field sites: a) shows
dry conditions and b) shows wet conditions. Sites 8 and 9 represent water quality unaffected by CSO contamination.

In contrast, the trace metals Cu and Zn have their
highest concentration peaks at different locations, Cu
showing relatively little variation peaking at Sites 5 or 7
(Figure 4ab). However, the highest Zn peaks occurred
upstream of the CSO in both dry weather and in wet
weather (Figure 3ab). These Zn concentrations approach
(Site 4 in dry weather) and exceed (Site 3 in wet
weather) the US EPA National Recommended Water
Quality Criterion of 120 ug/L [18]. Except for these

84

peaks, Cu and Zn do not show unusual concentrations
for natural waters in a moderately urbanized area
[19,20].

3.3. Storm-Event Time-Series Sampling: Chemistry
and Bacteria

The August time-series samples (Table 2) demonstrate
how Enterococci counts, total suspended solids (TSS)
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and metals concentrations change at a site downstream
(Site 10) from the CSO discharge during a storm event
(Figure Sa-d). This particular storm event occurred
between high and low tides, so the peak in the water
height corresponds entirely to flow from the CSO
resulting from the precipitation shown (Figure 5a).
Temporal sampling during the rain event shows TSS,
and Zn exhibiting maximum concentrations coinciding
with maximum creek water level, and an Enterococci
peak that was slightly delayed with respect to creek
level. Enterococci concentrations rise to a maximum
near 20,000 MPN/100 mL after the hydrograph peak,
then fluctuate, declining to approximately 6,000
MPN/100ml over the next 12 hrs (Figure 5b), a
concentration that was still substantially elevated
relative to the dry weather condition at Site 10 (Table 1;
Figure 2a).

Ba and Na (and other major ions - not shown)
concentrations decrease with rain, reaching a minimum
with the hydrograph peak and not quite recovering over
the next 12 hours (Figure 5c). Variations in metals
concentrations are more complex, with Fe and Cu
maxima just preceding the maximum rainfall and creek
water level. They then both decrease as the hydrograph
reaches its peak, with Fe reaching a minimum then

rising more than 5-fold over the next 6 hours, well
above pre-rainfall values. Cu concentrations do not rise
above their pre-hydrograph peak but fluctuate near 5
ug/L. Cr, at extremely low levels during the rainfall,
rises to reach a peak about six hours after the storm
event (Figure 5d). Mn, previously detected in spatial
samples, was below detection for the storm-event
sampling.

3.4. Statistical Analyses and Interactions

In dry weather, Fe, Na, Mn, Al and Ba are always
significantly correlated with log-transformed
Enterococci (p<=0.05), but in wet weather, only Fe and
Na retain significant correlation with Enterococci and
each other (Table 3). Ba is moderately positively
correlated (r=0.76, p<=0.05) with Enterococci in dry
weather and inversely correlated in wet weather (r=-
0.56, ns), also indicated by a negative Spearman Rank
Correlation value (Table 2). Fe, Mn, Cu and Al are
correlated significantly with each other (p<=0.01) in dry
weather, and are not significantly correlated in wet
weather. During the storm event, time-series samples
show that Zn and TSS are highly correlated with each

other and water level (r=0.88, p<=0.01, Table 4).
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Table 2 Water quality data and measures of statistical correlation from Site 10 during August storm event (n=14)

Water

Concentration Water level ENT TSS height ENT TSS
' Mean/ ' Coeff. Coeff. Coeff. Spearman  Spearman  Spearman

Parameter Units Max Median . multiple , multiple , multiple , Rank Rank Rank
determ. R~  determ. R®  determ. R Corr. r Corr. r Corr. r

ENT ll\gggﬁ 17329 84147 183 0.05™ - 0.12" 0.22° - 0.30™

TSS mg/L. 318 11.6 2.84 0.78%** 0.12™ - 0.62% 0.30™ --

Ba pg/L 34 21.4 6.0 0.41%* 0.50%* 0.52%* -0.68%* -0.65* -0.66*
Ca mg/L 379 23.1 59 0.48%* 0.54%* 0.53%* -0.70%* -0.68* -0.56*
Mg mg/L 18.8 9.3 1.1 0.42% 0.46* 0.45%%* -0.68** -0.69** -0.60*
Na mg/L  67.6 32.0 6.6 0.25™ 0.71%%* 0.41%* -0.45™ -0.85%** -0.43™
Fe pg/L 155 92.6 17.0 0.35% 0" 0.37* -0.69%* 0.08™ -0.48™
Zn pg/L 17.0 5.3 0 0.78%** 0.09™ 0.61%** 0.50™ 0.46™ 0.56*
Pb pg/L 5.9 24 0 0.12™ 0.03™ 0.05™ -0.22" 0.10™ -0.13™
Cu pg/L 11.0 5.7 2.0 0.02™ 0.03™ 0" 0.13™ 0.20™ 0.18™
Cri pg/L 11.0 3.3 0 0.18™ 0.14™ 0.18™ -0.59% -0.40™ -0.42"™

*Hkkgionificant at p<=0.001; **significant at p<=0.01; *significant at p<=0.05; "not significant; n for Cr = 12; ¥ median for

ENT due to non-normal distribution

Table 3 Correlation (Pearson product moment coefficient r) matrix of spatial water quality data: lower left triangle
contains values for dry weather data at all sites and the upper right triangle contains values for wet weather data at

all sites
I\;vlfg\ Log ENT Fe Na Mn Al Ba Cu Zn Cr
Log ENT 0.82%* 0.95%*:* -0.18™ -0.15™ -0.56™ 0.60™ -0.36™ -0.51™
Fe 0.87** _ 0.75% -0.02"™ 0.34™ -0.70™ 0.56™ -0.04™ -0.73*
Na 0.88%** 0.91%* _ -0.10™ 0.20™ -0.42™ 0.54™ -0.26™ -0.57™
Mn 0.87** 0.97%** 0.98*** _ 0.01™ 0.62™ -0.28™ 0.64™ -0.36™
Al 0.79* 0.90** 0.93 % 0.97%** _ -0.22™ -0.48™ 0.52™ -0.79™
Ba 0.76* 0.74* 0.87%** 0.81%* 0.82%* _ -0.63™ 0.24™ 0.01™
Cu 0.44™ 0.88%* 0.55™ 0.89%* 0.64™ 0.15™ _ -0.14™ -0.23™
Zn 0.02™ 0.26™ 0.07™ 0.18™ 0.04™ -0.07™ 0.16™ _ -0.20™
Cr -0.43™ -0.32"™ 0.49™ -0.41™ -0.48™ -0.63* -0.27™ -0.48™

*#k*gionificant at p<=0.001; **significant at p<=0.01; *significant at p<=0.05; "not significant
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Table 4: Time series correlation (Pearson product moment coefficient r) matrix for storm event Site 10 samples

ENT Eve iteelr TSS Fe Ba Na Zn Cu Cr

ENT B
I\l iteelr 0.22™ -
TSS 0.35™ 0.88% ¥+ .

Fe 0.01™ -0.59* 0.61%

Ba L0.71% 0.64%  -0.72%% 037" B

Na 0.85%FF  .0.50™  -0.64%  0.09™  0.88%** .

Zn 0.29" 0.88%¥%  078%*% 028"  _0.68%*  -0.59%

Cu 0.18™ 0.15™ 0.07™ 043" 023"  -030™  0.55*

Cr 037" 042 042" 0.56™  0.82%% 050 040"  0.08™

*#k*gionificant at p<=0.001; **significant at p<=0.01; *significant at p<=0.05; "not significant

The dominant hydrologic variation is the change in
creek water level occurring during the storm event
(Table 2). Total suspended solids and Zn, with
synchronous concentration peaks, are well predicted by
water height (R’=0.78, p<=0.001). The Spearman's
Rank Correlation r indicates significant inverse
correlations between water height and Ba, Ca, Mg and
Fe. Likewise, Ba, Ca, Mg and, in addition, Na are
significantly inversely correlated with Enterococci. Ba,
Ca and Mg as well as Zn are weakly inversely
correlated with TSS, but other parameters are non-
correlated.

Enterococci values are elevated (5000-8000
MPN/100 mL) at the CSO outfall (Figure 2ab, Site 5)
under wet and dry conditions in April, but those
concentrations are far exceeded by values near 20,000
CFU/100 mL during the storm event sampling at Site 10
further downstream in August (Figure 5b), even though
the CSO discharge was for a relatively small rainstorm.
In contrast to data values from the spatial samples
(Table 1), no Mn or Al at all was detected during the
temporal sampling of the storm event. Storm-event
concentrations of Fe, despite the post-storm rise noted
earlier, are still considerably lower (Figure 5c) than they
were at most sites, even upstream of the CSO (Figure
2a, Sites 3-5) during the dry weather spatial sampling.
Likewise, the peak values of Zn during the spatial
sampling (Figure 3ab, Table 1) are 6-7 times those of
the peak of the storm event data (Figure 5d). In contrast,
the peak value of Cu (Figure 5d) during the storm event
is more than twice the maximum value measured during
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the earlier spatial sampling (Figure 3ab, Table 1).
Finally, Cr at the end of the storm sampling at Site 10
(Figure 5d), rises to a value 30% higher than the highest
value measured during the spatial sampling, at the
overflowing well (Table 1, Site 1).

4. DISCUSSION
4.1. Confirmation of Dry Weather Sewage Discharge

Although properly functioning CSOs are intended to
discharge only during wet weather, sampling of
continuous flow at a CSO, during both dry and wet
weather (Table 1), clearly indicate that the discharge
always contains high levels of fecal pathogens. Since
CSOs are designed to discharge sewage, and dry
weather excludes stormwater, dry-weather flow implies
some fraction of raw sewage in the sampled discharge
likely accompanied by groundwater seepage into the
pipe infrastructure. However, other sources of
pathogens could include wildlife in the wetland area,
accumulated sewage sediments or stormwater
contaminants previously washed into the CSO pipe
infrastructure. Because reports of continuously
malfunctioning CSOs in dry weather are rare, this
provides an unusual opportunity to assess the impact of
such a pollution source on a tidal stream.
Comprehensive determination of the first flush
phenomenon requires flow-weighted sampling and
cumulative mass and volume analyses [8,21], which
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were not possible here. The unsteady, non-uniform
hydraulic regime in a tidal wetland makes examination
of water quality data one of the only approaches to
understanding  pollution dynamics and sources.
Locations upstream of the CSO outfall (Site 5) are not
affected by the microbiological contamination yet show
metals variations that imply other non-sewage sources
of contamination. Locations directly downstream from
the CSO outfall (excluding Sites 8 and 9) demonstrate
significant degradation of water quality (Table 1) from
the contribution of CSO pollution to groundwater and
surface water flow, mediated by changes in weather and
hydrologic conditions.

4.2. Contaminant Sources: Spatial And Temporal
Data

The major natural source of water to the Alley Creek
tributary is groundwater, represented primarily by
results obtained at Site 1, the flowing well, and Site 8,
the bubbling spring. The data values at these sites are
indicative of shallow groundwater quality unaffected by
CSO discharge or other contamination (Table 1, Figures
2-4ab). Cr is at its highest concentrations (typical for
local groundwater) at the flowing well (Site 1) in both
dry and wet conditions, steadily decreasing downstream
(Table 1), with lower Cr concentrations at Site 8, likely
because the spring discharges from shallower
groundwater than discharged by the well at Site 1.

The three order-of-magnitude increase in
Enterococci at Site 5 in both dry and wet weather
provides convincing evidence of fecal bacteria
contamination, consistent with a malfunctioning CSO.
In other studies, elevated TDS has been found to
indicate sewage discharge [22-24]. Similarly, in this
study, major ions such as Na have maximum
concentrations at Site 5 (Figure 2a). It is possible that
non-human contamination, such as avian or other
wildlife feces, or even pet waste, washed from urban
streets, could enter the storm sewer system and
contribute to this microbiological contamination,
especially in wet weather. Resuspended sediment that
was previously deposited by sewage in the pipe
infrastructure [11,25] can also be an important source of
FIB from CSO discharges. Additional human-specific
fingerprinting analyses [26], would be needed to be
100% certain of a human source of microbiological
contamination.  However, compared to  other
documented human fecal contamination from sewage
effluent [11,14,25], our findings of over 10° MPN/100
mL concentrations of FIB even under dry conditions,
strongly suggest a human source from raw sewage. This
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key finding of CSO malfunction in dry weather was
subsequently confirmed by the NYC Department of
Environmental Protection, which in July 2011 notified
11 homeowners southeast of the study area that they
were required to reroute their sewage connections
(Sapienza, pers. comm. 2011).

However, the peak FIB concentration at the CSO
was lower following wet weather (5172 MPN/100mL,
Table 1) compared to dry weather (8664 MPN/100mL,
Table 1), and wet weather concentrations immediately
downstream are higher (Site 10: 2987 MPN/100mL,
Table 1) than dry weather concentrations. This is
because the wet weather inflow contributes a larger total
sewage load but the greater volume of inflow dilutes
and transports the fecal microbes farther downstream.
The FIB peak concentrations downstream of the CSO in
both wet and dry weather are far in excess of the U.S.
EPA guideline of 61 MPN/100 mL for Enterococci at
freshwater swimming beaches [17], and steadily decline
downstream, indicating no other sources. It is not
known how much farther such high concentrations of
FIB are transported downstream into Little Neck Bay
within several days of major storm events, but sewage
following rain events clearly impairs water quality over
a much larger stream reach than during dry weather.

In dry weather, metals such as Fe, Mn and Ba
generally show a progressive increase in concentrations
downstream at Sites 2-5, a peak at Site 5 then Fe and
Mn decrease downstream (Figures 2-4a, Table 1),
suggesting the major source is again the CSO, but that
secondary sources are present in the wetland upstream.
Fe is well known to occur at elevated concentrations in
sewage [22], in combination with Mn with which it is
highly correlated (Table 3), explaining the similar
patterns of these metals in dry-weather discharges at
Site 5 (Figures 2a,3a). Ba has often been used as a tracer
of terrestrial particulates [27] released from wetlands
and sediments into rivers [19] with maximum
concentrations observed farther downstream in estuaries
[28]. Unlike Fe, which is present in lower
concentrations everywhere in wet weather, Mn is
unaffected upstream, but reaches a minimum at the CSO
location (Site 5). Compared to dry conditions, Ba in wet
weather also shows an inverted concentration profile at
the central field sites, with a minimum at Site 5 (Figure
4ab). Mn, Ba and to a certain extent Fe (see below) are
therefore inferred to be diluted by stormflow entering at
the CSO.

Cu, Zn and Cr are well-known anthropogenic
contaminants occurring within sewage [22,24], as well
as urban stormwater runoff [29]. Zn shows maxima
along Alley Creek under wet and dry conditions (Figure
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3ab) at densely vegetated sites, and peaks during the
storm event, but storm event concentrations are
relatively low compared to the dry and wet-weather
spatial data. In contrast, Cu has a larger event peak
(Figure 5d) due to stormwater [30] at the CSO
compared to the modest dry- and wet-weather
concentrations at the other field sites (Figure 4ab, Table
1). These results confirm earlier work [31] showing that
the major Cu and Zn source is stormwater runoff via
different pathways and over different (historical)
timeframes, from the surrounding major highways
(Figure 1). However, from its lowest values during the
storm event, Cr increases well above previously
observed groundwater concentrations (Figure 5d). This
temporal data pattern is not consistent with stormwater
sources because the increase is up to six hours after the
peak runoff times expected from the storm event.

4.3. Hydrologic Processes: Remobilization and Tidal
Backwater

Field observation of sediments provides evidence of
remobilization: cobbles and coarse sand and gravel are
apparent in temporally variable sediment bars at the
CSO pool (Site 6). A fine clay-like sediment is also
deposited in bars farther downstream near Site 7, but
never upstream of the CSO. Sediments and vegetation
roots [32] could form a long-term reservoir for adsorbed
metals and a source for newly desorbed metals with
relatively fresh stormwater inflow. The hydrodynamics
of sediment resuspension are known to cause rebounds
in concentrations from particulate-bound metals [33].
Solids may accumulate within the sewer pipeline
infrastructure, only to be remobilized over time. Dry
weather flow here could account for some mobilization,
but most solids are probably discharged during storm
events [25]. Such storm event remobilization would
certainly account for an initial desorption-driven Fe and
Cu pulse, then the rise in TSS coinciding with the peak
of the water-level hydrograph.

The combination of hydrologic processes and
contaminant sources leads to unusual dynamics. Flow
downstream from the CSO pool along the tidal creek is
modulated by the tide such that the maximum
streamflow (0.036 m?/s) at low tide is reduced to almost
no measurable streamflow at Site 10 at high tide.
However, the groundwater, sewage and sediment
sources continue to supply FIB and metals to the stream
upstream of Site 10, even as the stormwater level
recedes and there is no export of these contaminants
downstream. The result is to maintain, and even
increase in some cases, dissolved concentrations of
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selected contaminants. The elevated FIB counts and
limited tailing off 12 hours after the storm event are
likely due in part to this tidal backwater effect. Hence,
the rise in Zn, Cu and especially Cr in the early hours of
8/22 as high tide is reached, suggests that tidal
backwater reduces creek flow and retains high
concentrations near the central sampling sites (sites 4-
7,10).

4.4. Chemical and Bacteriological Fate And
Transport

Dilution appears to be the major factor in the variation
of constituents representative of both groundwater, such
as Cr, and sewage, such as Enterococci, Na and Mn.
Dilution decreases concentrations of Cr downstream as
additional surface water is added, and this effect is
enhanced by wet weather (Table 1). In the April dataset,
wet weather conditions generating increased stormwater
cause a paradoxical lowering of the peak Enterococci
values and Mn at the CSO outfall (Figure 2b) compared
to dry conditions because of stormwater dilution of the
continual sewage outflow from this malfunctioning
CSO. It is important to note that the wet weather
comparison on April 20™ was conducted the day after
minor rainfall and did not capture the first flush.
Dilution also seems to be the principal mechanism
affecting concentrations of Na and Ba during the storm
event (Figure 5c), and the dramatic difference in Fe
between dry and wet-weather conditions.

However, not all of the data trends can be explained
by dilution, and chemical processes may affect such
variation. Further investigation, both laboratory and in-
situ, would be needed to fully confirm such
interpretation, however plausible mechanisms can be
identified. Changes in pH can cause release of metals in
wetlands [34], however abrupt spatial differences in pH
were not measured in this study (Table 1) and rapid
temporal changes are not considered likely.
Contaminated sediments that accumulate over time
[35,36] at such an urban CSO provide the matrix for
interactions  with  particulates that can affect
concentrations as stormwater and sewage solids settle
out. Weather conditions or variations in source water
[16] disturb the chemical equilibrium between water
column concentrations and sediment-sorbed metal
complexes and ions.

Concentrations of Enterococci are influenced by
FIB sorption onto particulates [37], and the sediments at
the CSO may harbor such pathogen refuges over
temporal scales of hours to weeks [38-40].
Resuspension of previously deposited sorbed FIB can
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explain the delayed peak and continued high
concentrations of Enterococci for the 12 hours
following the storm (Figure 5b) which may not be
directly related to the peak of stream discharge or total
suspended solids [26]. Metals such as Fe and Mn are
diagenetically mobile and their concentrations are
affected by adsorption and desorption processes, leading
to their accumulation at sediment surfaces at Alley Pond
Park [31]. Data for dry-weather conditions (Figures 2a,
3a) indicate that although there are upstream sources
(presumably from natural sediments), the largest
concentrations are associated with fecal pathogen
contamination at Site 5, the CSO.

5. CONCLUSIONS AND IMPLICATIONS

This study has shown a clear case of continuous flow at
a malfunctioning CSO, strongly suggesting sewage
discharge. The major impact of this finding is that the
continuous  concentrated  pathogen and  metal
contamination from often-overlooked dry weather
discharge is spread out over a much larger spatial range
by increased flow during storm events, as hypothesized.
Although the spatial area affected increases during wet
weather, the dilution of this pathogen source with
stormwater decreases some contaminant concentrations.
The temporal variation of contaminant concentrations is
complex, with some contaminants exhibiting maxima
due to first flush mechanisms and others being diluted
by greater fresh stormwater flows. As found in another
recent study [10], pathogen and metals loading is highly
dependent on relative flows that change unpredictably at
this site. Larger storms, with higher overall contaminant
loading, often do not result in higher concentrations of
contaminants in surface water.

Separate sources of discharge are indicated by
different contaminants. Fe and Mn, with high
concentrations under dry conditions, and maxima at the
CSO outfall, are supplied by both sewage and natural
(soil) sources in the wetland, and concentrations of both
metals are controlled by dilution, and likely by
precipitation/dissolution and adsorption/desorption. In
both wet and dry weather, Zn appears to have a
significant non-sewage-related source in the wetlands
upstream of the CSO. In contrast, Cu is supplied in part
by sewage but is also a major constituent of stormwater,
which dominates during storm events.

The delay in pathogen peak, continued high levels
of FIB, and rise in Fe and Cr following the storm event
suggest that the tidal backwater is important to
understanding pollutant distribution in coastal marsh
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systems. Additional work will be needed to confirm the
presence of human sewage and quantify the relative
importance of these different sources of flow and
contaminants to the tidal wetland environment
surrounding the CSO. While these levels of pathogens
and metals potentially present a serious health hazard to
humans, the nearest likely exposure pathway would be
via water transported downstream to Little Neck Bay, a
popular boating venue. Further work is also needed to
evaluate how far downstream contaminants may be
transported given adsorption/deposition processes and
limited long-term viability of fecal organisms. The
discovery and required remediation of the overlooked
dry-weather discharge from this CSO also presents an
opportunity to monitor the transition to a future scenario
in which the CSO no longer discharges under dry
weather conditions.
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